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Evxaglotieg

H magovoa dwaktogkn dxtofr) etvatr 1o amotéAdeopua Hag ovvexovg mooTabewng va
KATAVONOW KAL VX EQUNVEVOW OAEG EKELVEG TIG DLEQYAOLEG KAL QALVOLEVA O UEQOS TWV
LPOWIKOV HAYVNTIKWV VAWKV 0N vavokAipaka, mdvta pe odnyo tic agxés te Puoikr|g
Lrepedc Katdotaong kat g Emiotung twv YAwawv. Katd ) dikgkela avtng, kKataAvtikny jtav
N CLVELOPOA €VOS TANOOVS aVORWTIWV TOOO MAVW 0& OEUATa ETUTTNHOVIKOV KL EQEVVITIKOV
eVOLPEQ0VTOG 600 Kol o€ Oépata 1j0ovg, otdong Cwrig KoL dOQE@OTG TOL XAQAKTHQX LoV O€
ETUOTNHOVLKO KoL TQOOWTILKO eTtiTedo. EToL, av kdmolog Oewpovoe 0TL N eKTIOVNOT TS QOO
daTOIPNG APOEA TOV dLKO OV TTROCWTIKO HOXO0, oag dixfefaiwd OTL 1) OAOKATQWOT) TNG AXPORX
px ovAAOY KN TEOoTIAO e, OTIOL 0 KADE MAQAYOVTAG OUVELTEPEQE LOVADIKA KAL LLE TOV DIKO
TOL TEOTO.

ITio ovykekouuéva, Oa 10eAda va ek@EAow TNV €VYVOUOOUVT) pov otov EmPBAénwvta pov, kvglo
KaOnyntr AAé&o I1. AovBaAn mov pov €dwaoe TNV evkaplar va eQyaotw dimAa Tov kAt pov
€del&e Tov OEOMO Kal TOV TEOTIO VA akoAovOnow to dvelpo pov oav véog Puowde TEOg TNV
ETUOTNMOVIKT-EQEVVTTLKT] OV TtoQelat. XTO MEOCWTO 0aS YVwELOX Tt Ttdel va Tel mabog yio )
OOVAELX OV, KAL TGS Y VA Yivel avt) Owotd dev MEEMeL va YIvOovTal EKTITWOELS, TTOQX LOVO
aflompemelc, ovvemelc Kat ovotnUatikés mEooTdOetec. Ot aQeTés AUTEC UTIOQOVV HOVO v
amodetéovv To MO0V TOL AvOpwToL Tow amd Tov Kabnynt), evog avbowmov pe meguoom
0€Anom, VTTOHOVT] KAL ETTLUOVT), TTAVTO DLATEOLUEVOS VO LOL APLEQWOTEL, AIETOTTES PORES, WOES
07O YOOPELO KALTO €Q0YQATTNQLO ATIO TOV TEOCWTILKO TOL XQOVO TOU YIA V& 0L UETAAQUTIAOEVTEL
TIC YVWOELS KAl TIG ddaX£C tov. I'iar OAa avtd kat OAa doa pe to kadd €p0ovv oo pEAAoV, oag
EKTLUW KAL OAG ELXAQLOTW KAL oG OewEw 0av TIEOTLTIO KAl [LEVTOQA OU.

Améoavtn elval 1 ekTiUNno”n KAl EVYVWHOOUVI] HOUL Kol Yix T 000 HEAN NG TOLEAOVS
ovupovAevTikig emTEOTNG pov, tov koo Kabnyntr ABavacio B. MmovgAivo yux v
ot)olEn Tov KaBOAN TNV didoKelx NG daTEPNS, N e£edikevLOT KAL KATAQTION TOL OTIOLOL
KATAPEQE VA EeKAEDWOEL TOAAG pvoTiolx ot LTIO peAétn ovotiuata pac. ‘Evag dvOowmog
TOL OTOIOL T EPEVEETIKOTNTA, TO TAOOC yx T OTOLOT) TOL Kol 1 avdTéAEwWr TOL elval
ntapadelypata mEOg pipnor, mov Oa @éow vy avta pall pov. Kabwg emiong evxaolotw kat
tov kvow Kadnyntm Iwavvn [MavaylwtonmovAo yix Tic emokodountikéc ouinTioels Hog
TIAV@ 0T Loy VITUCE VALK, TNV 0T1OLEN TOL KABwWg Kkat yix TNy a&loAdynon g dixtoing Hov.

TToAAG evXaQLOTW Kot 0T LTIOAOLTIA HEAT) TG EMTAUEAOVS €EETAOTIKNIG EMITEOTNS MOV, KVQLO
Kanyntn Iwavvn AeAANYLavvAakn yia TIg €mokodoUNTikéG ovinToels kKat CLUPBOVAES Tov,
KkaOwWs KAl yuor TNV evkalplor IOV HOL TTEOCEPEQE VA OLVEQYATTOVE TOOO KATA TNV ETUHEAELX
oL BPAlov YAwa kat ITeoaAArov, ITegipaAdrovtikéc Emmtwoeis & Agxéc AvaAvong KokAov
Zwng, 000 KAl 0T TAalowx €vOg €QELVNTIKOV TIQOYQAMUMUATOS HE TN CULUMETOXT] MOL O€
TEEQAUATA HAYVNTIKWVY HETONOEWV Kat TG avaAvong tovs. Tov koo Enikovgo KabOnyntn
Avaotaolo MAagkov, yliax To evXAQLOTO KA{Ha 0To yoagelo pag kabws Kal Y TG apETONTES
OLUPBOVAEC TTAVW OTNV ETUOTAUN KAL TIG EUTELQLES TOV ATtO TO EEWTEQLKO, TTOL HORAOTNKE Pl
pov. Tov evxaQot@ MOAV kat tov evxopal KaAn otadodoopia, oav vedtego HEAOS TG
entapeAove. Tov koo KaOnyntr MixdAn Kagakaoidn, pe tov omolov dev eixa tnv Tiun va
aAnNAAemdQAow TOAV, WOTOOO TOV ELXAQLOTW YLX TOV XOOVO KAL T KOLTIKN] TOL YlX TNV
a&loAdynon g magovoag dwxtoPric. Emione Oa nfeda va evxaQlot)ow kat TOV KUQLO



Kabnyntn lewoyio Attoa@ddkr, 1 CUUHETOXT] TOL OTOOL OTNV EeMTAMUEAT] e£eTaOTIKN
ETUTQOTI] UE TIHA WIAlTeen, kabwe elxa TNV TN VA YVWOLOTOVUE Kol Va e PLAOEEVIOEL OTO
eoevvnTiko eoyaototo HAektootexvucawv YAkwv tov Tunuatog HAgktpoAdywv Mnxavikwv &
Mnxavikwv YmoAoywotwv oto AgwototéAcio Ilavermomjuio Oeooadovikng ota mAaiowx
OLVEQYAOIAG YIX TNV HEAETI] TV HAYVNTIKOV WOOTNTWV HEQOVS TV delYUATWY TOV
TAQOLOLALwW 0T dATOPN HOL. LG EVXAQLOTW TOADV Ylx TO LTTEQOXO KAl €VTOC KAl EKTOG
£Q0YQOTNELOV, TIG EMOKODOUNTIKEG OLCNTNOELS HAS TTAV®W OTA LAY VNTIKA VAKA kaOws kat Yo
TNV EUTTLOTOOVVI TIOL LoV delfATe OTO XEWQLOUO TOL CLOTIUATOS UETQNOTSC LKWV WOLOTNTWV.

EmnmAéov, Oa n0eda va evxaplomow Oeoud kat tov kVowo KaOnyntn Tewgylo
AnunreaxkonovAo tov Tunuatog Puoikric tov AglototeAeiov Iaverotnuiov OeooaAovikng,
mv Yroyneia Awdaktoga IoAvEévn XatComovAov kabwe kat 0AGKAN QT eQeLVITIKT] OHAdX
TOL K. ANUNTEAKOTTOVAOD, YIX TNV VTTIEQOXT OLVEQYATLX TAVW 0TI TTAQATNQETOELS JAEKTOOVIKTG
UKQOOKOTIAG dLEAELONG TWV VTIO HEAETT CLOTNUATWY TG DOAKTOQIKTS daTOPNG pov kabwg
KAL Y TNV QLAOEEVIA 0TOVG XWOEOUS TV €QELVNTIKWY eQyaoTtnolwv. H ouvelopood oag ntav
KOUPBIKTG ONUaciag KL 0ag evXaQLOTw TOAD.

[ToAA& evxaplotw kat oty kugia Adktoga Xorotiva ITanaxerotodovAov, péAog EAIIT tov
Tunuatog Puokrc yiax to @AKO KA{pA kat TNV apéQLoTn Pondeta e 0T mMEWTA KoL Pripuato
OTOV XWQO TNG €QeLVNTIKNG ddtaéng mepiBAaong aktivwv-X. IToAA& evXaQLOTW KAt 0Tov KVELO
Aoktooa AAéEavdo TToAvpeQo, péAog EAILT tov Tunuatog Guokrg yia to @AKo KAA kat
OUUTIAQACTACT] OTO XWQEO TOL €QEVVNTIKOU €Q0YQAOTNEIOL @acpatookoTiag Mossbauer kot
DPuownc YAwawv. EmumAéov, Oa 10eda va evxagotiow xat tov ekAmwv Iavayiwwtn
Towavta@uAdov, pédogc E-T.EIL tov Topéa «Duvowng Itepeds Kataotraong katr Puoung
YAwwv kot Empavewwv» tov Tunuatog dvowns. ‘Hrtav tiur) pov va yvwolow Tov Mo
EQPEVOETIKO KAl YEUATO 0QeEn Yior ddaxt) dvOEwTOo TOL 0POPOL HaG, oL 08 KAOe cuvAVTNON
HaG TEQA TwV AVOEwV TOL £d1ve 0& KAOe TeXVIKO, NAEKTQOVIKO, UNXAVIKO, KATAOKEVAOTIKO
Omua maédwe kat padnuata Cwng, mov Ba kovBaAw kat Oa mMEooTabw KAl eyw va
HETAdWOW.

[ToAA& evXAQOTW KAL OTA TAWDWX TOU 0QOPOL HAGS, HEAN TNG EQELVNTIKNG OHADdAS TOUL K.
AeAnywcvvaxn. Hroav peyaAn Hov xaod va yvweLoTOUUE KAL VX AQOVYKQAXOTOVE TIG avnoL)ieg
HAG, KAVOVTAG TIG HEQES MG ‘OToV arywva’ evxdolotes. Emiong mMoAAG& evxaolotw kat ot Ttotdio
7oL TéQaoav amo v emiBAen tov Kabnyntr pov, tooo ota mAaiowx e OIMAWUATIKTG TOUG
eQyaoiag 000 KAl 0& HETAMTUXIAKO €mimedo, MO OULYKEKQIUEVA Tovg PLOKOVS deTTIOWVIG
EAmuvikn MmoumoAn kat k0olo @eo0d00m LZoUALOo, Yo TIC APETONTES WQEES TOL TTEQATAE Hall
OTO YOAPELO KAL TO EQYAOTIIOLO KAL TNV EVKALQIX V& TOLG DOAEW OAa doar dDd&XONKA.

Le auto to onueio Oa N0eAa va evxaploTrow Kat Tovg avOEWTOVE ATO TO OTEVO PIALKO Kot
okoyevelako TeQBAAAoV pov. ITapd to yeyovog otL o kabévag pag didAe&e Tov duko Tov dEOLO,
TIAVTA 0TI OVOKOAES LG OTLYHES JUAOTE KAl elpaoTte kel 0 évag Y Tov dAAov, ekpoalovtag
0 kaBevag pe Tov dkod TOL TEOTO TN CLUTARAOTAOT TOoL. Kat 600v agood epeva, oHoAOYw Twg
Ntav anAég oL KOLBEVTES Kal OL TEAEELS, (OTE VA OV dWOOLV Th) dUVAUN YLt VX OLVEXIOW TO
OO pov €ovo. N avtd kat MOAAG dAAa oag evxaplotw, Qide/piAn pov Agxovrtr), Ayyelg,
Lwtnon, I'weyo ®. Niko A, TINweyo B, T'weyo K., Zappa, Naywx, Mvgoivn, Awoq,
AAeEavdpoa, Kwota M., Kwota N., HAig, ITétgo, Xorjoto A., AAéEavdoe, Xowotiva K., Niko
H., Maote kat Xprjoto Nt.

ii



EmnAéov, Oa0feAa va evxaplotow kat ta adép@ia pov, Ogéotn kot Xprotiva. [Tiotevw moAv
OIS dLVATOTNTEG OAG, KAL AVTO TO ATIOOEKVUOLY KAOTUEQLVA OL TTIOAEELS 0AG, KAl AV UTTOQOVOE
va el KATL vt LoV 1) mooTtaBeta, avtd Oa rTay va pnv ta Palete kKdATw kot va tooontadeite
0 kaBévag vy ) dkr) tov omoLvdr|. Ot dVOKOAES kataoTdoels Oétovy Ta OepéAla Yo peydAa
TOAYHATA, aQKel va LTIAOXEL OEANOT), LTIOHOVT] KL ETTLUOVT).

I'ax to téAoc O N0eAa var exPEACW TNV ATTEQAVTN €VYVOHOOTUVT] OV 0TOUG avOQWTOUG Tov e
otnElCovVY Kal TOTEVOLV O¢ eUéva kKabOnUeQLVA, TNV OVVTEOPO HoL kat Yo eia Atddktooa
Kapayidvvn BaotAkr), yix Tnv apléQLotn oy Kot ot 0T SuvatotnTeg Hov, aAAX KLOWWS
TV ELXAQLOTW TIOL elval TAvTa dIMAA LoV, OTHELY A KAl TLVODOLTIOROG, KAVOVTAS T Cwr) pov
riavta 1o YAvKL. TéAog, Ba 10eAa va evxapomow péoa amd ta Padn e kaEdLds oL Toug
voveic pov, I'weyo kat ZovAa, Toug apavels NOweS Kol TQOTLUTA POV, TTOL He otnellovy oe kaOe
pov Bripa Kat efval TAVTOTe 0To TAELEO oL 08 kAOe OHoEPN AAAA kat dOVOKOAT TtTLXT) TNG CWT)g
pHov. Av 1 peyaAvTeQn Xxao& yix évo Yovid Tov oteQeltal, elval oL emituyileg Twv maduwv tov,
TOTE 1 HEYAAVTEQN XA Yl éva Ttoudl Tov Komdlel, etvat 1 mMAQOLOIA TWV YOVIWV TOL OTIG
eTLITLX EC TOV.

Evxagotw moAv v Emrgomn) Egevvav xkat Awxxeionong tov EAKE touv Ilavemiotnuiov
[wavvivov yix v vtoteogia ot mAKIOX TG €KTTOVNONG TNG dOAKTOQIKTS DAXTOLBT)S OV OTO
mAQlOl0 TOL TEOYQEAPUATOG He Kwdwd 82561 kat titAo ‘TIPOTPAMMA YIIOTPO®ION
YIIOWHOION AIAAKTOPON KAI METAAIAAKTOPQON’, kaBw¢ xat to EAAnvd Tdoupa

‘Eoevvac kat Kawvotopiag (EAIA.E.K.) vy v vtoot)otén g dixtoifr|g pHov.

H egevvnmikn egyacia vmootneixtnke ano to EAAnviko

E /\ I A E K Toovua Egevvag kat Karvotopiag (EAJIAE.K.) oto mAaiolo
Exnvics Tepuna Epevas & kavoropic NG «31)6 IIgoknovéng EAJAEK. yia Ymoymgrovg/eg

AdaxToes» (AQlOUoG Yrotoopiag: 06623)
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egiAnymn

Tic teAevtaiec dexaetie, Ta owpATOWX 0TN VavokAlpaka €xovv yivel avtucelpevo évtovng
ETUOTNHOVIKNG €0evvag T000 0 BewEnTKd 000 KoL 0& TEWRAUATIKO ETUTEDO, AVADELKVVOVTOG
TIC WAiTEQES WOOTNTEG TTOL OADETOVV WG VAIKA HEYAANG ETUOTNUOVIKNG KL TEXVOAOYIKNG
onuaoiag. H aflomoinon tovg and éva e0Q0G TeXVOAOYIKA €EEALOOOUEVWV TOHEWV OTIWS N
amoOnkevon TANEOPORIAG, 1 KATAALON, N TEACLVY EVEQYELX, 1) NAEKTQOVIKY), 1] XNHUIKY)
Bopnxavia,n Potatokny Kat 1 PLOPAQUAKEVTIKY], ATOKAAVTITEL TIC VEEC Kol OXITEQES
dLVATOTNTES TIOL UTIOQOVV V& TTOOTPEQOLY O€ OX£0T e Tax ovpPatikd palika (bulk) vAucd. M
TIOAD ONUAVTIKY KaTtnyoola vavoLAkwv etvat ta vpewikd vavolAwkd. Ta vavolAwad avtd
avadelkVOOLV TNV dUVATOTNTA  OUVEVWOTG  OLXPOQETIKWY  VAVOUAKWV  HeTta&V  Toug,
ovvdvAlovTtag Tic Wxitepeg EEXWOLOTA WOLOTNTEG TOUG TIQOG TOV OXNUATIOUO HIAG LBOLOKTS

VAVOdOUNG e CLVOVAOHUEVEG LOLOTTTEG.

Yto mAalolo avto, 1 EKTOVNOT] TG TAQOVOAS OAKTOQIKTG dXTOLPTG emikevToWONKE OTNV
oUvOeon, TOV XAQAKTNOLOMO KAl TNV HeALT) Twv WOTNTWV VEWV LRQWIKWV HAYVITIKWV
vavodounpeévwy VAKwV. Ot vavodopEéS avTés oUYKATAAEYOVTAL OTNV LTOKATIYOQIX TWV
HETAAA KWV VBOWOIKWYV EVWOEWY Kal OXeTILOVTAL PE TNV AVATITUEN HAYVNTIKWV DUETAAALKWOV
KQaUMATwV ue Baorn tov owneo (Fe) mavw omnv empdvelnr KATAAANAWY LTOCTEWHHATWV

avdantvéng vavodiapavtiwv (NDs).

Orotoyxot mov Oéoaue otn tapovoa dLATELPT), Ty 1 oLVOEOT) VEWV LPEIKWV VAVOOOUTUEVWY
HOYVNTIKOV VAWKV He  OX{TEQES HAYVNTIKEG OLOTNTEG TIOL APOQOVV OLUEQT] KOAUATX
petaAA kv otolxelwv pe Bdon tov oldnoeo (Fe) kat ovykexouéva ta kpduata Fe-Rh, Fe-Co ot
Fe-Ni, X0nouomowwvtag ws LTOOOUT] AVATITUENG TOUG UITOES VAVOILAXUAVTIWY. LT0 TTAaloLo
avTo 00ONKe WIAlTEQN €UPAOT) OTNV TEOOTIADELX VIt OXNUATIOUO VAVOKQUOTAAAWVY vPNANG
TIOLOTNTAG OUUEQWY KOAUATWV OLOT)Q0V HE OLATETAYIEVT] OTOLXELAXKA OOUT] KL KAAT) dlxoTtoQi
0N KTOA TWV VAVOILAHAVTIOV, KAOWS KAt 0TNV avATTLEN WAITEQWY HAYVNTIKWV OTHTWV
0TS VYNAEG TIHES OLVEKTIKOV Ttediov, HEOW TNG TEOKATOTG TETOAYWVIKWV TTAQAHOQPUTEWV
™mMC  KUPBIKNG  KQUOTAAAIKNG OOUTG TOVG, dATNEWVTAS TAQAAANAX T  VAVOdILAOTATA
XAQAKTNOLOTIKA TWV OWHATIOWV, Xwolg dnAadn avénon tov pey£0oug Toug kat oxetikd VPnNAn

oy VI TIOT KOQOU.

O AdYyoc Mo eMAEEANE TAX CLYKEKQLUEVA LAY VITIKA KQAMATA E(vaL Tat TIOAD evVOLPEQOVTA KAl
ONHAVTIKA HayVNTIKA XAXQAKTNOLOTIKA oL dtax@étovv ot avtiotolyes palucég (bulk) doués kat
N TQOOTITIKI) TIOL VLTIAQXEL v avadelxbovv emimAéov daltega OOHIKA KAl HAYVNTIKA
XAQAKTNOLOTIKA HLE TNV AVATITUEN TWV PACEWV AVTWV OTNV VAVOKALUAKA, 0& CUVOLAOUO e TNV
Baon avamtuéng Twv vavodiapavtiwy. To kOelo Héeog avtrc TG dATOBNS KAAVTTTETAL ATIO TOV
TEEQALTEQW XAQAKTNOLOUO, HEAETN KAl EQUNVEIX TWV DOUIKWV, HOQPOAOY KWV, NAEKTQOVIAKWV
KL LAY VI TIKQOV DOTHTWV TWV HAYVITIKOV QUTOV VAVOOOUNUEVWY QATEWY 0€ OX€0N e TNV
KQUOTAAALKT) TOUG dOUT), TNV HOQPOAOYIX TwV VavodoUwV kat Tig ouvOrikes ovvOeonc. H xonon

TWV  VTOOTOWHATWY  TWV  VAVOILAUAVTIOV WG  TAKLOWwV-UTTOdOHWV  avATITUENG  VEWV



VAVODOUNUEVWVY HAYVITIKWV VAKWYV, avadetkviel autr) v péfodo ovvOeons we pla amAr),
€UKOAN KAl XAUNAOU KOOTOUG TEXVIKT) OVVOEOTC VEWV HAYVNTIKWV VPOLOKWYV VAVODOUTUEVWY

VALKQV.

EmmpdoOeta emdwkovpe va mQOPBAAOVUE TNV EQEVVNTIKT] KALVOTOUIX TNG AVATITLENG AVLTWV
TV LAY VITIKOV VAVOIOUWV AV O& UNTEES VAVOILAUAVTIOV, kKOG elval 1) TEWT Qoe& Tov
eTxelQeltal ular tétolx mMEOOTADEX HE TA OLYKEKQIUEVA HayvnTikd VA&, EmmAéov
eTOVHOVUE VA& KATAOTIIOOVUE YVWOTI] OTNV €VQUTEQT ETUCTNHUOVLIKY] KOLVOTNTA TV dUVALIKT)
TWV OLVATOTHTWV TIOL UTTOREL VOt TEOOPEQEL T BAOT) AVATITUENS AVTWV TWV ONHUAVTIKWOV DAKWV
TIOV £LVAL TA VAVOOLAPAVTIX 08 OLVOLAOUO HLE TIG OLXITEQES Ay VITUKES VAVODOULES, WG TTROTAOT)
Yt TV avamtuén véag texvoAoylag 1 omolar eKTHOVHE OTL €Xel Wwitepn duvaukn va
a&lonomOel oe epaguOYES oe Tedla OTIWS 1) NAEKTQOVIKT) KAL LAY VNTO-NAEKQOVIKT), 1] PLOIATOLKT),

N PLOPAQUAKEVTIKN KL OXETIKA OLACVVOEOUEVA AVTIKEIUEVA.

Zanv magovoa dxtoLpr), aoxoAnOnkaue pe v ovvOeon, XaQaKTNOLOUO KAl aVAALOT) TOLWV

LBOWIKWV LAYy VNTIKOV VAVOIOUNUEVWY CLUOTNUATWV:

I. To ovotnua Fe-Rh/NDs
II. To ovotnua Fe-Co/NDs
III. To ovotnua Fe-Ni/NDs

LZUYKEKQIHEVA, YL TNV AVATITUEN TWV LBOWIKWY KQUOTAAAIKWVY UXYVITIKOV vavodouwv Fe-
Co/NDs, Fe-Ni/NDs kat Fe-Rh/NDs axoAovOnjoape tnv otoatnykr) Tov ouvdvaopoL pedodwv
ovvOeong vypErg xNuelag xat avomtnong vrid eAeyxoueves ovvOnkes. Ot ovvOéoels vYENG
xnuelag PaciCovrar ot pnébodo tov Boovdpwiov (NaBH4) kat ) pnébodo yovipomoinong g
untoag (impregnation method). ITagdAANAa mapaokevaotrav TEOdYoUa delypata eAevBeQwv
vavoowpatiwv Fe-(Rh/Co/Ni) g diag otolxelopetolag te auths Twv VPOV WOTE Vi
ovYKQELOOVV oL OTNTEG TOVG, Va ekTIUNOel Kt va eQUNVELTEL 0 QOAOS KAl OL WOOTNTES TNG
PAOTC-UNTOAS TWV VAVOILAUAVTIOV TNV daxdukaoiat oUVOEOTC TWV UXYVNTIKWOV QPACEWV OTIC

LPOWKES VAVODOLEC.

[Na v o0vOeon Twv MEOdEOUWY LBEWIKWV DELYUATWY AQXIKX XONOLUOTOLE (TAL TO TTOWTO ATTO
ta dvo ovotatikd (NDs) o moomaQaokevaouévn Hoe@r, ouvOLalOUEVO HE To LOATU
daxAvpata Twv KATAAANAWVY aA&twv Tov kKowvoL petaAAkov otorxetov (Fe) kat tov devtegov
ovotatikov (Rh/ Co/ Ni). Ta teAucd vBodwka delypata mEOKVTTOLY VOTEQX ATO OeQpIKT)
avOTTNOT) TWV TIEOOQOUWYV deLYMATWV 0e VPNAEC Oeouorpaaies, opEaylopéva LTIO oLVOT|Keg
kevov (107 Torr) oe apmovAeg xalalia. H duadwacia avtn elvat anagaitntn agevoc yux tnv
dnuovEYix avaywykwv cuvONKWV Y v dnpoveyia Twv emlOuUNTOV HETAAA KWV vavo-
KQAUATWV UE TIG AITEQES KQUOTAAAUKES DOHES KL APETEQOL Y TV ATIOPLYN 0EedWONG TwV
HAYVNTIKOV VAVOOWHATIWV Katd TNV avamtuér) toug. To eldog twv vavodopnuévay @doewy,
N KQLOTAAALKY] TOLG dOUT), 1| HOEPOAOYiR, TO HéyEDOG TOVG, 1) AVTO-0QYAVWOT] KAL 1) dDXCTIOQR
OTIC HITOES TWV VAVOIAHAVTIWOV KaBopllovv o& peyAAo Padud kat TG HAyVNTIKES LOTNTES

TV TAQAOKELACO EVTWV VPEWIKWV VAIKWV, XAQAKTNELOTIKA TIOL HTTOQOVUV Vo eAeyx0ovv péow
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Twv  ovvOnkwv ovvOeong (dudwkaola kat  OeopokQaoieg  avomTnong, OLYKEVTEWON

VAVOOWHATOIWV TAV@ TTA VOVOILAUAVTIX).

O xaeakTELoHOC KAL) AVAALOT) TV DOULKWYV, HOQPOAOYLKWV, NAEKTQOVIAKWY KAL LAY VI TIKWV
WOTNTWV TV OElYMATWY TIOU TIAQACKELVACTNKAV Yt TNV dleQevvnon twv LMo HeAETn
HAYVNTIKOV VPOWIKWV VOVOOOUNUEWY OCLOTNUATWY €YLVE HEOW TG XONONG EWKWV TEXVIKWOV
XAQAKTNOLOHOV 0Tt mepiBAaon aktivwv-X (XRD), nAektoovikr| pkgookortio dtéAevong (TEM),
TEM vymAng avaAvong (HRTEM), nAektoovikn pukgookomio caxpwong kat diéAevong (STEM) pe
duvvatotnTa Xerong pnedodov ANYmnc VPNATS Ywviag daKTUALOEWWY EKOVWY OKOTELVOL TTedIOV
(HAADF) kat @aopatookomikng avaAvong axtivwv-X pe evegyewaxn dwxomopd (EDS),
HOYVNTIKEG HETONOELS O& TUTIKO HayVNTOUETQO dovovpevou detypatog (VSM) kabwg kat oe
ovotnua HETENOTG Hayvntikwv Wwiot)twv (MPMS) pe xonon VSM kat @acuatookomia
Mossbauer ¥Fe o¢ yewpetola dtéAgvong kat oe dukgopeg Oeppokpaotes (300 K-11 K).

Ewwotepa, to ovotnua Fe-Rh/NDs avantoxOnke péow tov ovvdvaopov tng puebddov vyong
xnueiag tov PBopovdpwiov (NaBHi) wkat avomtnong vmod eAeyyodueves ovvOnkeg kevov oe
opoaywouéves aumovAeg xadalia (700°C ywx 30 Aemtd). XTovtéOnrav emiong oelypata
eAevBeowv (XwOIS TaQovClar VAVOILUAVTIWV) UAYVITIKWV VAVOOWHATOwY pe TNV O
OTOLYELOMETOL TV VPEWIIKWV detypatwyv. Xtoa vBodka delypata ta vavoowuatidwx Fe-Rh mov
aVATTVOOOVTAL OTIG ETUPAVELEG TWV VAVOIXUAVTIOV Elval ONEOHAYVNTIK& KAl €XOUV
ogyavwpévn kufucn doun tortov CsCl B2-bee a'-Fe-Rh, mAovowx oe Rh ototxetopetoia (60-70 at.%)
pHe péco péyefog 4 nm, Kal KATAVEHOVTIAL OHOOHOQPA OTIC ETUPAVELEG TWV TIQOTUTIWV
vavodixpavtiov. Entiong magovoidlovy otabepn odNQOUAYVITIKT) CUUTIEQLPOQA O& éva VQV
paopa Beguokgaociwv amd 2 K éwg 400 K, xwols mapatneroun avTiodnQOUXyYVNTIKY) o
owneopayvnTikny uetdPaot. Ymo mc dec ovvOnkeg, ota eAevBeoa delypata (Xwolg
VaVOdLAHAVTIA), avamtoxOnkav apapayvntikd vavoowpatidwx Fe-Rh pe fec dour), ta omoia
QATIOKTOUV  AVTIOWNQOUAYVITIKA XAXQAKTNOOTIKA o0& XaunAéc Oeopoxpaoies (<77 K). Ta
amoteAéopata avtd, LTIOYEAUMICOVY TOV KOO QOAO TNG UNTEAS VAVOILAUAVTIWY, KOS Ta
atopa avhoaka OTA YOAPITIKA ETUPAVELXKA OTQWHATH AVTWV dLEVKOAVVOLV TN dlAXLOT] KAl

avantvén g owneopayvnTikns eaonc tmod CsCl B2-bee a'-Fe-Rh. katd v avornon.

To ovotua Fe-Co/NDs avantoxOnke péow ocvuvdvaopov pebddwv vyorg xnueiag (NaBH4 kat
yovipomnoinong) kat Oepuikng eme&epyaoiag oe eVvog Oeppokpaotwv (600-700°C) kat xOvwv
avonnong (2 s-32 h). I'a v mANEN katavonon Twv HAYVNTIK@V WO0TNTOV TWV LAY VNTIKWV
vavodouwv, ovvtéOnkav emiong detypata epnAovtiopéva oe to wwotomo YFe, axkoAovOwvrtag
O0TO TEWTO OTADLO TN HEOO0DO YOVIHOTIOMONG, TNG (DLXG OVOUAOTIKTG OTOLXELOMETOIAG HE TA W)
EUTMAOLTIOMEVR, HE OKOTIO va dlevkoAvVOel TeQALTEQW 1) AVAALON HE TNV TEXVIKY TG
paopatookontiag Mossbauer Fe. Ta evorjuata detxyvouvv 0Tt 1000 T LPEWWKA 00O Kol T
eAev0epa detypata (xwols vavodxpdvtio) ov ovvtéOnrav pe t pébodo NaBHs megieiyav
koapa Fe-Co kat vavoowpatidia o&ediov odrjpov-koPaAtiov Tomov omiveAlov, pe Ta TEWTa va
TIEOLOLALOVY  LOXVOES  DACWHATOWKES  aAANAeTdoAoels. Avtéc oL aAAnAemdATELS
LTIOONAWVOLV peYaAVTEQ PeYEON vavoowpaTtdiwy 1/kat ovvdOpolon oe cvotadeg (clusters),

7oL O emNEeACOLY TV KATAVOUT| TOLG 0TI UNTON TWV VAVOILXLAVTLWV OTA LBOIKA delypata,
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YEYOVOG TIOL ATIETEEPE TNV TTEQALTEQW XOT)0T) TS ddkaoiag avomnong. Avtibeta, n dixdooun|
TNG YOVIHOTIOMONG OTO TEWTO OTAdIO TNG oVLVOeoNS, AMédwoe HeTd TO DeVTEQO OTADIO TNG
avoOTINONG VEA HAYVNTIKA VaVOUPEIKA VAIKK, ATOTEAOVHEVA ATIO  OONQEOUAYVNTIKA
00YaVWHEVNG KLBLKTG kKQUOTAAA KNG doun|g (bec) vavoowpatidix Fe-Co mov avantbooovtat otn
unToa Twv vavodixpavtiwv. Avta ta vavoowpatidwx Fe-Co, magovotdlovv pnéon dxpeToo
petald 6 kat 10 nm, KATAVEUOVTOAL OHOLOHOQPA OTIS ETUPAVELEG TWV VAVOILAXUAVTLOV KAL
epupaviCouv vVPNAN mepLekTKOTNTA 08 KOPAATIO (~65 at. % Co). Emiong epugpaviCovv otabepn|
ONEOUAYVNTIKY] OULUTEQLPOQA Ot éva €Vog Oepuokpaowwv arnd 400 K éwg 2 K, pe tuég
OLVEKTIKQV Ttedlwv amod mepirtov 110 Oe otovg 400 K oe mepimov 850 Oe otoug 2 K. ITapdAANAx
He TNV avaTtuén g kVErg kQLoTaAAktc @aong Fe-Co, mapatngeitat kat o ovoTnuaTicog
OXNUATIONOG UG TETQAXYWVIKA 01oeBAwuévng (tetragonally distorted) amd v kvPikn
ovppetola doung pagrevottikov tomov Fe-Co, 1 eppdvion g omolag o@eidetal otig puotka
QAVATITUOOOWEVEG OOHES aTOHwV avOpaxa xagaktea sp? (dopéc TUTOL Yoageviov) oTnv
ETUPAVELX TWV VAVOILAUaVTIWV. Ot QOUES aLTEG EVVOOVV DLAPOQOUVS ETUPAVELAKOVS DOULKOVS
HETAOYNHUATIOHOUGS TWV KUQIAQXWV ECWTEQKWYV SP® LPQIIKWV VAVODOUWYV TWV VAVOILXUAVTLOV
o€ sp? KaTd T0 0eVTEQO OTAdI0 TNG BeQUIKNG KaTeQYaoiag Twv LBV LAkWV. Ot vavodouég
TOTOL Ypageviov amoteAovv mAovowr T yT] atopwv avOoaka, Ta omola kAT TN dLXQKELX
Oeouikng kategyaoiag mavw amd tovg 600°C umoovy, AdYw dAdIKACIWV YOXPLTIKOTIONONG,
va dLarxvOoUV eVOOTAEYHATIKA 0T DOUT] TV HayvNTikwV vavoowuatdiwv Fe-Co emupégovtag
ETUPAVELAKOVG UN-EKTETAUEVOUG TETOAYWVIKOUG OOUIKOUS HETATXNHUATIOHOUG HAQTEVOLTIKOV-
TUTIOL 0€ UEQOS AVTWV TWV UETAAAIKWV VAVOCWHATWOWVY. AUTO amodelkvetal, TO00 Ao TV
TIAQOLCO L TWV AVTIOTOLXWV HAQTEVOLTIKWOV OLVIOTWOWV 0T paopata Mossbauer ¥Fe, 6co kat
amo TV dAToTwHéV péow petorjoewv TEM kat HRTEM avantun oTowHATWV YOaQLTiKoU-
TOTOV, TA OTIOlAX TEQLTLALYOLY Tar payvnTikd vavoowpatdwe Fe-Co kabwg avantvooovtat

TIAVW OTNV ETIPAVELX TWV VOVOILXUAVTLWOV.

't to ovotnua Fe-Ni/NDs, n avantu&n twv vpedKOV KQUOTAAAIKOV LAY VNTIKWY VOVODOUWV
éywve péow TOL OLVOLAOUOV HeDOdwWV oUVOeonC VYQENG XNUEIRS KAL AVOTITNONG VLTO
eAeyxoupeves ovvOnkec. Agxikda etuAéxOnke 1 uebodog tov Poovdoidiov (NaBH4) kot dmtws ko
otV meplntwon tov cvotiuatog Fe-Co/NDs, kataAn&ape ot pébodo yovipomoinong kat
avomTonG VIO eAeyxopeves ovvOnkeg kevov (700°C, 30 min-8 h). Ta anoteAéopata édeléav
TNV AVATITUEN OONEOUAYVITIKWV Vavoowpatwiwv Fe-Ni, mAovowv oe vucéAo (~64 at.%), pe
péoo péyeOoc 10 nm kat kQuOoTaAAKT) dopr) Tomov AuCus y'-fcc, OpOLOHOQPA DXTTIAQUEVWV OTLG
ETIPAVELES VavodLpavTIwV. Ta vavoowpatdw magovotdCouy OdNQOHAYVITIKT) CUUTTEQLPOQR
(2 K-400 K) pe payvrtion kogov 11.9 emu/g kat ovvektika media 10-490 Oe. H paopatookoTtio
Moéssbauer Fe amokdAuve cLUHETOXT] TOL OWNEOL TO0O 0T Baoikn fcc oWONEOUAYVNTIKT PAoN
000 Kal o€ il devtepevovoa pagtevoltikov Tomov Fe-Ni @dong, n omoia oxetiCetat pe
dudxvom atopwv avlgaxa atd TIG YOXPLTUKEG DOUES SP? OTIC ETUPAVELEG TWV VAVOILAUAVTIOV
mEOg TS evdomAeyuatikéc Oéoeg g Fe-Ni dourg, kabwg ol sp? dopég vmoPaAdovtal oe
dLAdIKATLEG TTEQALTEQW YOAPLTLIKOTIOWMOTG KATA TO deVTEQO OTADIO TNG OEQUIKTG KATEQYATLAG.

Onwe katl ot mepintwor tov ovotrjuatog Fe-Co/NDs, étol kat €dw ot petorjoeic TEM kat
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HRTEM é£detéarv OTL YOAPLTIKA OTOWHATA TOTIOL Yoa@eVviov e BdAAovy ta vavoowpatidwx Fe-
Ni, erupeBawdvoviag m ovvdeon peTall TNG HUNTOAS VAVOIAXHAVTIWV KAl TWV HOVAOLKWOV

DOUIKWV XAQAKTNOLOTIKWY TWV VAVOOWHATIWV.

O ovvdvaouog twv anoteAeopudtwv yia ta ovotruata Fe-Co/NDs kat Fe-Ni/NDs katadeucvoet
O0TL | ovvOeon o dVO OTAdX KAL OL E0WTEQIKOL HNXAVIOHOL aAVATITUENG TV UETAAALKWV
VAVOKQAUATWY 001YOUV & aitepa vavoiBoldud HayvNTIKA CLOTHUATA [E TTAEOUOLX KAl
eMaVaAQUPBavOUEVA HOQPOAOYIKA xapaKkTnowTukd. H emavaAnpuotnta avtr) anodidetat ot

Pripua-meos-pripa dadkaoio ovvBeomng mov akoAovOeltat kKat ota dVO CLOTIUATA.

O oNUATIOHOS TWV HETAAAK@V VAVOOWHATIOWY OTIG UNTOES VAVOILXUAVTLWV, KaOwS Kot N
AVATITUET YOAPLTIKWOV VAVOOOUWY 0TI DETUPAVELX TWV HAYVNTIKWV VAVOOCWHATOIWV Kot
AVTWV TWV VAVOILXUAVTLWV, CLVOLETAL APECK HE TN dadKATIX yOaPLTIKOTIONONG TwWV Sp?
ATOpWV avOgaKa TOL VTIAQPXOVV OTIS ETUPAVELEG TWV VAVOILXUAVTIOV. AvTr) 1 dadikaoia
Aaupavel xwoo g VPMAEC OeQUOKQATLEG KAL EVIOYXVETAL ATIO TNV TIAQOLO A TWV HUETAAAKWV
ototxelwv (Co, Ni) ota dipetaAAkd kpapata. EmimAéov, N avamtuén Tng HAQTEVOLTIKOV TUTTOV
@donc xat ot dvo cvotiuata Oeweltal avapevopevn, kabwe oxetiCetal pe T Oeguucég
OUVONKES KAL TN YOAPLTIKOTIOMON katd To devtepo otadio Tng ovvbeone. Ta ocuvvoAwka
ATIOTEAEOUATA VTTODELKVUOUV OTL TO HOQPOAOYIKO TeQBAAAOV, TO oTolo meQLAapPavel Tig
AAANAOOVVOEOEVES HAQTEVOLTIKOU KAl YOAPLTIKOV TUTIOL PACELS, emnoeiletal amod T doAomn
TV HAYVITIKOV VAVOOWHATIOWY, TWV VAVOILAXHAVTIOV KAl TO £00G Tov peTaAAkov atotyeiov
010 keAapa owrpov. H magovoiae tov Co 11 Ni @atvetar va mailet kataAvtikd QoAo otn
dLHORPWOT AVTWV TWV XAQAKTNOOTIkWV. AvtiBeta, N magovoia tov Rh oav devtego otoiyelo
KQAUATOTIOM OGS, patveTal mwe 0ev eMOQA& 0TI JAUOQPWOT] TAQOUOLWY XAQAKTNOLOTIKWY OTO
ovotnua Fe-Rh/NDs. Auto ogeidetal oTic QUOKOXTHUKES 1dOTNTES TOL OToLXelakov Rh, mov to
KaOLoToUV AtydteQo emdQaoTikO o0& deopovs avOpaka oe avtifeon pe ta dAAa otoxeia
uetamtwong (Fe, Co, Ni). Xvvenwg, ota mAovowa o ovykévtowon Rh vavoowpatidwx Fe-Rh tov
oxnuatiCovral katd v avonnot, eatvetat 0Tt 1) kataAvTikr) doaomn tov Fe megopiCetar amo
Vv enidoaot Tov Rh tov vmegloxvel 0T OCVOTAOT) TNG PUAYVINTIKTG PAOTS, Kol £ToL dev pmoQel

va gvvonfeL 1) dadkaoia TS yoaLtikomoinong.
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Abstract

Over recent decades, nano-scaled materials have been the focus of extensive scientific research, both
theoretical and experimental, due to their remarkable properties with significant scientific and
technological potential. Their applications span a wide array of advanced fields, from information
storage, catalysis, and green energy to electronics, food science, construction, biomedicine, and
biopharmaceutics. These materials offer exceptional advantages compared to traditional bulk

counterparts, revealing unique properties that support innovations across these sectors.

A particularly valuable class of these materials is nanohybrids, which combine distinct
nanomaterials into a single hybrid structure, thereby merging their advantageous properties. This
PhD thesis centers on synthesizing, characterizing, and analyzing new hybrid magnetic
nanostructured materials, specifically magnetic nanohybrids based on bimetallic iron (Fe) alloys,
and more specifically the Fe-Rh, Fe-Co and Fe-Ni alloys, grown on nanodiamonds (NDs) substrates.
Particular emphasis was placed on the formation of high-quality nanocrystals of binary iron alloys
with an ordered elemental structure and good dispersion within the nanodiamond matrix.
Additionally, the development of distinctive magnetic properties, such as high coercive field values,
was pursued by inducing tetragonal distortions in their cubic crystalline structure while maintaining
the nanoscale characteristics of the particles—ensuring no increase in their size—and achieving
relatively high saturation magnetization. We selected these magnetic alloys due to their intriguing
magnetic properties in bulk form and the potential to display even more distinctive structural and

magnetic characteristics when synthesized at the nanoscale on NDs substrates.

The main body of this thesis delves into the structural, morphological, electronic, and magnetic
properties of these nanostructured magnetic phases. By exploring how their crystal structure and
morphology evolve under specific synthesis conditions, we highlight the role of nanodiamonds as
growth templates. This synthetic approach offers a straightforward, cost-effective pathway to
creating novel hybrid magnetic nanomaterials with high potential for diverse technological

applications.

This work aims to present the pioneering synthesis of these magnetic nanostructures on
nanodiamonds templates, as this approach has not previously been applied to the specific magnetic
materials under investigation. We also aim to demonstrate the unique capabilities that NDs
nanotemplates contribute to these magnetic nanohybrids, showcasing their relevance for

applications in fields such as electronics, magneto-electronics, biomedicine, and beyond.

This thesis involves the synthesis, characterization, and analysis of three distinct hybrid magnetic

nanostructured systems:

I. Fe-Rh/NDs system
II. Fe-Co/NDs system
II1. Fe-Ni/NDs system



More specific, each of these systems was developed using a two-stage synthesis process that
combines wet-chemical techniques with controlled thermal treatments. The synthesis protocols
involve NaBH, reduction and impregnation techniques, where the NDs nanotemplates are
combined with precise amounts of iron and second metal salts (Rh, Co, or Ni). Additionally,
unsupported Fe-(Rh/Co/Ni) nanoparticle precursor samples with equivalent stoichiometry were
synthesized for comparison. This allowed us to evaluate the impact of NDs nanotemplates on the
growth and properties of the nanoalloy magnetic phases. For the synthesis of the precursor hybrid
samples, the first component (NDs) is initially used in its pre-prepared form and combined with
aqueous solutions of the appropriate salts of the primary metallic element (Fe) and the second
component (Rh/Co/Ni). Final samples obtained after annealing the precursors at high temperatures
in vacuum-sealed quartz ampoules (10~ Torr), a step necessary both to maintain reducing conditions
favorable for alloy formation and to prevent oxidation of the magnetic nanoparticles. The type of
nanostructured phases, their crystalline structure, morphology, size, self-organization, and
dispersion within the nanodiamond matrices largely determine the magnetic properties of the
synthesized hybrid materials. These characteristics can be controlled through the synthesis
conditions, including the annealing process and temperatures, as well as the concentration of

nanoparticles on the nanodiamonds.

The characterization and analysis of the structural, morphological, electronic, and magnetic
properties of these materials were performed using a comprehensive suite of experimental
techniques. These included X-ray diffraction (XRD), transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) and scanning-transmission electron microscopy (STEM) with high-angle
annular dark-field (HAADF) imaging, energy-dispersive X-ray spectroscopy (EDS), vibrating
sample magnetometry (VSM), magnetic property measurement system (MPMS), and “Fe

Mossbauer spectroscopy in transmission geometry at different temperatures (300 K-11 K).

Specifically, the Fe-Rh/NDs system was developed through a combination of the wet-chemical
borohydride method (NaBH,) and annealing under controlled vacuum conditions in sealed quartz
ampoules (700°C for 30 minutes). Additionally, samples of free magnetic nanoparticles (without the

presence of nanodiamonds) with the same stoichiometry as the hybrid samples were synthesized.

In the hybrid samples, Fe-Rh nanoparticles formed on the surfaces of the nanodiamonds exhibit
ferromagnetic properties and an ordered cubic CsCl-type B2-bcc a'-Fe-Rh structure. These
nanoparticles are rich in Rh stoichiometry (60-70 at.%) with an average size of 4 nm and are
uniformly distributed on the surfaces of the nanodiamond templates. They also display stable
ferromagnetic behavior over a broad temperature range from 2 K to 400 K, without any observable
transition from antiferromagnetic to ferromagnetic behavior. Under the same conditions, free
samples (without nanodiamonds) developed paramagnetic Fe-Rh nanoparticles with an fcc
structure, which acquire antiferromagnetic characteristics at low temperatures (<77 K). These results
underscore the critical role of the nanodiamond matrix, as the carbon atoms in the graphitic surface
layers of the nanodiamonds facilitate the diffusion and development of the ferromagnetic CsCl-type

B2-bcc a'-Fe-Rh phase during annealing.
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The Fe-Co/NDs system was developed through a combination of wet-chemical methods (NaBH,4
and impregnation) and thermal treatment over a range of temperatures (600-700°C) and annealing
times (2 seconds to 32 hours). To thoroughly understand the magnetic properties of the magnetic
nanostructures, isotope-enriched samples with Fe were synthesized using the impregnation
method during the first stage. These samples had the same nominal stoichiometry as the non-
enriched ones, facilitating further analysis via Fe Mossbauer spectroscopy. The findings indicate
that both hybrid and free samples (without nanodiamonds) synthesized using the NaBH4 method
contained Fe-Co alloy and cobalt-iron oxide nanoparticles with spinel-like structures. The Fe-Co
alloy nanoparticles exhibited strong interparticle interactions, as evidenced by Maossbauer
spectroscopy, suggesting larger particle sizes and/or aggregation into clusters. These characteristics
impacted their distribution in the nanodiamond matrix in hybrid samples, making further annealing

impractical.

In contrast, the impregnation route in the first synthesis stage yielded new magnetic nanohybrid
materials after the second annealing stage. These materials comprised ferromagnetic Fe-Co
nanoparticles with an ordered cubic (bcc) crystalline structure that developed on the nanodiamond
matrix. The Fe-Co nanoparticles, with an average diameter between 6 and 10 nm, were uniformly
distributed on the nanodiamond surfaces and exhibited high cobalt content (~65 at.% Co). They
demonstrated stable ferromagnetic behavior across a temperature range from 400 K to 2 K, with

coercive field values increasing from approximately 110 Oe at 400 K to about 850 Oe at 2 K.

In addition to the development of the primary Fe-Co crystalline phase, a systematic formation of a
tetragonally distorted martensitic-like Fe-Co structure was observed. This phase is attributed to the
naturally occurring sp? (graphene-like) carbon structures on the nanodiamond surfaces. These
structures promote surface structural transformations of the dominant internal sp® hybridized
nanostructures of the nanodiamonds into sp? during the second stage of thermal processing of the
hybrid materials. The graphene-like nanostructures serve as a rich source of carbon atoms, which,
during thermal treatment above 600°C, can diffuse into the lattice of the Fe-Co magnetic
nanoparticles. This diffusion, facilitated by graphitization processes, induces localized tetragonal
martensitic-like structural transformations in some of these metallic nanoparticles. This is evidenced
by the presence of corresponding martensitic components in the Fe Mossbauer spectra and by TEM
and HRTEM measurements, which reveal the development of graphene-like layers wrapping

around the Fe-Co magnetic nanoparticles as they form on the nanodiamond surfaces.

For the Fe-Ni/NDs system, the development of hybrid crystalline magnetic nanostructures was
achieved through a combination of wet-chemical synthesis methods and annealing under controlled
conditions. Initially, the borohydride method (NaBH4) was employed. However, similar to the Fe-
Co/NDs system, the process was later optimized using the impregnation method followed by
annealing under vacuum conditions (700°C for 30 minutes to 8 hours). The results revealed the
formation of ferromagnetic Fe-Ni nanoparticles, rich in nickel (~64 at.%), with an average size of 10
nm and an AuCus; y'-fcc crystalline structure. These nanoparticles were uniformly distributed across
the surfaces of nanodiamonds. The nanoparticles exhibited ferromagnetic behavior over a broad

temperature range (2 K—400 K), with a saturation magnetization of 11.9 emu/g and coercive field
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values between 10 and 490 Oe. ¥Fe Mossbauer spectroscopy indicated that iron contributed not only
to the primary fcc ferromagnetic phase but also to a secondary martensitic-like Fe-Ni phase. The
formation of this martensitic-like phase is attributed to the diffusion of carbon atoms from the sp?
graphitic structures on the surfaces of nanodiamonds into the interstitial positions of the Fe-Ni
structure. This diffusion occurs during the second stage of thermal processing, where the sp?

structures undergo further graphitization.

As in the Fe-Co/NDs system, TEM and HRTEM measurements confirmed that graphene-like
graphitic layers enveloped the Fe-Ni nanoparticles, underscoring the link between the nanodiamond

matrix and the unique structural characteristics of the nanoparticles.

The combined findings for the Fe-Co/NDs and Fe-Ni/NDs systems demonstrate that the two-stage
synthesis process, along with the intrinsic mechanisms governing the development of the metallic
nanocomposites, leads to unique hybrid magnetic systems with similar and reproducible
morphological characteristics. This reproducibility is attributed to the step-by-step synthesis
approach applied to both systems. The formation of metallic nanoparticles on nanodiamond
matrices and the development of graphitic nanostructures at the interface between the magnetic
nanoparticles and the nanodiamonds are directly linked to the graphitization process of the sp?
carbon atoms present on the nanodiamond surfaces. This process occurs at high temperatures and

is enhanced by the presence of metallic elements (Fe, Co, Ni) in the bimetallic alloys.

Moreover, the development of the martensitic-like phase in both systems is considered expected, as
it is associated with the thermal conditions and graphitization occurring during the second stage of
synthesis. The overall results suggest that the morphological environment, characterized by
interconnected martensitic and graphitic phases, is influenced by the interaction of the magnetic
nanoparticles, nanodiamonds, and the type of metallic element in the iron-based alloy. The presence

of Co or Ni appears to play a catalytic role in shaping these characteristics.

In contrast, the presence of Rh as the secondary alloying element in the Fe-Rh/NDs system does not
seem to contribute to the formation of similar characteristics. This discrepancy is attributed to the
physicochemical properties of elemental Rh, which make it less interactive in carbon bonding
processes compared to other transition metals (Fe, Co, Ni). Consequently, in the Rh-rich Fe-Rh
nanoparticles formed during annealing, the catalytic activity of Fe is limited by the dominance of Rh

within the magnetic phase, thereby inhibiting the graphitization process.
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Chapter 1. Hybrid Nanomaterials

1.1 Introduction

In modern society, technological advancements provide humanity with numerous ways to tackle its
most pressing challenges. However, as technology progresses at a fast pace, it demands more
complex and interconnected materials and processes. This growing complexity emphasizes the need
for advanced materials capable of performing challenging tasks with greater efficiency.
Consequently, a new generation of high-performance materials, produced through sustainable and
cost-efficient methods, is emerging as a more effective solution to meet the requirements of modern

technologies than traditional materials.

Hybrid materials stand out as a promising class that offers these advantages. They showcase the
possibility of merging different materials to combine their favorable properties into a single hybrid
structure. This combination of properties gives hybrid materials the versatility to be applied in a
broad range of sectors, from automotive and construction to electronics, pharmaceuticals, and

biomedicine [1].

Current research on hybrid materials can be categorized into two main types [1], [2], [3]. The first
classification is based on the nature of the interactions between the components of the hybrids, while
the second focuses on the roles each component plays in the hybrid system (e.g., as a host or guest).
According to the first classification, there are two subtypes. Class I hybrids are formed through weak
interactions such as hydrogen bonding, van der Waals forces, or electrostatic interactions. Common
preparation methods of Class I hybrids involve sol-gel processes [4], self-assembly [5] and in situ

polymerization methods [6].

In contrast, Class II hybrids are characterized by strong chemical bonds, such as covalent bonds,
though in some cases, both strong and weak interactions can coexist in a single material. Typical
methods for the preparation of Class II hybrids are self-assembly synthesis methods [7], template-
assisted synthesis [8], and hydrothermal processes [9].

The second classification system divides hybrid materials into four subgroups based on the
dominant matrix/host and guest structure: organic-inorganic hybrids (where the matrix is the first
component in the expression, here organic) [10], inorganic-organic hybrids [11], inorganic-inorganic

hybrids [12], and organic-organic hybrids [13].

Two critical aspects of hybrid material research are the composition and structure of their
components. A wide variety of materials can be used to create hybrids, leading to an extensive range
of possible compositions. Frequently used materials include polymers [14], silica (5iO2) [15],
biomaterials [16], metals (especially transition metals) [17], metal-organic frameworks (MOFs) [18],
and perovskites [19]. Additionally, the synthesis techniques used to produce hybrid materials have

advanced significantly in recent decades, evolving to meet the growing demands in various



scientific fields. This evolution highlights the potential of hybrid materials to impact numerous

applications, especially when they are engineered at the nanoscale.

Common methods for synthesizing hybrid materials include sol-gel techniques [11], self-assembly
[20], in-situ polymerization [7], template-assisted synthesis [21], solvothermal and hydrothermal
methods [22], microwave-assisted synthesis [23], atomic layer deposition [24], chemical vapor

deposition [25], co-precipitation/impregnation [9], and spray pyrolysis [26].

The broad range of possible combinations of organic and inorganic components results in hybrid
materials being an excellent choice for various applications. Furthermore, tailoring synthesis
methods allows for specific properties to be achieved, offering a versatile solution to many of today’s
technological challenges. Hybrid materials are widely used in fields such as energy storage,

catalysis, sensing, photonics, and biomedicine, with extensive applications in each [27].

In this regard, M. G. Kanatzidis et al. were the first to report the synthesis of a novel type of organic-
inorganic hybrid material, combining pyrrole, a polymer well-known for its electrical properties,
with a 2D layered inorganic solid, FeOCl. This combination, achieved through the oxidative
intercalation of the organic molecules and the simultaneous reduction of the inorganic layered
structure, resulted in a new class of polymer-inorganic hybrids that exhibit high electrical
conductivity, in contrast to other FeOCl intercalation compounds. This group’s endeavor is a part

of a broader effort that has led to the development of organic-inorganic hybrids [28].

This thesis investigates hybrid nanomaterials belonging to the inorganic-inorganic category, with a
particular focus on metal compound hybrids with magnetic properties. These nanohybrids (NHDs)
comprise iron-based bimetallic alloys—specifically Fe-Rh, Fe-Co, and Fe-Ni compounds—
developed on suitable growth substrates, as illustrated in Figure 1.1. Nanodiamonds (NDs) are
chosen as growth platforms due to their exceptional physical properties, making them highly
suitable for this purpose. The selected magnetic alloys exhibit remarkable bulk magnetic properties,
and their nanoscale synthesis on NDs offers the potential to reveal even more distinctive structural
and magnetic features. This study examines how crystal structures and morphologies of these alloys
evolve under controlled synthesis conditions, emphasizing the critical role of nanodiamonds as
growth matrices. This synthesis strategy provides a simple, cost-effective method to produce
innovative hybrid magnetic nanomaterials with significant potential for a wide range of

technological applications.

The primary goal of this research is to introduce a novel synthesis approach for these magnetic
nanostructures, employing nanodiamonds as templates —a strategy not previously applied to these
specific materials. Additionally, it aims to highlight the unique contributions of ND templates to the
development of magnetic nanohybrids, emphasizing their suitability for applications in various

fields, including electronics, magneto-electronics, and biomedicine.



Metal Compound NanoHybrids

Figure 1.1 Graphical illustration of a metal compound nanohybrid material, where a metal compound (Fe-Rh, Fe-Co and

Fe-Ni alloy compound) develops on an appropriate growth nanotemplate material (nanodiamonds).

1.2 Nanodiamonds and Other Carbon Allotropes

1.2.1 Introduction

Carbon, one of the most abundant elements in the universe by mass after hydrogen, helium and
oxygen, serves as a fundamental element of all known life. The first meet of carbon with the earliest
human civilizations was in prehistory in the forms of soot and charcoal, with the former to be
exploited since the first person could handle it from fire. Since then, elemental carbon was found to
exist in several forms, each of which has its own physical characteristics. In nature, two of its well-
defined and most exploited forms, diamonds and graphite are crystalline in structure, but they differ
in physical properties because the arrangements of the atoms in their structures are dissimilar.
Therefore, carbon is known to exhibit allotropy, a property of a chemical element to exist in two or
more distinct stable (under certain conditions) structural forms varying in the crystal structure and

having thus significantly distinct physical properties.

The last forty years the rapid evolution of technology led to the design and development of many
new materials full of potentialities. A class of them comprises some synthetic and structurally
distinct forms of carbon which are not found as abundant materials in nature, and due to their
decreased dimensions are often referred to as carbon nanomaterials. Such well-known nowadays
carbon nano-allotropes include fullerene, carbon nanotubes, graphene, carbon quantum dots and
NDs. These carbon nanomaterials have garnered significant interest due to their existing or potential

use in catalytic processes, electronics, biomedicine, and biopharmaceutics applications, all favored



by their low cost, tunable structure, high durability, unique electronic properties, and diverse

functionality [29].

With respect to their dimensions, carbon nanomaterials can be classified into three groups: (i) zero-
dimensional (0D) structures such as fullerene, carbon quantum dots, and NDs, (ii) one-dimensional
(1D) structures such as carbon nano-horns and carbon nanotubes, and (iii) two-dimensional (2D)
structures such as graphene and few-layered graphenes. Graphite and diamond are classified as the
characteristic bulk 3D carbon allotropes, from the typical structure of which these nano-allotropes
originate. Other classification factors pertain to the type of covalent bonding between the carbon
atoms in a respective carbon nano-allotrope. Generally, in terms of orbital hybridization, carbon can
display sp? sp? and sp configurations, allowing the existence of a great variety of crystalline and
structurally disordered materials [30], [31]. The structures of the most significant carbon nano-

allotropes are depicted in Figure 1.2.

Although carbon nano-allotropes exhibit unique functionalities, such as significantly enhancing
certain catalytic processes in an environmentally friendly and sustainable manner, they also have
notable shortcomings that limit their practical applications. For instance, they often suffer from layer
stacking and aggregation, which reduces their surface area and catalytic activity. Graphene, in
particular, is prone to structural defects during synthesis, negatively impacting its electronic and
mechanical properties. Similarly, carbon nanotubes tend to bundle and agglomerate, hindering their
uniform dispersion in matrices or solutions. Nanodiamonds, on the other hand, are susceptible to
surface oxidation or graphitization under certain conditions, which can compromise their desired
properties. These limitations restrict the versatility and applicability of carbon nano-allotropes in

some specific technological and industrial fields [31], [32], [33].

Therefore, carbon nanomaterials are frequently subjected to surface modifications by suitable
functional groups to enable attachment of various organic and/or inorganic compounds in order to
enrich the properties and, hence, the application potential of the resulting hybrid system [32], [34],
[35], [36]. Therefore, the physicochemical properties of the carbon nanomaterials may be adjusted
and improved by the covalent or noncovalent bonding of various chemical groups or compounds
due to synergetic effects and, thus, bring new characteristics that cannot be shown by the carbon
nanostructures alone. In this case, these nanohybrid systems can become competitive materials in
various fields where carbon nanomaterials themselves are not so preferable or they can offer a good

substitute for other nanomaterials with decreased efficiency for a given application.
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Figure 1.2 Allotropes of carbon: (a) graphite; (b) diamond; (c) lonsdaleite; (d) single-walled carbon nanotube; (e)
multiwalled carbon nanotube; (f) fullerene Ceo; (g) fullerene Cr; (h) carbon nanohorns; (i) onion-like carbon; (j) graphene;
(k) carbon nanoribbons [30].

In this respect, carbon nanomaterials typically lack a magnetic response when subjected to external
magnetic fields, which prompts numerous endeavors to confer this property onto them. Recent
results have shown successful efforts in imparting magnetic characteristics to carbon-based
nanostructured hybrid materials [37], [38], [39], [40], [41]. The combination of magnetic materials
with carbon nanostructures yields synergistic effects, enhancing the electrochemical performance
and catalytic capabilities of the hybrids [31]. This enhancement makes them highly promising for
applications such as the chemical degradation of diverse organic and/or inorganic compounds and
energy storage [32]. Additionally, hybrid composites comprising magnetic materials and carbon
nanostructures exhibit improved sensing properties, enabling the detection of various organic
compounds and biomolecules for applications like MRI imaging, biological imaging, and therapy
[42], [43], [44].



1.2.2 Overview of the Basic Carbon Nano-Allotropes

1.2.2.1 Fullerene

In 1985, Kroto's research team discovered a novel carbon allotrope named fullerene while
investigating carbon's properties in extraterrestrial composites [45]. Among many fullerene variants
Ceo stands out for its symmetry and stability, comprising carbon atoms arranged in hexagonal and
pentagonal patterns. Alongside Ceo, other fullerenes like Cz, Cz, Cs2, and Css have been identified
[46]. These fullerenes are typically produced through low-pressure methods involving electric
discharge between carbon electrodes in a helium atmosphere, or via laser or arc vaporization of
carbon or graphite in an inert atmosphere [46], [47]. Fullerenes and their derivatives have attracted
significant attention for their optical properties [48], heat resistance [49], superconductivity [50], and
ferromagnetic behavior, with Curie temperatures reaching approximately 33 K, surpassing those of
any reported organic magnets [51]. Functionalized fullerenes, where various organic and inorganic
compounds are added, have emerged as promising candidates in medicine [52], electronics [53], and
catalysis [54]. The discovery of fullerenes sparked a notable surge in carbon chemistry interest,

fueling endeavors to create novel carbon-based nanostructures.

1.2.2.2 Carbon Nanotubes

In 1991, lijima et al. made a breakthrough by discovering a novel carbon structure termed
multiwalled carbon nanotubes in carbon soot generated via an arc-discharge method [55]. Two years
later, he also identified single-walled carbon nanotubes [56]. A single-walled carbon nanotube is
essentially a graphene sheet rolled into a cylinder, typically with a diameter ranging from
approximately 0.4 to 2 nm. In contrast, multiwalled carbon nanotubes consist of concentric cylinders
with an interlayer spacing of 0.34 nm and a diameter varying from about 2 to 25 nm; these rolled
graphene sheets are held together by van der Waals interactions [57]. Both single-walled and
multiwalled carbon nanotubes can extend to lengths of hundreds of micrometers or even
centimeters. With aspect ratios (length-to-diameter ratio) frequently exceeding 10000, carbon
nanotubes are regarded as among the most anisotropic materials ever produced. Carbon nanotubes
possess exceptional strength and stiffness, with properties significantly influenced by factors such
as the way graphene sheets are rolled, their dimensions, morphology, and defects. They exhibit
impressive mechanical properties, boasting a Young's modulus of around 1.2 TPa and a tensile
strength of about 100 GPa, approximately 100 times greater than steel [57]. The electrical properties
of carbon nanotubes are primarily dictated by chirality and diameter; single-walled carbon
nanotubes can act as metals, semiconductors, or small-gap semiconductors. Due to their nanometer-
scale diameter, electron transport occurs predominantly along the nanotube axis, involving

quantum effects, hence carbon nanotubes are sometimes referred to as one-dimensional conductors.



Carbon nanotubes demonstrate remarkable optical properties including absorption,
photoluminescence, and Raman scattering, alongside excellent thermal and chemical stability [57],
[58], [59]. Their large surface area facilitates easy functionalization through covalent attachment of
chemical groups, noncovalent adsorption of functional molecules, or endohedral filling of their inner
cavity. Various production methods exist including electric arc-discharge, laser ablation, and
chemical vapor deposition [58], [59], with the latter being employed for commercial high-purity
carbon nanotube production. Carbon nanotubes have been proposed for various applications across
diverse fields such as strength reinforcement in composites, energy and gas storage, nanoelectronics
(transistors, logic, memory, sensors), polymer matrix fillers, drug delivery systems, gene delivery
components, and photothermal therapy tools [58], [59]. Beyond practical applications, carbon
nanotubes serve as an ideal model system for investigating quantum phenomena in quasi-1D solids,

including single-electron charging [60] and quantum interference [61].

1.2.2.3 Graphene

Graphene, often acknowledged as "the thinnest material in our universe," is a flat, two-dimensional
monolayer of sp>-bonded carbon atoms arranged in a hexagonal honeycomb lattice. It was first been
proven that it can be handled and studied as an isolated material in 2004 [62]. Graphene can be
considered as the fundamental unit for the construction of 3D graphite (stacking of graphene sheets),
1D carbon nanotubes (rolling of a graphene sheet), or 0D fullerenes (wrapping of a graphene sheet).
High-quality graphene demonstrates semimetal or zero-gap semiconductor behavior and possesses
remarkable physical properties, including intrinsic mobility (approximately 200000 cm?V-1-s7),
Young's modulus (approximately 1 TPa), theoretical surface area (approximately 2630 m?g?),
thermal conductivity (approximately 5000 W-m™-K"), and optical transmittance (approximately
97.7%) [63], [64], [65]. In physics, graphene has facilitated the study of diverse phenomena such as
room-temperature quantum Hall effect [66], single-molecule adsorption events [67] and giant
magnetoresistance [68]. Reducing the size of graphene sheets below 100 nm in all dimensions yields

graphene quantum dots, exhibiting size- and edge crystallography-dependent physical phenomena.

Graphene can be produced through mechanical exfoliation, epitaxial growth, chemical vapor
deposition, and chemical exfoliation, with mechanical exfoliation currently considered the most
convenient method for producing high-quality samples [62], [63], [64], [65], [69], [70]. Similar to
carbon nanotubes, graphene (and graphene oxide) can be covalently and/or noncovalently
functionalized with various groups for secondary attachment of organic or inorganic compounds
[71], [72]. Covalent modification generates oxygenated species like carboxyl, epoxy, and hydroxyl,

forming graphene oxide, which then facilitates the covalent attachment of other compounds [72].

Due to their outstanding properties, graphene and its derivatives have found applications across a
broad spectrum, including lightweight, thin, and flexible yet durable display screens [73],
electrochromic devices (utilizing graphene oxide) [74], transparent conducting electrodes in liquid-

crystal displays [75], optical modulators [76], and conductive plates in ultracapacitors [77].



Additionally, graphene, graphene oxide, and graphene quantum dots hold promise in medicine for
drug/gene delivery [78], cancer therapy [79], biosensing [80], and bioimaging [81]. However,
challenges such as low production yields and product purity hinder the widespread incorporation

of graphene into composite materials.

1.2.2.4 Carbon Quantum Dots

Carbon quantum dots, also known as carbon nanoparticles, have recently garnered considerable
attention due to their distinctive quantum size effects and strongly size-dependent electronic,
optical, and electrochemical properties [82]. These nanocrystals, with dimensions in all axes less than
10 nm, consist of graphitic sp? carbon. In addition to their intriguing optical characteristics such as
tunable photoluminescence based on dot size and surface functional groups [83], nonlinear optical
response [84], photoinduced electron transfer [85], and electrochemiluminescence [86], carbon
quantum dots offer several advantages over heavy-metal-containing semiconductor-based quantum

dots [82]. These advantages include chemical inertness, biocompatibility, and low toxicity [87].

Carbon quantum dots can be synthesized using both bottom-up and top-down approaches [88].
Bottom-up methods involve utilizing molecular precursors like citric acid, glucose, or resin, while
top-down synthesis procedures start with larger carbon-based materials such as NDs, graphite,

carbon nanotubes, carbon soots, activated carbon, or graphene oxide.

Carbon quantum dots, along with their functionalized derivatives, have found significant
applications primarily in the medical field for diagnostic purposes, particularly in bioimaging and

biosensing [89].

1.2.2.5 Nanodiamonds

Nanoscale diamond particles were initially created through detonation processes in the Soviet
Union during the 1960s. However, their existence was largely concealed from the global scientific
community until the late 1980s [32]. Despite being shrouded in secrecy for many years, the
widespread commercial production of synthetic nano-powders at affordable prices has now made
this material readily accessible for research and development purposes. Consequently, this

availability has inflicted a rapid growth in the field [36].

Diamond nanocrystals stand out among many materials, including other nanocarbon allotropes.
Typically, they exhibit exceptional mechanical strength and outstanding thermal conductivity,
rendering them valuable for applications such as cutting, drilling, and semiconductor
manufacturing. Moreover, diamond nanocrystals demonstrate notable biocompatibility, minimal

toxicity, and superior chemical stability compared to other carbon nanostructures [31]. Therefore,



they represent promising candidates for biomedical and biopharmaceutical applications, such as

bioimaging [90], biosensing [91], drug delivery[92], hyperthermia [93], and as contrast agents [94].

Presently, there is a diverse array of NDs available for research. These have been synthesized using
various techniques, including detonation (Figure 1.3) [95], laser ablation [96], high-energy ball
milling of high-pressure high-temperature diamond microcrystals [97], plasma-assisted chemical
vapor deposition [98], autoclave synthesis from supercritical fluids [99], chlorination of carbides
[100], ion irradiation of graphite [101], electron irradiation of carbon 'onions' [102], and ultrasound
cavitation [103].

Figure 1.3 Representation of the synthesis of detonation nanodiamonds combining explosive detonations in a closed

metallic chamber in an N2, CO2 and liquid or solid H20 atmosphere.

The prosperous utilization of NDs across various technological domains can be attributed to their
exceptionally stable crystal structure. This structural stability arises from their unique sp?
hybridization, which, coupled with their versatile morphology, gives rise to several intriguing
characteristics. In terms of morphology, pristine ND NPs typically exhibit spherical, crystalline
structures with a narrow size distribution, averaging around 4 to 5 nm [31], [32]. Additionally, ND
NPs often aggregate closely, forming coarse and close-up agglutinates with fractal morphologies,
spanning from a few NPs in thickness to several hundred nanometers in length [31], [33], [36].
Consequently, NDs can be organized into robust substrates comprising clustered diamond NPs,
providing favorable conditions for various applications as growth nanoplatforms, where particle

aggregation and surface interactions play pivotal roles [36].

Furthermore, diamond NPs exhibit an ultrahigh surface-to-volume ratio at the nanoscale. This
characteristic exposes a significant portion of diamond carbon atoms at the surface and subsurface
regions. However, these nano-sized regions are prone to imperfections and defects, commonly
originating from the detonation explosion during ND production, leading to deviations from the
ideal crystal periodicity. Transmission electron microscopy observations reveal that ND particles

typically consist of polyhedra with a diamond core composed of sp® carbon, potentially partially



coated by a graphitic shell or amorphous carbon with dangling bonds terminated by functional
groups (as illustrated in Figure 1.4) [104], [105]. Consequently, a substantial number of unsaturated
carbon atoms are observed at the surface and sub-surface sites of NDs. As a result, the dangling
bonds of these unsaturated atoms at the grain boundaries undergo significant surface relaxation
through stabilization via termination with hydrogen and oxygen functional groups or through
reconstruction, particularly at elevated temperatures, into full and/or partial sp> hybridized domains
to minimize surface energy [31]. Notably, similar surface relaxation phenomena occur when the
surface shape of NDs deviates from the typical cubic crystal to octahedral, cuboctahedral, and
spherical clusters. Thus, in addition to size and shape, surface terminations play a crucial role in
determining the stability of diamond NPs [32].

Figure 1.4 Graphical illustration of the structure of a cluster of diamond nanoparticles. This scheme displays the structure
of a nanodiamond nanoparticles cluster at ambient conditions. The diamond sp®-type core nanoparticles (colored grey) are
covered by layers of unsaturated surface sp-type carbon atoms (colored black), arising from imperfections and defects at
the surface and subsurface nano-scaled regions of the nanodiamond nanoparticles, forming uncompensated graphitic
domains with dangling bonds, which undergo surface relaxation phenomena through stabilization with functional groups

(hydrogen, oxygen, and nitrogen colored green, red and blue).

To elucidate the sequence of surface relaxation phenomena in carbon nanostructures, thermal
annealing proves to be more suitable. This process facilitates the decomposition of surface
functionalities and promotes the phase transition from diamond terminations to graphitic-type sp?
nanostructures. Specifically, this transition involves the conversion of sp3 hybridized carbon atoms
into either a partial or uniform core/shell (sp®sp?) configuration of NDs or a concentric sp?
hybridized graphitic carbon arrangement (resembling onion-like nanocrystals). The nature of these
conversions can be controlled by adjusting the annealing conditions, including temperature and
time duration [31], [32], [33]. Consequently, engineered NDs hold promise as versatile growth
nanoplatforms for leveraging interfacial-surfactant effects, opening up intriguing opportunities

across various technological applications.
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Considering this, diamond nanocrystals, due to their tunable surface chemistry, can undergo surface
modification with appropriate functional groups, enabling the attachment of various organic and/or
inorganic compounds to enhance their properties and broaden the application potential of the
resulting hybrid system. The bonding of various compounds to the surface of diamond nanocrystals
defines their physicochemical properties and introduces novel characteristics not exhibited by the
diamond nanostructures alone [30], [31], [33], [34].

In this thesis, I focus on the unique properties and capabilities of diamond nanostructures in order
to implement them as growth nanotemplates for the development of novel hybrid magnetic
nanostructures composed of iron-based metallic compound alloys (as it will be further described)

grown on the surfaces of NDs nanotemplates.

1.3 Advanced Magnetic Nanomaterials based on binary Iron-alloys

1.3.1 Introduction

Iron-based bimetallic compounds are important magnetic materials exhibiting robust magnetic
characteristics that make them ideal for a wide range of applications. From advanced magnetic
storage devices and transformers to biomedical technologies like magnetic resonance imaging (MRI)
and targeted drug delivery [106], iron-based metallic compounds are becoming indispensable. Their
versatility and adaptability also make them highly attractive for emerging scientific and

technological fields such as spintronics and energy harvesting technologies [107].

In this context, selecting an appropriate iron-based bimetallic alloy to be combined with a promising
growth platform like the nanodiamonds is an important strategic issue for the development of such
new nanohybrid magnetic materials. One criterion for this selection is related to the specific
magnetic properties these materials already hold, as well as the prospects of enhancing these
properties, which combined with NDs” properties can ultimately pave the way for the exploration
of their novel physical and chemical properties and the exploitation of such NHDs in numerous

scientific and technological related fields and applications.

In this thesis, within the category of iron-based magnetic nanoalloys, I concentrate my focus into the
combination of the iron-rhodium (Fe-Rh), iron-cobalt (Fe-Co) and iron-nickel (Fe-Ni) bimetallic
compound nanoalloys, respectively, with the NDs growth nanotemplates. This dissertation
specifically emphasizes the development of high-purity bcc and fcc nanocrystallites in the Fe-Co and
Fe-Ni systems, targeting nearly equiatomic stoichiometry to achieve well-ordered nanostructures. It
also investigates the formation of tetragonally distorted structures within these systems to enhance
magnetic properties while retaining their nanoscale features. For the Fe-Rh system, the focus was on
synthesizing high-purity nanocrystallites of the well-ordered bcc-B2 crystal phase, which exhibits

metamagnetic properties at compositions approaching equiatomic ratios.
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1.3.2 The Iron-Rhodium (Fe-Rh) bimetallic compound system

Among the transition-metal binary alloys based on iron with significant magnetic properties utilized
in many technological applications [108], the Fe-Rh system has attracted renewed interest due to its
unique characteristics. In 1938, Fallot et al. discovered that the Fe-Rh bimetallic compound with an
equiatomic composition could increase its magnetization values with rising temperature, up to a
critical transition temperature that varies with compositional changes [109]. Since then, it has been
established that this magnetic change is accompanied by a temperature hysteresis, suggesting a first-
order isostructural transition from an antiferromagnetic (CsCl-type AFM B2 « phase) to a
ferromagnetic (CsCl-type FM B2 o phase) state upon annealing in alloys containing compositions
approximately between 48-to-52 at. % Rh (Figure 1.5) [110], [111], [112], [113], [114], [115]. Moreover,
this magnetic transition is accompanied by a volume expansion of about 1% [116]. Nonetheless, in
the near-equiatomic stoichiometries, the bulk Fe-Rh system can also be found in a disordered vy fcc

structure, which exhibits paramagnetic (PM) characteristics at room temperature (RT).

(a) a Fe
. & Rh
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Figure 1.5 (a) Crystal structure of B2 bcc CsCl-type FeRh where iron atoms are represented in gold and rhodium is silver
color. (b) B2 AFM «’ phase of the FeRh structure showing also the magnetic moment configuration, where iron atoms are
in the [111] lattice planes and possess antiferromagnetic alternating sip-up (red) and spin-down (blue) moments. (c) B2 FM
o’ phase of the FeRh structure, where also the rhodium atoms possess magnetic moments, shown with blue colored arrows

with less intensity than the iron atoms which are shown with red arrows; all moments are aligned ferromagnetically [117].

Since then, many researchers have given considerable efforts to understand this intriguing magnetic
behavior, both experimentally and theoretically [110], [114], [115], [118], [119]. These studies
demonstrated that in the bulk Fe-Rh alloy system, the CsCl-type phase is retained below a critical
temperature Tuansition, and as the temperature increases, the first-order transition is accompanied by
a rapid and uniform expansion of the ordered cubic structure of about 1% in volume change. This
first-order transition in ordered FesoRhso alloys corresponds to an antiferromagnetic-ferromagnetic
(AFM-to-FM) transformation at Tarm-o-pm of approximately 80 °C (~ 353 K).

Studies made by J.S. Kouvel et al. revealed that FesRhs2 ingots and fillings, prepared by induction-
melting at 950°C for 24 hours and cooled slowly at RT, exhibited a highly ordered B2 CsCl-type
structure (a =2.99 A) along with residues of an fcc phase (a =3.74 A). Magnetization measurements
showed a remarkably sharp transition during tempering at 77 °C (350 K) with significant
temperature hysteresis. In the temperature range of 77 K to 350 K (below this transition), the
magnetization increased very slowly and linearly with the applied field. However, above the
transition temperature, the magnetization increased rapidly, attaining a near-saturated value, with
the bulk saturation magnetization (Ms) being 130 emu/g, which decreased with increasing
temperature in a manner characteristic of a typical ferromagnet, and a Curie point (Tc) of about 675
K (or 402 °C). It has been noted that external magnetic fields and pressures can alter this transition

temperature (Tarm-orm) [115].

Hofer et al. conducted another significant study on the magnetic properties of Fe-Rh alloys with 50
to 64 at. % Rh content. Their samples, Feioo-Rhx ingots, were prepared by induction-melting at 1600
°C followed by heat treatment at 1000 °C for 50 hours, and then cooled slowly to RT to obtain the
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desired AFM «’-phase free from residual stresses and strains. In the 51 to 61 at. % Rh concentration
range, the PM Tc remained stable at (367 + 3) °C, while for compositions with 62 and 63 at. % Rh,
this temperature was slightly lower at 344°C. Moreover, increasing Rh content from 51 to 63 at. %
led to the rising of the average transition temperature values, Tarmtorm, from 26 to 78 °C,
accompanied by increasing thermal hysteresis. In contrast, the FesRhes alloy was found to be
completely paramagnetic. Subsequent XRD measurements in these alloys indicated the presence of
a fully ordered AFM CsCl-type a’ phase (a =2.986 A) and a PM fcc y phase (a = 3.764 A), while in
the alloy containing 64 at. % Rh, only the y phase was observed, indicating the absence of any o’

phase.

It is concluded that the consistency of the lattice parameters of both a’ bcc (AFM) and y fcc PM
phases in the alloys, regardless of atomic composition, suggests a subsequent stability of the
individual compositions of these two alloys, and that it is the relative amount of the two phases that
is varying with composition. This is confirmed by the consistency of the values of Tc. On the other
hand, the variation in Tarmvw-rv and the existence of thermal hysteresis at high Rh concentrations
may be attributed to inhomogeneous strains in the a’phase’s grains due to the increasing amounts
of the y phase in them, which could delay the AFM-to-FM transition, in the sense of the increase of

Tarv-to-pm values [111].

Another significant study on the effects of mechanical and thermal treatment on the structure and
the magnetic transition in Fe-Rh alloys was conducted by J.M. Lommel et al. In their work they
focused on the effect of sample dimensions on the first-order transition by preparing Fes«Rhs: fillings,
which were vacuum annealed at 975 °C for 48 hours and quenched at RT. XRD measurements
showed that the Fe-Rh fillings exhibited a disordered fcc structure with a =3.736 A [112]. Generally,
plastic deformation induced during quenching can lead to the conversion of the normal CsCl-type
phase to a disordered fcc phase, which is weakly magnetic and does not exhibit the first-order
transition. Magnetic measurements indicated that between 78-to-500 K, the magnetization was
nearly temperature-independent, and there was no evidence of the first-order transition near 26 to
78 °C [111]. However, at 510 K (237 °C), a rapid increase in magnetization occurred, and further
heating to 700 K (427 °C) showed normal Tc behavior typical of a FM material. Subsequent cooling
led to the appearance of stable first-order transition characteristics upon repeated temperature

cycling.

This result prompted an investigation into the kinetics of the transformation from the fcc phase to
the CsCl-type phase, by measuring the Ms as a function of time at 510 K. XRD patterns of the fcc
FewRhs1 alloy undergoing the annealing cycle at 510 K for 10 minutes showed a gradual reduction
of the fcc phase and the emergence of a highly ordered CsCl-type structure. Additionally, X-ray
results showed a complete formation of the CsCl-type phase at the expense of the fcc phase after an
annealing cycle of 1 hour. After 40 hours of annealing, the transition was incomplete, with large
magnetization values even at 78 K, and broad and hysteretic tendencies. Extended annealing times
(approximately 1300 hours) resulted in a more complete, sharper and less hysteretic transition.

However, the first-order transition remained incomplete compared to bulk material, indicating that
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imperfections in the long-range order and/or defects induced by plastic deformation significantly

affect the magnetic transition.

Sputter-deposited Fe-Rh thin films exhibit similar magnetic behavior. Y. Ohtani et al. investigated
the magnetic and microstructural properties of sputter-deposited FeioxRhx alloy thin films. For their
experiments, thin films of Feio-Rhx (28 < x <57 at. % Rh) and 200 nm thickness were deposited on
glass substrates at 100 °C (as-sputtered films), which were then annealed at 300 °C and 600 °C for 4
hours [120]. XRD results, compared with magnetic measurements, indicated that the as-sputtered
films transform from an FM bcc phase to a PM fcc phase at a Rh concentration of 35 at. %,
highlighting the difficulty in obtaining a CsCl-type ordered equiatomic FeRh thin film directly. The
literature reports that the fcc single phase is obtained by rapid quenching from the liquid state in the
Rh content range of 30 at. % to 90 at. % [111], [112], [120], [121], [122], [123].

After annealing at 600 °C for 4 hours, the formation of bcc CsCl-type diffraction peaks were clearly
observed in FessRhss, Fes2Rhas and FessRhss films, while an fcc diffraction peak attributed to the y
phase was observed only for films with Rh content greater than 50 at. %. Magnetic measurements of
the annealed films showed a continuous decrease in Ms values as the Rh content increased from 30
to 57 at. %. This continuous change contrasts sharply with the abrupt drop observed in bulk FeRh
at 50 at. % Rh. Moreover, the three thin films displayed a broad transition with large thermal
hysteresis and a remaining FM behavior typical of a FM phase even below Tarvtorm. This broad
transition feature in thin films is continuous throughout the stoichiometric FeRh composition and
agrees with similar characteristics observed in smaller-than-bulk samples reported in the literature
[111].

Additionally, Ohtani et al. demonstrated that the AFM-to-FM transition occurs over a broader
composition range in thin films compared to bulk materials. This finding highlights the significant
impact of intrinsic structural features on the compositional distribution and magnetic properties of
thin films. To gain deeper insights, the microstructure of the films was analyzed in detail using
Mossbauer spectroscopy. The spectra of the three annealed films revealed the presence of two
ferro/ferrimagnetic components: a dominant component associated with Fe sites in the perfectly
ordered CsCl phase and a secondary component linked to Fe anti-site configurations. In the Fes2Rhas
and FessRhss films, these magnetic components were accompanied by two additional nonmagnetic
components, identified as the fcc phase. Notably, the concentration of the fcc phase, reflected by its
absorption area, increased with higher Rh content, corresponding to a reduction in the

ferro/ferrimagnetic components.

Thus, it is evident that compositional inhomogeneity is retained in sputter-deposited and nearly
equiatomic FeRh thin films. This inhomogeneity is responsible for the existence of many defects and
anti-phase regions across the grain boundaries of the main CsCl-type structure, significantly
destabilizing the AFM-to-FM transition.

Considering that the well-studied Fe-Rh system exhibits rather interesting magnetic properties, one
would expect an established phase diagram to describe the unique microstructure of this system

(Figure 1.6). However, this is not the case, and only portions of a rather tentative diagram have been
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developed [124], [125], [126], [127], [128]. Moreover, these investigations indicate the existence of
miscible regions of the a” and y phases extending between 20 to 64 at. % Rh concentration at low

temperatures in many non-bulk form cases.
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Figure 1.6 Approximate phase diagrams of the Fe-Rh system [126] (top), [128] (bottom).
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For non-bulk Fe-Rh alloys, it is crucial to carry out synthetic procedures that minimize the formation
of the y phase, which is known to significantly influence the sample’s magnetic properties.
Moreover, over the past decades, several studies have highlighted the difficulty of achieving a stable
critical temperature point in nanostructured Fe-Rh, as the preparation of such Fe-Rh samples is
influenced by factors such as particle morphology, phase composition, heat treatment, presence of
external magnetic fields and pressure [116], [120], [121], [129]. Various strategies have been
implemented to achieve the desired magnetically ordered B2-bcc phase through different physical
and chemical routes, involving bulk, nanoparticle or thin film forms. In most cases, this has led to

the additional presence of non-magnetic y-fcc residues.

This y-fcc variant form in such Fe-Rh systems is known to possess PM characteristics at RT. As the
temperature drops below the magnetic critical-freezing transition temperature (Tr) of about 80 K for
this phase, it exhibits a magnetically spin-glass (5G) behavior [122], [123], [124]. For fcc Fe-Rh NPs,
the disordered atomic nature of the fcc structure coincides with a random orientation of
uncompensated moments of the nanostructured grains. At low temperatures, below the Tt range,
the exchange interaction width exceeds the domain size of the fcc Fe-Rh NPs, causing the magnetic
moments to freeze in cluster-glass arrangements. In this temperature range, the sample magnetizes
collectively, resulting in low susceptibility. As the temperature increases, the exchange interaction
weakens, which is indicative of the weaker exchange coupling of atoms at the grain boundaries or
interfaces of the NPs. When the grains of the NPs become uncoupled, a peak in the susceptibility
value is observed. Therefore, the decoupling between the grains at the interface results in the
conversion between the static magnetic arrangement and the PM or superparamagnetic (SPM) state
[122], [130].

Furthermore, the stabilization of the Fe-Rh FM phase at RT and below is of great interest [131]. Since
nanosized crystals could exhibit significant deviations in interatomic distances and unit-cell
distortions compared to bulk materials [132], achieving this stabilization could combine the
significant magnetic characteristics of bulk structures with the unique structural and magnetic
properties of equivalent nanophases. This could enable the exploitation of these nanostructures in a
vast field of new and emerging technological applications. To date, Fe-Rh systems have been
proposed as materials for uses in thermally assisted magnetic recording [133], [134], storage media
applications [135], thin films for antiferromagnetic spintronics [117], [136], novel applications in
medicine like magnetic hyperthermia [137], [138] and as magnetocaloric materials for switchable
high contrast ratio MRI labels [106], as well as RT AFM memory resistors [139] and high
magnetostrictive applications [140], [141].
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1.3.3 The Iron-Cobalt (Fe-Co) bimetallic compound system

A significant type of magnetic nanoparticle (MNP) system, which is considered an essential
component for applications targeting specific magnetic properties is based on the iron-cobalt (Fe-
Co) bimetallic compound, which stands out as a competitive option due to its soft magnetic
characteristics. Bulk Fe-Co alloys are known to form solid bcc bimetallic compounds (FexCoo~) over
a wide temperature range. Specifically, Fe-Co alloys with a cobalt concentration of 30 to 70 at. % Co
exhibit a chemically ordered B2 (CsCl-type) body-centered cubic (bcc a-phase) crystal structure over
a broad temperature range. This phase undergoes an order-disorder (O-D) phase transformation to
a chemically disorder A2 bcc phase, where the iron and cobalt atoms occupy randomly the atomic
positions (Figure 1.7) [142], [143].

Figure 1.7 Typical crystal structures of the ordered B2-bcc Fe-Co alloy (a) and of the disordered A2-bcc Fe-Co alloy (b).

More specifically, in a nearly equiatomic Fe-Co alloy the O-D transition occurs at 730 °C and is
accompanied by a magnetic-to-nonmagnetic a (bcc)-to-y (face-centered cubic fcc) transition at
approximately 965 °C (Figure 1.8) [144], [145], [146]. Both the O-D and the a-to-y transitions depend

on the cobalt concentration.
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Figure 1.8 Typical Fe-Co phase diagram [147].

The ordered FM B2-type Fe-Co alloys present significant combination of high Ms, reaching up to 240
emu/g in the bulk form when the cobalt content reaches approximately 30 at. %, with low coercivity
(Hc) values in the range of 10-65 Oe. They also exhibit high Tc of up to 1500 K, a low uniaxial
magnetic anisotropy constant Ku of about 2x10* J/m?, and large permeability, depending on their
composition [142], [148], [149], [150], [151], [152]. These excellent soft magnetic compounds have
attracted significant interest for various soft magnetic materials applications. Specifically, Fe-Co
alloys have been proposed for use in catalysis [37], electromagnetic wave absorption [153],
spintronic devices [154], enhanced-permeability-dielectrics for reducing switching field in arrays of
single-layer magnetoresistive-random-access-memory bits [155], heat-assisted magnetic recording
for achieving greater storage density in hard disk drives [156], magnetic bearing and turbine engine
components [143], building blocks for nanostructured thin films or bulk magnetic materials [151],
magnetic particle imaging [157], and as magnetic carriers for drug targeting, cancer therapy, and
hyperthermia [38], [158].

Various techniques are available to synthesize such MNPs, including mechanical alloying [149],
impregnation followed by subsequent heat and chemical treatments [38], one-pot polyol pathway
based on the addition of precursors at elevated temperatures [142], pulsed-laser ablation combined
with inert gas condensation [159], carbothermal reduction via impregnated chitosan beads with Fe
and Co ions [160], high-throughput magnetron sputtering [155], ethanol dehydrogenation through
chemical vapor deposition [37], high-throughput thermal plasma synthesis [161], pulsed-laser
deposition for thin films growth [154], hydrothermal [39] and microemulsion methods [162]. In all
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synthesis methods it is crucial to choose the appropriate approach that leads to the desired

morphology, arrangement, size, and long-term stability of the MNPs for their intended application.

As mentioned before, typical cubic Fe-Co alloys possess soft magnetic characteristics and exhibit
low Ku values. These properties render them unsuitable for applications as hard magnetic materials.
However, if Ku could be increased considerably to sufficiently high values, the Fe-Co alloys could
potentially become paradigms of non-rare-earth hard metal ferromagnets. Indeed, recent first-
principles calculations have predicted high Ku values exceeding 10° J/m3 for the Fe-Co alloys with
the body-centered tetragonal (bct) crystal structure. The bct crystal lattice is considered an
intermediate metastable lattice between the bcc and the fcc crystal lattices into which Fe-Co alloys
can crystallize [163], [164], [165]. This bcc-bct-fcc transformation is known as the Bain

transformation.

In real samples, two known synthetic methods can be employed to stabilize the bct Fe-Co structure,
a phase not explicitly evident in the equilibrium phase diagram of the Fe-Co system [166]. As
proposed by T. Hasegawa’s group, this can be achieved either by applying uniaxial stress to the Fe-
Co cubic lattices through epitaxial effects or by introducing a third element such as boron (B),
nitrogen (N), or carbon (C) interstitially into the Fe-Co cubic structure [167], [168], [169].

Epitaxially grown pure Fe-Co thin films on various buffer layers have shown Ku magnitudes up to
10°J/m® when their crystal lattice constants c to a ratio (c/a) is slightly above 1.0 (1.0< c/a <1.2), and
the Co concentration is about 50-60 at % [164], [170], [171]. However, structural relaxation in
epitaxially grown Fe-Co thin films limits the occurrence of bct structures with c/a ratio of about 1.2
to film thicknesses below approximately 1-3 nm [172]. Another crucial consideration is the chemical
ordering of Fe and Co atoms in the crystal structure of the Fe-Co alloys, given by the ordering
parameter S. To achieve high Ku values in the Fe-Co compounds, S is required to be high (S > 0.8)
[164].

Alternatively, adding a specific third element such as B, C, or N, is expected to induce a tetragonal
distortion in the Fe-Co cubic lattice. Computational studies by D. Odkhuu et al. on Fe-Co alloys have
predicted an induced tetragonal distortion of Fe-Co structures through interstitial N doping, leading
to a considerable Ku value of 2x10° J/m? [25] in the B2-ordered tetragonal Fe-Co alloy [165]. This is
achieved by the phase transition from ordered Fe-Co CsCl-type B2-bcc to bet upon a small addition
of N, which tends to transform to an fcc phase at higher levels of N doping. Notably, based on their
studies, T. Hasegawa's group has experimentally achieved the stabilization of a bct Fe-Co phase at
the boundaries between ordered B2 bec and disordered fcc phases with increasing content of a third
doped element (V and N). In their work, the formation of the bct-like Fe-Co phase is inferred from
the effect of the c/a ratio on Ky, when the c/a ratio ranges between 1.05 and 1.30, at 1.0 up to 5.5 at.
% concentration of the third element [168]. These findings were later confirmed by TEM-based
observations, showing the formation of a bct-FeCo:VN single crystallite with a lattice constant c/a
ratio of about 1.07 and a lattice fringe [167]. The atomic configuration of the Fe-Co-V-N unit cell
corresponds to that of the B2-type Fe-Co.
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Regarding tetragonally distorted iron alloy phases, the Fe-based alloy martensites are another
significant class of materials with excellent mechanical and magnetic properties. These materials
emerge from the austenite-to-martensite transformation, a diffusionless rearrangement of the atoms
contained in the original fcc crystal lattice into the bcc crystal lattice, triggered by a homogeneous
structural deformation, e.g., the Bain or Kurdyumov y-to-a transformation [173], [174]. Many
investigations have demonstrated that the tetragonal symmetry of the martensite phase results from
the preferential occupation of a third element like N and C in one of the three (x-, y-, z-) available

octahedrally coordinated interstitial site sublattices (Figure 1.9).

Figure 1.9 Schematic presentation of the crystal structure of the ordered B2-type FeCo phase, with carbon atoms (black

spheres) in the octahedral interstitial sites.

In the case of carbon, this preferential occupancy arises from its higher solubility (up to about 9 at.
% concentration) in the fcc austenitic (y) Fe-based phase, compared to the bcc ferritic (o) Fe-based
phase (up to about 1 at. % concentration). The formation of martensite occurs as the crystal structure
undergoes the y-to-a transformation over a limited range of thermal treatments (slow or rapid
cooling, aging, or tempering). When the transformation happens too quickly for the carbon atoms
to be able to diffuse forming either graphite or iron carbide (FesC), the C atoms are trapped in the
octahedral interstitial sites [175], [176], [177], [178].

Efforts to adequately describe the primary transition and subsequent martensite phase formation
often involve complicated crystallographic mechanisms, which deviate from the primary purposes
of this study. However, Fe Mssbauer spectroscopy, as an atomic-level-probing characterization

technique, is considered more proficient in elucidating these mechanisms. This technique has been

21



used extensively to investigate the specific electronic and magnetic modifications imposed on the
Fe-sites by the carbon interstitials, which depend on the proximity of iron atoms to the carbon
interstitials and the specific local structures. The literature suggests that the presence of carbon at
the octahedral interstitial sites in the initial austenite structure significantly determines the aspect
ratio (c/a) of the final bct martensite lattice and its tetragonality yield, independent of the presence
of other alloying elements [175], [179].

Regarding the two combined nanomaterial types in this study, namely NDs and Fe-Co alloy NPs,
many researchers have conducted studies that deal with the synthesis, characterization, and
applications of such nanomaterials. These studies often use different nanocarbon allotropes in
core/shell models [37], [38], [172], as thin film substrates [159], or as interstitial dopants [40], [41],
[179], [180].

1.3.4 The Iron-Nickel (Fe-Ni) bimetallic compound system

Within the scope of discovering new technologies and materials for humanity's ever-increasing
needs and demands, a significant type of compound is the bimetallic iron-nickel (Fe-Ni) system. The
Fe-Ni alloy system stands out as a prime example of human ingenuity, presenting lately renewed
interest due to its potential to enhance its properties and versatility through interventions in its

crystal structure, as well as to serve as component in metal compound hybrids.

Charles Edouard Guillaume was the first scientist to systematically develop and study the properties
of Fe-Ni alloys, and he received the Nobel Prize in Physics for his discovery of the Invar alloy. This
iron-nickel alloy, containing 36% at. Ni, exhibits an extremely low thermal expansion coefficient over
a wide range of temperatures around ambient temperature. The discovery of Invar led to numerous
technological advancements, including the manufacturing of thermostats and precision
instruments. Invar alloy is utilized in electronics, circuit breakers, motor controls, temperature-
compensating springs, and more. Its thermal properties also make it suitable for use in glass-metal
and ceramic-metal joints. Advanced applications further utilize Fe-Ni Invar alloy in the aerospace

industry and in precision laser optical measuring systems [181].

In addition to the interesting and widely exploited thermal properties of Fe-Ni Invar alloy, this

system has garnered immense interest for its magnetic properties over the last decades.

The equilibrium Fe-Ni phase diagram generally exhibits two major phases, ac and y, and a two-phase
a+y region. The a phase refers to a bcc ordered crystal structure, called Kamacite, which does not
accept more than 5 to 7 at. % Ni concentration. The y phase refers to a fcc disordered crystal phase,
called Taenite, which occurs in a wide range of Ni concentrations and extends at high temperatures
above 400°C. Kamacite exhibits soft FM characteristics, while Taenite, due to its disordered crystal
nature, presents PM order at high temperatures. However, the high-temperature PM vy-phase
decomposes into two disordered phases as the temperature decreases. One is the PM fcc disordered

vi-phase with low Ni concentration up to 28 at. % Ni, named Anti-taenite [182]. The other is a FM
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fcc disordered y2-phase with high Ni concentration from 45 up to 70 at. % Ni, called high-Ni taenite,
which is encountered across the phase diagram above 330 °C [183]. Studies on the Fe-Ni phase
diagram below 400 °C demonstrate an extensive asymmetrical miscibility gap associated with
magnetically induced spinodal decomposition for alloys containing 28-to-45 at. % Ni [184], [185],
[186]. Moreover, between the metastable phase boundaries of low Ni compositions (7-to-27 at. %

Ni), martensitic transformations are also observed (Figure 1.10) [187].
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Figure 1.10 The Fe-Ni phase diagram [188].

For a considerable time, the phase transformations of the Fe-Ni system at low temperatures were
shrouded in ambiguity, rendering this phase diagram complex and not well understood. Another
significant challenge in studying these alloys was the slow diffusion rates of the Fe-Ni system at
such low temperatures. R.B. Scorzelli et al. and many other groups have reported that as cooling
occurs, the diffusion coefficient of Ni decreases from 1.5x10-1¢ cm?-s? at 600 °C to 1x102! cm?-s! at
500°C. Remarkably, at 300°C, it would take more than 10* years for one atomic jump to occur [184],
[189], [190], [191].

For that reason, many scientists were called upon to shed light on and to resolve the low-
temperature phase transformations of the Fe-Ni system. In 1962, P.]. Pauvele et al. demonstrated for
the first time, by conducting neutron irradiation experiments in the presence of a magnetic field on
equiatomic Fe-Ni alloys, a new order-disorder transition to an ordered crystal phase of the AuCu-
type at 320 °C (Figure 1.11) [192].
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Figure 1.11 Crystal structure of the chemically ordered AuCu-type FeNi y”-phase, iron atoms are illustrated by the red
colored spheres and the nickel atoms by the dark yellow spheres.

This chemically ordered FeNi y”’-phase, called Tetrataenite or L1o, exhibits a tetragonal structure
with a lattice constant o= 3.582 A and c/a ratio very close to 1. Magnetic studies have revealed that
the tetragonal Llo FeNi phase is a promising hard magnet, offering a large uniaxial magnetic

anisotropy constant, Ku ~ 2.1 x10° J/m?, and a high Curie temperature (Tc ~ 550 °C) [193].

Such a significant discovery led to the study of the ordered FeNi alloy with the L1o structure by
several groups [187], [192], highlighting neutron irradiation as a non-conventional method

enhancing diffusion in sluggish systems at low temperatures.

It is generally accepted that both diffusion effects and fast particle irradiation are closely connected.
In particular, as an excess number of defects can be produced by irradiation, defects tend to maintain
a steady concentration during irradiation at elevated temperatures. This steady-state concentration
of excess defects is directly related to atomic diffusion, and therefore, regulating particle irradiation

can subsequently improve the diffusion rate in samples such as Fe-Ni alloys [194].

Despite the extensive studies of the ordered L1o FeNi phase at that time, there were still unanswered
questions concerning the characteristics of the phases cohabiting in the renewed Fe-Ni phase
diagram. However, answers were more likely emerged from an unexpected source, literally falling
from the sky, as they came in the form of meteorites, providing tons of insightful information

regarding this challenging system.

Iron meteorites are interesting natural systems composed of Fe-Ni alloys that have cooled at a rate
of about 1-10 °C per 10¢ years [187]. This unique cooling rate provides an opportunity to thoroughly
study Fe-Ni alloys in thermodynamic equilibrium, compared to alloys prepared in the laboratory.

Therefore, iron meteorites have played a significant role in the study of the Fe-Ni phase diagram.
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Most meteorites are composed mainly of two phases: one corresponding to Kamacite with an

ordered bcc structure (a-phase) and one corresponding to Taenite with a disordered fcc structure
(y-phase).

These two phases possess definite crystallographic orientations relative to each other, forming a
pattern called Widmannstatten. This pattern can be arranged with unchanged orientations
throughout the entire meteorite, showing that originally the meteorite, in a higher temperature state,
was a single fcc crystal. However, the very slow cooling process allowed plates of Kamacite to
precipitate along the appropriate planes of the fcc crystal. Subsequent growth of the Kamacite
regions led the meteorite to be composed of alternating and/or intersecting regions of Kamacite and

Taenite of the original fcc crystal [185].

Many investigations have pointed out that meteoritic Taenite, generally occurring as thin plates
called lamellae, decomposes into an ordered FM equiatomic FeNi phase (Tetrataenite) with the Llo
superstructure (y”’-phase) and a disordered PM fcc Ni-poor yi-phase Fe-Ni alloy (Anti-taenite).
Structural studies show that both FM y”” and PM vy1 phases have the same lattice constants, about
3.582 A, forming together a pseudo-monocrystal whose axes are those of the original high-

temperature fcc crystal, as mentioned above.

Many studies on meteoritic samples have shown that Kamacite consists of up to 8 at. % Ni
concentration and is well defined in the Fe-Ni phase diagram. These studies also indicate instabilities
regarding Taenite lamellae, which present steep nickel concentration gradients near the interface
between Kamacite and Taenite. Moving inwards from this interface into Taenite, a wide layer
containing 40-50 at. % Ni is encountered. This surface layer of the lamellae is composed mainly of
the ordered L1o FeNi phase. Deeper in the lamellae follows a dark-etching layer containing about
28-45 at. % Ni. This layer consists of fine domains of the ordered FeNi phase and a PM disordered
vi-alloy with less than 28 at. % Ni in between, rather than an fcc Fe-Ni alloy with continuously

varying composition.

The observation of a monomineralic layer of Tetrataenite and of Anti-taenite/Tetrataenite
intergrowths indicates that the stability range of Tetrataenite at the equilibration temperature (320
°C) is between 46 to 53 at. %Ni. Furthermore, bulk fcc Fe-Ni alloys with less than about 28 at. % Ni
transform by a diffusion-less process to another metastable state called Martensite (cz-phase).
Nonetheless, well-distributed small crystallites of disordered yi-phase Fe-Ni alloy (with less than 28
at. % Ni) are known to be unstable towards martensitic transformation at RT and below. This
instability is likely due to the intimate intergrowth of the yi-phase with the ordered L1o phase on the

same Bravais lattice, thereby stabilizing both of them in the fcc structure [185].

Finally, an inner layer found only in thick lamellae is entirely transformed into Martensite (ct-
phase). The occurrence of Martensite in the middle of the lamella is consistent with the decreasing
Ni-concentration towards the center of the lamellae, as fcc Fe-Ni alloys with low nickel content are
unstable towards martensitic transformations [195]. Moreover, in the center of some thick lamellae,
the ae-phase decomposes into a and y-phase (Plessite). In contrast, thin lamellae contain no

martensitic az-phase.
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Apart from the ordered FeNi crystal structure, another ordered structure exists in the Fe-Ni alloy
system. This intermetallic compound, with a high Ni concentration of about 75 at. % Ni, possesses
an ordered soft FM y’-fcc crystal L1z structure (AuCus-type, Pm3m space group) called Awaruite
(Figure 1.12) [187], [196].

Figure 1.12 Crystal structure of the chemically ordered AuCus-type FeNis y’-phase, iron atoms are depicted with red

spheres and nickel atoms with dark yellow spheres.

Comprehensive studies undertaken on many iron-meteoritic samples have led to a thorough
characterization of the Fe-Ni phases observed in the low-temperature phase diagram range and have

helped to reveal the elusive and complicated interconnections between them.

Thus, the discovery and interpretation of the ordered L1o FeNi Tetrataenite, whether by artificial or

natural means, has intensified interest in exploiting its unique magnetic properties.

Compared to other metallic minerals, tetragonal L1lo Tetrataenite features very high coercivity
(between 1500 and 3000 Oe at RT) and a RT uniaxial magnetic anisotropy constant Ku of about 1.9x10¢
J/m3 [197], [198], [199], [200], associated with strong perpendicular magnetocrystalline anisotropy.
This significant anisotropy energy value is attributed to Tetrataenite’s chemically ordered tetragonal
crystal structure, positioning y”’-FeNi as a promising permanent magnet candidate with a theoretical
maximum energy product of 335 kJ-m-, roughly 66% of that of NdFeB-based supermagnets [201].
Moreover, many studies based on a wide variety of iron-meteoritic samples report Tetrataenite RT
coercivity values in the range of 1100 to 3000 Oe and saturation magnetization values of about 135
to 150 emu/g [198]. Additionally, Tetrataenite presents a high Curie temperature (Tc = 550 °C);
however, due to its chemical stabilization at low temperatures, it exhibits a low chemical order-
disorder temperature (Too = 320°C). These favorable magnetic properties render Tetrataenite a
superior magnetic material free of rare-earth elements. Furthermore, this ideal permanent magnet
is comprised of inexpensive, easy-to-process, and readily available elements. These appealing

features position Tetrataenite as a feasible and promising permanent magnet candidate with the
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potential to supplement and/or replace rare-earth permanent magnets for energy transformation
and generation. Additionally, this intriguing magnetic material can provide effective magnetic
properties, making it suitable for exploitation in electronics, such as in microwave devices and
electromagnetic wave-absorbing materials [202], or in medical science applications such as

ferrofluids in magnetic hyperthermia [35] and drug delivery [203].

Engineering the fabrication and stabilization of tetragonality and long-range chemical ordering in
the chemically disordered fcc parent phase to form Tetrataenite has proven to be very challenging.
Since atomic diffusion is extremely slow at the order-disorder temperature point, an inconceivably
long amount of time would be required to synthesize Llo-FeNi. Therefore, Llo-FeNi with a
significantly high long-range order parameter, S, cannot be derived through the conventional
equilibrium process that promotes the formation of Llo through a mutual diffusion of Fe and Ni,
utilizing the stability of L1o-FeNi as the driving force for ordering [197], [198], [201].

As mentioned earlier, to enhance diffusivity towards the y"’-FeNi phase formation, it is necessary to
increase the material’s defect concentration, which has primarily been managed through neutron
irradiation. Considering this, many research groups have tried to implement similar tactics using
different synthetic routes. In some cases, the importance of induced tetragonal distortion towards
the stabilization of the peculiar tetragonal L1o FeNi alloy phase is highlighted. This mechanism can
be achieved in two ways: by applying uniaxial stress to the parent Fe-Ni lattice through epitaxial
effects or by introducing a third element such as boron (B), nitrogen (N), or carbon (C) interstitially
into the parent Fe-Ni structure (Figure 1.13) [167], [168].

Figure 1.13 Crystal structure of the chemically ordered L1oFeNi y”’-phase (iron atoms colored red and nickel atoms colored

dark yellow), with carbon atoms (black spheres) occupying the octahedral interstitial sites.

Regarding the latter method, Goto et al. proposed an ordered-alloy formation process involving a

stable ordered intermediate material. In this method, the ordered configuration of FeNi with
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nitriding as the trigger is combined with topotactic de-nitriding to extract nitrogen atoms from the
FeNi nitrides without damaging the crystal structure. L1o-FeNi fabricated by this method showed a
high coercive field (1800 Oe) along with a high Ku value (about 1x10¢ J/m?), which is directly
correlated with the high degree of order (S ~ 0.7) in the material. While this Ku value is less than that
of Nd-Fe-B (4.9x10¢ J/m?), it is still an extremely high value considering that the material is free of
rare-earth elements. The proposed method, called nitrogen insertion and topotactic extraction, is
demonstrated as an effective alternative for fabricating Llo-FeNi, differentiating from the
conventional thermally activated process in that the ordered alloys can be derived directly by de-
nitriding [198]. Since that effort, many other studies have followed based on this synthetic process.
Recently, F. Takata et al. developed for the first time single-phase tetragonal Fe:Ni:N films by
molecular beam epitaxy, which, after a subsequent extraction of N atoms, led to the formation of
FeNiN films with an L1o tetragonal crystal structure. This approach, proceeding from the fabrication
of high uniaxial magnetic anisotropy L1o FeNiN epitaxial films followed by a 100 % extraction of N

atoms, could advance the development of well-ordered tetragonal FeNi films.

Similarly, M. Gong and S. Ren, reported a rational epitaxial core-shell compound based on the
heteroepitaxial growth of AuCu/FeNi nanostructures, which stabilizes tetragonal FeNi
nanostructures, revealing enhanced coercivity and anisotropy. The key element for achieving
unique magnetic performance (Hc ~ 1010 Oe and Ms ~ 122 emu/g) is the realization of a tetragonal
distortion induced by the L1o phase transformation of the AuCu core. This transformation transfers
the necessary strain energy on the epitaxial interface to trigger and stabilize the tetragonal FeNi
structures [197].

Significant theoretical research has also provided a robust platform for studying alloying effects with
the ultimate goal to stabilize the tetragonal FeNi compound. For instance, L. Y. Tian and his group,
focusing on the phase transformation of the tetragonal FeNi phase based on first-principles theory,
found a strong dependence of the Top on the configurational and vibrational degrees of freedom.
Their calculations yield a final Top = 286 °C compared to the experimental value of 320°C. Their
results open up the possibility of developing an effective and accurate method for modeling

tetragonal ordered forms of FeNi alloys [193].

In this context, many other theoretical studies have emphasized the need to stabilize L1o-FeNi
compounds by introducing tetragonal distortions. To promote the formation of Llo-FeNi crystal
structure, researchers have proposed co-doping with other elements, like carbon, boron, and
hydrogen, in addition to nitrogen [199], [204], [205], [206]. In particular, P. Rani et al. in their study,
investigated the regulation of the magnetocrystalline anisotropy (MCA) energy of L1lo-FeNi by the
diffusion of interstitial carbon-doped atoms using a full-potential approach within the generalized
gradient approximation. Their calculated results showed a significant Ku value increase to 1.9 x10°
J/m3, due to a feasible tetragonal distortion induced by interstitial carbon-doping followed by a slight

decrease in saturation magnetization.
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1.4 Brief outline of the targets and work done in this PhD Thesis

The hereunto doctoral dissertation (D.D.) entitled ‘Synthesis, characterization and study of the
properties of new hybrid magnetic nanostructured materials of bimetallic iron alloys (Fe-Rh, Fe-Co,
Fe-Ni) grown on nanodiamonds’ focuses on the synthesis, the characterization and the analysis of
the morphological, structural, electronic and magnetic properties of new hybrid magnetic
nanostructured materials based on nanodiamond matrices. The coalescence is referred to two very
significant nanostructures, that of nanodiamonds in combination with selected magnetic binary
metallic alloys based on Iron. In my thesis I emphasize, that the selection of those nanostructured
materials comes both from the uniquely exceptional properties of each component of this hybrid
nanomaterial and the special interest of the wider scientific community, that has been focused in
general around the exploitation of nanoparticles, which find fertile ground in an increasing number
of technological applications. The magnetic NPs component of the hybrid nanostructured samples
synthesized during the current D.D. was chosen to be bimetallic alloys of Iron-Cobalt (Fe-Co), Iron-
Nickel (Fe-Ni) and Iron-Rhodium (Fe-Rh), based on the very interesting magnetic properties found
for the corresponding bulk structures and the perspective to point out extra remarkable
characteristics through the preparation of some of their unique phases in nano-scale in combination
with the ND matrices. In particular, for the Fe-Co and Fe-Ni bimetallic alloys we concentrated on
the formation of the body centered crystal (bcc) and face centered crystal (fcc) structures for each
system, respectively. These phases feature prominently in soft ferrimagnets and can be exploited in
many applications, where such features are demanded such as coil cores, high and low frequency
converters, electron beam focusing magnetic lenses etc. Moreover, I aimed forward to the formation
of the corresponding tetragonal structures of these two alloys, the body centered tetragonal
structures (bct) for the Fe-Co and Fe-Ni alloys, respectively. About these tetragonal structures, it is
already known that they can present enhanced magnetic characteristics, such as strong values of
MCA, which overcome even the corresponding MCA values of the typical permanent magnets
based on Iron-Platinum (Fe-Pt). Furthermore, these tetragonal structures can hold inflated values of
Ms. Such magnetic characteristics render these structures possible candidates, capable of outplacing
the typical permanent magnet structures, which mostly are based on rare earth (RE) elements, in
order to avail themselves in applications such as magnetic recording or magnetic storage along with
green energy applications. Regarding the Fe-Rh alloy, I targeted to the special nature of the
metamagnetic transition, during which there is an interaction between the structural and magnetic
properties as the temperature alters. Responsible for this interesting and unusual metamagnetic
transition is the ordered crystal structure (bcc-B2) of the Fe-Rh alloy in equiatomic composition,
which is subjected to a remarkable first-order isostructural (B2-B2) metamagnetic transition from the
antiferromagnetic state to the ferromagnetic state in temperatures about 77-97 °C. The challenge that
was set regarding the investigation of the Fe-Rh system was the desire of focusing to the formation
of high-quality nanocrystals of the ordered bcc-B2 crystal phase, which could present the
metamagnetic transition and also of setting the mechanism through which the critical metamagnetic

temperature could be controlled or could be modified via the synthesis conditions.
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In total the goals I pose in the current PhD dissertation are, on the one hand the synthesis of new
nanostructured magnetic materials with exceptional magnetic properties, which concern binary
metallic alloys based on Fe, such as Fe-Co, Fe-Ni and Fe-Rh deposited on nanodiamond matrices
and on the other hand the characterization and the analysis of their structural, morphological,
electronic and magnetic properties. The utilization of nanodiamond substrates as growing frames of
new nanostructured magnetic materials is expected to give prominence to this synthesis method as
a simple, ease and low-budget preparation technique of new magnetic hybrid nanostructured
materials. In addition, through this dissertation I wish to designate this novel research of developing
these magnetic nanostructures on nanodiamond matrices, since this is the first time an endeavor like
this is ever ventured with these specific magnetic materials. Moreover, this dissertation aims to
promote to the wider scientific community the dynamics of the potentials which the developing
matrix of these hybrid materials, i.e. the nanodiamonds, can offer in combination with the special
magnetic nanostructures, as a proposal for the development of new technology in fields such as
biomedicine, biopharmaceutics, electronics, magneto-electronics and relative interconnected

subjects.

In order to accomplish all these, samples of magnetic nanoparticles free of NDs, of the same
stoichiometry as the hybrid ones have also been prepared, to compare their properties and to
evaluate, to delineate and to interpret the role and the properties of the nanodiamond matrix-
substrate during the synthesis procedure of the magnetic phases in the hybrid nanostructures. The
syntheses of the hybrid and the free NPs samples of all systems have been realized with a
combination of synthetic methods, including wet chemistry methods, namely, the Borohydride
(NaBH4) and the Impregnation methods and thermal annealing at high temperatures under vacuum
(10° Torr) in quartz (5iO2) ampoules. This procedure is necessary on the one hand for the forging of
the reduction conditions, which must prevail for the formation of the desired metallic alloys and on

the other hand for the avoidance of oxidation of the magnetic nanoparticles during their growth.

For the nanohybrid samples, the type of the nanostructured phases, their crystal structure,
morphology, size, auto-arrangement and dispersion on the NDs matrices determine the magnetic
properties of the produced hybrid materials, features that can be controlled through the synthesis
conditions (wet chemistry procedure, annealing time and temperatures, magnetic nanoparticle

concentration).

The characterization of the structural, morphological, electric and magnetic properties of the
prepared samples was deployed via characterization techniques such as X-ray diffraction (XRD),
magnetic measurements at high and low temperatures with vibrating sample magnetometery (VSM)
and ¥Fe Mossbauer Spectroscopy. In addition, electron microscopy techniques such as (transmission
and scanning electron microscopy (TEM and SEM), high-resolution TEM (HRTEM), scanning TEM
(STEM) and energy dispersive X-ray spectroscopy (EDS) were utilized, for further characterization

of the morphological and structural properties of the samples.

The results contribute to the understanding of the mechanisms responsible for the special features

that these new hybrid magnetic nanostructured materials present.
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Chapter 2. Experimental Characterization Techniques

2.1 X-ray Diffraction from Polycrystalline Materials

2.1.1 General description

The study of X-ray diffraction from polycrystalline materials constitutes the first, most common and
simple procedure used to identify qualitatively and quantitatively the crystal phases observed in
solid materials. For that reason, X-ray diffraction is denoted as the most popular characterization
technique for the analysis of the atomic structure and composition of such crystalline materials. This
technique has been implemented to characterize the synthetic polycrystalline samples produced in
this thesis, and the fundamental principles, as well as the means of the appropriate experimental

setups are described here.

The diffraction of X-rays is essentially a scattering phenomenon in which the atoms of a crystal
scatter incident X-rays in all directions and in some of these directions the scattered beams are

completely in phase and so reinforce each other to form an interference pattern of diffracted beams.

This phenomenon is based on the production of high energetic photons, derived from the
interactions of the fast moving, accelerated from a high-voltage (~35 — 40 kV), electrons emitted from
a tungsten filament, with the atoms of a metallic target inside the X-ray tube. These electrons
bombard (and decelerate in) the metallic target (e.g. copper- Cu, cobalt-Co, molybdenum-Mo). From
this procedure a continuous spectrum of photons (white radiation or Bremsstrahlung) is produced,
since the fast-moving electrons are scattered inelastic and decelerate, together with the characteristic
emission lines of the atomic electronic transitions (Ka, Kg, La, Lg, Ma etc.) in specific wavelengths.
The emission lines are attributed to the ionization effect of those fast-moving electrons possessing
the appropriate kinetic energy to knock electrons of the target’s metal atoms out of the inner shells
(K, L, M). This effect prompts an immediate inner shell electron replacement from an outer shells’
electron, emitting energy in the process. The energy emitted is in the form of a photon with a definite
wavelength, attributed to the characteristic K, L, M radiation. The existence of strong and sharp
characteristic radiation lines disposed with definite wavelengths is the reason that makes the X-ray
diffraction possible, since diffraction experiments require the use of monochromatic and coherent
radiation [1], [2], [3].

X-rays interact with the materials they collide, in different ways, nevertheless, scattering is attained
mostly from electrons having atomic (localized) or conductive (free) characteristics. Scattering may
be elastic, in which the wavelength is preserved, and the scattered ray is coherent with the incident
ray, or inelastic (e.g. Compton). It is known that the localized electrons of the atoms in a material
can scatter coherently X-rays, in contrast to the loosely connected or free electrons, which scatter

incoherently. The ability of X-rays to be scattered from atoms or ions elastically and coherently
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depends on the number of localized electrons on them, therefore from the type of element and its
valence, as well as the wavelength and the scattering angle via the atomic scattering factor (f).
Therefore, X-rays can be utilized for the examination and analysis of the periodic atomic crystalline

structure of solid materials through diffraction phenomena [1], [2], [3].

In the powder X-ray diffraction method, the solid material to be examined is ground to a very fine
powder comprised of small crystallites in a mosaic morphology, which is placed in an appropriate
holder. The atoms of each crystallite are arranged in a periodic long-range order in the form of planes
and thus, this arrangement creates the Bragg’s law conditions for constructive interference of the X-
rays scattered coherently from all the atoms in all the planes of a crystal. For this reason, the
wavelength of the diffracted X-rays has to be in the same order of magnitude (~A) as the interatomic
distances between the scattering centers and consequently the normal distances between the parallel

atomic planes of a crystal. This requirement follows from Bragg’s law,

nd = 2dsin6, (2.1)

where A is the wavelength of the incident and diffracted beam, d is the perpendicular distance
between the parallel atomic lattice planes in the crystal, O is the incident and diffracted angle formed
by the corresponding directions of the X-ray incident and diffracted beams and the parallel crystal

planes, Figure 2.1. Since sin0 cannot exceed unity,

ni ,
20 sind <1 (2.2)

nA must be less than 2d. For diffraction, the smallest value of n is 1. Therefore, the condition for

diffraction at any observable angle 20 is,
A< 2d=> A= 2dsinf. (2.3)

QK — PR = PKcosO — PKcosO = 0. (2.4)

ML + LN =d’sin0 + d’sin0. (2.5)
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Figure 2.1 Diffraction of X-rays by the parallel atomic planes of a crystal and the respective path differences of the reflected
X-rays beam following Bragg’s law [1].

By means of elastic beam scattering of X-rays, from the periodic atomic crystal lattices of the sample,
the appropriate diffraction conditions are developed, resulting in constructive superposition of the

diffracted X-rays in specific spatial locations.

There are many advanced geometries regarding the diffraction from polycrystalline powder
samples and the most popular instrumentation refers to the Bragg-Brentano geometry. In this
geometry the material to be examined is spread and formed to a very fine powder comprised of
small (~ um) crystallites or consolidated microscopic aggregates in a mosaic morphology, where the
atoms of each crystallite are arranged in a periodic long-range order in the form of planes and thus,
this arrangement creates the Bragg’s law conditions for constructive interference of the X-rays
scattered coherently from all the atoms in all the appropriate planes of a crystal powder sample,
which is spread in the form of a horizontal parallel plane on a suitable formed holder. This plane is
considered to coincide with the atomic lattice planes of the crystallites with Miller indices (hkI).
However, due to their small size and large number, these crystallites are randomly oriented within
the powder sample. This means, that for every possible and available atomic lattice plane of a crystal
with Miller indices (hkl) there will be a subset of crystallites which are properly oriented with their
atomic planes parallel to the samples’” plane in order to diffract the incident monochromatic beam
(Ka) at the appropriate angle 6 as shown in Figure 2.2 [1], [2], [3]. Due to the very large number of
crystallites the statistical probabilities of the number of crystallites in each subgroup are expected to
be roughly equal to each other, unless other conditions as preferred orientation of some particular

atomic planes occurs, which disturbs the statistical equality [1].
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Figure 2.2 Diffraction of X-rays at the particular incident and diffracted angles 0 occurs only when the incident X-ray beam
is scattered by the subgroup of crystallites” appropriate lattice planes with Miller indices (hkl) (grey atoms bisected by
green lines), that coincide with the parallel to the holder’s horizontal plane and fulfill Bragg’s law conditions. The same
crystallites’ lattice planes which are however randomly oriented (grey atoms bisected by red lines) do not scatter the X-
rays in a constructive manner. Other subgroups of crystals with different (hkl) indices and different d-spacings give
constructive interference at different O angles when also their corresponding lattice planes coincide with the parallel to the

holder’s horizontal plane.

To provide the necessary equality between the incident and diffracted O angles and the sample’s
horizontal plane, the diffractometer parts, source and detector, of the Bruker Advance D8
diffractometer setup used in our experiments, are moving coherency while the powder specimen is

kept firm in the form of a horizontal flat plate (0 - O geometry), Figure 2.3.
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Figure 2.3 Schematic representation of the moving parts of the 0-0 goniometer in the X-ray diffraction setup inside the
dome of the diffractometer, during scanning in a range of angles with a stable holder’s plane and moving X-ray source

and detector (a). General view of the Bruker Advance D8 diffractometer (b).

2.1.2 Diffraction Peak Broadening from Nanostructured Samples

In a real powder X-ray diffraction diagram the shape of the diffraction peaks acquires broadenings.
There is a variety of factors contributing to this broadening, more important of which is the presence
of various types of defects that can modulate the peaks’ shape formation. To this manner,small
crystal or grain size can be thought of as a kind of defect and can alter the widths of diffraction
peaks. In the limit of ‘grain’ size approaching that of a finite number of unit cells, as are the cases
found in nanostructured materials, sharp diffraction peaks no longer exist, and important
information about this kind of materials can be received from how they diffract X-rays. This can be
better described by the form of the curve of diffracted intensity vs. 20 (Figure 2.4), which on the one
hand, (2.4a) illustrates the X-ray diffraction diagram of a real sample and on the other hand, (2.4b)

the X-ray diffraction diagram of an ideal sample, emerging only at the exact Bragg angle.

max

=

max -

INTENSITY
o~
INTENSITY

20, 205 20, 20
20 —— 20 ——»
(a) (b)

Figure 2.4 Schematic representation of the effect of fine crystalline size on the diffraction curve around the Bragg angle (a),

and hypothetical case where diffraction occurs only exact at the Bragg angle (b) [1].

Based on this argument, the presence of two limiting angles around the Bragg angle 20s, 201 and
202, are therefore defined, at which the diffracted intensity is taken to be attenuated to zero, or to the
background value. The width of the diffraction curve (B) is measured in radians at the intensity
equal to the half of the peak’s maximum intensity, and this measure of B is defined as the full-width
at half maximum (FWHM). From the measured widths B of a series of diffraction peaks belonging
to a specific crystalline nanostructured phase it is easy to estimate the size of very small crystals of

this phase using the relation known as the Scherrer’s formula (equation 2.6) [1], [2], [3].
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t = . (2.6)

- BcosOp

2.2 Transmission Electron Microscopy

2.2.1 General Description

In recent years, the transmission electron microscope (TEM) has become the preferred instrument
for generating atomic-resolution images of materials, identifying defects, and providing
spectroscopic and diffraction data from sub-nanometer areas. Significant progress in electron
microscopy has greatly enhanced the ability to examine atomic structures in detail, benefiting
research in physics, chemistry, materials science, biology, and medicine. TEMs are offered with a
wide range of characterization techniques with high spatial and analytical resolution, techniques

which render them crucial for the comprehensive study of nanoscale materials.

Today, TEMs are arguably the most efficient and versatile tools for characterizing materials across
spatial ranges from the atomic scale, through the expanding ‘nano’ regime (from <1 nm to ~100 nm),
up to the micrometer level and beyond [4]. The fundamental principle behind electron microscopy
techniques is the interaction between an electron beam, which has much shorter wavelengths than
visible light, and the atoms in a sample, in order to resolve much smaller features than traditional
optical microscopy. Since electrons are a form of ionizing radiation, one key benefit of their use is
that they generate a variety of secondary signals when they collide with the sample. These
interactions result in various phenomena, including directly transmitted electrons, secondary and
backscattered electrons, elastically and inelastically scattered electrons, characteristic and
continuum X-rays, Auger electrons, visible light, and photons across different energy levels (Figure
2.5) [4].
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Figure 2.5 Signals generated when a high-energy beam of electron interacts with a thin specimen. Most of these signals

can be detected in different analytical methods [reference 4].

TEMs instrumentation can be divided into three main components: the illumination system, the
objective lens and specimen stage, and the imaging system [4]. The illumination system comprises
the electron gun, which can be either a thermionic or field-emission source, and the concentric
magnetic lenses (condenser lenses). To avoid electron emission instabilities and maintain good TEM
performance, the gun section must operate under ultra-high vacuum (10-° mbar) conditions. The
emitted electron beam is accelerated to the desired energy using high-voltage (typically between 80
— 300 kV), giving the electron the energy needed to pass through the entire specimen. The first
condenser lens controls the beam's spot size, while the second manages the beam's convergence
angle, with their role being to take electrons from the source and transfer them to the specimen. The
objective lens and the specimen holder/stage system form the heart of the TEM. This is where all
beam-specimen interactions occur. The electron beam is directed through a very thin sample
(typically less than 100 nanometers thick). As the electrons pass through the specimen, they interact
with the atoms within it, and some are scattered, while others pass through unaffected, creating the
various images and diffraction patterns that are subsequently magnified for viewing and recording.
The objective lens is the most important lens in a TEM because its quality determines the quality of
all the information about the specimen. After passing through the sample, the unscattered and
scattered electrons are focused by several electromagnetic lenses to magnify the image or diffraction
pattern produced by the objective lens and to focus these on the viewing screen or computer display
via a detector or TV camera (Imaging system). The magnifying lenses are referred to as intermediate
and diffraction lenses, and the final lens is the projector lens, which projects the final image or

diffraction pattern onto the viewing screen or detector. The so-called bright field image generated is
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based on the interactions between the electrons and the structures of the sample, such as its atomic

arrangement, density and composition (Figure 2.6) [4], [5].

Figure 2.6 Bright-field conventional TEM image of a nanostructured hybrid sample composed of the Fe-Co nanoparticles

grown on nanodiamonds synthesized in this work.

These three components—the illumination system, specimen stage, and imaging system —are often
collectively called the "column" for obvious reasons. In most TEMs, the electrons travel "down" the

column due to its vertical construction (Figure 2.7) [4].
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Figure 2.7 Optical components of a TEM (a). Schematic representation of the ray-path diagrams of the two basic operation
modes, image (b) and diffraction (c) [4].
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2.2.2 TEM Techniques

2.2.2.1 Scanning Transmission Electron Microscopy

Scanning TEM (STEM) is a variation of TEM, where the electron beam is focused into a fine probe
and scanned across the sample, similar to the way scanning electron microscope (SEM) works.
Instead of forming an image from electrons passing through the entire sample at once, the electron
beam is moved in a scanning pattern across the sample and the detector collects the transmitted or
scattered electrons at each point. STEM is often combined with techniques like electron energy loss
spectroscopy and energy dispersive X-ray spectroscopy (EDS) to gather detailed elemental and
chemical information from the sample. Moreover, STEM provides atomic-scale resolution imaging
because the small probe size can resolve individual atoms. Also, by using different detectors STEM
can create images using a variety of signals (bright-field, dark-field, high-angle annular dark-field
(HAADF)) (Figure 2.8) [4], [5].

Figure 2.8 HAADF STEM image from a nanohybrid cluster of a nanostructured hybrid sample composed of Fe-Co

nanoparticles grown on nanodiamonds synthesized in this work.

2.2.2.2 High-Resolution TEM

High-resolution TEM (HRTEM) refers to a mode of TEM that is optimized to achieve resolutions
high enough to directly image the atomic structure of a sample, often to sub-Angstrom level.
HRTEM allows the visualization of the arrangement of the atoms and the crystal structure of

materials. HRTEM uses phase contrast, where the electron wave interference patterns form images
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of the atomic lattice planes in the sample. These patterns arise because of the small phase shifts in
electron waves as the pass-through areas of different atomic potential within the sample. In HRTEM,
the resolving power can be less than 1 A meaning that individual atomic columns can be often
distinguished (Figure 2.9). Both STEM and HRTEM are techniques that are used to extend the

functionality of a conventional TEM for detailed atomic and structural analysis [4], [5].

Figure 2.9 HRTEM image of a typical metallic Fe-Co alloy nanoparticle projected along the [100] direction of the cubic bec
lattice in a nanostructured hybrid sample composed of Fe-Co nanoparticles grown on nanodiamonds synthesized in this
work. The closed packed {011} planes of a bcc Fe-Co metallic nanoparticle are distinguished in the white inset, while the
fast Fourier transform of the specific area is also presented and the bcec Fe-Co 011, 011, 011 and 011 periodicities are

annotated in the bottom right inset.

2.2.2.3 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used in combination
with electron microscopy (TEM or SEM) to determine the elemental composition of a sample. It
works by detecting X-rays emitted from the sample when it is bombarded by the electron beam. In
particular, when the high-energy electron beam strikes the atoms in the sample is causes the ejection
of inner-shell electrons from these atoms. To restore stability, electrons from higher-energy shells
fall into the vacant lower-energy shell. During this transition the energy difference between the two
shells is released as an X-ray photon. The energy of these emitted X-rays is characteristic of the
specific element because each element has unique energy levels. From this process the EDS detector
collects and measures the energy of these emitted X-rays. By analyzing the energy and intensity of
the X-rays, the detector can determine what elements are present in the sample and their relative

concentrations. EDS can be also used to create elemental maps by scanning the electron beam over
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an area of the sample and by recording the distribution of the elements (Figure 2.10). However, EDS
is less sensitive to light elements (like H, C, N and O) compared to heavier elements, as X-ray

emission from light elements can be weak and difficult to detect [4], [5].
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Figure 2.10 (a) HAADF-STEM image from a Fe-Co alloy nanoparticles/nanodiamonds hybrid cluster from a sample
composed of Fe-Co nanoparticles grown on nanodiamonds synthesized in this work, showing positions with red color
where point-EDX spectra were collected. (b) The spectrum from position point 1 of (a) and the corresponding atomic
percentage. HAADF STEM image of another hybrid Fe-Co nanoparticles/nanodiamonds cluster (e) and the corresponding
elemental distribution-mapping of Fe (f) and Co (g).

The characterization and study of the structural and morphological properties, stoichiometry, and
particle size of the samples, under investigation in this thesis, were performed by using analytical
TEM/STEM observations, which were carried out using a JEOL JEM 2011 TEM/HRTEM microscope
with resolution capability of 0.19 nm and a 200 kV JEOL JEM F200 TEM/STEM microscope equipped
with a Cold Field Emission Gun (CFEG) and an OXFORD X-Max 65T EDS detector (Figure 2.11).
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Figure 2.11 200kV JEOL JEM F200 TEM/STEM microscope (a) and JEOL JEM 2011 TEM/HRTEM microscope (b).

Prior to TEM observations, the samples were dispersed in ethanol and suspended in ultrasound for
up to 60 min, while a single drop of a very dilute suspension of each sample was placed on a carbon-

coated Cu grid and left to dry naturally by evaporation at ambient conditions.

2.3 Magnetic Measurements

2.3.1 General Description

Magnetic measurements are indispensable for understanding the electronic and magnetic properties
of materials, both for fundamental study of the physical mechanisms responsible for their
appearance, as well as for developing new applications which are contributing in the design of a
wide range of procedures and devises used for navigation, electricity generation, energy conversion,
magnetic data storage, sensors, catalysis, to refer to some, which are used in daily life. The most
common instrument used for measuring the magnetic properties of materials is the vibrating sample

magnetometer (VSM).
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2.3.2 Vibrating Sample Magnetometer

A VSM device measures the magnetic properties of a material by detecting the magnetic moment of
a sample. VSM’s operation is based on the magnetic flux change occurring in a coil when a
magnetized sample is vibrating next to it. The sample, typically in the form of a small sphere,
cylinder, disk, or arbitrary shaped specimen, is affixed to one end of a nonmagnetic rod, while the
other end of the rod is attached to a precision mechanical vibrator. The sample is placed in a uniform
applied magnetic field (H), generated by an electromagnet or a superconducting magnet, and
vibrates at a fixed frequency, typical in a sinusoidal motion mode, in a direction (z) perpendicular
to the applied magnetic field. As the sample vibrates, its magnetic moment generates a time-varying

magnetic flux in the pickup coils positioned near the sample (Figure 2.12).

Figure 2.12 Typical VSM system (a), independent adjustment of the coarse sample along the X, Y and Z direction (b), and

model of the coil sets fitted on the poles of the electromagnets (c). Lake Shore Cryotronics model 7300.

This changing flux induces a voltage (generated from the induced electromotive force (emf))
proportional to the magnetic moment of the sample. The induced voltage is detected and converted,
through a system of lock-in amplifiers to remove the background vibration contribution, to a
magnetic moment value produced by the sample alone. The magnetic moment of the sample can be

measured at different applied field values, alignments of sample’s orientation to the direction of the
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applied magnetic field and temperatures, allowing thus to obtain different types of magnetic
responses, like isothermal magnetization (M) vs. H (magnetic hysteresis) loops, M vs. temperatures

curves, M vs. time curves, and other magnetic characteristics [6], [7].

The VSM is highly versatile and sensitive, capable of measuring both weak and strong magnetic
substances. Standard versions can detect a magnetic moment of about 10-° electromagnetic units
(emu) or 10 A-m?2. This sensitivity necessitates strict cleanliness protocols when measuring small or
weakly magnetic samples. VSMs can be suitable for measuring the magnetic properties of a wide
range of materials allowing the study of saturation magnetization, coercivity, remanence and other
high-field effects, of different types of magnetic materials, such as ferromagnetic, ferrimagnetic,
antiferromagnetic, paramagnetic and diamagnetic materials. VSMs are also suitable for measuring
and studying the magnetic properties both for bulk and nano-scaled materials, as well as magnetic
thin films and multilayers. Moreover, since the vibration frequency is high, data collection is
relatively a quick procedure. The VSM can be adapted for measurements at high and low

temperatures, as only the sample placed at the tip of the vibrating rod need to be heated or cooled
[8].

Measurements of the magnetic properties of the samples synthesized and studied in this thesis, were
performed initially on a conventional VSM manufactured by LakeShore, model 7300 equipped with
a 12 inch electromagnet, capable of delivering applied fields from a few G to 20 kG, a sensitivity
ranging from 5x10 to 10° emu, and vector magnetic moment (both x and y directions) measuring
ability (Figure 2.13).
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Figure 2.13 Conventional Vibrating Sample Magnetometer setup, Lake Shore Cryotronics model 7300.
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Apart from the stand-alone VSM setup, as the LakeShore’s 7300 described above, magnetic
measurements using a VSM can be performed on a probe-hosting system, such as Quantum Design’s
Physical Properties Measuring System (PPMS), using an appropriate VSM probe. Quantum Design’s
PPMS is a versatile and highly automated probe-hosting system designed to measure a variety of
physical properties, including magnetic, electrical, thermal and optical properties of materials. The
PPMS consists of different measurement options and probes that can measure a wide range of
properties under controlled temperature, magnetic field and pressure conditions. The system can
operate over a wide temperature range (typically from few K to room temperature or higher) and
can apply magnetic fields up to several Tesla using superconducting magnets. Regarding the
magnetic properties, in the PPMS, they can be measured by both direct current (DC) magnetometry
(which measures static magnetic moments) and alternative current (AC) susceptibility (which
measures the material’s magnetic moment response to a time-varying magnetic field). The VSM
probe of a PPMS performs measurements with even higher versatility and sensitivity than
conventional VSMs, working in a DC magnetic hysteresis measurement with a magnetic moment
sensitivity of 10° A-m? (10 emu) over the full 14 T field range. Sample rods for thin films, bulk
materials, powder, or liquid samples are available, and samples up to 6.3 mm in diameter can be
accommodated. A larger detection coil set can accommodate samples up to 12 mm in diameter but
with reduced magnetic moment sensitivity. Furthermore, a sample heater can increase the
temperature range up to 1000 K. AC susceptibility measurements in a PPMS device exhibit a
magnetic moment sensitivity of 10! A‘m? (10® emu). Such advantages render PPMS as high
precision devices providing extremely accurate control over temperature and magnetic field,
making them ideal for experiments requiring precise environmental conditions (Figure 2.14). In
addition, PPMS are highly automated operating systems, allowing complex measurement sequences
and data analysis to be performed, designed for a broader scope of material characterization with

precise control [8].

The investigation of the magnetic properties of the samples were also performed on a VSM-
equipped Physical Property Measurement System (Quantum Design PPMS equipped with an
EverCool Il dewar option) and a VSM-equipped Magnetic Property Measurement System (Quantum
Design MPMS 3) through mass magnetization (M) and magnetic susceptibility (xs) measurements
(Figure 2.14).
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Figure 2.14 Physical Property Measuring System equipped with an EverCool II dewar option (a) and Magnetic Property

Measurement System devices (b) (Quantum Design).

2.4 ¥Fe Mossbauer Spectroscopy

2.4.1 General Description

’Fe Mossbauer spectroscopy is a powerful technique that offers valuable insights into the atomic,
electronic, and magnetic structure of materials, especially to those containing iron. The Mdssbauer
effect, identified by Rudolph L. Mossbauer in 1957 [9], refers to the recoil-free emission and
absorption of y-ray photons by atomic nuclei bound in a solid. This effect has had a profound impact
on fields such as physics, chemistry, biology and geology. Its distinctive characteristic is the
production of resonance spectra with exceptionally narrow energy resolution, providing valuable

information of the local environment of iron atoms or ions in a sample.

In chemistry, the practical use of the Mossbauer effect lies in its ability to identify subtle changes in
energy interactions between the nucleus and neighboring nuclei electrons, which were previously

deemed insignificant [10].

2.4.2 The Mossbauer Effect

For many years, the phenomenon of resonant absorption of electromagnetic radiation has been
recognized through observations of light-induced electronic transitions in atoms or molecules. For
such resonant absorption to occur, the quantum energy of the light must match the energy difference
between the involved atomic or molecular electronic states. A similar mechanism applies to v-

radiation, involving nuclear states as emitters and absorbers. In these experiments, y-ray emission
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is generally initiated by the decay of a radioactive precursor of the resonance nuclei with Z protons

and N neutrons (Figure 2.15).

The nuclear reaction (such as a-decay, 3-decay, or K-capture) results in the formation of an isotope
(Z, N) in an excited state (e) with energy E.. This excited nucleus has a finite mean lifetime © and
eventually transits to its ground state (g) with energy E;, following an exponential decay law. This
transition leads to the emission of a y-photon with quantum energy Eo = Ec — E¢, assuming the process
occurs without recoil. Consequently, this y-photon can be reabsorbed by a nucleus of the same type
in its ground state, resulting in a transition to the excited state with energy Ee.. [10], [11], [12]. This
phenomenon, known as nuclear recoil-free resonance emission and absorption of y-rays or the
Mossbauer effect, earned Rudolf L. Mossbauer the Nobel Prize in Physics in 1961.
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Figure 2.15 Recoilless nuclear resonance emission and absorption of y-rays (Mossbauer effect).

To highlight the significance of recoilless emission and absorption on the experimental detection of
the Mossbauer effect, it is essential to consider several factors, particularly the high quantum energy
of the y-radiation used in Mdssbauer spectroscopy (Ec=10-100 keV), which is much higher than the
typical energies encountered in optical spectroscopy (1-10 eV). Although the absolute widths of the
energy levels involved in both spectroscopies are quite similar, the relative resolution resulting from
the ratios of the widths of the nuclear levels to the transition energies are very small due to the high

mean Eo energies AE/Ec=10"" or less (see Figure 2.16).

As a result, the recoil associated with the emission or absorption of a photon poses a significant
challenge for nuclear transitions in gases and liquids. The energy loss for the y-quanta is so
substantial that emission and absorption lines do not overlap, making nuclear y-resonance virtually

impossible [10].
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Figure 2.16 Intensity distribution I(E) for the emission of y-rays with mean transition energy Eo. The Heisenberg natural
line width of the distribution, I' = hi/t, is determined by the mean lifetime 1 (=t) of the excited state (e) [10].

The energy Eo of a nuclear or electronic excited state with an average lifetime t can be measured
with a precision limited by the time interval At available for the measurement. The energy FEo is
subjected to an inherent uncertainty AE as described by the Heisenberg uncertainty principle

applied to energy and time, which are conjugate variables:

AE - At > 1, 2.7)

where h = 27th is Planck’s constant.

The relevant time interval At is approximately equal to the mean lifetime, At ~ 1. Consequently,
ground states with an infinite lifetime have zero uncertainty in energy. As a result, when a group of
identical nuclei, fixed in space, transitions from excited states (e) to ground states (g), the energy E
of the emitted photon fluctuates around a central energy Eo = Ee - E,. The intensity distribution of the
emitted radiation follows a Lorentzian curve as a function of energy E, described by the Breit-Wigner

equation [13]:

- em
1E) = Gohor e 28)

The emission line is centered at the mean transition energy Eo (see Figure 2.16). It can be noted that
I(E) =1/2 I(Eo) for E = Eo + I'/2, which defines I" as the FWHM of the spectral line. I' is referred to as
the natural width of the excited nuclear state. Weisskopf and Wigner [14], demonstrated that the

natural width I is related to the mean lifetime T of the excited state by:

r-t=h (29
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The ratio I'/Eo, which represents the precision required in nuclear y-absorption to align emission and
absorption resonances, is crucial. For example, the first excited state of ¥’Fe has a mean lifetime T =
tiz/In2=1.43 - 107 s. Using h = 6.5826 - 10 eV s, the line width I"is calculated as 4.55 - 10 eV.

In nuclear y-resonance it is assumed that a photon emitted by a nucleus with mean energy Eo = Ee -
Eg carries the entire energy Eo = E,. However, this assumption does not hold for free atoms or
molecules, as photon emission imparts recoil to the nucleus. When a photon is emitted from a
nucleus of mass M, the nucleus recoils moving with a velocity u in the opposite direction of the

photon’s propagation (Figure 2.17) [10].

Nucleus of mass M and
mean energy E, (at rest)
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Figure 2.17 Recoil momentum p,, imparted on a nucleus during a y-ray emission.

If the nucleus is initially at rest the recoil energy gained is:

Ep = 3 M2 (2.10)

Momentum conservation dictates:

Pn = —Dy» (2.11)

where pn = Mu is the momentum of the nucleus, and py is the photon’s momentum, which is given

by its quantum energy:

E
py = ==L, B, = E, — Eg. (212)

Because the nucleus has a large mass, the recoil velocity is small and the non-relativistic

approximation can be used:
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_ 1.5 (Mv)? _ pi _ E}
Ep =S Mv? ==t = 0 (2.13)

Since Eris negligible compared to Eo, it is reasonable to approximate Ey ~ Eo, which leads to the recoil

energy formula for a nucleus in an isolated atom or molecule:

Eg

E, = .
R ™ oMc2

(2.14)

For example, for the ¥Fe Mdssbauer transition (with Eo = 14.4 keV) the recoil energy is Er = 1.95-10-
eV, which is significantly larger than the natural width I' = 4.55-10° eV. The recoil effect causes a
shift in the emission energy from Eo to lower energies by Er so the photon carries energy Ey = Eo - Er.
Similarly, in absorption the photon must supply Ey = Eo +Er to account for both the energy transition
and recoil. As a result, nuclear y-resonance absorption (the Mossbauer effect) cannot occur between
free atoms due to recoil energy loss. In solids the Mdssbauer-active nucleus is tightly bound
preventing free recoil. Instead, the recoil energy is shared with the entire crystal, which has a much
larger mass, rendering the translational recoil energy negligible. If the recoil excites or annihilates a
lattice vibration (phonon), the energy difference is still much larger than the natural width T
preventing resonance absorption. However, quantum mechanics allows for a finite probability f of
“zero-phonon” processes, where no phonon is involved in this process. The statistical mean fraction
of the number of “zero-phonon” processes to the total number of occurring processes, known as the
Lamb-Mossbauer factor, represents the recoil-free fraction. Typical values include f=0.91 for the 14.4
keV transition in ¥Fe at room temperature and f = 0.06 for the 129 keV transition in “Ir [10], [11],
[15], [16]. The recoil-free fraction depends on temperature, and the Debye model for phonon spectra

provides a reasonable estimate of f. The temperature dependence is given by:

ORI = HONES L e

where EZ/2Mc? is the recoil energy Er, ks is the Boltzmann constant and ©p is the Debye
temperature. The factor f is essential for determining the intensity of a Mdssbauer spectrum [10],
[15], [16].

In conclusion:

1. fincreases as the transition energy Ey decreases;
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2. fincreases as the temperature decreases;

3. fincreases as the Debye temperature ®b increases.
2.4.3 Hyperfine Interactions

In ideal situations, transitions occur between unaltered energy levels of “bare” nuclei with a mean
transition energy Eo. However, in reality nuclei are subject to electric and magnetic fields generated
by the electrons of the Mossbauer atom and surrounding atoms. These fields interact with the electric
charge distribution and the magnetic moment of the Mossbauer nucleus affecting its nuclear energy
states. This effect, known as nuclear hyperfine interaction, can either shift the nuclear energy levels
as seen in the electric monopole interaction (eo), or split degenerate states, as observed with the
electric quadrupole (e2) and magnetic dipole (mi) interactions. In practice, in Mdssbauer

spectroscopy only these three interactions are significant.

The Mossbauer spectrum generally provides information about the type and strength of these
hyperfine interactions. The eo interaction shifts the position of the resonance lines in terms of
Doppler velocity, leading to the se-called isomer shift (d), while e2 and mi interactions cause splitting
of the resonance lines reflecting the allowed transitions between ground and excited states. These
hyperfine interactions provide key insights into the chemical and physical properties of the sample
under study [10], [16], [17].

2.4.3.1 Overview of Electric Hyperfine Interactions

The total energy of the electrostatic interaction between a nucleus with charge Ze and the

surrounding charges can be expressed classically as:
1
Eep =Vy- fpndT - Z?=1Ei ) fpnxid‘[ + 52?,]':1 Vij - fpnxixjd‘[ + . (2.16)

The first term represents the total electrostatic energy of the nucleus considered as a point charge,
and is irrelevant here. Since the nucleus remains fixed at the atom’s center it does not experience an
electric field and the second term can be ignored (also, nuclei with well-defined parity have no
electric dipole moment, meaning [ p,x;dt = 0). The higher-order terms can be disregarded because

the associated nuclear moments and interaction energies are extremely small, leaving only the term:
2) _ 1 .
Ee(l) = ; Vij fpn(T')XindT. (2.17)

3 &i0j=1
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The superscript (2) indicates that this is a second-order approximation of electrostatic energy. This
integral can be divided into isotropic and anisotropic parts by adding and subtracting r% = ¥, x7,

resulting in:
- 1 - 1 -
J pn(Pr? xpxpdt = Efpn(r)dr + gfpn(r)(Bxixj — 6;;7?)d. (2.18)

The first term, [ p,(F)r?dr, depends only on the radial distribution of the nuclear charge and is
called the nuclear monopole moment. The second term, which describes the orientation-dependent
part of the charge distribution in second power, is the nuclear quadrupole moment Q. The isotropic
part of the nuclear charge distribution (the monopole moment) cannot be exactly calculated because
the precise distribution is unknown. However, for simplicity the nucleus can be modeled as a
uniform charged sphere with radius R and a total charge +Ze. By making the necessary conversions
the energy of the electrostatic monopole interaction between a finite nucleus and its electrons

becomes:
E, = —%2e2R2|¢(0)|2 = 5E, (2.19)

where €2 is the charge of the electron and [(0)|? is the finite probability density at r = 0 for the s-

electrons to penetrate the finite nucleus of radius R.

This term uniformly shifts the nuclear energy levels with different shifts for the ground and excited
states due to differences in nuclear volume and mean square nuclear radius. This gives rise to the

isomer shift d observed in Mossbauer spectra [10], [16].

By inserting the nuclear quadrupole moment tensor Q;; = f pn(F)(Bxl-xj —5ijr2)dr, into the

equations (2.18) and (2.17), we obtain the quadrupole interaction energy:
13
Eq = - 2ij=1Vij - Qij- (2.20)

Quadrupole interaction removes the degeneracy of nuclear states with spin quantum numbers I > 2

causing quadrupole splitting AEq in the Mdssbauer spectrum. According to equation (2.16) the total

electrostatic energy is the sum of the monopole and quadrupole interaction energies: E 6512) = E; + Ey.

In Mossbauer spectroscopy, the nuclear eigenstates are characterized by total angular momentum

with quantum number I, also known as nuclear spin. The electric quadrupole interaction is often
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expressed using angular momentum operators, as the properties of the quadrupole moment allow
Clebsch-Gordon coefficients and the Wigner-Eckart theorem to simplify the calculation. This results

in a convenient spin Hamiltonian for the quadrupole interaction:

g, =—2 y3 N 2
Ho = Giirp 2=V [2 (Il + L;1;) + 8351 ] (2.21)

This equation requires only one nuclear constant, Q, to describe the quadrupole moment. The
simplification arises because the nucleus’s angular momentum imposes cylindrical symmetry on the

charge distribution.

By choosing the symmetry axis as xi = z, the energy variation caused by nuclear reorientation
depends only on the charge distribution difference along the z-axis compared to the x- or y-axis. As
a result, the off-diagonal elements Qj of the quadrupole moment operator are zero for i#. These
elements are defined by the integrals [ p,(7)z%dt and [ p,(#)r?dr, leading to the classical

expression:
Q == J pu() (@2 — x¥)dt = ¢ [ pp(F)(32% — r2)d = 3 [ p, (F)r?(3cos?6 — 1)dr, (2.22)

where 0 is the polar angle between the symmetry axis (z) and vector r, with z =1-cos0. This equation
shows that the nuclear quadrupole moment Q is positive for elongated nuclei, negative for oblate
nuclei and zero for spherical charge distributions. Nuclear states with spin quantum numbers I =0,

or I =1/2 do not have an observable quadrupole moment [10], [16].
2.4.3.2 Mdssbauer Isomer Shift

The electric monopole interaction between a nucleus (with an average square radius R?) and its
surrounding environment results from the nuclear charge distribution ZeR? and the electronic
charge density e|(0)|? at the nucleus. The energy shift, SE = const - R*|1(0)|?, applies to nuclei
with identical mass and charge but in different nuclear states (isomers), which have different charge
distributions (ZeRZ # ZeRZ). The nuclear volume and average radius vary with excitation state
(R # RZ) leading to distinct energy shifts for the Mossbauer nucleus in both the ground (g) and the
excited (e) states. This effect, as illustrated in Figure 2.18, is responsible for the Mdssbauer isomer
shift, d [10], [16].
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Figure 2.18 The electric monopole interaction between the nuclear charge and the electron density at the nucleus shifts the

energy of the nuclear states and gives the Mossbauer isomer shift [10].

The energy of a y-photon emitted by an excited Mdssbauer nucleus in the source is given by the

transition energy:
Es = Eg — [(0F)e — (F)elsource = Eo + = Ze2lp(0)|2(RZ — RZ),  (2.23)

where Eo is the transition energy of a bare nucleus and [1(0)|% represents the electronic charge

density in the source material. For the absorber nucleus holds a similar expression:
2
EA = EO - [(5E)e - (5E)e]absorber = EO + ?nzezllp(o)li(Rez - R;) (2'24)

Since the electron densities [1(0)|% and [¢(0)|5 differ due to distinct chemical compositions, the
transition energies Es and Ea are also different. This difference causes a shift in the y-resonance,

which is observed as the isomer shift 6 in the Mdssbauer experiment:

§ = Eq — Bs == Ze*{[p(0)|3 — [p(0)IZ}(RZ — RZ).  (2.25)

By assuming Re-Rg = AR and Re + Rg ~ 2R, the equation (6.19) simplifies to:

68



8 ="Tze2{p(0)F — W(OIH-R2(F).  (226)

This equation demonstrates that the isomer shift o, related to the chemical bond formation between
two atoms is influenced by the electron distribution between them. More specifically, it is affected
by how the total electron density is shared across the atoms. The isomer shift reflects the difference
in electron density at the nucleus between the absorber and the source and is indirectly impacted by
the relative change in nuclear radius between the excited and the ground states (0R/R). For most
nuclei, the excited state has a larger radius, though in some cases, such as the Fe, the opposite is
true. In transition metals, where changes in oxidation state involve alterations in the number of d-

electrons the sensitivity of the isomer shift is greatly reduced. However, for widely studied isotopes
like >’Fe the proportionality constant a = ?Z e’R? ( ) is large enough that changes in oxidation

state are easily observed. As the number of d-electrons increases the isomer shift becomes more

positive indicating that the nuclear radius change dR/R is negative [10], [16].
Second-Order Doppler Shift (S.O.D.)

In Méssbauer spectroscopy the experimentally observed isomer shift dexp also includes a relativistic

component known as the second-order Doppler shift dsop:

(Sexp = 6 + SSOD' (227)

This shift arises from the relativistic energy change of the y-photon caused by the thermal motion of
the emitting and absorbing nuclei, proportional to the mean square velocity <u?>. The second-order

Doppler shift is expressed as:

<v?>

8s0p = —Ey . (2.28)

The value of dsop decreases with temperature and becomes negligible at low temperatures, such as
in liquid helium. However, at room temperature it may reach values as large as -0.1 mm/s.

According to the Debye model, the second-order Doppler shift is given by:

Ssop = — —BX (9M+8T( )fT

16MeffC2

dx), (2.29)
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where Mt is the effective vibrating mass and Owu is the Mdssbauer temperature representing the

specific environment surrounding the Mdssbauer nucleus [10], [16].

2.4.3.3 Quadrupole Splitting

Quadrupole Splitting is a prominent characteristic of Mdssbauer spectra. It generally occurs when a
nucleus with an electric quadrupole moment interacts with an electric field gradient (EFG) at the
nucleus. The EFG describes the variations in rotational conformations that a non-spherical nucleus
can feel within a non-uniform electric field, which is produced by the asymmetrical charge
distribution of surrounding electrons. A quadrupole moment arises in nuclei with spin greater than
one-half, and since all Mssbauer nuclei have a quadrupole moment in either their ground or excited
state (or both), they are prone to exhibit quadrupole splitting. The spectra can be quantified by the
nuclear quadrupole coupling constant, which is the product of Vz (the primary component of the
EFG) and eQ (the electric quadrupole moment of the nucleus), where e represents the elementary
charge of a proton. The shape of the nucleus is best approximated by a power series, with the
significant term representing the nuclear quadrupole moment. In quantum mechanics, spatial
operations for individual nucleons can be replaced by angular momentum operators that act on the
total spin I of the nucleus [10], [16]. The spin-Hamiltonian operator typically used to compute

quadrupole interactions is expressed as:

7 o eQVy 2 N2 a9
Ho = 41(21-1) [31 IT+D+ U5+ 1_)], (2.30)

where I is the nuclear spin number, number, [, = I, * il, are shift operators, and I, I, I, represent
the projections of nuclear spin along the principal axes. Q is the quadrupole moment of the nucleus,
while Vz: and n denote the primary component and the asymmetry parameter of the EFG at the
nucleus, respectively. The product eQV:: is referred to as the nuclear quadrupole coupling constant
(NQCC). Like all hyperfine coupling constants, the NQCCs represents the interaction between a

nuclear property and an electronic one.

In equation (2.30), only one nuclear constant, Q, is required to parameterize the nuclear properties.
This is largely because the nuclear charge distribution possesses cylindrical symmetry, due to the
nucleus having a well-defined angular momentum. By selecting z as the symmetry axis, the
quadrupole moment Q corresponds, in classical terms, to the difference between the charge
distribution along and perpendicular to z. The sign of Q is determined by the nature of the nuclear
deformation: a positive quadrupole moment suggests an elongated, cigar-like nucleus, while a
negative Q signifies an oblate, pancake-shaped nucleus (Figure 2.19). Only nuclear states with spin

I>1/2 display a non-zero quadrupole moment [10], [16].
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(a) (b)

Figure 2.19 Rotational configurations of a cigar-shaped nucleus with quadrupole moment Q between of two positive
charges (+q) and two negative charges (-q). The configuration (b) is energetically more favorable than (a) because the
positive tips of the elongate nucleus are closer to the negative charges. The rotational energy of the system depends on the

strength of Q, the EFG and the rotation angle (0). The rotation angle and the energy of the system are quantized.

The electrons around the Mdssbauer atom, along with the surrounding charges on the ligands,
generate an electric potential V(r_)) at the nucleus (located at 7 = (0, 0,0)). The electric field E is equal
to the negative gradient of this potential, expressed as E = —PV. In Cartesian coordinates, this

= v av av
becomes E = —(

5’5’5)' The EFG at the nucleus corresponds to the second derivative of the

potential V(#) at 7 = 0, which can be written as:

Vix Vay Vaz
EFG =[-VE]=[VVV] =Vx Wy Wzl (2.31)
Vox Vay  Vez
2
where V;; = (%) are the nine components of the second-rank, 3x3 EFG tensor. In cases where the
i0X;
EFG has an axial symmetry, the components satisty the condition V,, = V},,, = —%, which follows

from the Laplace condition that V., + Vj,, + V;, = 0. Since the EFG tensor is symmetric, it can be
diagonalized by rotating it to a principal axis system (PAS) where the off-diagonal elements vanish,
i.e,, Vixj = 0. By convention, the principal axes are labeled such that the tensor components are
ordered as Vz, Vyy, and Vx, with |V,,| > |Vyy| > |Vyxl. For systems lacking axial symmetry, an

additional parameter called the asymmetry parameter 1 is needed to describe the EFG, defined as:

N = Vex — Vyy)/szr 0<n<1.(232)
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In systems with three- or fourfold symmetry axes passing through the Mossbauer nucleus, the EFG
is symmetric, leading to Vx = Vyy, and thus 1 = 0. Moreover, in cases where two mutually

perpendicular axes exhibit threefold or higher symmetry, the EFG must be zero.

In the simplest scenario, where the EFG exhibits axial symmetry (V= Vyy, or 11 =0), the Schrodinger
equation can be solved using spin wavefunctions |I,mr>, characterized by the magnetic quantum

number mi =LI-1,...,-I. For n = 0, the corresponding energies are given by:

QVZZ
Eq(m)) = 416(21_1) [Bm? —I(+1)]. (2.33)

The electric quadrupole interaction leads to a splitting of the (2I+1) magnetic substates without
altering the overall mean energy of the nuclear spin states. In this case, substates with identical

absolute values of Imil remain degenerate when 1n = 0. This phenomenon is illustrated for Fe in
Figure 2.20 [10], [16].

= —;——AEQ 302
-
(e)-u- [ — - I=3/2 __}{EQ L Vn> 0
. = £1/2
Y

4
AR
1\
A}

1\
AR}
1\
N

& y =
OT —Source ~_I=12_ +1/2
absorber
S :
¢ Y !m il
quadrupole 2 |
splitting - o
2 -
% WAEQ
-4 =2 0 2 4

velocity / mm s

Figure 2.20 Quadrupole splitting of the excited state of Fe with I = 3/2 and the resulting Mdssbauer spectrum [10].

Specifically, the ground state (I=1/2) remains unsplit, as it lacks a quadrupole moment. Meanwhile,
the excited state (I =3/2) splits into two doubly degenerate states, 13/2, £3/2>and 13/2, £1/2>, due to

the m? dependence of the quadrupole energy:

3) _ 3eQV;, 1) _ _3eQV, -
Eo(£3) = /12> Eo(£3) =~ /1y, for1=3/2.(2.34)
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The energy difference (AEq) between the two sets of substates is given by:
_ eQVyy
AEq = Eq (£3) - Eo(+3) == (2.35)

In a typical Mossbauer experiment involving a ¥Fe powder sample this splitting results in a
quadrupole doublet, two resonance lines of equal intensity. The separation between these lines
corresponds to the quadrupole splitting AEq. This parameter is crucial for understanding the
chemical environment, as it provides insight into bonding characteristics and local symmetry
around the iron site. Additionally, the isomer shift (0), representing the displacement of the
quadrupole spectrum center from zero velocity can also be inferred from the spectrum, as the

quadrupole interaction does not affect the mean energy of the nuclear states [10], [16].

When the EFG lacks axial symmetry (1 # 0), the quadrupole interaction becomes more complex. The
shift operators I?_F associated with 1 introduce off-diagonal elements in the Hamiltonian matrix, like

(my |ﬁQ |m; + 2). For I =3/2, the exact solution for the energy levels is:

_3 _ eQVy
Eo(1=2m)= prore 1)[3m,—1(1+1)/1+ ] (2.36)

Comparing (2.33) and (2.36), it is evident that ) can alter the quadrupole splitting by up to ~ 15%, as
1 is restricted to values between 0 and 1 [10], [16].

2.4.3.4 Magnetic Dipole Interaction and Magnetic Splitting

A nucleus with spin quantum number I >0 interacts with a magnetic field through is magnetic dipole
moment u. This magnetic dipole interaction, or nuclear Zeeman effect, is described by the

Hamiltonian:
Hy =—ji-B=—gyuyI-B, (2.37)

where B represents the magnetic induction, gn is the nuclear Lande’ factor, and pn = eh/2Myc is the
nuclear magneton (Mp being the proton mass). The magnetic hyperfine splitting allows us to

determine the effective magnetic field acting on the nucleus, which may result from a combination
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of an external field Bex and an internal field Bin, typically generated by the magnetic moments of the

valence electrons.

It is well-established that hyperfine interactions for a nucleus “A” involve three primary
contributions: (a) the isotropic Fermi contact term, (b) the spin-dipolar interaction and (c) the spin-
orbit correction. These contributions are often of similar magnitude but can differ in sign. The Fermi
contact term arises from spin density localized at a point in space, such as the iron nucleus and is
highly sensitive to core-level spin polarization. In contrast, the dipolar hyperfine tensor depends
primarily on the spin distribution in the valence shell making it easier to calculate. The spin-orbit
coupling term, being a response property, reflects how the system reacts to external perturbations

influenced by the excitation spectrum [10], [12], [16].

Spin polarization is particularly useful in understanding the magnetic hyperfine coupling of organic
radicals, where the Fermi contact dominates. However, transition metal complexes behave
differently. The electron-electron repulsion experienced by a given electron results from the
summation of contributions from all other electrons with interactions dependent on their spin.
Consequently, the spatial configuration of spin-up and spin-down orbitals differs, leading to a net
spin density that arises from this imbalance. In general, orbitals that have little spatial overlap with
the singly occupied orbitals are distorted towards the singly occupied orbitals and orbitals that
occupy the same region in space are “repelled.” In transition metal complexes the singly occupied
orbitals, typically derived from metal 3d orbitals. Thus, the 3s shell is polarized to leave positive
spin-density at the nucleus because the 3s and 3d shells occupy a similar region of space. By contrast,
the 2s shell is polarized in the opposite direction and leaves a negative spin-density at the nucleus.
The 1s shell is also polarized to give negative spin-density but here the spin-polarization is found to

be very small.

The dipolar hyperfine interaction mirrors the quadrupole interaction in many ways. Both the dipolar
magnetic hyperfine coupling and the EFG tensor use similar integrals with the main difference being
the contraction of these integrals with spin density in the former and the total electron density in the
latter. This means the dipolar interaction is not influenced by distant nuclei and the same
partitioning applies as for the EFG tensor allowing a similar interpretation in terms of one-center,
two-center and multi-center interactions. Finally, the spin-orbit contribution to magnetic hyperfine
coupling stems from the orbital motion of unpaired electrons. This effect, introduced into the ground
state wavefunction via spin-orbit coupling with excited states, allows the angular momentum in the
ground state to produce a magnetic dipole moment, which interacts with the nuclear dipole

moment, thereby contributing to magnetic hyperfine coupling [10], [16].

Diagonalizing the Hamiltonian matrix gives the eigenvalues for the nuclear Zeeman effect:

uBmp _

Ey(my) = — 7 = —gnpnBm;. (2.38)
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This interaction splits the nuclear state with spin quantum number I into 2I+1 equally spaced,
nondegenerate substates |I, mi>, defined by the sign and the magnitude of mu. In ¥Fe, for example,
the excited state (I = 3/2) splits into four magnetic substates, while the ground state (I = 1/2) splits
into two substates. The allowed vy-transitions between these sublevels follow the magnetic dipole
selection rules (Al =1, Am = 0, +1). In a Mdssbauer experiment this results in a sextet of resonance
lines with relative intensities following a 3:2:1:1:2:3 pattern under isotropic magnetic field
distribution (Figure 2.21) [10].
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Figure 2.21 Magnetic dipole splitting (nuclear Zeeman effect) in ¥Fe and resultant Mossbauer spectrum (schematic) [10].

Pure nuclear magnetic hyperfine interaction without the influence of electric quadrupole interaction
is rarely observed in chemical applications of the Mdssbauer effect, with metallic iron being a notable
exception. More commonly, a nuclear state is simultaneously affected by all three types of hyperfine
interactions: electric monopole, magnetic dipole and electric quadrupole interactions, described by

the Hamiltonian:

75



The monopole interaction, OE, responsible for the isomer shift is straightforward to handle as it
simply adds uniformly to all transition energies. As a result, the Mossbauer spectrum displays a
consistent shift (isomer shift) across all resonance lines without altering their relative separations.
However, both the magnetic dipole (H),) and electric quadrupole (H,) interactions depend on the
nuclear spin’s magnetic quantum numbers making their combined Hamiltonian more complex to

evaluate.

In case of ¥Fe, competing hyperfine interactions do not occur for the ground state because there is
no quadrupole moment for I = 1/2. For the excited state (I =3/2) the Schrodinger equation can be
simplified when one of the hyperfine interactions is weak enough to be treated as a perturbation.
Although this approach is seldom used for precise quantitative analyses of Mdssbauer spectra it is

educational and can often provide insights into the origins of complex spectra [10], [12], [16].
High-field Condition: gnunB >> eQV/2

The combined effects of strong nuclear magnetic (Zeeman) interaction and weak electric quadrupole
interaction in the excited state of *Fe are illustrated in Figure 2.22. The left side of the figure
represents the initial condition of pure Zeeman splitting, as described by equation 2.38 and
previously shown in figure 2.21. In this example the external magnetic field B =(0,0,B), defining
the quantization axis, is oriented along the z-direction, that is coaxial with the principal component
of EFG, Vzz. The additional quadrupole interaction, illustrated on the right side of Figure 2.22, causes
the Zeeman states with mi = +3/2 and m = +1/2 to shift in opposite directions, both upward and
downward. In first-order approximation, all states experience the same energy shift Eq®, as
predicted by the m>--dependence of the electric quadrupole interaction (see equation 2.33). Here, the
superscript (1) denotes the first-order perturbation. The value of Eq® is determined by the
component of the EFG tensor along the quantization axis. For this case, where the EFG exhibits axial

symmetry (1) = 0) and the principal component is V, the quadrupole shift Eq® is given by:
(1) _ eQVyy
Ey === (240)

This value represents half the quadrupole splitting that would be observed in the absence of a

magnetic field at the nucleus in a purely quadrupole-affected spectrum [10], [16].
In this case the eigenvalues are:

3cos%6-1

VZZ
E = —guyHm, + (~1)imi+1/2. 2 (2050°1) (3 47
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and the respective level splitting is illustrated for a 3/2 =1/2 decay in the right side of Figure 2.22

(Vz > 0). In this case the angle 0 is not necessarily determined. However, if cos® = 13 then the

quadrupole interaction is fortunately absent. The expression

eQVy,, (3cos2 -1
4 2

) (242)

is often denoted as ¢ if O is unknown.

If the EFG tensor is not axially symmetric but the magnetic axis lies along one of its principal axes,

then the excited-state splitting for I = 3/2 gives the four energies
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Figure 2.22 Level scheme for ¥Fe of a combined hyperfine interaction with a strong magnetic interaction and a weak
quadrupole interaction having Vzz>0 (top right), compared to a seldom magnetic interaction (top left) [10] and the resulting

spectrum (bottom).
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2.4.4 The ’Fe M0ossbauer Spectrometer

’Fe Mossbauer spectra are typically recorded using transmission geometry, where the sample,
acting as the absorber, contains the stable (non-radioactive) isotope of the Mossbauer element. A
schematic of a standard spectrometer setup is shown in Figure 2.23. The radioactive Mdssbauer
source is mounted on an electro-mechanical velocity transducer, also known as the Mossbauer drive,
which moves in a controlled manner to modulate the emitted y-radiation via the Doppler effect. The
drive is powered by an electronic control unit that operates based on a reference voltage (Vreference)

supplied by a digital function generator.

Most Mossbauer spectrometers operate in constant-acceleration mode, where the drive velocity is
linearly varied in a periodic manner, either in a saw-tooth or triangular waveform. In this mode, the
source moves back and forth in a repeating cycle. The y-photons emitted by the source are detected
by a y-detector, which converts them into electrical signals. These signals are then amplified, shaped,
and processed through a series of electronic components, including a preamplifier, main amplifier,

and a single-channel analyzer (SCA).

The SCA is a pulse discrimination device tuned to pass only the 14.4 keV Mdossbauer radiation,
allowing resonance energy pulses to be directed to the multi-channel analyzer (MCA) for data
acquisition, while non-resonant radiation adjacent to 14.4 keV is cut-out. The MCA serves as the core
of the Mdssbauer spectrometer, responsible for acquiring and storing the data. It consists of an array
of digital counters equipped with input logic to register discrete electrical pulses, in a sequence that

eventually corresponds to the velocities of the source’s movement relative to the sample [10].
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Figure 2.23 Diagrammatic representation of a Mdssbauer spectrometer for transmission geometry measurements.

2.4.4.1 The ¥Fe Mossbauer Drive System

To resolve the fine Mdssbauer spectral lines, such as those for ¥Fe, which have a full width of about
2Iat= 0.2 mm/s, it is essential to control the motion of the Mdssbauer source with a precision of at
least 0.01 mm/s. Most Mdssbauer spectrometers use electromechanical velocity transducers of the
"loudspeaker" variety, which can handle velocity ranges from under 1 mm/s to several cm/s,

covering the full hyperfine splitting range of many common isotopes.

All necessary reference and trigger signals for operating a Mdssbauer spectrometer are generated
by a digital function generator. This unit supplies two key outputs: (a) an oscillating reference
voltage to the drive control unit, and (b) a set of trigger pulses to the MCA for synchronizing data
recording (see Figure 2.23). The reference voltage (Vreference) is applied to one input of a differential
amplifier in the drive control unit. The amplified signal then powers the drive coil, facilitating the

motion of the Moéssbauer source [10], [16].

The Mossbauer drive is a linear motor designed for precise oscillating movement. The moving
component is a rod or tube that holds the radioactive source at one end. This motion is restricted to
one dimension by two-disc springs, ensuring the movement occurs only along the axial direction.
Two magnets, attached to the rod, are positioned within the drive and pick-up coils. The magnetic
field from the drive coil accelerates the magnets, while the pick-up coil monitors the source's
movement by inducing a response voltage (Vresp), which reflects the actual motion. This response is

fed back into the second input of the differential amplifier in the drive control unit [10]. In our
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experiments, we utilized the WissEl Drive System 360, comprising the Mossbauer Drive Unit MR-
360 and the WissEl Mossbauer Velocity Transducer MA-260 S or MVT-1000.

The frequency of the triangular drive motion should be slightly higher than the system’s first
mechanical resonance, typically between 10 and 30 Hz. This frequency determines how often the
source moves through the full velocity range during spectrum accumulation. The velocity sweep’s
amplitude is controlled by scaling the Vireference in the drive control unit. Adjustments to the feedback

loop, such as amplifier gain and frequency response settings, further enhance the velocity control.

To collect a Mdssbauer spectrum, the gamma-ray detection system’s electrical pulses must be
synchronized with the source's velocity. This is achieved by operating the MCA in multi-channel
scaling (MCS) mode. In this mode, the function generator sequentially triggers the MCA’s digital

counters (channels), with each channel accumulating incoming gamma-ray pulses.

The process begins when the MCA receives a “start” pulse from the function generator, which is
synchronized with the source's minimum velocity. Following this start pulse, a series of 512 "channel
advance" pulses are generated, with delays of around 100 ps each. Upon receiving each pulse, the
MCA closes the current channel, moves to the next one, and opens it for gamma-ray pulse recording.
Once the last channel is closed, the MCA resets and repeats the cycle. This synchronization ensures
each channel corresponds to a specific velocity point, providing accurate velocity increments. At the
end of the measurement, the counts stored in each MCA channel create the Mdssbauer spectrum,
which is typically displayed as counts versus channel number, or more precisely relative
transmission of radiation through the sample versus Doppler velocity, after applying the folding
and calibration constants from a relative channel to velocity calibration and transform procedure
[10], [16]. In our study, the data collected from the Mossbauer spectrometers in multi-channel scaling
mode were imported through a data acquisition hardware/software system, such as The Nucleus
Personal Computer Analyzer (PCA-II) from Nucleus INC., Oak Ridge, USA, or the custom-made
MossCard hardware/software system developed in our lab. For the analysis of the Mdssbauer

spectra the IMSGO09 57Fe-1195n Mossbauer fitting program [18] was used.

2.4.4.2 The ¥Fe Mdossbauer Light Source

In conventional nuclear y-resonance emission and absorption, the 14.4 keV y-radiation is emitted by
nuclei of a radioactive isotope situated at the source, and is absorbed by nuclei of a relevant isotope
embedded in the sample-absorber, which is typically a stable isotope. The parent radioactive nuclei
in the source decay into the excited state suitable for y-emission. For example, in ¥Fe spectroscopy,
5Co serves as the y-source (Figure 2.24). With a half-life of 270 days, Co decays via K-capture,
where a K-shell electron is captured by the nucleus, converting cobalt into iron and leaving ¥Fe in a
136 keV excited state.
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This excited ¥Fe state can transit to the ground state in two ways: directly, by emitting a 136 keV -
photon (9% of the emission events), or via an intermediate 14.4 keV Mdssbauer state (91% of the

emission events) by first emitting a 122 keV photon, followed by a 14.4 keV y-photon [10].

57 CO
: (K-capture}
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Figure 2.24 Decay scheme of ¥Co. The nuclear levels are labeled with spin quantum numbers and lifetime.

2.4.4.3 Absorber Sample

In Mossbauer transmission geometry measurements, the sample can be a solid thin foil, compacted
powder, or frozen solution, as long as it contains sufficient concentrations of the Mdssbauer isotope
and allows y-radiation to penetrate and transit through it. The need for optimum concentration of
the Mossbauer active isotope in the sample is related to various factors related to the sample’s
thickness, like the number Nm of Mdssbauer nuclei per square centimeter, the Debye-Waller factor
fa of the absorber material, and the resonance cross-section oo of the Mdssbauer isotope. Low isotope
concentration leads to weak signals and long acquisition times, while the ability of y-radiation to
pass through the sample can be challenging in some cases. Mdssbauer y-rays are soft and can be
strongly absorbed by non-resonant mass absorption, especially in materials with heavy elements
like chlorine or beyond. Choosing an optimal absorber thickness is a balance between achieving a
strong signal and avoiding a low count rate caused by non-resonant y-attenuation. The sample
thickness influences both the Mdssbauer signal strength and resonant linewidth, as well as the
intensity of the radiation reaching the detector, as y-rays are attenuated due to non-resonant
absorption via the photoelectric effect and Compton scattering. The Mossbauer signal increases
almost linearly with sample thickness, but thick absorbers are producing undesirable increment in
the resonant linewidth which decreases the resolution of the spectrum, while the count rate
decreases exponentially, making it crucial to optimize the absorber's thickness to obtain a sufficient
spectrum in a reasonable measurement time [10], [16]. A rule of thumb however is suggested, which
states that a typical concentration of about 10 mg/cm? of total Fe in the sample seems to be close to

the optimum concentration of the resonant isotope for Fe Mossbauer spectroscopy [16].
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In this thesis, the samples were fine polycrystalline powders, evenly spread in the form of thin layers
inside the Mossbauer sample holders. If the sample was granular or had agglomerated grains, it was
pulverized to fine powder form using an agate mortar and pestle for the holder preparation. For
natural iron samples, which contain 2.17% 5Fe, a concentration of about 5 mg/cm? was used in the
Mossbauer holders. When synthesized samples lacked enough mass for even distribution on the
holder’s surface, they were mixed with inert, low-y-absorption materials such as fine sugar or coal.
The Mossbauer holders themselves were made of materials with low atomic numbers, like plexiglass
or ABS polymer, to minimize y-radiation absorption (Figure 2.25). The fine powder was kept firmly
in place to the sample holder inner surface by putting and pressing a properly cut styrofoam disk

on top of it before sealing the holder with the appropriate cup.

Figure 2.25 Picture of the tools for preparation and form of a fine powder Mdssbauer holder used in this thesis.

2.4.4.4 Mossbauer Detectors

Moéssbauer y-radiation detectors convert photons transmitted through a sample into electrical
pulses. Ideally, the detector should be highly sensitive to Mossbauer radiation while minimizing
detection of other photon types. This helps to reduce the counter’s dead time and protects
downstream electronics from unnecessary strain, enabling fast counting events with strong pulses
and high-count rates. For transmission measurements, Mossbauer spectrometers typically use gas-
filled proportional counters, which offer good energy resolution, can handle high count rates, and
can be tuned for sensitivity to specific Mossbauer radiation by adjusting the type of gas and the

chamber dimensions. These detectors are also affordable and durable [10], [16].

Proportional counters are filled with gases such as argon, krypton, or xenon, often mixed with about

10% of a quench gas like methane. For the 14.4 keV radiation from ¥Co, their efficiency typically
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ranges from 60-80%. In our studies, we used two types of gas-filled proportional counters: one filled
with a mixture of 90% argon and 10% methane, supplied by Karl-Heinz Finder, with an efficiency
of over 65% for 14.4 keV +y-rays, and another, a krypton-carbon dioxide detector with a 97%-to-3%

ratio at 2 atm pressure, from Reuter Stokes, with an efficiency of around 80% [11].

2.4.4.5 The ¥Fe Mossbauer Transmission Spectrum

In a Mossbauer transmission experiment, the stable isotope-containing absorber is positioned

between the radiation source and detector (Figure 2.26).

Figure 2.26 Picture of the Mdssbauer drive/source-sample-detector experimental setup of a ¥Fe Mdssbauer spectrometer.

The 14.4 keV vy-rays passing through the absorber are attenuated by resonant absorption from all the
Mossbauer nuclei (such as iron atoms or ¥’Fe ions) in the sample. If all these nuclei are subject to the
same hyperfine interactions, their contributions combine to form a single spectrum that reflects those
interactions. However, when the Mdssbauer nuclei are subjected to various types of hyperfine
interactions, the total spectrum is a superposition of individual components, each corresponding to

a different interaction.

The total absorption area under the spectrum curve (measured from the baseline) is proportional to

the total number of Mossbauer nuclei present in the absorber (Figure 2.27).
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Figure 2.27 Fe Mossbauer spectrum of a Fe-Ni NPs/NDs hybrid sample, collected at room temperature. The total

spectrum is a superposition of individual components, each corresponding to a different interaction.

The proportion of each component in the total spectrum is proportional to the absorption area of the
individual component, which is influenced by both the number of the related Fe Mossbauer nuclei
contained in the sample and the Debye-Waller (or Lamb-M0ssbauer) factor (f) of the particular site
corresponding to this component, which affect the resonant absorption. If the Debye-Waller factor
is thought to be similar for all Mssbauer nuclei in the sample, which is the most commonly adopted
case, then the absorption percentage of each component is directly related to the percentage of >Fe

Mossbauer nuclei corresponding to that specific hyperfine interaction [10].

The electronic and magnetic properties of iron atoms or ions in the absorber are independent of the
specific isotope within the sample, in the sense that all iron isotopes participate in the hyperfine
interactions with the same manner. In naturally occurring materials however, the abundance of the
Fe isotope is consistently 2.17%. Therefore, the total number of iron atoms or ions with identical
electronic and magnetic properties is proportional to the number of Fe nuclei present. If the
concentration of iron is low, it may be beneficial to enrich the absorber with reactants containing a

higher proportion of *Fe nuclei to enhance the signal.
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2.4.4.6 Mossbauer Cryostats

In many Mossbauer spectroscopy applications, cryostats are essential for low-temperature and
temperature-dependent measurements. They are used to maintain samples at low temperatures or
to improve Debye-Waller factors in absorbers, particularly for isotopes with high vy-energy.
Paramagnetic samples are often studied at liquid-helium temperatures to slow down spin relaxation
and investigate electronic ground states. Additionally, phase transitions and spin crossover
phenomena require exploration over a wide range of temperatures. With a basic helium bath or flow

cryostat, temperatures can be controlled between 1.2 K and 500 K.

For experiments requiring absorber temperatures below room temperature in this thesis, Mdssbauer
spectra were recorded using two types of cryostats. The liquified gas N2 bath type (Oxford
Instruments Variox 760) and the closed-loop He gas type cryocooler (ARS DMX-20). In these setups,
the desired temperature is achieved by cooling the sample via its thermal contact with a proper gas
that transfers the cooling power either from the liquified gas contained in the cryostat’s reservoir
(bath type N2), or from a cold tip which is refrigerated through the cooling cycles of the refrigerating
gas (He gas type cryocooler). Liquid nitrogen can achieve minimum temperatures of 78 K, while
helium gas can cool samples to as low as 9 K (see Figure 2.28). Intermediate temperatures between
the minimum and room temperature can be achieved through transfer of heating power with the
use of appropriate electrical resistances housed in the cryostats. The temperature is monitored and
adjusted using sensors like thermocouples and thin film resistances (Cernox), and temperature
variation is managed by applying the electrical power to the electrical resistance circuit using a

specialized temperature controller.

|

Figure 2.28 (a) He gas closed-loop ARS DMX-20 and (b) liquid N2 bath Oxford Instruments Variox 760 Mdssbauer

cryostats.
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Chapter 3. Interpretation of Superparamagnetic Relaxation Phenomena in

Magnetic Nanoparticles

3.1 Introduction

In recent decades, the physics of nanoscale magnetic materials has garnered significant research
attention, as magnetic NPs have played a crucial role in both fundamental research and
technological innovations. For example, extensive studies on nanoscale magnetic particles have been
conducted due to their potential in biomedical applications, such as enhancing MRI contrast agents,

treating cancer cells with hyperthermia, targeted drug delivery, and manipulating cell membranes

[1], [2], [3], [4]-

Based on P. Weiss' hysteresis behavior [5], [6], [7], the magnetization (1\7 ), of a bulk FM material,
measured as a function of the applied magnetic field (H), shows a characteristic hysteresis loop. This
occurs due to the finite time required for the alignment of magnetic domains with the field at
temperatures below the Curie point. These domains are separated by domain walls, which attempt
to minimize the system's free energy. The magnetostatic energy increases with the volume of the
material, while domain wall energy is proportional to the surface area. Therefore, a critical size exists
below which domain formation becomes energetically unfavorable, resulting in a uniformly
magnetized single domain. In this state, the particle behaves like a small permanent magnet. The
size of this single-domain particle depends on various material properties, especially different

anisotropy energy terms (Figure 3.1) [8], [9].
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Figure 3.1 Schematic illustration of the particle size dependence of the coercivity of magnetite nanoparticles measured at
300 K (a), and critical sizes (in diameter) of superparamagnetic, Dsp, and single domain, Dsd4, metal, alloy and oxide

nanoparticles of spherical shape (b) [7].
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Additionally, single-domain particles exhibit another notable feature: their magnetization reversal
mechanism. This involves the rotation of M, from one magnetic easy axis to another, passing through
a magnetically hard direction. This rotation allows for control over the coercivity of magnetic
nanoparticles, which typically falls between that of soft magnetic and conventional permanent
magnet materials. The ability to regulate coercivity has led to significant technological
advancements, particularly in data storage. However, one limitation of MNPs is the instability of
their magnetization direction due to environmental thermal energy, which can overcome the energy
barrier between easy magnetization directions. This effect, known as superparamagnetic (SPM)
relaxation, causes each NP to behave like a paramagnetic atom, a crucial factor in the development

of high-density magnetic data storage systems [5], [9].

3.2 Relaxation Phenomena in Magnetic Nanoparticles

To better understand relaxation phenomena in MNPs, it is essential to recall some basic magnetic
concepts [5], [6], [7]. Magnetic anisotropy refers to the dependence of internal energy on the direction
of spontaneous magnetization, creating easy and hard magnetization axes. The system's total
magnetization tends to align along the easy axis. This energy difference between easy and hard axes
arises from two microscopic interactions: the spin-orbit interaction and the long-range dipolar
coupling of magnetic moments. Spin-orbit coupling causes intrinsic magnetocrystalline (MCA)
anisotropy, surface anisotropy, and magnetostriction, while dipolar interactions contribute to shape
anisotropy. Anisotropy is stronger in lattices with low symmetry and weaker in high-symmetry
lattices. In bulk materials, MCA and magnetostatic energies are the primary sources of anisotropy.
However, in fine particles, thin films, and nanostructures, shape and surface anisotropies become

increasingly relevant.

Shape anisotropy results from the specimen's geometry. A single-domain spherical particle has no

shape anisotropy, as the demagnetizing factors are isotropic in all directions. In contrast, non-
spherical samples are easier to magnetize along the longer axis due to a smaller demagnetizing field,

as the surface poles are farther apart.

Surface anisotropy arises from broken symmetry and reduced coordination at the surface. As

particle size decreases, surface contributions become more significant than bulk contributions,

leading surface anisotropy to dominate over MCA and magnetostatic energies.

Thus, the magnetic anisotropy of nanoparticles is complex. It is often assumed that nanoparticles

exhibit dominant uniaxial anisotropy, with the magnetic energy expressed as:
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E =KVsing, (3.1)

where K is an effective magnetic anisotropy constant, V is the particle volume and 0 is the angle
between the magnetization direction and the easy axis of the magnetization [8], [9]. In this case, there
are two energy minima at 0 = 0° and O = 180° separated by an energy barrier of height KV. In very
small particles at finite temperatures, thermal energy can be comparable to the energy barrier
leading to SPM relaxation, where the magnetization direction fluctuates spontaneously between the
two easy directions. The SPM relaxation time Tt is approximately described by the Neel-Brown

expression [5], [7]:
T = Tgexp (KV/kBT)/ (3.2)

where 1o is typically of about 1012 ~ 10 s, ks is the Boltzmann’s constant and T is the temperature.
This equation applies to well-separated particles, where magnetic interactions between these

particles are considered negligible [5], [7].

In principle, the SPM relaxation time describes the time needed for thermal excitations of a particle’s
magnetic moment to occur over an energy barrier, KV. It is generally agreed that to, that is the

attempt time or inverse attempt frequency, is related to the Larmor pre cession frequency of the

moment, w;, = YUoHesr, wherey = 2

and Her is the resultant of the applied field, Happ, and the

2m,
anisotropy field, Hy = #2; , where Ms is the saturation magnetization. For weak applied fields, Happ
0™Ms
<< Hk and Hett = Hx. Thus,
1 M
To poavyHg  2ayK’ ( -3)

where « is the dimensionless Gilbert damping parameter, that ensures that the particle
magnetization is eventually aligned with the magnetic field, instead of rotating forever around the

applied field axis [7].

SPM relaxation can be studied using various experimental techniques, where the timescale of the
technique is critical. If the relaxation time is longer than the experimental timescale, the
magnetization appears static; if it is shorter, an average magnetization is observed. As the SPM
relaxation is temperature-dependent, the temperature at which the relaxation time matches the
experimental timescale is known as the blocking temperature (Ts). Each experimental technique
defines its own blocking temperature based on its timescale. In real samples which are often
composed of an assembly of particles with different sizes and shapes, a distribution of particle size

and anisotropy constants is often observed, leading to a distribution of energy barriers and thus
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relaxation times. The median blocking temperature is the point at which half the sample’s particles
have relaxation times shorter than the experimental timescale, and the other half have longer times.
In DC magnetization measurements, the timescale is in seconds or longer, while AC magnetization
allows the timescale to be adjusted based on the frequency of the alternating applied field.
Mossbauer spectroscopy, with a timescale in the vicinity of nanoseconds, is commonly used for

nanoparticles with short relaxation times [8], [9].

Furthermore, below the blocking temperature, where the SPM relaxation is slow, thermal
fluctuations can still influence the magnetic properties through collective magnetic excitations.
These involve small fluctuations of the magnetization direction near the easy axis, where the
magnetic moments of all atomic or ionic spins within the magnetic domain remain parallel (Figure
3.2) [10].

E(8)=KV-sin®
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Figure 3.2 Schematic illustration of the free energy of a single domain particle with uniaxial anisotropy as a function of

magnetization direction. Es is the energy barrier KV, and 0 is the angle between the magnetization and the easy axis.

3.3 Characterization of Nanoparticles

3.3.1 Structural and Morphological Characterization

In studies of magnetic nanoparticles, it is essential that they are well characterized with respect to
purity, size, shape, and so on. A standard technique for characterization of nanoparticles is X-ray
diffraction, which is used to identify the crystalline phases in a sample. Analysis of a sample by
powder XRD provides important information that is complementary to various microscopic and
spectroscopic methods, such as phase identification, sample purity, crystallite size, and, in some
cases, morphology [11], [12]. As a bulk technique, the information it provides can be correlated with
microscopy data to test if microscopic observations on a small number of particles are representative

of the majority of the sample.
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Powder XRD analyses can provide insights about many properties of nanostructured materials,
since they can be influenced from the structure, size and shape effects. When the crystallite size
decreases from bulk to nanoscale dimensions, the XRD peaks broaden. The Scherrer equation (3.3)
quantitatively describes the broadening of a peak at a particular diffraction angle Os, as it relates the
crystalline domain size t to the width of the peak at half of its height B. The Scherrer constant, K, is
typically considered to be 0.91 but can vary with the morphology of the crystalline domains.

_K2A
t =K posa,- 34

The X-ray wavelength (A) remains constant based on the type of X-rays used. Each peak in the XRD
pattern can be analyzed independently and should consistently reflect the crystalline domain size,

assuming the sample can be approximated as having uniform, spherical particles [11].

It is important to understand that the crystalline domain size does not always equate to the particle
size, as some particles may be polycrystalline and contain multiple domains. If the crystalline
domain size calculated through the Scherrer equation aligns with the average particle diameter
measured by TEM or other sizing techniques, this indicates that the particles are likely single crystals

rather than polycrystalline.

As the size decreases from bulk material to the nanoscale, the XRD peaks broaden slightly. With
further size reduction, the broadening becomes more significant, resulting in lower signal intensity,
overlapping peaks, and difficulty in distinguishing individual peaks. Therefore, particles with very
small crystalline domains are harder to analyze due to the combination of broadened peaks and low

signal-to-noise ratios (Figure 3.3) [12].
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Figure 3.3 Peak line broadening between bulk a-Fe (bottom black curve) and nanostructured a-Fe (top red curve) materials

through XRD measurements.
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This size-dependent broadening of XRD peaks is crucial for nanomaterial characterization. For
example, if TEM shows spherical particles with an average diameter of 10 nm, but the XRD pattern
has sharp peaks typical of larger crystalline domains, this would suggest that most of the bulk
sample is not composed of 10 nm particles. Instead, the observed 10 nm particles are likely a minority

within the sample.

TEM is a commonly used method for characterizing nanoparticles, providing details on both particle
size and morphology. In the analysis of crystalline nanoparticles, electron diffraction helps identify
the crystal structure (Figure 3.4). High-resolution TEM can often reveal lattice planes, enabling

further investigation of the crystal structure.
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Figure 3.4 Distribution of Fe-Ni metallic nanoparticles sizes in a hybrid FeNi NPs/NDs sample (a), and HAADF STEM
images of a particular hybrid Fe-Ni NPs/NDs cluster (b) with the corresponding elemental distribution of Ni and Fe.

3.3.2 DC Magnetic Measurements of Noninteracting Magnetic Nanoparticles

When a sample of SPM particles is exposed to an applied magnetic field above the blocking
temperature, the measured magnetization equals its thermal equilibrium value, that is, the particles
are magnetized in a way that is similar to a paramagnetic material. However, the magnetic moments
that interact with the applied magnetic field are the moments of whole particles, which can be
hundreds or thousands of Bohr magnetons. This is in contrast to paramagnetic materials in which
only the magnetic moments of individual ions (typically a few Bohr magnetons) interact with the
field. Therefore, at a given temperature, the magnetization of a sample of superparamagnetic

particles will approach the saturation value much faster than for a paramagnetic material [8], [9].

Often, the superparamagnetic relaxation in samples of magnetic nanoparticles is studied by
measuring the so-called zero-field-cooled (ZFC) and the field-cooled (FC) magnetization curves. A
ZFC magnetization curve is obtained by cooling the sample in zero applied magnetic field from a
temperature, where the entire sample shows a superparamagnetic response. Then the magnetic
field, with low or high strength depending on the magnitude of the magnetization response of the
sample, is applied and the magnetization of the sample is measured as a function of temperature
during heating. Usually the FC magnetization curve is measured sequentially after the ZFC
measurement, by applying the magnetic field and the measurement is done as a function of

decreasing temperature (Figure 3.5) [5].
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Figure 3.5 ZFC and FC magnetization curves measured on a ferromagnetic hybrid nanostructured material of iron carbide

nanoparticles grown on nanodiamond nanoparticles nanotemplates.

At temperatures well below the blocking temperature, the zero-field cooled (ZFC) magnetization is
low because the sample is not in thermal equilibrium. In this state, the magnetization directions of
the particles, when subjected to a small applied field, are largely influenced by the randomly
oriented easy magnetization directions. As the temperature rises, smaller particles begin to enter the
superparamagnetic state, increasing the likelihood of their magnetization aligning with the applied
tield, which results in higher magnetization. With continued temperature increases, more particles
become superparamagnetic, leading to further magnetization increases. On the other side, as the
temperature increases further the increasing thermal energy causes a decline in magnetization due
to the overall effect of increased fluctuations of all particles. Thus, a maximum in the ZFC

magnetization curve is typically observed in Figure 3.5.

In the field-cooled (FC) state, the magnetization of the majority of particles remains frozen in
directions that align closely due to the simultaneous application of the external magnetic field and
the cooling procedure, making it significantly larger than that observed in the ZFC state. The ZFC
and FC curves converge at the bifurcation temperature, which is the temperature above which all

particles achieve a superparamagnetic state [5].

ZFC magnetization curves are often modeled to indicate that well below the blocking temperature,
the magnetic moments are frozen in random easy directions. The effect of an applied external field,

in this case, is to slightly alter the directions of minimum energy.

When analyzing ZFC susceptibility curves for real samples, it is commonly assumed that their
response is influenced by the particle size distribution on the relaxation time, which notably smooths
out the sharp transition between the blocked and superparamagnetic states. Typically, the timescale
for such measurements is around tm = 100 s. It is essential to note that the peak in the ZFC

magnetization curve corresponds to the blocking temperature for particles of uniform size.
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However, in samples with a distribution of particle sizes, the peak temperature can be as much as

twice the blocking temperature of the particles of uniform size [9].

3.3.3 ¥Fe Mossbauer Spectroscopy

’Fe Mossbauer spectroscopy is frequently employed to investigate the magnetic properties of
nanoparticles. Due to its high sensitivity to relaxation processes occurring on a nanosecond
timescale, this technique is ideal for studying relaxation phenomena that cannot be examined using

methods like AC and DC susceptibility measurements.

In bulk magnetic materials, the ¥Fe Mossbauer spectra typically feature spectral sextets with narrow
linewidths, depending on the number of different iron atomic sites present. The spacing between
these spectral lines reflects the strength of the magnetic field at the nucleus. However, in studies
involving magnetic nanoparticles, SPM relaxation can significantly impact the shape of the spectra,
depending on the relaxation time. The timescale of Mossbauer spectroscopy, v, is linked to the
Larmor precession time of the nuclear magnetic moment in the magnetic hyperfine field [13], [14].
In Fe Mossbauer spectroscopy, t is typically a few nanoseconds. When the relaxation time is long
compared to ™ (slow relaxation), the spectra exhibit sharp sextets. As the relaxation time
approaches v, the lines become increasingly broader, and the magnetic splitting begins to collapse.
For extremely short relaxation times, less than 1071° s (fast relaxation), the spectra show only singlets
or doublets (Figure 3.6) [9].
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Figure 3.6 Theoretical calculated Fe Mossbauer spectra of a typical magnetically oriented sample of nanoparticles of

identical sizes at different superparamagnetic relaxation times t [9].
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Due to the inevitable variation in particle size, a wide range of relaxation times is observed in
nanoparticle samples. This causes a broadening of the spectral lines in the corresponding Mdssbauer
spectra, as different groups of nanoparticles are contributing different shapes of subspectra in
superposition. When 7o is small in comparison to v, the typical particle size distribution produces
a broad spread of relaxation times, especially near the blocking temperature, where the average
relaxation time is close to tv. As a result, only a small proportion of the particles have relaxation
times similar to t. Therefore, the spectra primarily consist of a sextet with narrow lines,
corresponding to particles well below their blocking temperature (t >> twv), alongside to a sharp
singlet or doublet from particles undergoing fast SPM relaxation (t << ™) [9]. However, at higher
temperatures additional contributions of from components with collapsing magnetic splitting
characteristics can also be observed due to the increase of the portion of particles that have

comparable relaxation time values to tm.
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Chapter 4. Sample Synthesis

4.1 Materials Synthesis of the Fe-Rh/NDs System

The synthesis of hybrid magnetic crystalline Fe-Rh/NDs nanostructures involved the combination
of two steps (Scheme 4.1), an initial wet chemistry step, aiming to the delivery of the as-made (AM)
chemical precursors, followed by thermal treatments of these precursors under controlled
conditions. A nominal Fe:Rh atomic ratio of 1:1 was implemented using appropriate amounts of the
corresponding metal salts, while a total ~10 wt.% of combined Fe and Rh metal-to-ND mass ratio
was also considered. For the first stage, alongside the as-made hybrid sample (FeRh-AM-ND), an
as-made unsupported Fe-Rh sample (FeRh-AM-NP), with the same nominal Fe:Rh=1:1 atomic
stoichiometry was also prepared. The comparison between the properties of the hybrid and
unsupported samples is designed to evaluate the effect of the presence of NDs, leading thus to a
deeper understanding and a better interpretation of the NDs” matrix role in the growth of the
nanoalloy phases during th synthesis procedure. In this work, the wet chemical route is based on
the use of the (NaBHs) reducing agent [1].

In particular, in the first stage, 270 mg NDs (> 97 % Aldrich 636428, St. Louis, MO, USA) were
suspended in a beaker containing 30 mL deionized H20 to afford a fine aqueous slurry. In another
beaker, 200 mg NaOH were dissolved in 20 mL of deionized H20 followed by the addition of 40 mg
RhCls (98 % Aldrich 307866). The mixture was stirred for 2 hours until full dissolution of the rhodium
salt (RhCls is insoluble in water but soluble in alkaline solutions). At this point the pH of the solution
was brought to 6-7 by concentrated HCl (37 %) prior to the addition of 30 mg anhydrous FeCls (97
% Aldrich 157740) dissolved in 1 mL of deionized H20. The pH-adjustment was necessary in order
to avoid alkaline precipitation of iron (IlI). The resulting solution was further diluted with water
until a total volume of 40 mL. After combining the salt solution with the NDs slurry, 300 mg NaBH4
(99 % Aldrich 213462) were rapidly added and the mixture was stirred for 20 minutes at ambient
conditions. The material was centrifuged and washed with deionized water and acetone prior to air
drying to afford the as-made hybrid sample FeRh-AM-ND. In the second stage, the FeRh-AM-ND
sample was sealed under vacuum (10 Torr) in a quartz ampoule, that was then thermally treated
at 700 °C for 30 minutes, affording the FeRh-AN-ND sample (Scheme 4.1(a)).

For the sample of unsupported NPs, 40 mg RhCls (98 % Aldrich 307866) and 30 mg anhydrous FeCls
(97 % Aldrich 157740) were dissolved in deionized water, as also described above for the hybrid
sample, to afford 40 mL of salt solution. The latter was poured into 30 mL deionized H:O, followed
by the rapid addition of 300 mg NaBHa (99 % Aldrich 213462) under vigorous stirring. The mixture
was stirred for 20 minutes under ambient conditions. The as-formed precipitate was allowed to settle
and rinsed with deionized water and acetone prior to air drying, acquiring the as made unsupported
sample FeRh-AM-NP. In the same manner as for its hybrid counterpart, a following annealing

process of the FeRh-AM-NP sample sealed in a quartz ampoule under vacuum (10-2 Torr) at 700 °C
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for 30 minutes took place, affording the FeRh-AN-NP sample (Scheme 4.1(b)). The nature of the
nanostructured phases, including their crystal structure, morphology, particle size, self-
organization, and dispersion on the NDs matrices, is expected to critically affect the magnetic
properties of the prepared hybrid materials. These characteristics can be controlled through the
preparation conditions, such as the synthesis procedure, annealing temperature and duration, and

the concentration of NPs grown on the NDs substrate.

NaBH,

— l RhCly + NaOH/HO o .-
ND, Rh and 10 NPs

“ -~

ND, 10 and NPs

W

Annealing at

Drying at RT % 700°C for 30 minutes

for 2 hours in evacuated (10 Torr)
quartz ampoule

FeRh-AM-ND FeRh-AN-ND

Centrifuged and washed (a)
with water-acetone

NaBH,

— l RhCl, + NaOH/H,0

W < ";:’ ~ .

Rh, 10 NPs and I0B platelets Fce Fe-Rh NPs and IB platelets
; Annealing at
Drying at RT R 700°C for 30 minutes ' » |
for 2 hours -
FeRh-AM-NP FeRh-AN-NP
Centrifuged and washed
with water-acetone (b)

Scheme 4.1 Graphic representation of the synthesis procedure of the as-made and annealed samples for the hybrid Fe-
Rh/NDs (a) and unsupported Fe-Rh NPs (b) cases.

The synthesis of the magnetic hybrid crystalline Fe-Rh/NDs and unsupported Fe-Rh nanostructures
yielded four as-prepared precursor samples, from which three annealed samples were subsequently
derived. For simplicity, we use the abbreviated notation codes listed in Table 4.1 to refer to the

samples discussed.

Table 4.1 Abbreviated code names of the prepared samples of the Fe-Rh/NDs system.

Samples Code Names Brief Description
FeRh-BH-AM1-NHD BH-AM1-NHD Precursor (01)
FeRh-BH-AM1-NP BH-AM1-NP Free as-made unsupported NPs (01)

Fe-Rh NPs/NDs Nanohybrids

FeRh-BH-AN(700C,30m)-NHD BH-NHD1-700C,30m
annealed at 700 °C for 30 min
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Free unsupported NPs annealed at
FeRh-BH-AN(700C,30m)-NP BH-NP1-700C,30m _
700 °C for 30 min
FeRh-BH-AM2-NHD BH-AM2-NHD Precursor (02)
FeRh-BH-AM2-NP BH-AM2-NP Free as-made unsupported NPs (02)
Fe-Rh NPs/NDs Nanohybrids
FeRh-BH-AN(700C,30m)-NHD BH-NHD2-700C,30m
annealed at 700 °C for 30 min

Following this, the properties of these representative samples of the Fe-Rh/NDs system are

discussed in Chapter 5.

4.2 Materials Synthesis of the Fe-Co/NDs System

Similar to the synthetic procedure used for the Fe-Rh/NDs system, the synthesis of the Fe-Co/NDs
nanohybrids system involved also two main steps. The first step was a wet chemistry process aimed
to deliver the AM chemical precursors, followed by annealing of these precursors under controlled
conditions. In this synthesis however, two different wet chemistry synthetic routes were employed:
one utilizing the NaBH4 reducing agent and the other using the impregnation method [1], [2], [3].
The goal of implementing both methods was to evaluate their effectiveness in producing the desired
magnetic nanohybrid and unsupported nanostructures for comparison of their properties and effect
of the NDs supporting matrix, as done for the Fe-Rh/NDs system, and to determine which method

provides the highest yield of these magnetic nanoalloy materials.

In the NaBHs reducing agent synthetic route, a nominal Fe:Co atomic ratio of 1:1 was implemented
using appropriate amounts of the corresponding metal salts, while a total ~10 wt.% of combined Fe
and Co metal-to-ND mass ratio was also considered for the preparation of the as-made hybrid
precursor sample. For the first step, alongside the as-made hybrid precursor sample (FeCo-BH-AM-
ND), an as-made unsupported Fe-Co precursor sample (FeCo-BH-AM-NP), with the same nominal

Fe:Co =1:1 atomic stoichiometry was also prepared.

In particular, in the first stage, 185 mg NDs (> 97 % Aldrich 636428) were suspended in a beaker
containing 20 mL deionized H>O and 48 mg of hydrous FeCls (97 % Aldrich 157740) mixed with 42
mg hydrous CoClz (97 % Aldrich 769495) in order to afford a fine aqueous material. After combining
the salt solution with the NDs, 200 mg NaBH4 (99 % Aldrich 213462) combined with 5 mL H>O were
rapidly added and the mixture was stirred for 20 minutes at ambient conditions. Then the material
was centrifuged and washed with deionized water and acetone prior to air drying in a hood, to
afford the as-made hybrid precursor sample FeCo-BH-AM-ND.

In the second stage, the FeCo-BH-AM-ND precursor sample was sealed under vacuum (10 Torr) in

quartz ampoules, that would be afterwards thermally treated at the proper annealing conditions
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(annealing at 600 °C, 650 °C and 700 °C for 2 seconds, in case of the 700 °C thermal treatment, 30
minutes, 2, 8 and 32 hours in all cases), affording the FeCo-BH-AN-ND sample (Scheme 4.2(a)).

For the unsupported NPs sample, 423 mg of hydrous CoClz (97 % Aldrich 769495) and 480 mg of
hydrous FeCls (97 % Aldrich 157740) were dissolved in 200 mL of deionized water to create the salt
solution. This solution was poured into 50 mL deionized H:O, followed by the rapid additionof 2 g
NaBH: (99 % Aldrich 213462) under vigorous stirring. The mixture was stirred for 20 minutes at
room temperature. The resulting precipitate was allowed to settle, then rinsed with deionized water
and acetone, and air dried at room temperature for 2 hours, yielding the as-made unsupported
precursor sample FeCo-BH-AM-NP. In a similar manner to its hybrid counterpart, the FeCo-BH-
AM-NP precursor sample underwent an annealing process in a sealed quartz ampoule under
vacuum (10-® Torr) at the appropriate conditions (annealing at 600 °C, 650 °C and 700 °C for 2
seconds, in case of the 700 °C thermal treatment, 30 minutes, 2, 8 and 32 hours in all cases), resulting
in the FeCo-BH-AN-NP sample (Scheme 4.2(b)). The synthesis of both hybrid and unsupported
samples and the investigation of their properties aim to highlight the unique role of the NDs
nanotemplates and their influence on the formation of magnetic nanoalloys during the synthetic

process.
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Scheme 4.2 Graphic representation of the synthesis procedure of the as-made and annealed hybrid Fe-Co/NDs (a) and
unsupported Fe-Co NPs (b) samples using the NaBH4 reducing agent method.
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The synthesis of magnetic hybrid crystalline Fe-Co/NDs and unsupported Fe-Co nanostructures
using NaBHs as a reducing agent resulted in the preparation of two as-made precursor samples,

which are denoted more simply in Table 4.2.

Table 4.2 Abbreviated code names of the samples of the Fe-Co/NDs system prepared with the NaBHs reducing

agent.
Sample Code Names Brief Description
FeCo-BH-AM1-NHD BH-AM1-NHD As-made Fe-Co NPs/NDs Nanohybrids
FeCo-BH-AM1-NP BH-AM1-NP Free as-made unsupported Fe-Co NPs

A similar two-step procedure was employed for the production of hybrid magnetic crystalline Fe—
Co/NDs nanostructures using the wet chemistry impregnation method [2], [3]. This method initially
aimed to produce the as-made chemical precursors, followed by annealing the precursors under
controlled conditions. A nominal Fe:Co atomic ratio of 1:1 was implemented using appropriate
amounts of the corresponding metal salts. A total ~10 wt.% of combined Fe and Co metal-to-ND
mass ratio was considered, while both conventional (FeCo-IM-AM-NHD) and 5Fe-enriched (En-
FeCo-IM-AM-NHD) reactants were used for the preparation of the corresponding AM nanohybrid
precursor samples (Scheme 4.3). The use of Fe-enriched reactants was chosen to enhance the
resolution of the Mdssbauer spectra (MS) transmission signals, given the low Fe content of the

samples.

For the preparation of a typical conventional FeCo-IM-AM-NHD precursor, 58 mg of Fe(NOs)3-9H0O
(99.99+%, Aldrich 254223-50G) and 42 mg of Co(NOs)2:6H20 (>99.0%, Fluka 60832, Morris Plains, NJ,
USA) were dissolved in 0.8 mL of deionized water. This solution was mixed with 150 mg of
detonation ND powder (98%, Aldrich 636428-1G). The mass concentrations of all components were
calculated so that the final as-made hybrid precursor contained approximately 10 wt. % of
equiatomic Fe-Co metal. The mixture was blended and homogenized into a moist paste using an
agate mortar, and then allowed to dry at 100° C for 24 h. After dehydration, the material was re-
homogenized into a fine powder and calcined in air at 400 °C for 1 h. This process aimed to remove
the nitrates and produce homogeneous well-dispersed iron—cobalt oxide (ICO) NP seeds on the
surfaces of the ND nanotemplates (see Scheme 4.3). Subsequently, thermal treatments of the typical
conventional FeCo-IM-AM-NHD precursor were conducted in sealed under-vacuum (10 Torr)

quartz ampoules at specific temperature and durations.
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Scheme 4.3 Graphic representation of the synthesis procedure of as-made hybrid and annealed nanohybrid samples of

the Fe-Co/NDs system based on the impregnation method.

The conceptualization and study of the characteristics and properties developed for the samples
resulting after the second-step synthetic procedure for the Fe-Co/NDs system, was crucial to be
investigated over a wide annealing temperature range and with different annealing intervals. This
was necessary to achieve the growth of the desired and unique magnetic hybrid nanostructured
materials, as indicated by numerous other studies cited in the literature and a thorough examination
of the respective phase diagram. Consequently, the annealing process of the proposed conventional
synthesis was conducted at three different temperatures, at 600°C, 650°C and 700°C. For each
temperature, four different annealing durations were selected, except for 700°C, which had five
different annealing intervals. This approach provided our study with five conventional as-made
precursor samples, from which seventeen conventional annealed samples were derived, resulting
in twenty-one samples in total. The abbreviated notation code names of the discussed samples are
listed in Table 4.3.

Table 4.3 Abbreviated code names of the conventional samples of the Fe-Co/NDs system prepared with the

Impregnation method.

Samples Code Names Brief Description
FeCo-IM-AM1-
NHD IM-AM1-NHD As-made Fe-Co NPs/NDs Nanohybrids precursor (01)
FeCo-IM-
IM-NHD1-700C,30m Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 30 min
AN(700C,30m)
FeCo-IM-AM2-
NHD IM-AM2-NHD As-made Fe-Co NPs/NDs Nanohybrids precursor (02)
FeCo-IM-
IM-NHD2-700C,30m Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 30 min
AN(700C,30m)
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FeCo-IM-AM3-
NHD IM-AM3-NHD As-made Fe-Co NPs/NDs Nanohybrids precursor (03)
FeCo-IM-
IM-NHD3-650C,30m Fe-Co NPs/NDs Nanohybrids annealed at 650 °C for 30 min
AN(650C,30m)
FeCo-IM-
IM-NHD3-650C,8h Fe-Co NPs/NDs Nanohybrids annealed at 650 °C for 8 h
AN(650C,8h)
FeCo-IM-
IM-NHD3-700C,30m Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 30 min
AN(700C,30m)
FeCo-IM-AM4-
NHD IM-AM4-NHD As-made Fe-Co NPs/NDs Nanohybrids precursor (04)
FeCo-IM-
IM-NHD4-600C,30m Fe-Co NPs/NDs Nanohybrids annealed at 600 °C for 30 min
AN(600C,30m)
FeCo-IM-
IM-NHD4-600C,32h Fe-Co NPs/NDs Nanohybrids annealed at 600 °C for 32 h
AN(600C,32h)
FeCo-IM-
IM-NHD4-650C,2h Fe-Co NPs/NDs Nanohybrids annealed at 650 °C for 2 h
AN(650C,2h)
FeCo-IM-
IM-NHD4-650C,32h Fe-Co NPs/NDs Nanohybrids annealed at 650 °C for 32 h
AN(650C,32h)
FeCo-IM-AMS5-
NHD IM-AM5-NHD As-made Fe-Co NPs/NDs Nanohybrids precursor (05)
FeCo-IM-
IM-NHD5-600C,2h Fe-Co NPs/NDs Nanohybrids annealed at 600 °C for 2 h
AN(600C,2h)
FeCo-IM-
IM-NHD5-600C,8h Fe-Co NPs/NDs Nanohybrids annealed at 600 °C for 8 h
AN(600C,8h)
FeCo-IM-
IM-NHD5-700C,2s Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 2 sec
AN(700C,2sec)
FeCo-IM-
IM-NHD5-700C,30m Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 30 min
AN(700C,30m)
FeCo-IM-
IM-NHD5-700C,2h Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 2 h
AN(700C,2h)
FeCo-IM-
IM-NHD5-700C,8h Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 8 h
AN(700C,8h)
FeCo-IM-
IM-NHD5-700C,32h Fe-Co NPs/NDs Nanohybrids annealed at 700 °C for 32 h
AN(700C,32h)

For the preparation of the ¥Fe En-FeCo-IM-AM-NHD precursor, 51 mg of Fe(NO3)3-9H20 (99.99+%,
Aldrich 254223-50G) along with 0.1 mL of metallic *Fe dissolved in HNOs solution with C(¥Fe) =7
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mg/mL concentration, and 42 mg of Co(NOs)2:6H20 (>99.0%, Fluka 60832) were dissolved in 1 mL
of deionized water. This solution was then mixed with 150 mg of ND powder (98%, Aldrich 636428-
1G). The nominal *Fe-to-Fe* atomic ratio in the relative reactants was calculated to be
approximately 0.1. Subsequently, the mixture followed the same process of dehydration and

calcination as that of the non-enriched FeCo-IM-AM-NHD precursor.

In the final step, the En-FeCo-IM-AM-NHD precursor was thermally treated in vacuum (10 Torr)-
sealed quartz ampoules at 700 °C for varying annealing time intervals of 30 min, 2 h, and 8 h.
Additionally, we also examined the influence of a slow cooling (SC) procedure after annealing in
the specific time interval of 30 min, from 700 °C to room temperature (RT), under controlled
conditions (30 °C/h) using the En-FeCo-IM-AM-NHD precursor to produce the En-NHD-700,30m-
SC sample. This was performed to explore the possibility of further enhancing the Fe-Co atomic
ordering of the resulting crystalline alloy phases in this sample and to compare the results with the
relative results on other samples that lacked the SC step feature [4], [5]. The resulting abbreviated

notation code names of the enriched conventional and annealed samples, are listed in Table 4.4.

Table 4.4 Abbreviated code names of the ¥Fe enriched samples of the Fe-Co/NDs system prepared with the

Impregnation method.

Samples Code Names Brief Description

5’Fe enriched as-made Fe-Co NPs/NDs
Nanohybrids precursor (06)

En-FeCo-IM-AM6-NHD En- IM-AM6-NHD

57Fe enriched Fe-Co NPs/NDs Nanohybrids

En-FeCo-IM-AN(700C,30m) En- IM-NHD6-700C,30m ]
annealed at 700 °C for 30 min

57Fe enriched Fe-Co NPs/NDs Nanohybrids
annealed at 700 °C for 30 min with Slow
Cooling (SC)

En-FeCo-IM-AN(700C,30m)- | En- IM-NHD6-700C,30m-
SC SC

57Fe enriched Fe-Co NPs/NDs Nanohybrids

En-FeCo-IM-AN(700C,2h) En- IM-NHD6-700C,2h
annealed at 700 °C for 2 h

Fe enriched Fe-Co NPs/NDs Nanohybrids

En-FeCo-IM-AN(700C,8h) En- IM-NHD6-700C,8h
annealed at 700 °C for 8 h

Following this concept, the properties of the conventional and enriched samples of the Fe-Co/NDs

system are investigated in Chapter 6.
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4.3 Materials Synthesis of the Fe-Ni/NDs System

For the synthesis of the Fe-Ni/NDs system the same two-step process of wet chemistry followed by
annealing was used, similar to the approach for the Fe-Co/NDs system. As before, both the NaBH.
reducing agent and the impregnation synthesis methods were applied to assess which technique
produces better the desired magnetic hybrid and unsupported nanostructures, as well as to

determine which method yields the highest amount of these magnetic nanoalloy materials [1], [2],
[3]-

Using the NaBH: reducing agent synthetic route, a nominal Fe:Ni atomic ratio of 1:1 was
implemented using appropriate amounts of the corresponding metal salts. A total ~10 wt.% of
combined Fe and Ni metals to the ND mass ratio was also considered for the preparation of the as-
made hybrid precursor sample. For the first step of this synthetic route, alongside to the as-made
hybrid precursor sample (FeNi-BH-AM-ND), an as-made unsupported Fe-Ni precursor sample
(FeNi-BH-AM-NP), with the same nominal Fe:Ni = 1:1 atomic stoichiometry was also prepared.

In particular, in the first stage, 180 mg NDs (> 97 % Aldrich 636428) were suspended in a beaker
containing 20 mL deionized H20 and 48 mg of hydrous FeCls (97 % Aldrich 157740) mixed with 42
mg hydrous NiClz (97 % Aldrich 654507) in order to afford a fine aqueous material. After mixing,
200 mg NaBHa4 (99 % Aldrich 213462) combined with 5 mL H2O were rapidly added and the mixture
was stirred for 20 minutes at ambient conditions. Then the material inside the beaker was left in rest
for one hour in a hood, prior to its centrifuge and wash with deionized water and acetone and then

dried in room temperature, to afford the as-made hybrid precursor sample FeNi-BH-AM-ND.

In the second stage, the FeNi-BH-AM-ND sample was sealed under vacuum (102 Torr) in a quartz
ampoule, that would be afterwards thermally treated at the proper annealing conditions, affording
the FeNi-BH-AN-ND sample (Scheme 4.4(a)).

For the unsupported NPs sample, 420 mg of hydrous NiClz (97 % Aldrich 654507) and 480 mg of
hydrous FeCls (97 % Aldrich 157740) were dissolved in 200 mL of deionized water to create the salt
solution. This solution was poured into 50 mL deionized H:O, followed by the rapid additionof 2 g
NaBHs4 (99 % Aldrich 213462) under vigorous stirring. The mixture was stirred for 20 minutes at
room temperature. The resulting precipitate was allowed to settle, then rinsed with deionized water
and acetone, and air dried at room temperature, yielding the as-made unsupported precursor
sample FeNi-BH-AM-NP. Similarly, to its hybrid counterpart, the FeNi-BH-AM-NP precursor
sample underwent an annealing process in a sealed quartz ampoule under vacuum (10~ Torr) at the
appropriate conditions, resulting in the FeNi-BH-AN-NP sample (Scheme 4.4(b)). The synthesis of
both hybrid and unsupported samples and the investigation of their properties aim to highlight the
unique role of the NDs nanotemplates and their influence on the formation of the magnetic

nanoalloys during the synthetic process.
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Scheme 4.4 Graphic representation of the synthesis procedure of the as-made and annealed hybrid Fe-Ni/NDs (a) and
unsupported Fe-Ni NPs (b) samples using the NaBH4 reducing agent method.

The synthesis of magnetic hybrid crystalline Fe-Ni/NDs and unsupported Fe-Ni nanostructures
using NaBH: as a reducing agent resulted in the preparation of two as-made precursor samples,
which are denoted more simply in Table 4.5.

Table 4.5 Abbreviated code names of the samples of the Fe-Ni/NDs system prepared with the NaBH4 reducing
agent.

Samples Code Names Brief Description
As-made Fe-Ni NPs/NDs Nanohybrids
FeNi-BH-AM1-NHD BH-AM1-NHD
precursor
FeNi-BH-AM1-NP BH-AM1-NP Free as-made unsupported Fe-Ni NPs

Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C
for 4h

FeNi-BH-AN(700C,4h)-NHD BH-NHD1-700C,4h

FeNi-BH-AN(700C,4h)-NP BH-NP1-700C,4h Free unsupported NPs annealed at 700 °C for 4h
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FeNi-BH-AN(300C,96h)- Fe-Ni NPs/NDs Nanohybrids annealed at 300 °C
BH-NHD1-300C,96h
NHD for 96h

Free unsupported NPs annealed at 300 °C for

FeNi-BH-AN(300C,96h)-NP BH-NP1-300C,96h 96h

The second synthesis of the hybrid magnetic crystalline Fe-Ni/NDs nanostructures involved as well
a two-step procedure. Initially a wet chemistry impregnation method was implemented [2], [3]. This
method aimed to produce the as-made chemical precursor samples, followed by their annealing
under controlled conditions. A nominal Fe:Ni atomic ratio of 1:1 was considered using appropriate
amounts of the corresponding metal salts, while a total ~10 wt.% of combined Fe and Ni metal to the
ND mass ratio was considered, while both conventional (FeNi-IM-AM-NHD) and *Fe-enriched (En-
FeNi-IM-AM-NHD) reactants were used for the preparation of the corresponding AM nanohybrid
precursor samples (Scheme 4.5). The use of Fe-enriched reactants was chosen to enhance the
resolution of the Mossbauer spectra (MS) transmission signals, given the low Fe content of the

samples.

The preparation of a typical conventional FeNi-IM-AM-NHD precursor involved the combination
of 35 mg of Fe(NOs)s-9H:20 (99.99+%, Aldrich 254223-50G) and 25 mg of Ni(NOs)2-6H20 (>99.99+%,
Aldrich 13478-00-7) dissolved in 0.5 mL of deionized water. The solution was then mixed with 90
mg of detonation NDs powder (98%, Aldrich 636428-1G). The mass concentrations of all components
were calculated to ensure that the final AM hybrid precursor contained ~ 10 wt.% of equiatomic
combined Fe and Ni metals percentage. The mixture was blended and homogenized in a moist paste
form using an agate mortar and pestle, and then allowed to dry at 100°C for 24 h. After dehydration,
the material was re-homogenized into a fine powder and calcined in air at 400°C for 1 h. This process
aimed to remove the nitrates and produce uniform well dispersed iron-nickel oxide (INO) NPs seeds
on the surfaces of the NDs nanotemplates (see Scheme 3). Afterwards, thermal treatments of the
AM-NHD precursor were conducted in sealed under vacuum (102 Torr) quartz ampoules at
temperatures of 700°C (NHD-700C) for varying time intervals of 30 min and 4 h.

The investigation and analysis of the Fe-Ni/NDs system and more specifically the second annealing
step of the synthetic procedure, relied on the results derived from the respectively annealing step
applied in the Fe-Co/NDs system. Therefore, the annealing process of the proposed conventional
synthesis of the Fe-Ni/NDs system, was conducted at 700°C. For this temperature, two different
annealing duration intervals were selected. This methodology provided our study with two
conventional as-made precursor samples, from which four conventional annealed samples were
derived, resulting in six samples in total. The abbreviated notation code names of the discussed

samples are listed in Table 4.6.
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Table 4.6 Abbreviated code names of the samples of the Fe-Ni/NDs system prepared with the Impregnation
method.

Samples Code Names Brief Description
FeNi-IM-AM1-NHD IM-AM1-NHD As-made Fe-Ni NPs/NDs Nanohybrids precursor (01)
FeNi-IM- Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C for
IM-NHD1-700C,30m ]
AN(700C,30m) 30m min
FeNi-IM-
IM-NHD1-700C,4h Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C for 4 h
AN(700C,4h)
FeNi-IM-AM2-NHD IM-AM2-NHD As-made Fe-Ni NPs/NDs Nanohybrids precursor (02)
FeNi-IM- Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C for
IM-NHD2-700C,30m ]
AN(700C,30m) 30m min
FeNi-IM-
IM-NHD2-700C,4h Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C for 4 h
AN(700C,4h)
FeNi-IM-
IM-NHD2- Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C for
AN(700C,30m-to-
(700C,30m/300C,64h) 30m min followed by annealing at 300 °C for 64 h
300C,64h)
FeNi-IM-
IM-NHD2- Fe-Ni NPs/NDs Nanohybrids annealed at 700 °C for 4h
AN(700C,4h-to- ) ]
(700C,4h/300C,96h) min followed by annealing at 300 °C for 96 h
300C,96h)
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Scheme 4.5 Graphic representation of the synthesis procedure of as-made hybrid chemical precursor and the final

annealed nanohybrid samples.

For the preparation of second ¥Fe En-FeNi-IM-AM-NHD precursor, 28 mg of Fe(NOs)3-9H20
(99.99+%, Aldrich 254223-50G) and 25 mg of Ni(NOs)-6H20 (>99.99+%, Aldrich 13478-00-7) were
dissolved in 0.5 mL of deionized water, along with two drops of an HNOs solution enriched with
Fe isotopes (C =10 mg/mL). This solution was then mixed with 90 mg of NDs powder (98%, Aldrich

636428-1G). The nominal "Fe-to-Fe’* reactants atomic ratio was calculated to be approximately 0.1.
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Subsequently, the mixture followed the same dehydration and calcination processes as that of the

non-enriched FeNi-IM-NHD precursor sample.

In the final step, the En-FeNi-IM-AM-NHD precursor was thermally treated in vacuum (10 Torr)-
sealed quartz ampoules at 700 °C for varying annealing time intervals of 30 min and 4h. Additionally
in our study, we examined the influence of quenching (Q) the enriched samples, from 700°C to RT,
by removing the ampoule from the furnace at 700°C and placing it on a thick bronze plate in order
to induce heat rapidly, in the case of En-NHDs-700,30m and En-NHDs-700,4h samples. Quenching
the samples in a bronze plate let the heat to attenuate from 700°C to RT within 15 minutes. This step
carried out in order to investigate if instant cooling from RT can influence the crystallinity of the
hybrid samples, and to study any possible interaction between the crystal ordering and the magnetic
properties of the formatted crystal phases in the quenched samples, to compare them with the other
hybrid samples, which are lacking the Q feature. The resulting abbreviated notation code names of

the enriched conventional and annealed samples, are listed in Table 4.7.

Table 4.7 Abbreviated code names of the ¥Fe enriched samples of the Fe-Ni/NDs system prepared with the

Impregnation method.

Samples Code Names Brief Description

57Fe enriched as-made Fe-Ni NPs/NDs

En-FeNi-IM-AM3-NHD En- IM-AM3-NHD
Nanohybrids precursor
En-FeNi-IM- 5Fe enriched Fe-Ni NPs/NDs Nanohybrids
En- IM-NHD3-700C,30m
AN(700C,30m) annealed at 700 °C for 30m min
En-FeNi-IM- 5Fe enriched Fe-Ni NPs/NDs Nanohybrids
En- IM-NHD3-700C,30m-Q
AN(700C,30m)-Q annealed at 700 °C for 30m min with Quenching (Q)

) 5Fe enriched Fe-Ni NPs/NDs Nanohybrids
En-FeNi-IM-AN(700C,4h) En- IM-NHD3-700C,4h

annealed at 700 °C for 4 h
En-FeNi-IM- 5Fe enriched Fe-Ni NPs/NDs Nanohybrids
En- IM-NHD3-700C,4h-Q
AN(700C,4h)-Q annealed at 700 °C for 4 h with Quenching (Q)

Following this concept, the properties of the conventional and enriched samples of the Fe-Ni/NDs

system are investigated in Chapter 7.
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Chapter 5. Study of the Fe-Rh/ND system

5.1 XRD

The XRD diagrams of pristine NDs, as-made nanohybrid and unsupported samples, prepared using
the NaBH: reducing agent (BH), are shown in Figure 5.1. Figure 5.1a depicts two main broad
diffraction peaks of the cubic ND structure at 43.9° (111) and 75.4° (220) degrees 20 (lattice constant
a= 3.567 A, ICDD PDF 00-006-0675). Moreover, at 21.6° degrees 20 a diminished diffraction peak,
attributed to impurity residuals, can also be observed. An estimation of the average NP crystalline
domain size <D> for each peak of this phase based on the most resolvable widths of its main
diffraction peaks was made using the Scherrer formula [1], providing an average size of <Dnps>=5
nm for the NDs, as depicted in this pattern. This result indicates that the pristine NDs sample is
composed of very small ND NPs following the nominal nanocrystalline structure and purity
provided by Aldrich. The XRD pattern of BH-AM1-NHD sample in Figure 5.1b reveals the dominant
contributions of the broad diffraction peaks attributed to NDs, along with two quite inferior and
very broad diffraction contributions centered at 36° and 42° degrees 20, which are attributed to the
(311) main diffraction peak of a spinel-type y-Fe:0s (maghemite) iron oxide (IO) phase (lattice
constant a= 8.352 A, ICDD PDF 00-039-1346) [2], and the (111) main diffraction peak of either an fcc
Fe-Rh equiatomic alloy phase at 41.8° degrees 26 (lattice constant a= 3.740 A, ICDD PDF 01-074-
5849) and/or an fcc metallic elemental Rh phase at 41.1° (111) degrees 20 (lattice constant a=3.803 A,
ICDD PDF 00-005-0685). The presence of this metallic phase in the BH-AM1-NHD sample can be
justified mainly by the asymmetric broadening of the NDs’ main (111) diffraction peak at 43.9 26,
which acquires larger broadening towards its lower 20 values, where the main (111) diffraction peak
of the metallic phase contributes. The application of Scherrer’s formula affords the ND phase of the
BH-AM1-NHD sample an average crystalline domain size of about <Dnps> = 3 nm, while the
estimation of the average crystalline domain size <Drern> for the metallic Fe-Rh alloy and/or
elemental Rh phase is not feasible, due to their non-resolvable diffraction peak width. The XRD
pattern of BH-AM1-NP sample in Figure 5.1c exhibits a very broad diffraction peak centered at
approximately 42° degrees 20, attributed to the main diffraction peak of either the fcc Fe-Rh alloy
phase and/or the fcc metallic elemental Rh phase. A secondary broad diffraction peak is also
observed at approximately 36° degrees 20, which is attributed to the same spinel-type IO phase
found in the BH-AM1-NHD sample. An average crystalline domain size of about <Drern> =2 nm
was estimated for the metallic Fe-Rh or elemental Rh alloy phase found for the BH-AM1-NP sample
by applying the Scherrer’s formula. The aspects of the nature, morphology, and stoichiometry of the
developed phases in both BH-AM1-NHD and BH-AM1-NP precursor samples are revealed by TEM

analysis (vide infra).

Following this context, Figures 5.1d and 5.1e shows the XRD diagrams of the BH-AM2-NHD and
BH-AM2-NP samples, respectively. These patterns present resembling structural characteristics to

those found for the former samples. In particular, the XRD pattern of BH-AM2-NHD sample in
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Figure 5.1d depicts the dominant contribution of the broad diffraction peaks attributed to NDs,
along with the less intense contributions from the broad diffraction peaks of the spinel-type IO and
Fe-Rh and/or elemental Rh fcc phase at ~36° and ~42° degrees 20 respectively. In case of the BH-
AM2-NP sample, the main contribution from the fcc Fe-Rh and/or elemental Rh phase is dominant,
while an indication for the presence of the spinel-type IO phase can also be observed (Figure 5.1e).
An estimation of the average crystalline domain size renders the NDs with <Dnps> =4 nm in the BH-
AM2-NHD sample, while the Fe-Rh and/or elemental Rh NPs obtained average sizes of <Drern> =2
nm in the BH-AM2-NP sample. These results are in good agreement with those observed for the BH-
AM1-NHD and BH-AM1-NP samples, rendering the proposed synthesis, as a method capable to
produce consistent nanostructured phases, regardless the AM precursor. Moreover, the wide widths
of the diffraction peaks corresponding to the Fe-Rh and/or elemental Rh phases and the reduced
intensities of the diffraction peaks attributed to the IO phases observed in the patterns of all AM

precursor samples indicate, besides their extreme small NP sizes, that they can also feature low

crystallinity.
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Figure 5.1 XRD patterns of the pristine NDs (a), BH-AM1-NHD (b), BH-AM1-NP (c), BH-AM2-NHD (d) and BH-AM2-NP
(e) samples. The crystalline phases in the samples are depicted by respective different symbols denoting the angular
positions of their main diffraction peaks. The average crystalline domain size <D> of the nanodiamonds phase for the as-
made nanohybrid precursor samples and that of the iron-rhodium and/or metallic rhodium phases for the as-made

unsupported samples are denoted in each pattern.
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From the XRD diagrams presented in Figure 5.2, it is evident that the annealing of the as-made
nanohybrid and unsupported precursors at the chosen temperature of 700°C and time duration of
30 minutes is capable to induce the formation of some new nanocrystalline phases. At the same time,
the presence of the ND phase is completely retained, while that of the spinel-type IO phase is
diminished. In particular, the XRD diagram of the BH-NHD1-700C,30m sample in Figure 5.2a,
designates the presence of two main contributions corresponding to two different crystal structures,
one of the fcc NDs with relative broad diffraction peaks, and a second one with relative sharp
diffraction peaks observed at 29.9° (100), 42.8° (110), 53.1° (111), 62.1° (200), 70.4° (210) and 78.4°
(211) degrees 20 corresponding to the equiatomic FeRh B2 bcc phase (lattice constant a= 2.987 A,
ICDD PDF 04-002-1337). In the case of the BH-NP1-700C,30m sample, the XRD diagram in Figure
5.2b exhibits two main contributions. One of them presents four sharp diffraction peaks at 41.5°
(111), 48.3° (200), 70.6° (220) and 85.3° (311) degrees 20 corresponding to the fcc FesRhz phase (lattice
constant a= 3.772 A, ICDD PDF 03-065-6840). The other contribution is attributed to the
orthorhombic crystal structure of the iron oxyborate (IOB) FesBOs (Vonsenite) phase with its main
diffraction peaks appearing at 35.1° (240), 37.8° (150), 38.1° (400), 43.7° (321), 46.9° (350), 57.6° (441),
60.2° (002), 61.6° (112), 61.9° (550), 66.7° (601) and 71.5° (281) degrees 20 (lattice constants a=9.452 A,
b=12.287 A and c=3.072 A, ICDD PDF 00-025-0395). The formation of this phase may be attributed
to residual boron (B) originating from the NaBH4 reducing agent, most probably in the form of
amorphous boron oxide (B20s) (BO) in the corresponding as-made sample, in combination with the
presence of IO NPs and the influence of the annealing conditions (vide infra). In Figure 5.2c the XRD
diagram of the BH-NHD2-700C,30m sample depicts similar structural characteristics to those found
for the BH-NHD1-700C,30m sample. More specifically, the main diffraction peaks of the fcc ND and
bce B2 Fe-Rh phases are exhibited in the same angular positions to the equivalent phases observed
in BH-NHD1-700C,30m sample. It is revealed that for both annealed nanohybrid samples the
diffraction peaks of the IOB FesBOs phase are completely absent.
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Figure 5.2 XRD patterns of the BH-NHD1-700C,30m (a), BH-NP1-700C,30m (b) and BH-NHD2-700C,30m (c) samples. The

crystalline phases in the samples are depicted by respective different symbols denoting the angular positions of their main

diffraction peaks. The average crystalline domain size <D> of the nanodiamonds and bcc iron-rhodium phase for the
annealed nanohybrid samples and that of the fcc iron-rhodium and iron-oxyborate phase for the annealed unsupported

samples are denoted in each pattern.

An estimation of the average crystalline domain size <D> extracted out of the best resolvable widths
of the main diffraction peaks of the main phases presented in each pattern can be made using the
Scherrer formula, and the results are depicted in each pattern. It is evident that the average size of
the becc B2 FeRh NPs ranges between 12 and 15 nm in both annealed nanohybrid samples, and that
of the fcc FesRh7 NPs is 9 nm, while that of the IOB NPs is of about 30 nm. These features render the
annealed samples with noticeable differences in their XRD diagrams compared to the parent as-
made precursor samples, which concern mainly the sharper and more intense diffraction peaks of
the Fe-Rh alloy phases, indicating their high crystallinity. The average size of the ND NPs is
consistent with the expected characteristics, preserving its nanoscale features both in the as-made
and annealed hybrid samples. Thus, heating at 700°C seems not to affect the morphology of the NDs
nanotemplates, which is important and indicates the structural and chemical stability of the NDs’
substrate. From these results it is concluded that as regards the formation of the Fe-Rh alloy phase
originating from the reduction of the IO NP seeds in the presence of the Fe-Rh and/or metallic Rh
NP seeds of the as-made and unsupported Fe-Rh samples, the annealing of the precursors under the

specific conditions can trigger the formation of well crystalized nanostructured Fe-Rh alloy phases
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in the corresponding samples, despite the presence of secondary impurity phases found in the case
of the BH-NP1-700C,30m sample. The aspects of the nature, morphology, and stoichiometry of the
metallic phases developed in the annealed sample originating from the BH-AM1-NHD precursor

will be revealed by following TEM observations (vide infra).

5.2. TEM, STEM and EDS Analysis Results

The determination of the of the nanophases” dispersion, morphology and structure was revealed by
TEM/STEM observations. TEM and HAADF-STEM-EDS images, which thoroughly determine the
chemical and structural details of the respective samples, HRTEM images and additional EDS
spectra from the samples, namely BH-AM1-NHD, BH-AM1-NP, BH-NHD1-700C,30m and BH-NP1-
700C,30m are displayed in Figures 5.3 to 5.23.

Figure 5.3 displays the morphology of the BH-AM1-NHD sample, showing a nanohybrid system
consisting of well-dispersed ND clusters. These ND cluster nanotemplates contain relatively
spherical shaped metallic NPs grown on their surfaces, appearing in darker contrast than the rest of
the material in the bright field images, with sizes ranging from 1 to about 6 nm, and averaging (as
evident from several images) at (3 + 1) nm. These metallic NPs are deposited on close packed ND
NPs of individual sizes in the range of 4 nm forming roughly round as well as irregular-shaped

nanotemplate clusters, with sizes ranging from 30 to about 400 nm (Figures 5.3 and 5.4).
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Figure 5.3 Low (a, b) and high (¢, d) magnification TEM/STEM images of the BH-AM1-NHD sample. The HAADF/STEM
images (b) and (d) show metallic NPs clustering within the larger ND clusters, where individual metallic NPs are
discernible within the NDs nanotemplate through their increased Z-contrast. The inset in (d) is a histogram of the metallic

NPs size distribution.
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Figure 5.4 Histogram of the NDs’ nanotemplate clusters size distribution appearing in the BH-AM1-NHD sample

measured from TEM.

Z-contrast imaging by HAADF/STEM in Figures 5.3b, 5.3d reveals that the metallic NPs are well

distributed on the NDs nanotemplates. EDS spectra from this sample shown in Figure 5.5 denote a
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Fe:Rh atomic ratio between 1:9 and 2:8. EDS spot analysis was performed on the larger NPs shown
in Figure 5.6, and indicative results are given in Table 5.1, while elemental distribution mappings of
Fe and Rh shown in Figure 5.7a denote the coexistence of the two elements in the regions of the
clusters where the metallic NPs are detected. Figure 5.8 displays an HRTEM image of different
metallic Fe-Rh NPs grown on the surface of the ND nanotemplates, where the characteristic d-
spacings corresponding to the close-packed {111} lattice planes of the ND (0.21 nm) and the metallic
NP fcc (0.22 nm) structures are resolved. The latter d-spacing corresponds either to elemental Rh or
to Rh-rich y-FexRhix alloy NPs.
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Figure 5.5 Overall EDS spectrum of the BH-AM1-NHD sample, collected from the region presented as inset. The Fe at%
composition of the Fe-Rh metallic alloys was calculated to be 10% from the respective Ka peaks. Cu peaks are due to the

TEM supporting grids.
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Figure 5.6 Indicative bright field STEM image from the BH-AMI-NHD sample showing positions where EDS point

analysis was performed. The corresponding measurements are given in Table 5.1.
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Table 5.1 Fe at% composition of the Fe-Rh metallic alloy calculated from the K« peaks of point-spectra acquired

from the points marked in Figure 5.6.

a. BH-AM1-NHD

Spot Fe %at
1 23
2 12

Figure 5.8 HRTEM images from the BH-AM1-NHD sample (a). In (a) the {111}-lattice fringes measured at ~0.22 nm
periodicity are shown in white, from fcc elemental Rh or Rh-rich y-Fe-Rh alloy NPs. In (a), ND {111}-lattice fringes with
similar periodicity are shown in black (due to their similar {111} d-spacing, NPs and NDs are differentiated based on

absorption contrast).
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Figure 5.9 Bright field TEM images of characteristic aggregated metallic NPs clusters found in the BH-AM1-NP sample.
Arrows in (a) point to sheet-like, low-contrast platelets, distinguished from the rather spherical aggregated NPs. The inset

in (b) is the histogram of the particle-size distribution of the individual metallic NPs.

Figure 5.9 reveals the morphology of the BH-AM1-NP sample. The developed metallic NPs present
roughly rounded shapes with a size distribution manly occurring between 2 to 8 nm, averaging at 5
nm, while larger NPs are also detected. These NPs are accumulated into close packed clusters in the
range of 100-300 nm. From Figure 5.9b it is shown that the NPs located closer to the center of the
clusters are depicted sharper and denser, suggesting relatively higher crystallinities and sizes of the
corresponding nanostructured phases in comparison to the outer paled/fainted NPs of the clusters,
which seem to possess more of a ‘core-shell’ structure. Due to their quite small sizes and lower
crystallinity these shells may correspond to a partial oxidized or fully oxidized IO of the maghemite
(v-Fe20s) composition. In some cases, as shown by the black arrows in Figure 5.9a, low-contrast

platelets with thickness < 20 nm and widths of the order of 100-200 nm are observed in this sample.

From EDS analysis (Figures 5.10, 5.11 and Table 5.2), the average Fe:Rh atomic ratio was found to be
2:8, similar to that observed for the BH-AM1-NHD sample. However, the signals from the platelets,
point EDS analyses and chemical mapping on them (Figure 5.11 point 3, and area indicated by arrow
in Figure 5.12), indicate a high depletion of Rh content in these formations, compared to a uniform
distribution of Fe and Rh in the metallic NPs region. This shows that these platelets probably contain
an iron-bearing phase in this sample, possibly of the maghemite type, as evidenced by XRD and *Fe
Mossbauer spectroscopy (vide infra). Moreover, the presence of the crystalline IOB FesBOs phase in
the BH-NP1-700C,30m sample (originating from the annealing of the BH-AM1-NP sample), as
evidenced by XRD and ¥Fe Mossbauer spectroscopy (vide infra), suggests that these platelets could
also contain an amorphous-glassy BO (B20s) phase as residual of the NaBH4 reducing agent, which
is not contributing in XRD. This glassy phase could serve as the source of B for the development of
the IOB phase in the BH-NP1-700C,30m sample during annealing. Structural characterization by
HRTEM of the accumulated metallic NPs in the BH-AM1-NP sample (Figure 5.13) reveals d-spacings
of lattice fringes equal to approximately 0.22 nm on average, indicating the presence of

corresponding {111} planes of either an fcc Rh-rich y-FexRhix alloy or elemental Rh structure [3].
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Figure 5.10 Overall EDS spectrum of the BH-AM1-NP sample, collected from the region presented as inset. The Fe at%
composition of the Fe-Rh metallic alloys was calculated to be 23% from the respective Ka peaks. Cu peaks are due to the

TEM supporting grids.

FeRh-AM-NP.

Figure 5.11 Indicative bright field STEM image from the BH-AM1-NP sample showing positions where EDS point analysis

was performed. The corresponding measurements are given in Table 5.2.

Table 5.2 Fe at% composition of the Fe-Rh metallic alloy calculated from the Ka peaks of point-spectra acquired

from the points marked in Figure 5.11.

b. BH-AM1-NP
Spot Fe %at
1 9
2 14
3 41
4 15
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Figure 5.12 EDS Fe and Rh elemental maps obtained from the BH-AM1-NP sample. Arrows point at Fe-rich platelets,
possibly connected to IOs and IOBs.

Figure 5.13 HRTEM image from the BH-AMI1-NP sample where the periodicity of he {111}-lattice fringes measured at
~0.22 nm is shown in white, indicating fcc elemental Rh or Rh-rich y-Fe-Rh alloy NPs.
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Figure 5.14 Low (a, b) and high (¢, d) magnification TEM/STEM images of the BH-NHD1-700C,30m sample. Z-contrast
HAADF/STEM images showing the Fe-Rh/NDs hybrid clusters (b) as well as individual Fe-Rh NPs in the hybrids (d) after

annealing. The Fe-Rh NP size distribution histogram is presented as an inset in (d).

Moving on, Figure 5.14 reveals the morphology of the BH-NHD1-700C,30m sample. This system
exhibits a better spatial and well-resolved dispersion of the formed hybrid nanostructures in
comparison to the previous precursor samples. Both ND and metallic Fe-Rh NPs here possess
roughly spherical shapes. We observed a reduction in the NDs nanotemplate cluster size after the
thermal annealing process relative to that of the BH-AM1-NHD sample, which now ranges between
20 and 80 nm. Z-contrast imaging by HAADF/STEM in Figures 5.14b and 5.14d revealed that the
metallic NPs are evenly distributed on the NDs nanotemplates. For the majority of metallic NPs, the
average diameter increased only slightly from that of the BH-AM1-NHD sample as a consequence
of the thermal annealing treatment and was measured at (4 + 3) nm, becoming simultaneously
slightly broader. Moreover, most of the metallic NPs in this sample are more round-shaped and
well-formed compared to those of the BH-AM1-NHD sample. However, there are also some larger

spherical metallic NPs with diameters exceeding 8 nm.

EDS spectra of some hybrid Fe-Rh/NDs clusters in this sample reveal average Fe:Rh atomic ratios
from about 3:7 up to 4:6, with the latter being determined in clusters comprising only small metallic

NPs with average diameter <5 nm (Figure 5.15). On the other hand, larger metallic NPs showed
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ratios between 2:8 and 3:7 (Figure 5.16 and Table 5.3). Chemical mapping of hybrid Fe-Rh/NDs
clusters (Figure 5.17) reveal the presence of both Fe and Rh at the same spatial positions where the
metallic NPs are detected. The HRTEM image of Figure 5.18, shows a metallic NP embedded in a
ND/NPs cluster of the BH-NHD1-700C,30m sample with lattice fringe d-spacing of ~0.30 nm,
corresponding to the {100} planes of the CsCl-type B2 a’-Fe-Rh phase. These features provide yet
another proof of the NDs nanotemplates’ ability to grow and host very small metallic NPs of high

crystallinity uniformly distributed on their surfaces after thermal annealing [4], [5], [6], [7].
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Figure 5.15 Overall EDS spectrum of the BH-NHD1-700C,30m sample, collected from the region presented as inset. The
Fe at% composition of the Fe-Rh metallic alloys was calculated to be 37% from the respective Ka peaks. Cu peaks are due

to the TEM supporting grids. The Si peak is attributed to contamination from the quartz ampule during the annealing.

" FeRh-AN-ND

Figure 5.16 Indicative bright field STEM image from the BH-NHD1-700C,30m sample showing positions where EDS point

analysis was performed. The corresponding measurements are given in Table 5.3.
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Table 5.3 Fe at% composition of the Fe-Rh metallic alloy calculated from the K« peaks of point-spectra acquired

from the points marked in Figure 5.16.

c¢. BH-NHD1-700C,30m
Spot Fe %at

1 22

2 23

3 23

4 29

Figure 5.17 EDS Fe and Rh elemental maps obtained from the BH-NHD1-700C,30m sample.

S “?3 ISFeRh—AN-ND

3"!4 "

Figure 5.18 HRTEM image from the BH-NHD1-700C,30m sample. The {100}-lattice fringes of the CsClI-type a'-Fe-Rh phase

of a metallic NP after the annealing process, with ~0.30 nm spacing, are illustrated.
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Figure 5.19 Bright field TEM images from the BH-NP1-700C,30m sample (a and b). The size distribution of the spherical-
type NPs is presented as inset in (b).

On the other hand, annealing under vacuum at 700 °C of the BH-AM1-NP precursor sample changes
considerably its morphology. This is revealed by the conventional TEM images of the BH-NP1-
700C,30m sample presented in Figure 5.19. A mix of aggregated almost spherical NPs on the one
hand and larger elongated platelets on the other hand were observed. Diffraction contrast from the
spherical NPs in Figure 5.19b indicates the presence of twin boundaries, which are characteristic
structural defects of fcc metallic crystals. On the other hand, the platelets appearing in Figure 5.19a
did not exhibit such defects. The metallic NPs in this sample are considerably larger than those of
the BH-AM1-NP sample. This is attributed to the unhindered NPs” growth which is a consequence
of thermal annealing at high temperatures in combination with the high NP proximity and
aggregation found already in the parent BH-AMI1-NP sample before annealing. The size of the
spherical metallic NPs presented a broad distribution as displayed in the inset of Figure 5.19b. The
average metallic NP diameter was found at (35 + 20) nm, i.e. there is a 7-fold increase compared to
those of the BH-AM1-NP sample.

An overall EDS spectrum from the BH-NP1-700C,30m sample presented in Figure 5.20 suggests an
average Fe:Rh atomic ratio of 3:7. EDS spot analyses (Figure 5.21 and Table 5.4), as well as elemental
mapping (Figure 5.22) revealed also that the platelets contain only Fe as metallic element, indicating
that they are composed of I0s, and in particular IOBs, as suggested by XRD, while the high contrast
spherical NPs are Rh-rich with Fe:Rh atomic ratio of 1:9. This was further confirmed by the HRTEM
observations, as shown in Figure 5.23, whereby a {111} lattice spacing of ~0.22 nm was again
measured in the spherical metallic NP, corresponding to the fcc Fe-Rh metallic structure, while
lattice fringes of ~0.38 nm d-spacing in the platelets are attributed to the {220} planes of the IOB
FesBO:s structure [8], [9].
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Figure 5.20 Overall EDS spectrum of the BH-NP1-700C,30m sample, collected from the region presented as inset. The Fe
at% composition of the Fe-Rh metallic alloys was calculated to be 27% from the respective Ka peaks. Cu peaks are due to

the TEM supporting grids.

FeRh-AN-NP

Figure 5.21 Indicative bright field STEM image from the BH-NP1-700C,30m sample showing positions where EDS point

analysis was performed. The corresponding measurements are given in Table 5.4.

Table 5.4 Fe at% composition of the Fe-Rh metallic alloy calculated from the Ka peaks of point-spectra acquired

from the points marked in Figure 5.21.

d. BH-NP1-700C,30m
Spot Fe %at

1 100

2 17

3 100

4 8
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Figure 5.22 EDS Fe and Rh elemental maps obtained from the BH-NP1-700C,30m sample. Arrows in the annealed
unsupported NP sample, point at Fe-rich platelets, possibly connected to IOs and IOBs.

FeRh-AN-NP

0. 38 nm

Figure 5.23 HRTEM image from the BH-NP1-700C,30m sample. The Fe-Rh {111}- lattice fringes with spacing ~0.22 nm are
measured in a spherical NP that exhibits twinning (black arrows), as well as lattice fringes of ~0.38 nm spacing in another
NP, attributed to the {220} planes of iron oxyborate FesBOs.

5.3 Magnetization and Magnetic Susceptibility

The magnetic properties of the hybrid and unsupported nanostructured samples before and after
annealing are delineated by their M vs. H under constant T and xg vs. T under constant H
measurements. These measurements taken for the as-made precursors and annealed samples,
appear in Figures 524 to 5.27. From these measurements the compositions, stoichiometries,
structures and morphologies, as well as the dispersions of the nanostructures are reflected through

the magnetic interactions and interconnections of the NPs developed in each sample.
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Figure 5.24 Magnetization versus applied magnetic field isothermal loops of the BH-AM1-NHD (a), BH-AM1-NP (b), BH-
AM2-NHD (c) and BH-AM2-NP (d) samples measured at different temperatures indicated by different colors 400 (red),
300 K (green) and 2 K (blue). The insets in each set of measurements show the details of the loops” characteristics around

zero applied magnetic field for all temperatures (upper left).

The M vs. H isothermal loops of the BH-AM1-NHD sample recorded at 400 K and 300 K reveal a
linear paramagnetic (PM) behavior throughout all H values (Figure 5.24a). However, at 2 K a
hysteresis with ferro/ferrimagnetic features emerges, superimposed to yet a strong linear PM
contribution denoted by the lack of saturation at high H values. The loops” magnetic characteristics
are listed in Table 5.5 for all samples. The high positive dM/dH slopes at high fields and the
development of coercive fields (Hc) at low T are features that indicate a magnetic NP assembly
experiencing strong SPM relaxation at high T, while being partially magnetically blocked at low T
[10], [11]. In a similar manner the M vs. H loops of the BH-AM1-NP sample collected at 400 K and
300 K (Figure 5.24b), reveal a clear linear PM behavior, whereas a ferro/ferrimagnetic sigmoidal-
shaped curve, like that of the BH-AM1-NHD sample, with non-saturated M values and non-zero
Hcs develops at 2 K. However, in this sample the Hc values at 2 K listed in Table 5.5 are about one
order of magnitude larger and the area within the loop is quite larger than those of the BH-AM1-
NHD sample, indicating ‘harder’ ferromagnetic characteristics for the BH-AM1-NP sample at low
temperatures. Moreover, the M vs. H loop of the BH-AM2-NHD collected at 300 K reveals a similar
PM behavior throughout all H values to that observed for the BH-AM1-NHD sample at 300 K.
However, the maximum M values of this sample (0.14 emu/gr), which are measured at 20 kOe, are
decreased compared to the corresponding M values of the BH-AM1-NHD sample (0.19 emu/g)
measured at the same applied field and at the same T (300K). This result may be owed to the presence
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of a magnetic NP assembly with smaller average NP sizes for the BH-AM2-NHD sample that is

influenced from more pronounced fast SPM relaxation phenomena.

Similar to the BH-AM1-NP sample, the M vs. H loop of the BH-AM2-NP sample collected at 300 K
predominantly exhibits a PM behavior across all H values, accompanied by a weak FM signal at low
H values. However, the loop shows a slight reduction in M values at high fields compared to those
observed in the BH-AM1-NP sample. This difference in magnetic behavior can be attributed to the
broader nanoparticle size distribution in the BH-AM2-NP sample.

Specifically, a significant portion of the magnetic NPs in the BH-AM2-NP sample have smaller mean
sizes, resulting in faster SPM relaxations at RT compared to the magnetic NPs in the BH-AM1-NP
sample. Conversely, a subset of larger magnetic NPs within the BH-AM2-NP sample exhibits

moderate SPM characteristics, contributing to the weak FM signal at the center of the M vs. H loop.

In all cases, the AM precursor samples share a common tendency towards smaller magnetic NP

sizes, whose spatial proximity and interconnection significantly influence their overall magnetic

properties.
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Figure 5.25 Mass magnetic susceptibility versus temperature measurements of the BH-AM1-NHD (a), BH-AM1-NP (b),
BH-NHD1-700C,30m (c) and BH-NP1-700C,30m (d) samples measured under an applied external field of 99 Oe following
ZFC (black) and FC (red) modes.
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Figure 5.26 Mass magnetic susceptibility versus temperature measurements of the BH-AM1-NHD (a), BH-AM1-NP (b),
BH-NHD1-700C,30m (c) and BH-NP1-700C,30m (d) samples measured under an applied external field of 999 Oe following
ZFC (black) and FC (red) modes.

The xz vs. T ZFC branch for the BH-AM1-NHD sample taken with Hap=99 Oe, appearing in Figure
5.25a, starts descending from an initial xgz maximum at 2 K and exhibits a local maximum at ~ 27 K,
denoting a blocking temperature (Ts) at this point for at least a part of the sample’s NPs assembly,
followed by a monotonic decrease along the remaining T range. The FC branch follows a similar
trend of monotonically increase of s values with decreasing T, disrupted only by a narrow local
maximum found again at ~ 27 K. Increasing H to 999 Oe (Figure 5.26) causes the ZFC and FC x; vs
T branches to virtually coincide in an asymptotic increase of xs with reducing T at low temperatures
with no sign of saturation or any local maximum, revealing that the strong PM contribution is the
dominant factor in this sample, overwhelming any SPM characteristics at high Hap values. These
characteristics provide evidence for the existence of an assembly of small SPM NPs experiencing
very weak or vanishing interparticle interactions, due to their spatial isolation on the surfaces of the
NDs nanotemplates as pointed out by TEM measurements, combined with a strong PM contributing
factor [10], [12], [13], [14].

Moreover, Figures 5.25b and 5.26b, exhibit the ZFC and FC branches of the x; vs. T variation in the
BH-AMI-NP sample presenting more typical characteristics for an assembly of magnetic NPs
shaped by the interplay between the magnetic anisotropy, interparticle magnetic interactions and
thermal energies. The characteristic large widths around the maxima of the ZFC curves found at
Te=37 K (Hap=99 Oe) and Ts=25 K (Hap=999 Oe), and the bifurcation temperatures found at Tir ~ 200
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K (Hap=99 Oe) and Tir ~ 100 K (Hap=999 Oe) reflect the dominant SPM behavior of a magnetic NPs
assembly with particle size distribution, which is moreover influenced substantially by interparticle

magnetic interactions within it [10], [13], [14].
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Figure 5.27 Magnetization versus applied magnetic field isothermal loops of the BH-NHD1-700C,30m (a), BH-NP1-
700C,30m (b) and BH-NHD2-700C,30m (c) samples measured at different temperatures indicated by different colors 400
K (red), 300 K (green) and 2 K (blue). The insets in each set of measurements show the details of the loops” characteristics

around zero applied magnetic field for all temperatures (upper left).

The annealing treatment of the as-made precursors causes different evolutions of magnetic
properties between the nanohybrid and unsupported samples to arise. In particular, in Figure 5.27a,
the M vs. H loops of the BH-NHD1-700C,30m sample measured at all temperatures reveal clear
ferro/ferrimagnetic characteristics with hysteresis, accompanied by constant and non-vanishing
dM/dH slopes at high H values that are indicative of the contribution of at least a second PM or SPM
phase. The Hc values, which are quite symmetric, regarding their positive and negative values,
increase from ~ 425 Oe at 400 K to ~ 800 Oe at 2 K (Table 5.5).

The Xz vs. T curves of the BH-NHD1-700C,30m sample are characteristic for an assembly of FM NPs
showing SPM features with a maximum in the ZFC branch at Ts ~ 40 K both with Hap=99 (Figure
5.25¢) and 999 Oe (Figure 5.26¢). In addition, the decrease in the xg values for these branches is
constant and less abrupt for T above Ts, compared to the corresponding curves observed for the BH-
AM1-NHD sample. The variation of Xz in the FC branch shows a continuous increase over the whole

temperature range with a very weak tendency for saturation at T below 100 K. The two xg vs. T
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branches coincide only at the highest measured temperature (400 K) for both Hap values, suggesting
an increased average size, as well as increased size distribution for the magnetic NPs of the BH-
NHD1-700C,30m sample compared to those found for the BH-AM1-NHD sample. Thus, it seems
that the assembly of magnetic NPs in this BH-NHD1-700C,30m sample includes contributions from
both strong FM characteristics attributed to the magnetically blocked NPs with high magnetic

anisotropy and moderate SPM relaxation characteristics due to their reduced particle size.

Table 5.5 Parameters of the magnetic properties of the isothermal loops of Figures 5.24 and 5.27. The external
field applied for the measurements of the BH-AM1-NHD, BH-AM1-NP, NH-NHD1-700C,30m and BH-NP1-
700C,30m samples was 70 kOe, while for the BH-AM2-NHD, BH-AM2-NP and NH-NHD2-700Cm30m

samples it was 20 kOe.

Mimax+ Mimax- Mg+ Mr- Hc- Hc
Sample T (K)
(emu/g) | (emu/g) | (emu/g) | (emu/g) (Oe) (Oe)
400 0.43 -0.43 0 0 0 0
BH-AM1-NHD 300 0.64 -0.64 0 0 0 0
2 2.23 -2.22 0.04 -0.05 400 -390
400 1.29 -1.29 0 0 0 0
BH-AM1-NP 300 2.05 -2.05 0 0 0 0
2 5.53 -5.53 0.34 -0.33 2870 -3030
BH-AM2-NHD 300 0.14 -0.14 0 0 0 0
BH-AM2-NP 300 0.49 -0.49 0 0 0 0
400 5.75 -5.76 1.29 -1.29 -425 425
BH-NHD1-700C,30m 300 6.35 -6.35 1.43 -1.56 500 -505
2 8.03 -8.03 2.29 -2.4 800 -795
400 3.19 -3.19 0 0 0 0
BH-NP1-700C,30m 300 3.55 -3.55 0 0 0 0
2 5.03 -5.06 0 0 0 0
BH-NHD2-700C,30m 300 6.02 -6.01 2.01 -2.03 720 -765

These results are in perfect agreement with XRD and TEM-STEM analyses, in which the formation
of a well crystallized and size-dispersed assembly of small CsCl-type B2 a’-Fe-Rh magnetic NPs is
featured. It is worth mentioning also that no AFM-to-FM metamagnetic transition is observed for
this sample, validating thus the contribution of a dominant FM phase with SPM relaxation

characteristics along the whole measured temperature length.
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On the contrary, in case of BH-NP1-700C,30m sample, from Figure 5.27b and the values of Table 5.5
it is evident that either pure PM or/and AFM behaviors are the only contributions to the loops’
measured isothermals at 400, 300 and 2 K. However, the X vs. T measurements reveal a system with
PM properties from 400 K down to about 120-110 K, that “wakes-up” below 114 K and erupts again
below 75 K (Figures 5.25d and 5.26d). These late temperatures signal the characteristic transitions
from PM to frustrated AFM state at Tn = 114 K and from frustrated AFM to weak-ferromagnetic
(WEM) or canted AFM state at Twem=75 K of the FesBOs phase [8], [15], [16]. At low temperatures
below 40 K this phase is known to return gradually to a very complex AFM or ferrimagnetic
structure with multiple AFM sublattices. These results justify completely the M vs. H measurements
and are in line with the results of the XRD and TEM measurements. On the other side, any
contribution from a SPM phase existing in the sample is masked below 114 K from the dominant

contributions of the bulk FesBOs phase’s magnetic characteristics.

Moreover, the M vs. H isothermal loop of the BH-NHD2-700C,30m sample collected at 300 K
delineates a resembling ferro/ferrimagnetic behavior to that of the BH-NHD1-700C,30m sample with
hysteresis (Figure 5.27c), corresponding to an assembly of magnetically blocked NPs, whose Hc
values (about 730 Oe at RT), which compared to those found for the BH-NHD1-700C,30m sample,
are sufficient high for a typical Fe-Rh alloy at RT [17], [18], [19], [20], [21], [22]. These characteristics
are, nevertheless, also accompanied by depleted yet non-vanishing dM/dH slopes at high field
values at 300 K, denoting the presence of yet another contribution of smaller IO NPs present in the

MNP assembly that undergo very fast SPM relaxations at RT.

5.4 Fe Mossbauer Spectroscopy Investigations

The iron-contained phases developed in the samples, their crystal structures, particle size,
interconnection and morphology, as well as their magnetic properties are further investigated by
means of the atomic-level-probing technique of ¥Fe Mossbauer spectroscopy. The Fe MS of the as-
made nanohybrid and unsupported samples recorded at 300 K, 77 K and 11 K are shown in Figure

5.28 and 5.29, respectively, while those of the annealed samples are presented in Figure 5.30.

The 300 and 77 K MS of the BH-AM1-NHD and BH-AM1-NP samples are almost identical and are
composed of a single quadrupole split contribution with relative broad resonant lines. We used one
quadrupole split component with a spreading of QS values (AQS-Gaussian type) to fit these spectra.
The resulting Mossbauer parameters (MPs) values for the RT MS of all samples are listed in Table
5.6, while those of the 77 K and 11 K spectra are given in Table 5.7. The MPs values of this component
for both samples indeed coincide, within the experimental error limits. From these values it is
evident that this contribution corresponds to high-spin Fe* ions in oxygen first neighbor
environment. However, the evolution of the MS at 11 K is quite different between the BH-AM1-
NHD and BH-AM1-NP samples. For the former a broad magnetically split contribution is developed
at 11 K, in superposition to the still existing significant quadrupole split contribution, while for the

later the broad magnetically split part is the only one contributing to the 11 K spectrum and the

133



quadrupole split part is completely absent. The magnetically split part of the MS for both samples is
modeled by a set of magnetic components, for which a spreading (ABn-Gaussian type) of the
hyperfine magnetic field (Brs) values, either symmetric or asymmetric with respect to the central Bn©
value, was allowed to describe the observed line broadening [23]. The MPs of the magnetically split
components in the spectra of both samples (Table 5.7) correspond again to Fe® ions in oxygen

environment, and acquire similar values, as was the case for the quadrupole split components.

It is evident from these results that the iron-bearing phases in both as-made samples are not referring
to iron atoms in the metallic or alloyed state. They suggest the presence of IOs or/and iron
oxyhydroxides (IOHs), and in particular, the quadrupole splitting (QS) and quadrupole shift (2¢)
values, of the corresponding components are characteristic of either SPM y-Fe:0s, or ferrihydrite
(FesHOs.4H:0) NPs [2], [24]. Regardless of the exact stoichiometry of these IO or IOH NPs’ phases,
the complete magnetically resolved 11 K spectrum for the case of the BH-AM1-NP sample, combined
with the corresponding partially magnetically split spectrum of the BH-AM1-NHD sample, reflect
the different magnetic interactions experienced by these NPs in each sample at this temperature.
More specifically, the spatial isolation of the IO/IOH NPs on the surfaces of the ND nanotemplates,
as evident from TEM and magnetization measurements, attributes only weak or vanishing
interparticle magnetic interactions that lead to the conservation of the SPM properties for a
substantial part (~ 50% according to the absorption area of the quadrupole split component) of these
NPs in the BH-AM1-NHD sample at this reduced temperature. On the other hand, the spatial
proximity, agglomeration and high interconnection of the corresponding NPs in the BH-AM1-NP
sample, ascribes to them strong interparticle magnetic interactions, which cause the complete cease
of the SPM relaxation, as “sensed” by the Mossbauer spectroscopy technique, for all NPs at this
temperature [4], [5], [10], [12], [13], [14], [25], [26], [27].
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Figure 5.28 “Fe Mo0ssbauer spectra of the BH-AMI-NHD (a) and BH-AMI1-NP (b) samples recorded at different
temperatures (room temperature-300 K, 77 K and 11 K).
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Figure 5.29 “Fe Mo0ssbauer spectra of the BH-AM2-NHD (a) and BH-AM2-NP (b) samples recorded at different

temperatures (room temperature-300K, and 77 K).

The ¥Fe MS of the BH-AM2-NHD and BH-AM2-NP precursor samples recorded at RT present
similar characteristics to that of the BH-AM1-NHD and BH-AMI-NP samples, respectively.
However, these spectra were fitted by two central quadrupole split contributions in order to describe
more adequate the central line broadening that is exhibited in both samples. The resulting MPs
values from the best fits of these MS are listed in Table 5.6. The MPs values indicate the presence of
only Fe® high-spin states for both precursor samples. In particular, these values are characteristic of
Fe’* ions found on IOs or/and iron oxyhydroxides (IOHs) nanostructures, similar to those found in
the BH-AM1-NHD and BH-AMI1-NP precursors, for which their particle size is so small that it
renders them with fast SPM behaviors at RT and 77 K [5], [28], [29]. These results ascribe many
structural and magnetic similarities between these different sets of AM precursors, which are in
good agreement to those found from the XRD and magnetic measurements studies, and validate for

the consistent synthesis of magnetic hybrid nanostructures.
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Figure 5.30 "Fe Mossbauer spectra of the BH-NHD1-700C,30m (a), BH-NP1-700C,30m (b) and BH-NHD2-700C,30m (c)

samples recorded at different temperatures (room temperature-300 K, 77 K and 11 K).
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Table 5.6 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the

samples shown on Figures 5.28, 5.29 and 5.30 recorded at 300 K. IS the isomer shift (given relative to a-Fe at
300 K), I'/2 is the half-line width, QS or QS€ is the quadrupole splitting or the central value of the QS, 2¢ is the
quadrupole shift, Bn€ is the central value of the hyperfine magnetic field, ABrt and AQS are the total spreading

(Gaussian-type) of the Bnf and QS values around the central Bn© and QSC values respectively, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS or QSE, £3 kOe for Bne©, 1 +0.3 at 77 K, 0, ¢ £3° at 77 K, and +3% for AA.

Qs,
Bni© or
IS I/2 QSCor ABrne | AA
AQS
Sample Component 2e Color
(kOe or
(mm/s) | (mm/s) | (mm/s) (kOe) | (%)
mm/s)
Fe¥ -
BH-AM1-NHD IO/ITHO 0.35 0.22 0.81 0.23 0 100 Black
(SPM)
Fe3+ -
BH-AM1-NP IO/ITHO 0.36 0.22 0.83 0.21 0 100 Black
(SPM)
Fe3+ -
IO/IHO 0.34 0.22 0.76 0 0 78 Black
(SPM 1)
BH-AM2-NHD
Fes -
IO/IHO 0.36 0.18 1.29 0 0 22 | Magenta
(SPM 2)
Fe3+ -
IO/IHO 0.35 0.23 0.81 0 0 73 Black
(SPM 1)
BH-AM2-NP
Fe3 -
IO/IHO 0.38 0.20 1.33 0 0 27 | Magenta
(SPM 2)
Fe - bcc B2
, 0.03 0.14 -0.02 273 0 45 Blue
a'-FeRh
BH-NHD1-
700C,30m
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Table 5.7 ¥Fe Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of
the samples shown on Figures 5.28, 5.29 and 5.30 recorded at 77 K and 11 K. IS the isomer shift (given relative
to a-Fe at 300 K), I'/2 is the half-line width, QS is the quadrupole splitting, 2¢ is the quadrupole shift, Bn is
the central value of the hyperfine magnetic field, ABx is the total spreading (Gaussian-type) of the Bn values
around the central Bn€ value, and AA is the relative spectral absorption area of each component used to fit the
spectra. In some cases, the ABrt is asymmetric around the Bu€ value and is given as the ABn¢ value lower/higher
relative to BnC. Typical errors are +0.02 mm/s for IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

IS r/2 QS or 2¢ Bne€ ABn¢ AA T
Sample Component Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%) (K)
Fe¥ - IO/IHO
BH-AM1-NHD 0.47 0.22 0.88 0 0 100 Black
(SPM)
Fe3+ - IO/IHO
BH-AM1-NP 0.48 0.22 0.89 0 0 100 Black
(SPM)
Fe3+ - IO/IHO
0.46 0.22 0.78 0 0 80 Black
(SPM 1)
BH-AM2-NHD
Fe3* - IO/THO
0.48 0.19 1.29 0 0 20 Magenta
(SPM 2)
Fe3+ - IO/IHO
0.47 0.26 0.84 0 0 70 Black
(SPM 1)
BH-AM2-NP
Fe3* - IO/THO
0.49 0.33 1.39 0 0 30 Magenta
(SPM 2)
Fe - bcc B2
, 0.15 0.20 -0.02 284 0 46 Blue
o' Fe-Rh
BH-NHD1- 7
700C,30m
Fe3 - IO/THO
0.49 0.38 0.80 0 0 50 Red
(SPM)
Fe?" - FesBOs 1.23 0.19 2.22 0 0 10 Dark Yellow
Fe? - FesBOs 1.30 0.19 3.03 0 0 11 Dark Yellow
Fe2v+ - Dark Yellow
0.66 0.17 0.91 0 0 3
FesBO7
BH-NP1-
700C,30m Fe?* - FesBOs 1.23 0.19 2.19 47 0 20 Dark Yellow
Fe¥ - FesBOs 0.52 0.19 0.82 323 0 10 Dark Cyan
Fe25" - Dark Cyan
0.87 0.19 1.36 347 0 9
FesBOs
Fe25+ - Dark Cyan
0.81 0.19 1.12 399 0 10
FesBOs
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Fe - bcc B2

, 0.14 0.15 0.01 277 0 16 Blue
o' Fe-Rh
Fe - bcec B2
o' Fe-Rh 0.14 0.17 0.00 0.00 0 9 Cyan
(SPM)
Fe - bcc B2
BH-NHD2- o' Fe-Rh 0.14 0.15 0.01 295 11 21 Grey
700C,30m (MRES)
Fe® - I0/IHO
0.44 0.30 0.71 0 0 28 Red
(SPM 1)
Fe3* - IO/IHO
) 0.42 0.15 0 292 19 10 Orange
(MCOL)
Fe® - I0O/IHO
0.43 0.23 1.38 0 0 16 Green
(SPM 2)
Fe® - IO/IHO
0.47 0.20 0.90 0 0 49 Red
(SPM)
BH-AMI1-NHD | Fe* -10/IHO 0.47 0.16 -0.01 487 17 7 Magenta
Fe® - IO/IHO 0.47 0.16 0.01 420 57 19 Orange
Fe® - I0O/IHO 0.47 0.21 0.01 261 164 25 Brown
Fe3 - IO/IHO 0.50 0.31 -0.03 488 12/4 30 Brown
BH-AM1-NP Fe3 - IO/THO 0.50 0.28 -0.03 449 24/6 50 Magenta
Fe3 - IO/IHO 0.50 0.14 -0.03 360 135/12 20 Orange
Fe - bcc B2
0.15 0.22 0.01 294 0 48 Blue
o' Fe-Rh
Fe - bcc B2
BH-NHD1-
o' Fe-Rh 0.15 0.17 0.00 0 0 5 Cyan 11
700C,30m )
(SPM)
Fe® - IO/THO
0.49 0.44 0.86 0 0 47 Red
(SPM)
Fe - fcc FeRh 0.26 0.21 0.00 181 20 30 Orange
Fe? - FesBOs 1.24 0.17 2.10 94 0 7 Dark Yellow
Fe?* - FesBOs 1.24 0.17 2.15 249 0 10 Dark Cyan
BH-NP1- Fe? - FesBOs 1.24 0.17 2.15 205 0 7 Dark Cyan
700C,30
m Fe? - FesBOs 1.31 0.31 3.03 161 0 11 Dark Cyan
Fe3* - FesBOs 0.53 0.17 0.82 491 0 10 Dark Cyan
Fe25" - Dark Cyan
0.82 0.17 1.14 515 0 6
FesBOs
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Fe25+ - Dark Cyan
0.82 0.17 1.14 474 0 6 ’

FesBOs

Fe25+ - Dark Cyan
0.88 0.17 1.36 432 0 6 ’

FesBOs

Fe25+ - Dark Cyan
0.88 0.17 1.36 416 0 4 ’

FesBOs

Fe2v+ - Dark Cyan
0.69 0.17 0.93 414 0 3 ’

FesBOs

The MS of the annealed samples are quite different in shape, both from those of the as-made samples,
as well as between each other, as evident from the comparison of Figures 5.28, 5.29 and 5.30. The MS
of the BH-NHD1-700C,30m sample in Figure 5.30a combine the contributions of a magnetically split
component with relatively sharp resonant lines, which reflects high crystallinity for the
corresponding phase represented by this component, and a quadrupole split broad central doublet
at all temperatures. Unsuccessful attempts to fit adequately these spectra with only two such
components led to the need for the inclusion of an additional minor singlet central component to the
titting model at all temperatures. The resulting MPs values listed in Table 5.6 and Table 5.7, denote
that the sextet and the singlet acquire identical ISs, characteristic of a metallic Fe-Rh alloy. In
particular, the MPs of the sextet correspond to a well ordered FM CsCl-type B2-bcc a’-Fe-Rh
structure [30], [31], [32]. It becomes thus apparent combining the XRD, TEM,
magnetization/magnetic susceptibility and current ¥Fe Mossbauer spectroscopy measurements that,
the main contribution in this sample originates from a well crystallized ordered nanostructured B2
o’-Fe-Rh phase. Due to the existing particle size distribution and their spatial isolation on the
surfaces of the NDs nanotemplates however, the smaller B2-type Fe-Rh NPs must experience very
strong SPM relaxation that leads to the complete collapse of their Bns values. This part of the Fe-Rh
NPs assembly is represented by the minor singlet in the MS of Figure 5.30a. On the other side, the
MPs values of the quadrupole split doublet signify also the presence of Fe** ions in 10s. These IOs
could have been developed as native oxides on the surfaces of the Fe-Rh NPs in a core-shell
structure, or as stand-alone phases during the annealing procedure. In either case, these 10s
experience strong SPM relaxation throughout the whole measured temperature range, as the
development of any magnetically split part in the MS presenting their characteristics is suppressed

even at temperatures as low as 11 K.

The spectrum of the BH-NP1-700C,30m sample recorded at RT (Figure 5.30b) combines the
contributions of a set of quadrupole split doublets and a central singlet. A set of four quadrupole
split components and a singlet were used to fit this spectrum adequately. The resulting MPs listed
in Table 5.6, suggest that the quadrupole split components correspond to the Fe?¥*, Fe?5* and Fe?*
valence states of the mixed-valence oxyborate FesBOs phase [8], detected in this sample by XRD and
TEM measurements. The singlet acquires MPs that correspond to a PM disordered fcc y-Fe-Rh
phase, also detected by XRD and TEM. The evolution of the MS at lower temperatures confirms the

presence of these two phases in this sample. In particular, the fittings at 77 K combine the
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contributions of the characteristic magnetically split and Fe? magnetically frustrated components of
the FesBOs phase, while at 11 K the development of the complex full magnetically split spectrum for
this phase is also evident [8]. The Fe-Rh phase retains its PM characteristics at 77 K, but develops
magnetic splitting with broad resonant lines, as expected from the magnetic spin-glass properties of
this phase [30], [31], [32], [33], [34] at 11 K.

The RT spectrum of the BH-NHD2-700C,30m sample exhibits spectral characteristics like those of
the BH-NHD1-700C,30m sample. It shows a dominant magnetically split contribution along with a
secondary central quadrupole split contribution. To accurately fit this spectrum, we used the same
titting model we used to describe the BH-NHD1-700C,30m sample. The resulting MPs values for the
primary component in the RT spectrum, as listed in Table 5.6, are consistent with those observed for
the Fe-bcc B2 a' Fe-Rh phase in the BH-NHD1-700C,30m sample. Meanwhile, the MPs for the

secondary contribution suggest the presence of I0 nanostructures exhibiting fast SPM relaxation.

Upon lowering the temperature to 77 K, the thermal evolution of the sample’s spectrum further
confirms the presence of these two phases (see Table 5.7). Specifically, we used two magnetically
split components and one single central component to describe the Fe-bcc B2 o' Fe-Rh phase at 77 K:
a Fe-bcc B2 a' Fe-Rh component (shown in blue in Figure 5.30c, 77 K) with relatively sharp resonant
lines, which reflects high crystallinity for the corresponding phase, a Fe-bcc B2 a' Fe-Rh component
with broad lines but magnetically resolved characteristics (shown in cyan in Figure 5.30c, 77 K)
indicative of a part of the a' Fe-Rh NPs assembly with smaller average NP sizes compared to those
NPs of the Fe-bcc B2 a' Fe-Rh component, but yet, they can be described by different aspects of the
SPM relaxation, which refer to the size of the NPs and their interactions through their inter-
connection that both influence t as T is reduced from 300 to 77 K. The minor single central
component corresponds to the smaller B2-type Fe-Rh NPs, which retain their very strong SPM

relaxation characteristics even at the lower temperature.

The broad central part of the spectrum corresponds to the IO NPs experiencing significant SPM
relaxation, represented by the Fe3*-IO/IHO SPM 1 and SPM 2 components (colored red and green in
Figure 5.30c, 77 K, respectively). At 77 K, the AA of these SPM components decreases, while a new
magnetically collapsing component (Fe* IO/IHO MCOL, shown in orange in Figure 5.30c, 77 K)
appears, reflecting the magnetic behavior of larger IO nanoparticles. This component was necessary
to capture the influence of reduced SPM relaxation as the temperature decreased from 300 K to 77
K. The increase in AA for the Fe3* IO/IHO MCOL component at the expense of the SPM components
in the RT spectrum indicates a reduction in SPM relaxation time (1) for the nanostructured I0/IHO
particles at low temperatures, as the slowing of rapid SPM relaxation involves a larger portion of
this phase [28], [29].
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5.5 Discussion

The results of all experimental characterization techniques used in the present study reveal that in
the parent AM-NHD and AM-NP samples any Fe-Rh alloy NPs fail to develop directly in the first
stage of the synthesis; rather the presence of metallic Rh and IO/IHO NPs separately, however with
immediate spatial proximity and interconnection, is confirmed in these samples. The strong
resistance, on the one hand, of metallic Rh against, and the high susceptibility, on the other hand, of
Fe towards oxidation, should be the main reasons for this outcome, for which the NaBH: reducing
agent seems to succeed in producing Rh NPs from the RhCls salt, but misses to construct a Fe-Rh
alloy directly. This lack for the development of any Fe-Rh alloyed phase in the first stage is recovered
by the application of the second stage in the synthesis, that includes annealing of the parent samples
in evacuated quartz ampoules at high temperatures, a procedure which delivers further reduction
conditions to the system. It seems that the metallic Rh and IO/IHO NPs due to their spatial proximity
are combined in this second stage to deliver Fe-Rh NPs which are grown on the surfaces of the ND
nanotemplates of the BH-NHD1-700C,30m and BH-NHD2-700C,30m samples and develop a single
alloy FM B2-bcc structure, even though this phase is Rh-rich. As a consequence, the excess iron
remains as IO/IHO either as a very thin layer in the Fe-Rh NPs or as separate SPM NPs. On the other
hand, the Fe-Rh NPs formed without the support of the NDs nanotemplates in the BH-NP1-
700C,30m sample, although also Rh-rich, fail to develop the FM B2-bcc a’-Fe-Rh structure and

remain in the PM y-fcc structure.

It becomes thus clear that the NDs play the most significant role for the development of this FM
phase. In particular, since in the parent as-made hybrid and unsupported samples Fe-Rh alloy NPs
are not observed, we propose that the source of carbon atoms originating from the graphitic layers
natively appearing on the surfaces of the NDs [35], [36], [37], not only provides the desired
additional reducing conditions for the growth of the Fe-Rh alloy NPs during the annealing stage [4],
[5], [38], but inflict their development in the FM B2-bcc a’-Fe-Rh structure. This could be a
consequence of a partial diffusion of C atoms within this Fe-Rh alloy structure e.g. in interstitial
positions, forcing its stabilization. The characteristic sign of this behavior could be found through
the fact that the lack of this source of C atoms in the parent BH-AM1-NP sample leads to the
stabilization of the fcc PM y-Fe-Rh phase in the corresponding BH-NP1-700C,30m sample treated
under the same annealing conditions. Moreover, the restraint of Fe-Rh NP size growth during
annealing in the case of the hybrid samples, due to their isolation and uniform distribution on the
NDs nanotemplates surfaces, could also provide the appropriate conditions for sustaining the FM
B2-bce o’ -Fe-Rh structure within these reduced NPs size limits. In this frame, the lack of saturation
for the magnetization values in the M vs. H measurements on those samples, even at temperatures
as low as 2 K in case of BH-NHD1-700C,30m sample, could be attributed to the NPs” SPM behavior
due to their reduced sizes; the contribution of the SPM B2-bcc-type a’-Fe-Rh singlet in the MS of
both annealed nanohybrid samples at all temperatures reinforces this result. This behavior in the M
vs. H measurements however, cannot be distinguished by the SPM behavior of the residual IO/IHO
NPs at all temperatures as established by Fe Mdssbauer spectroscopy. On the other hand, the size
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growth after annealing for the already well interconnected Rh and IO/IHO NPs on the unsupported
BH-AM1-NP sample, could also provide the conditions for the development of larger in size Fe-Rh

alloyed NPs, for which the PM fcc structure is assumingly more favorable.

Moreover, the results from all experimental characterization techniques indicate that the hybrid and
unsupported samples exhibit similar structural and magnetic properties, regardless of the two
different synthesis batches used in this study. These findings confirm the reproducibility of magnetic
hybrid nanostructure synthesis, validating the proposed synthetic route as a simple, efficient, and

reliable procedure.

Another finding of this study that is worth mentioning and analyzing is the existence of only single-
phase alloy Fe-Rh NPs in the BH-NHD1-700C,30m, BH-NHD2-700C,30m and BH-NP1-700C,30m
annealed samples, however of different crystal structures, although the stoichiometry of the Fe-Rh
alloy is found to fall in the Rh-rich side of the phase diagram, where a binary-phase system
composed of both FM «a'-B2-bcc and PM vy-fcc is predicted for Rh at. compositions up to about 75%
[30], [33], [34], [39], [40], [41]. For the Fe-Rh alloys in the a' region, that is at and below -regarding
the Rh content- the equiatomic composition, Fe Mdossbauer spectroscopy studies reveal the
presence of two different first neighbor environments for the Fe atoms: one composed of 6-8 Rh and
4-6 Fe atoms, which corresponds to the Fe atoms in the predicted correct CsCl-type positions (Fel)
and a second composed of 8 Fe and 6 Rh atoms, which corresponds to the anti-site defects of the
CsCl-type structure (Fell) [30], [34]. It is found that the IS and Bxs values of the Fell atoms are shifted
substantially from those of the Fel atoms [30], [34], so these sites are clearly distinguishable in the
Mossbauer spectra. The MS of the annealed BH-NHD1-700C,30m sample at all measured
temperatures reveal a sharp magnetically split component attributed to the bec a” Fe-Rh phase with
Fel characteristics corresponding to the equiatomic composition. In this context, the spectrum of the
annealed BH-NHD2-700C,30m sample at room temperature shows a resembling magnetically split
contribution with Fel, which, due to size distribution, separates into two magnetically split
components with similar Fel characteristics at 77 K. These observations indicate that the local
environment of all Fe atoms in the B2-bcc a'-Fe-Rh structure is stable and uniform, consisting
exclusively of 8 Rh atoms as nearest neighbors, with no detectable Fe anti-site atoms. Furthermore,
XRD measurements confirm that the Fe-Rh phase in the annealed NHD samples is Rh-rich, with a
composition of approximately 60-70% Rh. This conclusion is supported by the lattice constants
derived from XRD, which align with those reported for alloys in this compositional range [39], [42]
and from the results of the ¥Fe Mossbauer and STEM EDS analyses. We propose that the growth of
this Rh-rich Fe-Rh phase with such distinct Fe first neighbor environment should be again a
consequence of the C atoms diffusion from the NDs’ graphitic surface layers. On the other hand, the
further increased Rh content, evident by the XRD and STEM EDS measurements found for the alloy
Fe-Rh NPs of the BH-NP1-700C,30m sample, and the lack of available C atoms restrain the
development of the B2-bcc phase and the NPs remain at the y-fcc structure even after the thermal

annealing at 700 °C.
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5.6 Conclusions

This study presents the synthesis, characterization and analysis of a new magnetic nanohybrid
material through the growth of ferromagnetic CsCl-type B2-bcc a'-Fe-Rh nanoparticles on
nanodiamond nanotemplates. The synthesis follows a two-stage procedure involving wet
chemistry, using NaBH, as the reducing agent, and vacuum thermal annealing. The Fe-Rh
nanoparticles averaging 4 nm in size, are uniformly distributed across the surfaces of the
nanodiamond nanotemplates. Although these NPs exhibit a rhodium-rich composition (60-70 at. %),
they maintain stable ferromagnetic behavior over a wide temperature range, from 2 K to 400 K.
Notably, no antiferromagnetic-to-ferromagnetic transition is observed, as such a transition is
characteristic only of Fe-Rh alloys near equiatomic stoichiometry. Magnetic measurements also
reveal superparamagnetic relaxation effects, which are attributed to the nanoparticles' small size and

their isolated distribution on the nanodiamond surfaces.

Attempts to synthesize similarly ferromagnetic Fe-Rh nanoparticles without nanodiamond support,
under the same conditions, were unsuccessful, highlighting the crucial role of the nanodiamond
substrate. This finding suggests that carbon atoms within the graphitic surface layers of the
nanodiamond assemblies may facilitate diffusion processes during the annealing stage, thereby

supporting the formation of the ferromagnetic Fe-Rh phase.

Using dense nanodiamond templates as a foundation for this magnetic nanocrystalline system
demonstrates the efficacy of these supports and this synthesis approach in developing advanced
magnetic hybrid nanostructures. Additionally, by adjusting synthesis parameters, this two-stage
method can yield a variety of magnetic nanohybrids tailored for applications across several key

technological fields.
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Chapter 6. Study of the Fe-Co/NDs system

6.1 XRD

6.1.1 Samples prepared using the sodium borohydride reducing agent

The XRD patterns of pristine NDs, as-made nanohybrid, and unsupported samples prepared with
the NaBH4 reducing agent (BH) are shown in Figure 6.1. In Figure 6.1(a), two main broad diffraction
peaks at 43.9° (111) and 75.4° (220) in 20, corresponding to the cubic ND structure (lattice constant
a = 3.567 A, ICDD PDF 00-006-0675), confirm the crystalline nature of the NDs. Additionally, a

diminished diffraction peak observed at 21.6° in 20 suggests minor impurity residues.

In Figure 6.1(b), the XRD pattern of the BH-AM1-NHD sample exhibits dominant, broad diffraction
peaks attributed to ND nanostructures, along with a reduced in intensity and very broad peak at
about 36° 20. This peak corresponds likely to the diffraction from the (311) atomic planes of a spinel-
type FesxCoxOs iron-cobalt-oxide (ICO) structure at 35.4° 20 (lattice constant a = 8.392 A, ICDD PDF
00-022-1086) [1]. Average crystalline domain sizes, <D>, for the NDs phase were estimated using the
Scherrer formula [2], applied to the most resolvable diffraction peaks of each sample, yielding <Dnps>

=5nm.

These findings indicate that both the pristine NDs and the as-made nanohybrid precursor contain
highly nanocrystalline ND particles, consistent with the nominal structure and purity provided by
Aldrich. However, estimating the average crystalline domain size for the ICO NPs was not feasible

due to the non-resolvable nature of the corresponding main diffraction peak.

Figure 6.1(c) presents the XRD pattern of the BH-AM1-NP sample, which shows very broad peaks
spanning in a range of angles. These include very broad contributions from the main diffraction
peak of a cubic bee alloy Fe—Co phase at about 45° 20 (lattice constant a =2.855 A, ICDD PDF 00-049-
1567 (FeosCoos)), as well as an ICO phase at 30° (220) and 36° (311) 20. The large peak widths and
the reduced intensities suggest the formation of very small NPs for both phases that are also affected

by low crystallinity.

The retained NDs nanostructured features, alongside with the presence of ICO NPs, render this as-
made hybrid sample a promising structural template for the growth of hybrid Fe-Co alloy/NDs
samples by the development of the Fe-Co alloy phase after annealing under controlled conditions.
The development of the Fe-Co alloy phase is expected to originate from the reduction of the ICO
NPs. Conversely, the unsupported sample shows a greater variety of impurity phases, which may
hinder the formation of a single crystalline magnetic Fe-Co alloy phase under similar annealing
conditions. Instead, the XRD features suggest that the unsupported sample is more likely to adopt a
multi-phase nature after annealing, as also seen in the case of the unsupported Fe-Rh system

(Chapter 5), diverging from the expected characteristics of intended uniform growth of magnetic
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nanostructured materials. For this reason, this precursor was not used further in the second

annealing step.
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Figure 6.1 XRD patterns of the pristine NDs (a), BH-AM1-NHD (b) and BH-AM1-NP (c) samples. The crystalline phases

in the samples are depicted by the respective different symbols denoting the angular positions of their main diffraction

peaks. The average crystalline domain size <D> of the nanodiamonds phase for the as-made nanohybrid precursor and

pristine NDs samples are denoted in each of these samples’ patterns.

6.1.2 Samples prepared using the impregnation method

The XRD patterns of the conventional (non-Fe enriched) AM-NHD precursor samples prepared
using the impregnation (IM) method are shown in Figure 6.2. These patterns exhibit similar
structural features among them, as indicated from the presence of the characteristic ND diffraction
peaks at 43.9° (111), 75.3° (220), and 91.5° (311) 20, and those of the spinel-type ICO structure at 30.1°
(220), 35.4° (311), and 63.6° (440) 20, respectively [1]. An estimation of the average NP crystalline
domain size <D> for the ND and ICO phases based on the most resolvable widths of their main
diffraction peaks was made using the Scherrer formula, providing <Dnps> =5 nm for the NDs NPs
and <Dico> between 2 and 5 nm for the ICO NPs depending on the sample. These results suggest the
ability of the first step of the IM synthesis method to produce methodically very small ICO NPs

seeds developed on the NDs nanotemplate matrices.
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From Figure 6.2, it is also observed that the preparation of the IM-AM1-NHD and IM-AM2-NHD
precursors results to more intense diffraction peaks for the corresponding ICO phase, therefore
indicating the presence of larger and more crystalline ICO NPs compared to the respective ICO NPs

of the other as-made nanohybrid precursor samples.
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Figure 6.2 XRD patterns of the IM-AM1-NHD (a), IM-AM2-NHD (b), IM-AM3-NHD (c), IM-AM4-NHD (d), IM-AMS5-
NHD (e) samples. The crystalline phases in the samples are depicted by respective different symbols denoting the angular

positions of their main diffraction peaks. The average crystalline domain size <D> of the nanodiamonds and the spinel-

type iron-cobalt-oxide phases are denoted in each pattern.

The XRD diagrams of the samples resulting from annealing the as-made nanohybrid precursors
using the IM method at different temperatures and heating durations are presented in Figure 6.3. It
is evident that the annealing of the AM-NHD precursors at all chosen temperatures and durations
can induce the formation of a new nanocrystalline phase. At the same time, the presence of the ICO
is completely absent or significantly diminished, and that of the NDs is completely retained. In
particular, apart from the presence of the characteristic NDs diffraction peaks, considerable
contributions from the broad diffraction peaks of a cubic bcc Fe—Co crystal structure are evident at
44.9° (110), 65.3° (200), and 83.7° (211) 20 for the measured XRD patterns of all the annealed samples.
The high broadening of the diffraction peaks of this phase inhibits a reliable estimation of the atomic
Fe-Co stoichiometry to be made only from their angular positions, as three different ICDD PDFs
with iron-rich (Feo7Coos 00-048-1817, lattice constant a = 2.864 A), equiatomic (FeosCoos 00-049-1568,
lattice constant a = 2.855 A), and iron-poor (FeosCooz 04-007-3335, lattice constant a = 2.842 A)
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stoichiometries can qualitatively match the angular positions of these diffraction peaks equally. The
aspects of the nature, morphology, and stoichiometry of this phase in the samples are revealed by

TEM analysis (vide infra).

However, an estimation of the average crystalline domain size <D> extracted out of the best
resolvable diffraction peaks at 65.3° and 83.7° 20 for this phase can be made using the Scherrer
formula, and the results are depicted in each pattern. It is evident that the average size ranges
between 6 and 9 nm in all cases. Moreover, for the samples annealed at 700°C and 650°C, there is no
evidence of the presence of ICO in the XRD patterns, but a minor contribution of this phase appears
for the samples annealed at 600°C. From these results it is possible to conclude that as regards the
formation of the Fe—Co alloy phase originating from the reduction in the ICO NP seeds, the
annealing of the precursors can be carried out up to 700°C without any significant increase in the

average size of these alloy NPs compared with lower annealing temperatures.

Furthermore, the observation of the residual ICO NPs appearing in the XRD patterns of only the 600
°C annealed samples, in relation to the absence of this phase from the corresponding XRD patterns
of the samples annealed at higher temperatures, is attributed to its incomplete reduction towards
the metallic Fe-Co phase. It can be thus concluded that 700 °C can be regarded as the optimum
annealing temperature for producing the Fe-Co/NDs NHD samples. On the other side, as regards
these XRD results, the annealing time does not seem to have a significant effect either in the average
particle size of the Fe—Co phase or in the appearance of ICO phases in the samples, except in the case
of the 600°C series, where increased time intervals seem to be related to less ICO presence. This
means that the Fe-Co phase is rapidly formed from the reduction in the ICO during the annealing

procedure.
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Figure 6.3 XRD patterns of the samples resulting after annealing the impregnated as-made nanohybrid precursors, at

700°C (a), 650°C (b), and 600°C (c) in evacuated quartz ampoules for different durations denoted in each pattern. The

crystalline phases in the samples are depicted by respective different symbols denoting the angular positions of their main

diffraction peaks. The average crystalline domain size <

made nanohybrid precursor sample and that of the Fe-C

D> of the nanodiamonds and iron—cobalt oxide phases for the as-

o phase for all other annealed samples are denoted in each pattern.

Following this context, Figure 6.4 shows the XRD patterns of the *Fe enriched as-made precursor

(En-IM-AM6-NHD) and the corresponding samples resulting from the annealing of this precursor
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at different conditions. According to these measurements, the two sets of samples, namely the non-
enriched/conventional and enriched with the Fe reagent, have many structural similarities. In
particular, the XRD pattern of En-IM-AM6-NHD sample in Figure 6.4a depicts the dominant
presence of the broad diffraction peaks attributed to NDs, along with the three inferior diffraction
peaks referred to the ICO spinel-type phase, while the application of the Scherrer formula in this
diagram gives an estimation of the average crystalline domain size of <Dnps> = 4 nm for the NDs,
and <Dico> =2 nm for the ICO NPs.

Annealing the En-IM-AM6-NHD precursor at 700°C induces the development of Fe—-Co bcc
nanostructures in addition to the presence of the ND nanotemplates at all durations, as was found
also for the conventional precursors. However, there are also some differences; at 26.5° 20, a
diffraction peak is evident, especially for the samples with the longer annealing durations of 2 and
8 h (Figure 6.4b, c). This peak is attributed to a graphitic carbon-type phase, which has also been
found to develop in similar iron carbide/ND hybrid samples prepared by the same synthesis route
[3]. As in the case of the annealed samples prepared with the conventional precursors, the aspects
of the nature, morphology, and stoichiometry of this, as well as the Fe—Co alloy phase, will be

revealed by further TEM analysis (vide infra).

The average crystalline domain size <D> for the Fe-Co phase in most annealing durations lies at 10
nm, which is only slightly higher to those found for the samples prepared with the conventional
precursors (6-9 nm), while an increase in <D> to 15 nm for this phase is observed for the longest (8
h) annealed Fe enriched sample, suggesting that for this ¥Fe enriched precursor, longer durations
induce an increase in the Fe—Co particle size. Regarding the cases of the ¥Fe enriched annealed
samples for 30 min following or not slow cooling rates after the heating procedure (En-IM-NHD6-
700C,30m-SC, Figure 6.4d and En-IM-NHD6-700C,30m, Figure 6.4e, respectively), it is found that no

major differences are observed in their XRD patterns.
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Figure 6.4 XRD patterns of the ¥Fe-enriched as-made nanohybrid precursor and the corresponding annealed samples at
700°C. The crystalline phases in the samples are depicted by the respective different symbols denoting the angular
positions of their main diffraction peaks. The average crystalline domain size <D> of the nanodiamonds and iron—cobalt
oxide phases for the ¥Fe-enriched as-made nanohybrid precursor sample and that of the Fe-Co phase for all other samples

is denoted in each pattern.
6.2 TEM, STEM and EDS Analysis
6.2.1 TEM Analysis of the impregnated precursor sample

The determination of the dispersion, morphology and structure of the nanophases were revealed by
TEM/STEM observations.

TEM images of a representative as-made hybrid sample, namely the conventional IM-AM5-NHD
sample are displayed in Figure 6.5. This image reveals a nanohybrid system consisting of relatively
circular shaped NPs, appearing in darker contrast than the rest of the material in the bright-field
images, that are deposited on the surfaces of close packed ND NPs clusters. The NDs clusters are
forming roughly round as well as irregular-shaped nanotemplates with sizes ranging from 30 to 500
nm. Taking into account the XRD results, we can conclude that these darker contrast NPs correspond

to the ICO seeds developed on the surfaces of the lower contrast ND NPs clusters.
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BE i ve.
Figure 6.5 Bright-field TEM image of the IM-AM5-NHD sample. Red arrows show some regions in the hybrid cluster,

where the formed ICO NPs on the surfaces of the nanodiamonds templates appear denser compared with the total hybrid

cluster.

6.2.2 TEM, STEM and EDS analysis of the annealed impregnated samples

Representative TEM images of two annealed samples, namely IM-NHD5-700C,30m and En-IM-
NHD6-700C,30m-SC, are displayed in Figures 6.6 and 6.11, respectively. Moreover, HAADF-STEM-
EDS and HRTEM images, which thoroughly determine the chemical and structural details of these

two respective samples, are given in Figures 6.7-10, and 6.12-6.15, respectively.

Figure 6.6 displays the morphology of the IM-NHD5-700C,30m sample, showing a nanohybrid
system consisting of well-dispersed ND clusters with arbitrary shapes and sizes ranging from 20 to
180 nm. These ND cluster nanotemplates contain relatively spherically shaped metallic NPs grown
on their surface, which appear in darker contrast relative to the rest of the ND materials in these
bright-field images. The ND NPs have an average size of about 5 nm and cluster together to form
aggregates. HAADF imaging in STEM mode, shown in Figure 6.7, reveals better the distribution of
the metallic NPs on the ND nanotemplates, as the contrast is proportional to the Z-number. A typical
counting analysis of their sizes gives an asymmetric distribution, with higher spreading on the

higher sizes’ side and a mean value of 6 nm (Figure 6.7d).
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Figure 6.7 HAADF STEM images from different nanohybrid clusters of the IM-NHD5-700C,30m sample (a—c). Distribution
of the Fe-Co metallic nanoparticles sizes (d). HAADF STEM image of a particular hybrid Fe—-Co

nanoparticles/nanodiamonds cluster (e) and the corresponding elemental distribution of Fe (f) and Co (g).

The HAADF STEM image of a hybrid Fe-Co NPs/NDs cluster and the corresponding elemental
distribution mapping shown in Figure 6.7e—g reveals that Fe and Co atoms of the metallic NPs reside
at the same spatial positions in the cluster, verifying the development of the Fe-Co alloy. Additional
point and areal EDS spectra obtained from multiple metallic NPs (Figure 6.8 and Table 6.1) suggest

a Co-rich stoichiometry in the Fe—Co alloy phase with an average Fe:Co atomic ratio of about 35:65
(FessCoess).

158



©) |cos3 %

Fe:47 % Fe:17 %

Co Cu

Fe jCo

2 34506789101 L -

(keV) (keV)

Figure 6.8 (a) HAADF-STEM image from the IM-NHD5-700C,30m sample, illustrating some locations where EDS analysis
was conducted. Respective values are listed in Table 6.1. (b, c) spectra #6 and #7 from NPs with high and low Fe-

composition respectively (refer to Table 6.1 for results).

Table-6.1 Fe compositions measured on individual Fe-Co NPs of the IM-NHD5-700C,30m sample using EDS

analysis.
Point | Feat. %
1 32
2 46
3 38
4 44
5 32
6 47
7 17
8 15
9 36
10 39
11 36
12 41
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37

Average:

35

Figure 6.9 displays HRTEM images of different metallic Fe-Co NPs grown on the surface of the ND

nanotemplates of the IM-NHD5-700C,30m sample,

corresponding to the close-packed {110} and the {200} planes of the bcc FessCoss alloy structure are
resolved. Moreover, and most importantly, the formation of graphitic-type layered structures
partially wrapped around these metallic NPs is evident, and is indicated by the yellow arrows. The
presence of these graphitic-type layered structures wrapping to some extend around the metallic

Fe-Co NPs is quite systematic, as it is seen regularly in many other Fe—-Co NP cases studied using

HRTEM on this sample (see also Figure 6.10).

Figure 6.9 HRTEM images of the IM-NHD5-700C,30m sample revealing two different Fe-Co metallic nanoparticles (a, b)
grown on nanodiamonds, in which their {110} and {200} planes are resolved in (a) and only the {110} atomic planes in (b).
The planes are highlighted in the blown-up white rectangles along with their d-spacings. Graphitic-type layered structures

wrapped around the metallic nanoparticles are indicated by yellow arrows.

Figure 6.10 HRTEM images obtained from the IM-NHD5-700C,30m sample, showing graphitic-type layers encapsulating

partially the Fe-Co NPs (arrows).
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Figure 6.11 shows the morphology of the En-IM-NHD6-700C,30m-SC sample. The hybrid Fe-Co/ND
clusters are similar in structure, shape, and size to those found for the IM-NHD5-700C,30m sample.
The densely-packed individual ND NPs forming the nanotemplates are again, on average, about 5
nm in size, while HAADF-STEM images presented in Figure 6.12(a—c) reveal, for this sample, the
same characteristics found for the IM-NHD5-700,30m sample. In this case, the metallic NPs” size
distribution seems to be broad but more symmetric, and has a slightly increased 9 nm mean value
relative to that of the IM-NHD5-700C,30m sample (Figure 6.12d). These features could be attributed
to the slow cooling process which was followed for this sample. The elemental distribution of a
hybrid Fe-Co NP/ND cluster shown in Figure 6.12(e—g) reveals that Fe and Co atoms reside at the
same spatial positions, verifying again, as in the case of the IM-NHD5-700C,30m sample, the
development of the Fe—Co alloy. Moreover, additional point and areal EDS spectra obtained from
multiple metallic NPs (Figures 6.13 and Table 6.2) also suggest a Co-rich stoichiometry in the Fe-Co
alloy phase with an average Fe:Co atomic ratio of about 33:67 (FessCos7), very similar to that found
for the IM-NHD5-700,30m sample.
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Figure 6.11 TEM images of the En-IM-NHD6-700C,30m-SC sample (a—c) at different magnifications.

The fact that both (¥Fe-enriched and non-enriched/conventional) annealed samples possess very
similar Co-rich Fe-Co NP compositions reflects the validity and reproducibility of the chosen two-

step impregnation synthetic method.
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Figure 6.12 HAADF Z-contrast images in STEM mode from different nanohybrid clusters of the En-IM-NHD6-700C,30m-
SC sample (a—c). Distribution of the Fe—Co metallic nanoparticles sizes (d). HAADF STEM image of a particular hybrid

Fe-Co nanoparticle/nanodiamond cluster (e) and the corresponding elemental distribution-mapping of Fe (f) and Co (g).

23 456789101

(keV)

Figure 6.13 HAADF-STEM image from the En-IM-NHD6-700C,30m-SC sample, showing the positions where point-EDX
spectra were collected (a). The point spectrum from position 1 and the corresponding relative atomic percentages of Fe
and Co are shown in (b). HAADF-STEM images showing other areas where EDX spectra were collected(c, d) (refer to
Table 6.2 for all results).
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Table 6.2 Fe compositions derived from point and areal EDS spectra obtained from sample En-IM-NHD6-
700C,30m-SC.

Point/Area | Fe at %
point 1 32
point 2 33

area 3 35
area 4 33
Average 33

Figure 6.14a displays an HRTEM image of a metallic Fe~Co NP at the edge of an ND cluster, as
indicated in lower magnification in the inset of this bright-field TEM image. Notably, the lattice
spacings from the closely packed {111} planes of the cubic diamond structure and the {110} planes
of the metallic bcc B2 Fe—Co structures present a measurable difference. In Figure 6.14b, the HRTEM
image reveals a characteristic Fe-Co NP projected along the [100] zone axis, aiding in the definitive
identification of the B2 structure. Figure 6.14c illustrates more characteristically the formation of a
graphitic-type few-layer structure at the interface between the metallic NPs and the ND support
nanotemplate. The inset in Figure 6.14c shows this interface in greater detail with the graphitic-type
{0002} planes marked yellow, along with the {110} planes of the adjacent metallic NP marked white.
The graphitic layers wrapping around the NPs varied in thickness and degree of coverage, and it is
evident that are more pronounced at the neighboring sides where the NDs NPs reside. As shown in
Figure 6.15, some graphitic layers were only partially developed around a metallic Fe—-Co NP and in

another instance, they appear to extend away from the metallic NP.
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Figure 6.14 HRTEM images of a typical Fe-Co nanoparticle/nanodiamond cluster in the En-IM-NHD6-700C,30m-SC
sample. The {111} planes of a nanodiamond nanoparticle and the {110} planes of a bcc Fe—-Co metallic nanoparticle are
provided. HRTEM image from another metallic Fe-Co nanoparticle projected along [100] (b). HRTEM image showing a
Fe—Co nanoparticle surrounded by a graphitic-type few-layer structure (c), with the {110} planes of the metallic bec and
the {0002} planes of the graphitic-type structures indicated by white and yellow fonts.

Figure 6.15 HRTEM images obtained from sample En-IM-NHD6-700C,30m-SC, showing graphitic-type layers (arrows)
wrapping around Fe-Co NPs. Notably, in (a), these layers are observed to extend partially away from the NP.
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From the TEM studies, it is possible to conclude that whatever the sample case (conventional or *Fe
enriched), the development of the graphitic-type layered structures is inherently related to the
development of the Fe—Co metallic NPs. By knowing the nature and characteristics of the chemical
precursors used to develop the final hybrid nanostructures after vacuum annealing, it becomes
apparent that carbon, which is the building element of NDs, is essential for the development of
metallic Fe—-Co NPs. These metallic NPs are initiated from the corresponding ICO NP seeds; thus,
carbon atoms must be interacting with them, and they must be playing a crucial role in their
reduction. Following this argument, the verified by TEM measurements presence of these carbon
atoms at the interface between the Fe-Co metallic and ND NPs as graphitic-type layers, can also

suggest their further possible diffusion within the Fe—Co alloy structure.

6.3 ¥Fe Mossbauer Spectroscopy

The atomic-level probing technique of Fe Mossbauer spectroscopy offers a unique tool to
characterize and study the structural, morphological, electronic, and magnetic properties of the iron-

containing phases in the samples.

6.3.1 Samples prepared using the sodium borohydride reducing agent

Figures 6.16 and 6.17 display the ¥Fe Mossbauer spectra (MS) of the as-made nanohybrid and
unsupported samples prepared using NaBH: as a reducing agent recorded at RT and 77 K

respectively.

At 300 K, the MS of the hybrid and unsupported samples exhibit a prominent, broad, magnetically
split contribution combined with a minor central quadrupole split contribution. In the BH-AM1-NP
sample (Figure 6.16b), the resonant lines of the magnetically split components are more distinct than
in the BH-AM1-NHD sample (Figure 6.16a). Consequently, a set of two broad magnetically split
components and a set of two quadrupole-split components were used to fit accurately the spectra of
both samples. For the magnetically split components, a Gaussian-type spreading ABn [4] of the
hyperfine magnetic field (Brf) values around the central Bu© value was applied in order to describe
the line broadening in this part of the spectra. The resulting Mossbauer parameters (MPs) from the

best-fits using these models are listed in Table 6.3.

For the RT MS one broad magnetically split component acquires isomer shift (IS) and quadrupole
shift (2¢) values which are characteristic of a metallic alloy Fe-Co phase [5], [6], which is however
influenced by superparamagnetic (SPM) relaxation that causes the broadening of their resonant lines
and the severe reduction of the expected Bn values, while the MPs values of the other broad
magnetically split component are attributed to Fe®** ions in oxygen coordinated environments

indicative of spinel-type ICO nanostructures, which are also influenced by SPM relaxation
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phenomena. Considering the analyses of the XRD patterns of these two samples, these components
can be attributed to metallic Fe-Co and ICO NPs that are experiencing fast SPM relaxation due to
their very small particle sizes. On the other side, for the BH-AM1-NHD sample, the magnetically
split components (MCOL Fe-Co (1) and MCOL Fe-Co (2), in green and magenta, respectively)
comprise 66% (21 % and 45% each respective component) of the total absorption area (AA), whereas,
for the BH-AM1-NP sample, the two magnetically split components (MCOL ICO and MCOL Fe-Co
in cyan and magenta, respectively) account for the 89% of the total AA (27% and 62% each respective
component). Moreover, the MCOL Fe-Co component in each sample acquires similar AA values and
its weighted (relative to their AAs) average Bre value (236 kOe) in the BH-IM-NP sample is higher
than the Bue values of the respective components (139 and 225 kOe) in the BH-IM-NHD sample.
These findings suggest that the Fe-Co NPs developed in the BH-AM1-NHD sample during this
synthesis are experiencing faster SPM relaxation than the corresponding Fe-Co NPs in the BH-AM1-
NP sample. There could be two reasons for this behavior, both of which could be valid
simultaneously: first, the Fe-Co NPs of the BH-AM1-NHD sample must be of lower average particle
size and crystallinity than those of the BH-AM1-NP sample, and second, the Fe-Co NPs of the BH-
AM1-NP sample must experience stronger magnetic interparticle interactions than those of the BH-
AM1-NHD sample. The nature of the two samples enforces the second reason, as the interparticle
interactions are expected to be enhanced in the unsupported sample where the NPs are well
interconnected to each other, while these interactions are expected to be weakened in the NHD
sample where these NPs are dispersed on the ND matrices. Evidence on the validity of the first
reason can be extracted from the XRD patterns of the two samples, where the presence of the Fe-Co
phase, although with a very broad peak is detected for the unsupported sample, while this is not the
case for the NHD sample, where the small size and low crystallinity of the Fe-Co NPs could be

responsible for the absence of their detection.

The MPs of the quadrupole split components are characteristic for high-spin (S = 5/2) Fe* and high-
spin (S = 2) Fe?" ions in oxygen-coordinated environments, and suggest the presence of spinel-type
ICO nanostructures with additional Fe?* ions incorporated in their lattice [7]. These ICO

nanostructures exhibit such small particle sizes that confer them complete SPM properties at RT [3],

[7], [8].
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Figure 6.16 "Fe Mossbauer spectra of the as-made nanohybrid BH-AM1-NHD (a) and the unsupported BH-AM1-NP (b)

samples collected at room temperature.
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Table 6.3 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.16. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABxnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn€ value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. I/2 Q.S. or 2¢ Bns€ ABn: | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) (kOe) | (kOe) | (%)

SPM Fes+ 0.34 0.26 0.74 0 0 32 Maroon

SPM Fe? 1.06 0.30 2.84 0 0 2 Blue

BH-AM1-NHD

MCOL Fe-Co (2) 0.14 0.15 0.00 225 62 45 Magenta
SPM Fe3+ 0.35 0.23 0.74 0 0 7 Maroon

SPM Fe?* 1.03 0.32 217 0 0 4 Blue

BH-AMI1-NP

MCOL Fe-Co 0.15 0.15 0.00 236 91 62 Magenta

The thermal evolution of the MS for these samples at 77 K is shown in Figure 6.17. These spectra can
be analyzed using the same fitting models applied at RT, and the resulting MPs are listed in Table
6.4. All components display the expected shifts in their MPs values, while their AA values are similar
to those observed at RT, within expected error margins. In the case of BH-AM-NHD sample, the
findings indicate minimal changes in the AA values of the ICO SPM and Fe-Co alloy MCOL
components at 77 K. This is notable because lower temperatures would typically increase the SPM
relaxation time (1) in all NPs [9], [10]. Such an increase would generally reduce the fast SPM
relaxation at low temperatures, affecting a larger fraction of the nanostructured phases [3], [7], [8].
However, for the as-made hybrid sample, the spectral characteristics at 77 K remain consistent with
those observed at RT. This stability, suggests robust contributions from both the fast SPM relaxation
of smaller ICO NPs and the slower SPM relaxation of larger ICO NPs and the Fe-Co alloy NPs.

The retention of these interactions is likely attributed to the use of NaBHs as a reducing agent during
synthesis, which may introduce undesired structural and morphological characteristics into the
hybrid sample after annealing. These effects could detract from the primary objective of developing

pure magnetic nanostructured materials with distinct magnetic properties.

In contrast, the BH-AM1-NP sample exhibits a significant difference in the AA values of the
dominant MCOL Fe-Co component between RT and 77 K. Specifically, during thermal evolution,
the dominant MCOL Fe-Co component (colored magenta in Figure 6.16b) at RT splits into two
MCOL Fe-Co components (colored magenta and red in Figure 6.17b) at 77 K, compensating for the

reduction in the AA value of the original RT component. These results, combined with the
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corresponding XRD features, suggest that the unsupported sample could develop a multi-phase
character after annealing, similar to the behavior observed in the unsupported Fe-Rh system
(Chapter 5). This divergence from the anticipated uniform growth of magnetic nanostructured

materials underscores its unsuitability for further processing.

Consequently, this precursor was excluded from the second annealing step. Our will therefore focus

on the Fe-Co/NDs system synthesized using the impregnation method.
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Figure 6.17 ¥Fe Mossbauer spectra of the as-made nanohybrid BH-AM1-NHD (a) and the unsupported as-made BH-AM1-
NP (b) samples collected at 77 K.
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Table 6.4 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.17. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABrt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. I/2 Q.S. or 2¢ Bns€ ABnt | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) (kOe) | (kOe) | (%)
SPM Fes+ 0.46 0.28 0.76 0 0 33 Maroon
SPM Fe?+ 1.18 0.33 2.80 0 0 3 Blue
BH-AM1-NHD
MCOL Fe-Co (1) 0.26 0.15 0.00 188 46 21 Green
MCOL Fe-Co (2) 0.27 0.15 0.00 251 44 43 Magenta
SPM Fe3+ 0.47 0.26 0.72 0 0 7 Maroon
SPM Fe2+ 1.15 0.29 2.18 0 0 4 Blue
BH-AM1-NP
MCOL Fe-Co (1) 0.27 0.15 0.00 255 57 32 Magenta
MCOL Fe-Co (2) 0.27 0.15 0.00 242 117 29 Red

6.3.2 Samples prepared using the impregnation method

6.3.2.1 As-made impregnated precursor samples

The ¥Fe MS of conventional as-made nanohybrid precursors, produced via the impregnation
synthesis method, are shown in Figure 6.18, with additional spectra collected at 77 K displayed in
Figure 6.19. In Figure 6.18, the spectra for all precursor samples at RT are dominated by a broad
quadrupole-split contribution. This contribution is effectively modeled by two primary quadrupole-
split components across all samples. However, to achieve an accurate fitting model for the IM-AM2-
NHD sample an additional set of broad magnetically split components with collapsing Buns
characteristics was necessary, all with ionic Fe** character. For these collapsing Bn components, a
Gaussian-type spread, ABne [4], was applied around the central Bn¢ value to account for line

broadening in this part of the MS.

The resulting MPs derived from the best fits of the spectra are listed in Table 6.5. These values reveal
the presence of Fe** high-spin (S = 5/2) states for the two SPM main components, SPM Fe** (1) and
SPM Fe* (2), indicated by dark cyan and purple in Figure 6.18, respectively. These are characteristic
of Fe¥ ions typically found in spinel-type ICO nanostructures, with particle sizes so small that they
exhibit fast SPM behavior at RT [8], [11]. This result aligns with XRD results (Figure 6.2), which

estimate an average particle size of 2 to 5 nm for this phase. At RT, the particle size of ICO
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nanostructured seeds formed on ND nanotemplates during the initial impregnation synthesis step
is below the SPM size limit. Consequently, fast SPM relaxation occurs, where, T << tms, resulting in

completely collapsed Bre values [12], [13].

In the IM-AM2-NHD sample, MCOL Fe** (1) and MCOL Fe* (2) indicated in olive and magenta in
Figure 6.18b, suggest that a subset of ICO seeds exceed the SPM size threshold [9], [10]. Here, the
slower relaxation (t > twvs) implies increased particle sizes and/or clustering, where strong

interparticle interactions prolong t beyond tvs [9], [14], [15].
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Figure 6.18 Fe Mossbauer spectra of the IM-AM1-NHD (a), IM-AM2-NHD (b), IM-AM3-NHD (c), IM-AM4-NHD (d) and
IM-AM5-NHD (e) as-made nanohybrid precursor samples, derived from the impregnation synthesis and collected at room

temperature.
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Table 6.5 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.18. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABrt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. I/2 Q.S. Bns€ ABnt | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) (kOe) | (kOe) | (%)
SPM Fe3 (1) 0.34 0.18 0.60 0 0 46 | Dark Cyan
IM-AM1-NHD | SPM Fe3* (2) 0.31 0.22 1.09 0 0 40 Purple
SPM Fe2 0.52 0.14 1.19 0 0 14 Pink
SPM Fe3* (1) 0.32 0.18 0.55 0 0 15 | Dark Cyan
SPM Fe3* (2) 0.35 0.32 1.00 0 0 37 Purple
IM-AM2-NHD
MCOL Fe?* (1) 0.28 0.15 0.00 449 34 22 Olive
MCOL Fe®* (2) 0.31 0.15 0.00 312 110 26 Magenta
SPM Fe3 (1) 0.34 0.18 0.67 0 0 39 | Dark Cyan
IM-AM3-NHD
SPM Fe3* (2) 0.35 0.27 1.19 0 0 61 Purple
SPM Fe3* (1) 0.34 0.19 0.72 0 0 62 | Dark Cyan
IM-AM4-NHD
SPM Fe3* (2) 0.35 0.20 1.31 0 0 38 Purple
SPM Fe3 (1) 0.32 0.23 0.65 0 0 57 | Dark Cyan
IM-AM5-NHD
SPM Fe3* (2) 0.35 0.24 1.19 0 0 43 Purple

By lowering the measurement temperature to 77 K, the thermal evolution of the MS for the as-made
samples can be examined in greater detail (Figure 6.19). The spectral features at 77 K closely resemble
those observed at RT, allowing us to fit the 77 K MS with models similar to those used at RT. The
MPs obtained from these fittings are listed in Table 6.6. All spectral components exhibit expected
temperature-induced shifts for the values of IS, QS, and B relative to those found at RT, while the
sum of the AA values for each phase remain consistent (within the expected errors) with those
observed at RT. For the IM-AM2-NHD sample the primary difference lies in the AA values of the
SPM Fe®* (1) and SPM Fe®* (2) components that decrease at 77 K while the AA values of the MCOL
Fe’ (1) and MCOL Fe* (2) components generally increase relative to those observed for the RT
spectra. This shift suggests an increase in the SPM relaxation time t for a portion of the SPM ICO
NPs, indicating magnetic blocking at 77 K [9], [14] [3], [8], [11].

In addition, unique spectral changes can be seen in the IM-AM1-NHD and IM-AM2-NHD samples.
In the IM-AM1-NHD sample, as the temperature decreases, the previously fast SPM behavior of the
SPM Fe? component at RT is interrupted. This is reflected in a decrease in the AA value of the SPM
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Fe? quadrupole doublet component (pink in Figure 6.19a), accompanied by an increase in a
magnetically collapsing component (orange in Figure 6.19a), suggesting the transition of some Fe?*
ions to a magnetically ordered state. The total AA value of these components at 77 K remains
comparable to the AA value of the SPM Fe? component at RT. Meanwhile, in the 77 K spectrum of
the IM-AM2-NHD sample, the AA value of the SPM Fe* (1) component diminishes, fully
compensated by an increase in the magnetically split components. This is evidenced by two
additional, well-resolved magnetic components (red and blue in Figure 6.19b), alongside the existing

magnetically collapsing components.

These results reveal that the majority of the as-made precursor samples are dominated by
quadrupole-split contributions, linked to the small ICO NP seeds that exhibit fast SPM behavior at
RT and transition to a higher SPM relaxation time regime at 77 K. However, the IM-AM1-NHD and
IM-AM2-NHD samples differ in their behavior. These samples contain secondary Fe?* species in the
ICO nanostructures and display well-resolved magnetic contributions from larger ICO NPs. These
larger NPs, with increased AA values reaching 90% at 77 K (compared to about 76% for IM-AM3-
NHD, IM-AM4-NHD, and IM-AMb5-NHD), suggest stronger interparticle interactions, leading to
larger clusters or agglomerations beyond those defined by the magnetically collapsing components.
This high AA value corresponds to a substantial portion of ICO NPs with significant size and strong
interparticle interactions, potentially forming non-uniformly on the ND nanotemplate surfaces or as

stand-alone seeds near the NDs nanotemplates.

To ensure optimal dispersion and size consistency of ICO NP seeds on the ND nanotemplate
surfaces, we have opted to focus further our synthesis and analysis based on the IM-AM3-NHD, IM-
AM4-NHD, and IM-AM5-NHD samples, especially as regards the second step of the synthesis that
is referred to the annealing procedure in our study. This approach is chosen in order to facilitate a
more uniform ICO nanostructured phase dispersion on the NDs surfaces, due to their reduced
particle size compared to the rest of the as-made precursor samples. Furthermore, it has been proven
to assist further in the comprehensive investigation of the NHD Fe-Co/NDs system using 5Fe

Mossbauer spectroscopy (vide infra).
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Figure 6.19 5Fe Mossbauer spectra of the IM-AM1-NHD (a), IM-AM2-NHD (b), IM-AM3-NHD (c), IM-AM4-NHD (d) and
IM-AM5-NHD (e) as-made nanohybrid precursor samples, derived from the impregnation synthesis, collected at 77 K.
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Table 6.6 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.19. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABrt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

Q.S. or
I.S. I/2 BntC ABns Area
Sample Component 2¢ Color
(mm/s) | (mm/s) (kOe) (kOe) (%)
(mm/s)
SPM Fe (1) 0.45 0.20 0.64 0 0 2 Dark Cyan
SPM Fe> (2) 0.42 0.45 1.12 0 0 6 Purple
IM-AM1- | MCOL Fex (1) | 0.38 0.15 0.00 460 36 28 Olive
NHD MCOL Fe> (2) | 0.30 0.15 0.00 308 120 49 Magenta
SPM Fe2* 0.63 0.31 1.21 0 0 5 Pink
MCOL Fe2* 0.68 0.15 0.00 431 55 10 Orange
SPM Fe3 0.47 0.35 1.04 0 0 11 Purple
MRES Fe* (1) | 0.49 0.15 0.00 511 22 28 Red
IM-AM2-
MRES Fe* (2) | 0.37 0.15 0.00 505 19 30 Blue
NHD
MCOL Fe¥ (1) | 0.41 0.15 0.00 265 65 8 Magenta
MCOL Fe> (2) | 0.48 0.15 0.00 460 50 23 Olive
SPM Fe3 (1) 0.46 0.26 0.72 0 0 14 Dark Cyan
IM-AM3- | SPM Fe (2) 0.47 0.33 1.22 0 0 10 Purple
NHD MCOL Fe> (1) |  0.46 0.15 0.00 438 50 31 Olive
MCOL Fe? (2) 0.44 0.15 0.00 271 125 45 Magenta
SPM Fe3+ (1) 0.48 0.24 0.75 0 0 14 Dark Cyan
IM-AM4- | SPM Fe¥ (2) 0.47 0.18 1.38 0 0 8 Purple
NHD MCOL Fe3 (1) | 047 0.15 0.00 440 50 27 Olive
MCOL Fe¥ (2) | 0.45 0.15 0.00 251 180 51 Magenta
SPM Fe3 (1) 0.44 0.26 0.65 0 0 12 Dark Cyan
IM-AMS- | SPM Fes (2) 0.46 0.25 1.22 0 0 14 Purple
NHD MCOL Fe* (1) | 0.49 0.15 0.00 255 141 47 Magenta
MCOL Fe¥ (2) |  0.45 0.15 0.00 447 49 27 Olive
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In this context, we continue with the study and analysis of the ’Fe MS at RT for the enriched as-
made En-IM-AM6-NHD precursor sample. To see the resemblances and differences from the use of
’Fe enriched and conventional reagents, we compare the results found for the En-IM-AM6-NHD

precursor to those found for the IM-AMS5-NHD precursor, which are shown in Figure 6.20.
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Figure 6.20 Fe Mossbauer spectra of the conventional as-made nanohybrid precursor (a) and the Fe-enriched

nanohybrid precursor (b) samples collected at room temperature.

The spectra show a characteristic central quadrupole-split contribution. This is the sole contribution
for the spectrum of the conventional IM-AM5-NHD precursor, whereas, in the spectrum of the
enriched En-IM-AM6-NHD precursor, an additional minor, broad magnetically split contribution is
evident. Due to the relatively broad resonant lines of the quadrupole-split contributions in both MS,
we applied two quadrupole-split components to fit the spectrum of the conventional IM-AM5-NHD
precursor. For the enriched En-IM-AM6-NHD precursor, we used a combination of two quadrupole-
split and two magnetically split components. For the latter magnetically split components, a
Gaussian-type spreading ABr¢ of their Bre values around the central BuC value was employed to
account for the broadening of the resonant lines in this part of the spectrum. The MPs from the best

tits of these spectra are provided in Table 6.7.

These MPs indicate only Fe* high-spin (S = 5/2) states for both samples, characteristic of Fe* ions in
ICO spinel-type nanostructures. Their small particle size renders them SPM at RT [3], [7], [8],
consistent with the XRD results for these samples. In the IM-AM5-NHD sample, the exclusive
presence of the quadrupole-split contribution at RT implies that the ICO NP seeds on the ND
nanotemplate surfaces, formed in the initial synthesis stage, are below the SPM size limit at this
temperature. Consequently, their SPM relaxation time is shorter than the Mdssbauer spectroscopy

measurement time (T < tvs), causing their Br values to collapse entirely [12], [13].

In contrast, the En-IM-AM6-NHD precursor exhibits a broad magnetically split component,
represented by two components comprising 18% of the AA. This suggests that part of the ICO NP
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assembly has a longer SPM relaxation time (t > tvs), possibly due to their larger particle size and/or
agglomeration into larger clusters where strong interparticle interactions extend t beyond s [9],
[14], [15].

Table 6.7 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the samples
shown on Figure 6.20. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width, QS is the quadrupole
splitting, 2¢ is the quadrupole shift, Bu€ is the central value of the hyperfine magnetic field, ABx is the total spreading
(Gaussian-type) of the Bn values around the central Bu value, and AA is the relative spectral absorption area of each

component used to fit the spectra. Typical errors are +0.02 mm/s for IS, I'/2, 2e and QS, +3 kOe for Bn© and +3% for AA.

Sample Component IS I/2 QSor2e | Bn€ | ABne | Area Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%)

IM-AMS- | SPM Fe (1) 0.32 0.23 0.65 0 0 57 | Dark Cayn

NHD SPM Fe3* (2) 0.35 0.24 1.19 0 0 43 Purple
SPM Fe (1) 0.36 0.21 0.67 0 0 31 | Dark Cayn

EnIM-AM6-| SPM Fe¥* (2) 0.37 0.29 1.17 0 0 51 Purple

NHD MCOL Fe> (1) | 0.51 0.15 0.14 32 | 95 12 Red

MCOL Fe¥ (2) | 0.39 0.15 0.07 468 | 22 6 | Dark Yellow

6.3.2.2 Annealed impregnated samples

The raw RT MS of the annealed samples, using both the conventional (IM-AM3-NHD, IM-AM4-
NHD and IM-AM5-NHD) and the Fe enriched (En-IM-AM6-NHD) precursors, are shown in Figure
6.21. Regardless of the samples’” synthesis conditions, these MS exhibit certain spectral characteristics

that are common in all cases.

These are the following: (i) the presence of a dominant magnetically split contribution with relative
sharp resonant lines indicated by blue arrows for the four outer peaks of the six-line pattern; (ii) the
presence of minor satellite magnetically split contributions, which are the most pronounced around
the two outer peaks of the main magnetically split contribution and are indicated by the green and
cyan arrows; and (iii) the presence of a quadrupole split contribution at the center of each MS,
indicated by two red arrows. The intensity of the dominant and satellite magnetically split
contributions (i) and (ii) are relatively stable in each MS, but that of the quadrupole split contribution
(iii) is more pronounced for the samples annealed at 600°C and 650°C with shorter durations and
decreases for the samples annealed at 700°C. Moreover, by comparing the MS of the precursors and
annealed samples, it is evident that the central quadrupole split contribution (iii) in the annealed

samples is reminiscent of the main SPM ICO contribution in the precursor samples.
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Thus, a first qualitative conclusion suggests that the samples annealed at 700°C contain less residual
part of SPM ICO NPs that could have remained in the annealed samples due to incomplete oxide-
to-alloy reduction reactions, compared with the samples annealed at lower temperatures. This result
is compatible with the results extracted from the XRD analyses, which suggest some presence of

ICO, at least for the samples annealed at the lowest temperature of 600°C.
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Figure 6.21 Room temperature raw “Fe Mossbauer spectra of the samples synthesized using the conventional as-made
nanohybrid precursors (IM-AM3-NHD, IM-AM4-NHD and IM-AM5-NHD) annealed at 600°C (a), 650°C (b), and 700°C
(c) and the ¥Fe-enriched as-made nanohybrid precursor (En-IM-AM6-NHD) annealed at 700°C (d). The annealing duration
at the specified temperatures is included in each spectrum. The colored arrows denote the positions of the main spectral

contributions corresponding to the iron-bearing phases, as discussed in the text.

Consequently, to fit these spectra adequately and taking into account the results from the XRD and

TEM analyses as well, we used a model composed of one main magnetically split component to
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account for the dominant six-line pattern (i), a set of five minor magnetically split components for

the satellite contributions (ii), and a set of two quadrupole split components for the central part (iii).

In the cases of the dominant magnetically split component and one of the five minor satellite
components, a Gaussian-type spreading ABns of their Bns values was allowed to cover the relative
broadening of the resonant lines. In all cases, an additional minor magnetically split component with
collapsing B characteristics was necessary to be added to the fitting model to cover a broad
absorption area residing at and around the center of each spectrum. Representative fits for the MS
of the IM-NHD5-700C,30m and of En-IM-NHD6-700C,30m-SC samples are shown in Figure 6.22,
and the resulting values of the MPs for these fits are listed in Table 6.8.

99.6

99.2

98.8

98.4

Relative Transmission (%)

w4l (a) ] (b) |
10 8 6 4 2 0 2 4 6 8 10108 6 4 2 0 2 4 6 8 10
Velocity (mm/s)

Figure 6.22 Fitted ’Fe Mossbauer spectra of the IM-NHD5-700C,30m (a) and of the En-IM-NHD6-700C,30m-SC (b) samples

collected at room temperature.
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Table 6.8 Mdossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the samples
shown on Figure 6.22. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width, QS is the quadrupole
splitting, 2¢ is the quadrupole shift, Bn€ is the central value of the hyperfine magnetic field, ABx is the total spreading
(Gaussian-type) of the Bt values around the central Bn© value, and AA is the relative spectral absorption area of each

component used to fit the spectra. Typical errors are +0.02 mm/s for IS, I'/2, 2¢e and QS, +3 kOe for Bn© and +3% for AA.

IS r/2 QSor2e | Bn€ | ABuwt | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%)
FessCoss 0.02 0.14 0.02 340 8 52 Maroon
Martensitic FeCo (2) 0.04 0.14 0.01 354 0 2 Magenta
IM-NHD5- .
Martensitic FeCo (4) 0.13 0.14 -0.08 296 0 5 Blue
700C,30m
MCOL Fe?¥* 0.28 0.14 0.00 155 65 14 Pink
SPM Fe* (1) 0.30 0.22 0.63 0 0 7 Dark Cyan
SPM Fe® (2) 0.34 0.28 1.58 0 0 7 Purple
FessCosr 0.02 0.14 0.02 337 7 41 Maroon
Martensitic FeCo (2) 0.04 0.14 0.01 346 0 3 Magenta
En-IM-NHD6-
" Martensitic FeCo (4) | 0.12 0.14 -0.09 296 0 4 Blue
700,30m-SC
(Slow-Cooling)
MCOL Fe?* 0.43 0.14 0.00 160 60 2 Pink
SPM Fe3* (1) 0.35 0.21 0.72 0 0 14 Dark Cyan
SPM Fe* (2) 0.41 0.38 1.37 0 0 19 Purple
SPM Fe? 0.97 0.32 2.46 0 0 5 Grey

Regarding the fit of the IM-NHD5-700C,30m sample’s spectrum, the resulting MPs values of the
dominant magnetically split component (colored maroon in Figure 6.22a) are characteristic of a cubic
FM Fe—Co alloy phase [5], [6]. The IS and B values of 0.02 mm/s and ~340 kOe for this component
suggest a stoichiometry in the Co-rich concentration region between 60 and 70 at% Co [16], [17],
[18][20], [21], [22].

In addition, the slight line broadening reproduced by the ABx spreading of 8 kOe could suggest

contributions from both local stoichiometry and/or Fe-Co atomic-ordering structural fluctuation
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effects, both of which influence the environment of the iron atoms in the Fe—Co system [5], [6]. For
a specific Co-rich concentration above the equiatomic stoichiometry, the increase in atomic Fe-Co
ordering contributes lower Bit values compared to decreased ordering levels, while for a certain
atomic Fe—Co ordering level, the decrease in Co concentration contributes higher Bn values [16], [17],
[18]. To this extent, when both effects are present, which most probably might be the actual situation
in these samples, they tend to obscure the clear distinction between an ordered B2 CsCl-type and a

disordered A2 Fe—Co structure, thus contributing to the appearance of the resonant line broadening.

The satellite contributions (ii) in this fit are modeled by a set of five minor magnetically split
components with colored filled areas as shown in detail in Figure 6.22a. The resulting IS and B
values of these components listed in Table 6.8 correspond to iron atoms that have a metallic alloy
character but are simultaneously influenced by the presence of an additional neighboring atom in
their immediate atomic environment. Taking into account the TEM analyses, which suggest the
diffusion of carbon atoms in the structure of the Fe-Co NPs, we attribute these components to the
iron atoms of a martensitic-type Fe—Co phase forming within the Fe-Co NPs. Each component of
this set corresponds to a different iron neighbor environment forming around the interstitial carbon

atoms, which induce tetragonal-type distortions in the Fe—Co cubic lattice [19].

Considering the detailed analysis of the structural properties and related MPs of such iron sites
emerging in the martensite structure given by Kurdyumov and Gavriljuk [33], we can ascribe certain
atomic environments to this set of components. In particular, component Martensitic Fe—Co(1),
colored green in Figure 6.22a, acquires the highest Bn value of the set and describes iron atoms in
crystal sites placed in dilatated Fe—Co crystal lattice positions at distances relatively far from
interstitial carbon atoms. Component Martensitic Fe-Co(2), colored magenta in Figure 6.22a, can be
attributed to iron atoms, which are distant third neighbors of the interstitial carbon atoms and are
only slightly influenced by the presence of these interstitials. Components Martensitic Fe-Co(3),
colored cyan, and Martensitic Fe-Co(4), colored blue in Figure 6.22a, respectively, correspond to
iron atoms occupying the closest second- and first-neighbor positions of the interstitial carbon
atoms, respectively, which, according to the literature, acquire octahedral Fe/Co coordination in the
bce Fe—Co crystal structure [21], [22]. Finally, component Martensitic Fe-Co(5), colored orange in
Figure 6.22a, acquires the lower Bre value of the set and is attributed to Fe atoms with an environment
of two carbon atoms as nearest neighbors; such environments (iron atoms with two carbon atoms
nearest neighbors) are more probable to appear in increased carbon interstitial concentrations

according to relative binomial distribution models [19].

The central part of the spectrum is fitted with two quadrupole split components, SPM Fe*(1), colored
dark cyan, and SPM Fe*(2), colored purple in Figure 6.22a, respectively, and one broad magnetically
split component MCOL Fe*, colored pink in Figure 6.22a, with collapsing Bns characteristics. These
components acquire relative broad resonant lines, and their MPs values listed in Table 6.8 suggest
that they correspond to high-spin Fe®* ion sites in oxygen first-neighbor environments, indicative of
a spinel-type ICO phase, which, in its majority, experiences fast SPM relaxation phenomena, similar
to those found at the precursor samples. This result verifies the qualitative conclusion made earlier

in this section that these SPM ICO NPs could have remained in the annealed samples due to
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incomplete oxide-to-alloy reduction reactions. Although this phase could not be detected by XRD
and TEM for this sample, most probably due to its scarceness, the specialized method of *Fe

Mossbauer spectroscopy, which only probes iron, succeeds in detecting it.

To verify the consistency and fidelity of our fitting model, we checked the thermal evolution of the
MS for this sample at 11 K. At this temperature, the spectrum of the IM-NHD5-700C,30m sample
can be fitted with the same fitting model (see Figure 6.23 and Table 6.9), in which all iron alloy
components acquire the expected shifts in their IS and Bns values, while their AA values are very
similar (within the expected errors) to those found at RT. A difference can be found only for the AA
values of the SPM Fe** and MCOL Fe* components, where the increased AA value of the MCOL Fe®
component at the expense of the AA values of the SPM Fe* components denotes the expected
decrease in SPM relaxation time t for the nanostructured ICO NPs at low temperatures, as the

ceasing of the very fast SPM relaxation encompasses a larger portion of this phase [3], [7], [8].
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Figure 6.23 Fitted YFe Mossbauer spectra of IM-NHD5-700C,30m sample (a) and of En-IM-NHD6-700C,30m-SC (b)
collected at 11 K.
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Table 6.9 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.23. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, BuC is the central value of the hyperfine magnetic
field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

QS or
IS r/2 Bns€ ABne | Area
Sample Component 2e Color
(mm/s) | (mm/s) (kOe) | (kOe) | (%)
(mm/s)
FessCoss 0.14 0.14 0.02 347 8 53 Maroon
Martensitic FeCo (2) 0.16 0.14 0.01 365 0 2 Magenta
IM-NHD5-
Martensitic FeCo (4) 0.26 0.14 -0.08 312 0 5 Blue
700,30m
MCOL Fe?* 0.40 0.14 0.00 240 185 22 Pink
SPM Fe®* (1) 0.46 0.23 0.67 0 0 3 Dark Cyan
SPM Fe¥ (2) 0.46 0.28 1.63 0 0 3 Purple
FessCoer 0.14 0.14 0.02 342 6 41 Maroon
Martensitic FeCo (2) 0.16 0.14 0.01 352 0 3 Magenta
En-IM-
NHD6- | Martensitic FeCo (4) | 0.26 0.14 -0.09 305 0 4 Blue
700,30m-
SC
(Slow- MCOL Fe3* 0.53 0.14 0.00 130 85 15 Pink
Cooling) SPM Fe3 (1) 0.47 0.20 0.73 0 0 4 Dark Cyan
SPM Fe* (2) 0.53 0.28 1.42 0 0 4 Purple
SPM Fe2* 1.08 0.32 2.50 0 0 5 Grey
MCOL Fe?* 0.47 0.15 0.00 398 72 14 | Dark Yellow

By adapting this model, we manage to adequately fit all other RT MS of the annealed samples based
on the conventional AM-NHD precursors. The fitted RT MS are shown in Figures 6.24-26, and the
resulting MP values are listed in Tables 6.10-6.12.
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Figure 6.24 Fitted ¥Fe Mossbauer spectra of the IM-NHD4-600C,30m (a), IM-NHD5-600C,2h (b), IM-NHD5-600C,8h (c)
and IM-NHD4-600C,32h (d) samples collected at RT.
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Table 6.10 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the

samples shown on Figure 6.24. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,

QS is the quadrupole splitting, 2¢ is the quadrupole shift, BuC is the central value of the hyperfine magnetic

field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

QS or
IS r/2 Bns€ ABnt | Area
Sample Component 2e Color
(mm/s) | (mm/s) (kOe) | (kOe) | (%)
(mm/s)
FessCoes 0.02 0.15 0.02 340 5 25 Maroon
Martensitic Fe-Co (1) 0.09 0.15 0.01 366 0 2 Green
Martensitic Fe-Co (2) 0.04 0.15 0.01 352 0 1 Magenta
IM-NHD4-
Martensitic Fe-Co (4) 0.15 0.15 -0.08 293 0 1 Blue
600,30m
SPM Fe3 (1) 0.34 0.2 0.57 0 0 10 | Dark Cyan
MCOL Fe®* 0.28 0.15 0.00 355 104 18 Pink
SPM Fe3* (2) 0.36 0.43 0.94 0 0 37 Purple
FessCoes 0.02 0.15 0.02 340 5 24 Maroon
Martensitic Fe-Co (1) 0.09 0.15 0.01 365 0 2 Green
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 1 Magenta
IM-NHD5- -
Martensitic Fe-Co (4) 0.15 0.15 -0.08 295 0 2 Blue
600,2h
SPM Fe3+ (1) 0.34 0.2 0.58 0 0 8 Dark Cyan
MCOL Fe?* 0.28 0.15 0.00 393 158 17 Pink
SPM Fe? (2) 0.33 0.41 1.05 0 0 39 Purple
FessCoes 0.02 0.15 0.02 339 5 26 Maroon
Martensitic Fe-Co (1) 0.09 0.15 0.01 365 0 2 Green
IM-NHD5-
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 2 Magenta
600,8h
Martensitic Fe-Co (4) 0.15 0.15 -0.08 295 0 2 Blue
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SPM Fe3* (1) 0.34 0.2 0.70 0 0 11 | Dark Cyan
MCOL Fe?* 0.28 0.15 0.00 334 133 17 Pink
SPM Fe3* (2) 0.35 0.42 1.09 0 0 33 Purple
FessCoes 0.02 0.15 0.02 338 8 43 Maroon
Martensitic Fe-Co (1) 0.09 0.15 0.01 365 0 2 Green
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 2 Magenta
IM-NHD4- Martensitic Fe-Co (4) 015 | 015 | -0.08 | 295 0 4 Blue
600,32h
SPM Fe¥ (1) 0.34 0.20 0.58 0 0 9 Dark Cyan
MCOL Fe3* 0.28 0.15 0.00 162 60 6 Pink
SPM Fe* (2) 0.33 0.42 1.19 0 0 27 Purple
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Figure 6.25 Fitted Fe Mdssbauer spectra of the IM-NHD3-650,30m (a), IM-NHD4-650,2h (b), IM-NHD3-650,8h (c) and
IM-NHD4-650,32h (d) samples collected at RT.
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Table 6.11 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the

samples shown on Figure 6.25. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,

QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic

field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

QS or
IS r/2 Bns€ ABnt | Area
Sample Component 2e Color
(mm/s) | (mm/s) (kOe) | (kOe) | (%)
(mm/s)
FessCoes 0.07 0.15 -0.01 342 8 44 Maroon
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 2 Magenta
IM-NHD3- Martensitic Fe-Co (4) 0.15 0.15 -0.08 295 0 2 Blue
650,30m
SPM Fe3* (1) 0.34 0.30 0.67 0 0 21 Dark Cyan
MCOL Fe?¥* 0.28 0.15 0.00 285 105 14 Pink
SPM Fe* (2) 0.34 0.30 1.44 0 0 7 Purple
FessCoss 0.02 0.15 0.00 341 5 42 Maroon
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 3 Magenta
IM-NHD4- Martensitic Fe-Co (4) 015 | 015 | -0.08 | 295 0 3 Blue
650,2h
SPM Fe¥ (1) 0.34 0.22 0.60 0 0 16 | Dark Cyan
MCOL Fe3* 0.28 0.15 0.00 218 160 18 Pink
SPM Fe* (2) 0.34 0.28 1.59 0 0 6 Purple
FessCoes 0.00 0.15 0.00 340 6 58 Maroon
IM-NHD3-
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 2 Magenta
650,8h
Martensitic Fe-Co (4) 0.15 0.15 -0.08 295 0 3 Blue
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SPM Fe3+ (1) 0.34 0.22 0.61 0 0 6 Dark Cyan
MCOL Fe?¥* 0.28 0.15 0.00 134 105 10 Pink
SPM Fe3* (2) 0.34 0.28 1.42 0 0 5 Purple
SPM Fe? 0.92 0.36 2.00 0 0 5 Grey
FessCoes 0.01 0.15 0.00 341 7 53 Maroon
Martensitic Fe-Co (2) 0.04 0.15 0.01 355 0 3 Magenta
IM-NHD4-
Martensitic Fe-Co (4) 0.15 0.15 -0.08 295 0 3 Blue
650,32h
SPM Fe3 (1) 0.34 0.22 0.66 0 0 6 Dark Cyan
MCOL Fe** 0.28 0.15 0.00 115 100 17 Pink
SPM Fe3* (2) 0.34 0.28 1.53 0 0 5 Purple

190




100.0 &
998 |
99.6 |

99.4 |
100.0 jR

99.8
99.6

994 |
100.0

99.8
99.6

994 |
100.0

Relative Transmission (%)

99.8

99.6

100.0 =
99.8 |
99.6 |
99.4 | ©)

I U U AU I S I ST B A B B
-12-10 8 6 4 -2 0 2 4 6 8 10 12
Velocity (mm/s)

Figure 6.26 Fitted Fe Mdssbauer spectra of the IM-NHD5-700,2s (a), IM-NHD5-700,30m (b), IM-NHD5-700,2h (c), IM-
NHD5-700,8h (d) and IM-NHD5-700,32h (e) samples collected at RT.
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Table 6.12 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the

samples shown on Figure 6.26. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,

QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic

field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

IS r/2 QS or 2¢ Bns€ ABne | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%)
FessCoes 0.02 0.14 0.02 340 8 45 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 354 0 2 Magenta
IM-NHD5-
Martensitic Fe-Co (4) 0.13 0.14 -0.08 298 0 2 Blue
700,2s
MCOL Fe?* 0.28 0.14 0.00 142 137 19 Pink
SPM Fe¥ (1) 0.33 0.23 0.71 0 0 15 Dark Cyan
SPM Fe¥ (2) 0.34 0.28 1.54 0 0 9 Purple
FessCoes 0.02 0.14 0.02 340 8 52 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 354 0 2 Magenta
IM-NHD5-
Martensitic Fe-Co (4) 0.13 0.14 -0.08 296 0 5 Blue
700,30m
MCOL Fe¥* 0.28 0.14 0.00 155 65 14 Pink
SPM Fe® (1) 0.30 0.22 0.63 0 0 7 Dark cyan
SPM Fe¥ (2) 0.34 0.28 1.58 0 0 7 Purple
FessCoes 0.02 0.14 0.02 340 6 43 Maroon
IM-NHD5-
Martensitic Fe-Co (2) 0.04 0.14 0.01 354 0 3 Magenta
700,2h
Martensitic Fe-Co (4) 0.13 0.14 -0.08 290 0 2 Blue
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MCOL Fe?* 0.28 0.14 0.00 212 120 16 Pink
SPM Fe3 (1) 0.29 0.24 0.64 0 0 15 Dark Cyan
SPM Fe3* (2) 0.34 0.28 1.53 0 0 10 Purple
FessCoes 0.02 0.14 0.02 340 7 49 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 354 0 3 Magenta
IM-NHD5-
Martensitic Fe-Co (4) 0.13 0.14 -0.08 290 0 3 Blue
700,8h
MCOL Fe®* 0.28 0.14 0.00 201 120 15 Pink
SPM Fe¥ (1) 0.29 0.24 0.68 0 0 11 Dark Cyan
SPM Fe* (2) 0.34 0.28 1.61 0 0 8 Purple
FessCoes 0.02 0.14 0.02 339 7 59 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 354 0 2 Magenta
IM-NHD5- | Martensitic Fe-Co (4) 0.13 0.14 -0.08 290 0 3 Blue
700,32h
MCOL Fe®* 0.28 0.14 0.00 165 120 13 Pink
SPM Fe¥ (1) 0.34 0.24 0.52 0 0 5 Dark Cyan
SPM Fe¥ (2) 0.34 0.28 1.55 0 0 4 Purple
SPM Fe? 1.14 0.19 2.66 0 0 5 Grey

The MPs values from all fits are quite similar to those found for the IM-NHD5-700C,30m sample. In
some cases (IM-NHD3-650C,8h and IM-NHD5-700C,32h), an additional SPM quadrupole split

component of Fe?* high-spin (S = 2) character that indicates the presence of some additional Fe? ions

in the SPM ICO phase [7] was necessary to be included in the fitting model to give a better fitting

result for the contributions appearing at about +2 mm/s. For the samples annealed at 600°C in all

durations and at 650°C with annealing durations up to 2 h, increased values for the sum of the AAs
of the ICO phase components are observed relative to those found for the IM-NHD5-700C,30m

sample. The same result holds also for the sample annealed at 700°C in the short duration of 2 s.
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These results quantitatively verify our earlier qualitative conclusion on the more prominent

presence of residual ICO at lower annealing temperatures and durations.

To ensure the consistency and reliability of the fitting model, we examined the thermal evolution of
the samples’' MS at all annealing temperatures and durations at 77 K. Additionally, we assessed the
model's performance at 11 K for the nanohybrid samples annealed at 700°C for various durations.
At lower temperatures, the proposed fitting model satisfactorily describes the spectra for all
annealing conditions. In this context, the iron alloy components exhibit the expected shifts in IS and
Bre values, while their AA values remain consistent (within the margin of error) with those found in
the spectra of the respective samples at RT. The only noticeable difference is in the AA values of the
SPM Fe*/Fe?* and MCOL Fe*/Fe* components, where the increase in AA for the MCOL
components, at the expense of the SPM components, reflects the expected decrease in SPM relaxation
time (t) for the nanostructured ICO NPs at low temperatures. This indicates that the slowing of the
fast SPM relaxation affects a larger portion of these phases [3], [7], [8]. By employing this model, we
successfully fitted all the 77 K and 11 K spectra of the annealed samples based on the same model
used for the RT spectra. The fitted 77 K MS are presented in Figures 6.27-6.29, with the
corresponding MPs values listed in Tables 6.13-6.15. Similarly, the fitted 11 K MS for the samples
annealed at 11 K are shown in Figure 6.30, with the resulting MPs values listed in Table 6.16.
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Figure 6.27 Fitted ¥Fe Mossbauer spectra of the IM-NHD4-600C,30m (a), IM-NHD5-600C,2h (b), IM-NHD5-600C,8h (c)
and IM-NHD4-600C,32h (d) samples collected at 77 K.
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Table 6.13 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the

samples shown on Figure 6.27. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,

QS is the quadrupole splitting, 2¢ is the quadrupole shift, BuC is the central value of the hyperfine magnetic

field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. r/2 QS or 2¢ Bne€ ABns | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%)
FessCoes 0.14 0.15 0.02 347 5 25 Maroon
Martensitic Fe-Co (1) 0.21 0.15 0.01 370 0 3 Green
Martensitic Fe-Co (2) 0.16 0.15 0.01 356 0 2 Magenta
Martensitic Fe-Co (4) 0.27 0.15 -0.08 298 0 1 Blue
IM-NHD4-
600C,30m
Dark
SPM Fe3* (1) 0.46 0.20 0.62 0 0 8
Cyan
MCOL Fe?* (1) 0.40 0.15 0.00 503 28 16 Pink
SPM Fe¥ (2) 0.47 0.42 1.01 0 0 23 Purple
Dark
MCOL Fe* (2) 0.47 0.15 0.00 300 121 16
Yellow
FessCoes 0.14 0.15 0.02 347 5 25 Maroon
Martensitic Fe-Co (1) 0.21 0.15 0.01 370 0 3 Green
Martensitic Fe-Co (2) 0.16 0.15 0.01 356 0 2 Magenta
Martensitic Fe-Co (4) 0.27 0.15 -0.08 298 0 1 Blue
IM-NHD5-
600C,2h
Dark
SPM Fe3* (1) 0.46 0.20 0.62 0 0 8
Cyan
MCOL Fe®* (1) 0.40 0.15 0.00 503 28 16 Pink
SPM Fe3* (2) 0.47 0.42 1.09 0 0 23 Purple
Dark
MCOL Fe* (2) 0.47 0.15 0.00 300 121 16
Yellow
IM-NHD5- FessCoss 0.14 0.15 0.02 346 5 27 Maroon
600C,8h | \artensitic Fe-Co (1) | 0.21 0.15 0.01 370 0 2 Green
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Martensitic Fe-Co (2) 0.16 0.15 0.01 356 0 2 Magenta
Martensitic Fe-Co (4) 0.27 0.15 -0.08 298 0 2 Blue
Dark
SPM Fe3+ (1) 0.46 0.20 0.63 0 0 5
Cyan
MCOL Fe®* (1) 0.40 0.15 0.00 495 37 18 Pink
SPM Fe3* (2) 0.47 0.42 1.13 0 0 22 Purple
Dark
MCOL Fe¥ (2) 0.47 0.15 0.00 276 112 13
Yellow
Fe3sCoes 0.14 0.15 0.02 346 5 44 Maroon
Martensitic Fe-Co (1) 0.21 0.15 0.01 370 0 2 Green
Martensitic Fe-Co (2) 0.16 0.15 0.01 356 0 3 Magenta
Martensitic Fe-Co (4) 0.27 0.15 -0.08 298 0 3 Blue
IM-NHD4-
600C,32h
Dark
SPM Fe3* (1) 0.46 0.15 0.65 0 0 9
Cyan
MCOL Fe? (1) 0.40 0.15 0.00 479 4 7 Pink
SPM Fe¥ (2) 0.47 0.20 1.24 0 0 7 Purple
Dark
MCOL Fe* (2) 0.40 0.15 0.00 200 120 17
Yellow
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Figure 6.28 Fitted Fe Mdssbauer spectra of the IM-NHD3-650,30m (a), IM-NHD4-650,2h (b), IM-NHD3-650,8h (c) and
IM-NHD4-650,32h (d) samples collected at 77 K.
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Table 6.14 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.28. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, BuC is the central value of the hyperfine magnetic
field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. r/2 QS or 2¢ B ABn€ | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%)
FessCoes 0.14 0.15 0.01 345 6 45 Maroon
Martensitic Magent
0.16 0.15 0.01 360 0 3
Fe-Co (2) a
IM-NHD3-
Martensitic
650C,30m 0.27 0.15 -0.08 301 0 2 Blue
Fe-Co (4)
Dark
SPM Fe¥ (2) 0.46 0.26 0.71 0 0 12
Cyan
MCOL Fe?* 0.40 0.15 0.00 320 150 20 Pink
SPM Fe3 (1) 0.46 0.33 1.48 0 0 8 Purple
FessCoes 0.14 0.15 0.01 346 5 43 Maroon
Martensitic Magent
0.16 0.15 0.01 360 0 5
Fe-Co (2) a
IM-NHD4-
650C,2h
Martensitic
0.27 0.15 -0.08 301 0 3 Blue
Fe-Co (4)
Dark
SPM Fe¥ (2) 0.46 0.31 0.66 0 0 13
Cyan
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MCOL Fe3+ 0.40 0.15 0.00 320 150 20 Pink
SPM Fe3* (1) 0.46 0.33 1.61 0 0 5 Purple
FessCoes 0.14 0.15 0.02 346 6 57 Maroon
Martensitic Magent
0.16 0.15 0.01 360 0 4
Fe-Co (2) a
_ _ Martensitic
IM-NHD3 0.27 0.15 -0.08 301 0 2 Blue
650C,8h Fe-Co (4)
Dark
SPM Fe3* (2) 0.45 0.23 0.57 0 0 3
Cyan
MCOL Fe3+ 0.41 0.15 0.00 290 150 14 Pink
SPM Fe3* (1) 0.47 0.28 1.45 0 0 3 Purple
SPM Fe? 1.17 0.34 2.07 0 0 5 Grey
FessCoes 0.14 0.15 0.01 347 6 52 Maroon
Martensitic Magent
0.16 0.15 0.01 360 0 5
Fe-Co (2) a
IM-NHD4-
Martensitic
650C,32h 0.27 0.15 -0.08 301 0 2 Blue
Fe-Co (4)
Dark
SPM Fe¥ (2) 0.45 0.23 0.65 0 0 6
Cyan
MCOL Fe3+ 0.41 0.15 0.00 280 145 16 Pink
SPM Fe3 (1) 0.47 0.29 1.56 0 0 6 Purple
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Figure 6.29 Fitted ¥Fe Mossbauer spectra of the IM-NHD5-700,2s (a), IM-NHD5-700,30m (b), IM-NHD5-700,2h (c), IM-
NHD5-700,8h (d) and IM-NHD5-700,32h (e) samples collected at 77 K.
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Table 6.15 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.29. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

BnC ABnt | Are
LS. r/2 QS or 2¢
Sample Component (kOe | (kOe | a Color
(mm/s) | (mm/s) | (mm/s)
) ) (%)
FessCoes 0.14 0.14 0.02 346 7 46 Maroon
Martensitic Fe-Co (2) 0.16 0.14 0.01 360 0 2 Magenta
IM-NHD5- | Martensitic Fe-Co (4) 0.26 0.14 -0.08 302 0 2 Blue
700C,2s
MCOL Fe3* 0.40 0.14 0.00 271 120 20 Pink
Dark
SPM Fe* (1) 0.46 0.23 0.73 0 0 14
Cyan
SPM Fe¥ (2) 0.46 0.28 1.55 0 0 8 Purple
FessCoes 0.14 0.14 0.02 346 7 54 Maroon
Martensitic Fe-Co (2) 0.16 0.14 0.01 360 0 3 Magenta
IM-NHDS5- | Martensitic Fe-Co (4) 0.26 0.14 -0.08 302 0 4 Blue
700C,30m
MCOL Fe?* 0.40 0.14 0.00 240 160 18 Pink
Dark
SPM Fe¥ (1) 0.46 0.23 0.65 0 0 6
Cyan
SPM Fe® (2) 0.46 0.28 1.63 0 0 4 Purple
FessCoes 0.14 0.14 0.02 345 7 44 Maroon
IM-NHD5-
Martensitic Fe-Co (2) 0.16 0.14 0.01 364 0 4 Magenta
700C,2h
Martensitic Fe-Co (4) 0.26 0.14 -0.08 302 0 3 Blue
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MCOL Fe** 0.40 0.14 0.00 280 140 21 Pink
Dark
SPM Fe3 (1) 0.46 0.23 0.67 0 0 8
Cyan
SPM Fe¥ (2) 0.46 0.28 1.48 0 0 10 Purple
FessCoss 0.14 0.14 0.02 345 8 52 Maroon
Martensitic Fe-Co (1) 0.21 0.14 0.01 370 0 3 Green
Martensitic Fe-Co (2) 0.16 0.14 0.01 360 0 3 Magenta
IM-NHDS5- | Martensitic Fe-Co (4) 0.26 0.14 -0.08 302 0 2 Blue
700C,8h
MCOL Fe?* 0.40 0.14 0.00 280 140 17 Pink
Dark
SPM Fe3 (1) 0.46 0.23 0.66 0 0 9
Cyan
SPM Fe¥ (2) 0.46 0.28 1.57 0 0 7 Purple
Fe3sCoes 0.14 0.14 0.02 346 7 60 Maroon
Martensitic Fe-Co (1) 0.21 0.14 0.01 370 0 2 Green
Martensitic Fe-Co (2) 0.16 0.14 0.01 360 0 2 Magenta
Martensitic Fe-Co (4) 0.26 0.14 -0.08 302 0 3 Blue
IM-NHD5-
700C,32h
MCOL Fe** 0.40 0.14 0.00 240 119 15 Pink
Dark
SPM Fe¥ (1) 0.46 0.23 0.57 0 0 4
Cyan
SPM Fe? (2) 0.46 0.28 1.62 0 0 3 Purple
SPM Fe2 1.21 0.17 2.71 0 0 4 Grey
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Figure 6.30 Fitted Fe Mossbauer spectra of the IM-NHD5-700,2s (a), IM-NHD5-700,30m (b), IM-NHD5-700,2h (c), IM-
NHD5-700,8h (d) and IM-NHD5-700,32h (e) samples collected at 11 K.
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Table 6.16 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the

samples shown on Figure 6.30. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,

QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic

field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. r/2 QS or 2e Bne€ ABne | Area
Sample Component Color
(mm/s) | (mm/s) (mm/s) (kOe) | (kOe) | (%)
FessCoes 0.14 0.14 0.02 346 7 45 Maroon
Martensitic Fe-Co (1) 0.21 0.14 0.01 379 0 2 Green
Martensitic Fe-Co (2) 0.16 0.14 0.01 361 0 2 Magenta
Martensitic Fe-Co (4) 0.26 0.14 -0.08 308 0 2 Blue
IM-NHD5-
700C,2s
MCOL Fe¥ (1) 0.40 0.14 0.00 302 120 24 Pink
Dark
MCOL Fe¥ (2) 0.46 0.15 0 496 34 12
Yellow
Dark
SPM Fe3* (1) 0.46 0.23 0.68 0 0 5
Cyan
SPM Fe3* (2) 0.46 0.28 1.59 0 0 4 Purple
FessCoes 0.14 0.14 0.02 347 8 53 Maroon
Martensitic Fe-Co (1) 0.21 0.14 0.01 375 0 2 Green
Martensitic Fe-Co (2) 0.16 0.14 0.01 365 0 2 Magenta
IM-NHD5- | Martensitic Fe-Co (4) 0.26 0.14 -0.08 312 0 5 Blue
700C,30m
MCOL Fe3* 0.40 0.14 0.00 240 185 22 Pink
Dark
SPM Fe3* (1) 0.46 0.23 0.67 0 0 3
Cyan
SPM Fe¥ (2) 0.46 0.28 1.63 0 0 3 Purple
FessCoss 0.14 0.14 0.02 348 7 45 Maroon
IM-NHD5- Martensitic Fe-Co (1) 0.21 0.14 0.01 376 0 2 Green
700C,2h Martensitic Fe-Co (2) 0.16 0.14 0.01 368 0 3 Magenta
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Martensitic Fe-Co (4) 0.26 0.14 -0.08 306 0 3 Blue
MCOL Fe®* (1) 0.40 0.14 0.00 280 196 24 Pink
Dark
MCOL Fe¥ (2) 0.55 0.15 0 501 42 10
Yellow
Dark
SPM Fe3* (1) 0.44 0.23 0.59 0 0 4
Cyan
SPM Fe3* (2) 0.46 0.28 1.50 0 0 3 Purple
FessCoss 0.14 0.14 0.02 349 7 51 Maroon
Martensitic Fe-Co (1) 0.21 0.14 0.01 378 0 3 Green
Martensitic Fe-Co (2) 0.16 0.14 0.01 362 0 4 Magenta
IM-NHD5- | Martensitic Fe-Co (4) 0.26 0.14 -0.08 307 0 3 Blue
700C,8h
MCOL Fe3* 0.40 0.14 0.00 268 171 22 Pink
Dark
SPM Fe3* (1) 0.45 0.23 0.65 0 0 5
Cyan
SPM Fe¥ (2) 0.46 0.28 1.63 0 0 5 Purple
FessCoes 0.14 0.14 0.02 349 7 61 Maroon
Martensitic Fe-Co (1) 0.21 0.14 0.01 378 0 2 Green
Martensitic Fe-Co (2) 0.16 0.14 0.01 362 0 1 Magenta
Martensitic Fe-Co (4) 0.26 0.14 -0.08 307 0 3 Blue
IM-NHD5-
700C,32h
MCOL Fe?* 0.40 0.14 0.00 268 171 14 Pink
Dark
SPM Fe3* (1) 0.46 0.23 0.52 0 0 4
Cyan
SPM Fe¥ (2) 0.46 0.28 1.57 0 0 3 Purple
SPM Fe? 1.27 0.2 2.59 0 0 4 Grey

For the fit of the RT spectrum of the En-IM-NHD6-700C,30m-SC sample shown in Figure 6.22b, we
used the same fitting model as for the IM-NHD5-700,30m sample, with the addition of the SPM
quadrupole split component of Fe?* high spin (S = 2) character. This was done to cover the necessary

absorption area contributing at around +2 mm/s. The resulting MP values of all other components
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listed in Table 6.8 are very similar to those found for the non-"Fe-enriched IM-NHD5-700C,30m
sample. This reveals the high similarity of the Fe-Co NP phase characteristics in the two samples

and the reproducibility of the synthesis method, as also verified by the XRD and TEM results.

On the other hand, an increase of about 10% for the sum of the AA values of the components
attributed to the ICO phase and a similar decrease in the AA value of the main cubic Fe—Co alloy
component is observed for the En-NHD6-700C,30m-SC sample, compared to those AAs found for
the IM-NHD5-700C,30m sample. By contrast, the sum of the AA values for the “martensitic”
components remains relatively constant in both samples. These results suggest that the En-IM-
NHD6-700C,30m-SC sample contains relatively higher amounts of the SPM ICO phase, which is also
somehow chemically different, in the sense that it contains additional Fe? ions, from the
corresponding SPM ICO phase found in the IM-NHD5-700C,30m sample, and this reflects some
diversification between the two chemical precursor characteristics. The systematic presence of the
Fe? component in the MS of all annealed samples resulting from the annealing of the En-IM-AM6-
NHD precursor further enforces this argument, as the presence of this component is only occasional
found in the MS of the samples resulting from the annealing of the conventional AM-NHD
precursors. The fitted RT MS of all enriched samples are shown in Figure 6.31, and the resulting MPs

values are listed in Table 6.17.

By lowering the temperature to 11 K, the evolution of the Mossbauer spectrum of the En-IM-NHD6-
700C,30m-SC sample shown in Figure 6.32 follows the same features found for the case of the IM-
NHD5-700C,30m sample, verifying again the consistency of the fitting model. The only difference
refers to the presence of an additional broad magnetically collapsing component, MCOL Fe¥,
colored dark yellow in Figure 6.32b, that corresponds to a part of the ICO phase, whose AA value
increases at the expense of the AA values of those SPM Fe* components found at the respective RT
spectrum (Figure 6.31b). This denotes an increase in the characteristic SPM relaxation time t for a
part of the SPM ICO NPs which are becoming magnetically blocked at 11 K [9], [14] [3], [8], [11]. The
fitted 11 K MS for all enriched annealed samples are presented in Figure 6.32, with the resulting MPs
values listed in Table 6.18.
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Figure 6.31 Fitted ’Fe Mdssbauer spectra of the ¥Fe enriched En-IM-NHD6-700,30m (a), En-IM-NHD6-700,30m-SC (b),
En-IM-NHD6-700,2h (c) and En-IM-NHD6-700,8h (d) samples collected at RT.
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Table 6.17 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.31. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, BuC is the central value of the hyperfine magnetic
field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the

relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for

IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

IS r/2 QS or 2¢ Bns€ ABne | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) | (kOe) | (kOe) | (%)
FessCoer 0.02 0.14 0.02 339 6 46 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 346 0 2 Magenta
En-IM- Martensitic Fe-Co (4) 0.13 0.14 -0.09 301 0 3 Blue
NHD6-
700,30m
MCOL Fe?* 0.28 0.14 0.00 216 120 5 Pink
Dark
SPM Fe® (1) 0.36 0.26 0.79 0 0 20
Cyan
SPM Fe3* (2) 0.34 0.28 1.55 0 0 9 Purple
SPM Fe2 1.02 0.32 2.36 0 0 5 Grey
Fe33Coer 0.02 0.14 0.02 337 7 41 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 346 0 3 Magenta
En-IM- | Martensitic Fe-Co (4) | 0.12 0.14 -0.09 296 0 4 Blue
NHD6-
700,30m-
5C MCOL Fe? 0.43 0.14 0.00 160 60 2 Pink
Dark
SPM Fe3* (1) 0.35 0.21 0.72 0 0 14
Cyan
SPM Fe3* (2) 0.41 0.38 1.37 0 0 19 Purple
SPM Fe? 0.97 0.32 2.46 0 0 5 Grey
FessCoer 0.02 0.14 0.02 337 7 39 Maroon
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Martensitic Fe-Co (2) 0.04 0.14 0.01 346 0 2 Magenta
Martensitic Fe-Co (4) 0.13 0.14 -0.09 292 0 2 Blue
En-IM-
NHD6- MCOL Fe3* 0.28 0.14 0.00 234 120 8 Pink
700,2h
Dark
SPM Fe3+ (1) 0.35 0.28 0.83 0 0 25
Cyan
SPM Fe3* (2) 0.34 0.28 1.66 0 0 9 Purple
SPM Fe?+ 0.93 0.32 2.13 0 0 5 Grey
FesCos7 0.02 0.14 0.02 341 5 54 Maroon
Martensitic Fe-Co (2) 0.04 0.14 0.01 348 0 2 Magenta
En-IM- Martensitic Fe-Co (4) 0.13 0.14 -0.09 299 0 2 Blue
NHD6-
700,8h
MCOL Fe3+ 0.28 0.14 0.00 234 120 6 Pink
Dark
SPM Fe3+ (1) 0.31 0.34 0.80 0 0 20
Cyan
SPM Fe¥ (2) 0.34 0.28 1.85 0 0 3 Purple
SPM Fe? 1.02 0.32 2.55 0 0 4 Grey
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Figure 6.32 Fitted ¥Fe M0ssbauer spectra of the Fe enriched En-IM-NHD6-700,30m (a), En-IM-NHD6-700,30m-SC (b),
En-IM-NHD6-700,2h (c) and En-IM-NHD6-700,8h (d) samples collected at 11 K.
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Table 6.18 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 6.32. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half line-width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, BuC is the central value of the hyperfine magnetic
field, ABnt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. r/2 QS or 2¢ Bne€ ABhf | Area
Sample Component Color
(mm/s) (mm/s) (mm/s) (kOe) | (kOe) | (%)
FessCos? 0.14 0.14 0.02 340 5 46 Maroon
Martensitic Fe-Co
2 0.16 0.14 0.01 352 0 1 Magenta
FncIM- Martensitic Fe-Co 0.26 0.14 0.09 305 0 2 Bl
NHD6- @ . . -0. ue
700C,30m
MCOL Fe3+ 0.40 0.15 0.00 150 93 12 Pink
MCOL Fe?¥ 0.47 0.15 0.00 387 60 11 | Dark Yellow
SPM Fes- (1) 0.43 0.27 0.79 0 0 8 Dark Cyan
SPM Fe¥ (2) 0.48 0.28 1.58 0 0 4 Purple
SPM Fe? 1.19 0.32 2.41 0 0 5 Grey
Fe3sCos7 0.14 0.14 0.02 342 6 41 Maroon
Martensitic Fe-Co 016 014 0.01 250 0 ; M
En-IM- o) . . . agenta
NHDe6-
700C,30m
-SC (Slow
i Martensitic Fe-Co
Cooling) 0.26 0.14 -0.09 305 0 4 Blue
4)
MCOL Fe3+ 0.53 0.14 0.00 130 85 15 Pink
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MCOL Fe3+ 0.47 0.15 0.00 398 72 14 | Dark Yellow
SPM Fes- (1) 0.47 0.20 0.73 0 0 4 Dark Cyan
SPM Fe3* (2) 0.53 0.28 1.42 0 0 4 Purple
SPM Fe? 1.08 0.32 2.50 0 0 5 Grey
FesCosr 0.14 0.14 0.02 341 6 41 Maroon
Martensitic Fe-Co
2 0.16 0.14 0.01 349 0 2 Magenta
En-AM- Martensitic Fe-Co 0.26 0.14 0.09 305 0 2 Bl
NHD6- n . . -0. ue
700C,2h
MCOL Fe? (1) 0.40 0.14 0.00 124 117 15 Pink
MCOL Fe?¥ (2) 0.44 0.15 0.00 403 67 11 Dark Yellow
SPM Fes- (1) 0.47 0.28 0.83 0 0 10 Dark Cyan
SPM Fe3* (2) 0.46 0.28 1.72 0 0 5 Purple
SPM Fe2?+ 1.05 0.32 2.16 0 0 4 Grey
FessCosr 0.14 0.14 0.02 347 6 54 Maroon
Martensitic Fe-Co
) 0.16 0.14 0.01 353 0 2 Magenta
En-IM-
NHDé6-
Martensitic Fe-Co
700C,8h n 0.26 0.14 -0.09 305 0 3 Blue
MCOL Fe3+ 0.40 0.14 0.00 359 160 19 Pink
SPM Fes- (1) 047 0.28 0.74 0 0 6 Dark Cyan
SPM Fe3 (2) 0.46 0.28 1.84 0 0 3 Purple
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SPM Fez (1) 1.11 0.28 2.60 0 0 2 Grey

SPM Fe?* (2) 0.95 0.16 2.55 0 0 1 Red

6.4 Magnetization and Magnetic Susceptibility Measurements

The magnetic properties of both nanohybrid and unsupported samples, prepared using the NaBH,
reducing agent, as well as those of the conventional nanohybrid and Fe-enriched samples
synthesized via the impregnation method, are further characterized by their M vs. H measurements
at constant temperature and xz vs. T measurements at constant H. These magnetic measurements
reveal the magnetic behavior of the prepared samples, which is influenced by the relative
compositions of the contained phases, the types of nanostructures, and the magnetic interactions

and interconnections of the NPs present in these samples.

6.4.1 Samples prepared using the sodium borohydride reducing agent
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Figure 6.33 Magnetization vs. applied magnetic field isothermal loops of the BH-AM1-NHD (a) and BH- AM1-NP (b)
samples measured at RT (300 K). The inset (upper left) in each measurement shows the details of the loops’ characteristics

around zero applied magnetic field.

The M vs. H loop for the BH-AM1-NHD sample collected at 300 K appearing in Figure 6.33a,
demonstrates a distinct ferro/ferrimagnetic response with hysteresis and a coercivity of
approximately 430 Oe (see the magnetic characteristics of the loops listed in Table 6.19). There is,
however, a slight tendency for incomplete saturation of M at high fields. The inset of Figure 6.33a
shows that M fluctuates near H = 0, hinting at two magnetic contributions: one with a harder
magnetic characteristic responsible for non-zero coercivity (Hc) values, and another softer
component that causes the relative abrupt M variation around H = 0. These features suggest a

mixture of ferro/ferrimagnetic Fe-Co/ICO NPs with both hard and soft magnetic characteristics,
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likely due to variations in composition, particle size and magnetic interparticle interaction strengths
[9], [14], [24], [25]. It can also be possible that these magnetic NPs could adopt a core-shell structure,
with a ferromagnetic Fe-Co alloy core and a ICO shell, as the BH method is capable to develop NPs
with such morphology [26]. The larger or more strongly interacting NPs dominate the total magnetic
behavior of the sample, given by the Hc values of ~ 430 Oe found at RT, indicating that the majority
of the magnetic NPs are magnetically blocked at this temperature [9], [10]. Moreover, the increased
Hc value found for this sample relative to the corresponding values observed for the soft magnetic
bulk Fe-Co alloys and ICO that lie in the range of 10-65 Oe [27], suggest that these NPs should be
affected by finite size effects, which are known to increase the Hc values as the size of the NPs
approaches or reaches the single-magnetic-domain size limit [25]. Meanwhile, the smaller or weakly
interacting ICO NPs are identified by their softer magnetic characteristics and the lack of M values
saturation, presenting superparamagnetic characteristics at RT. Considering the Mossbauer
spectroscopy results for this sample, we can verify by the present M vs. H measurements the

existence of the Fe-Co alloy and ICO nanostructured phases and their strong SPM characteristics.

For the FeCo-BH-AM1-NP sample, the M vs. H loop at RT (Figure 6.33b) reveals similar magnetic
behavior to the nanohybrid sample, but with smoother M variations around H = 0 and a higher
saturation value at high fields. This is expected, however, as the FeCo-BH-AM1-NP sample is
designed to contain only the Fe-Co alloy phase. The sample exhibits a symmetric hysteresis loop
with a coercivity of 720 Oe at RT (Table 6.19). These observations imply that the ferromagnetic Fe-
Co NPs in this sample experience stronger interparticle magnetic interactions. The NPs are likely to
be accumulated in agglomerates that contribute to the increased Hc values [9], [25], [26], [28] . These
characteristics indicate a system where the magnetic behavior is shaped by strongly interacting Fe-
Co NPs with close proximity and interconnection, corroborating the findings from XRD, TEM, and

Fe Mossbauer spectroscopy analyses.

Table 6.19 Parameters of the magnetic properties derived from the isothermal loops of Figure 6.33.

Mimax Mimin \Y :28 Mk- Hec Hc

Sample T (K)
(emu/g) | (emu/g) | (emu/g) | (emu/g) | (Oe) | (Oe)
BH-AMI1-ND 300 7.2 -7.2 24 -2.5 421 | -442
BH-AM1-NP 300 97.6 -97.6 39.4 -39.8 722 | -718
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6.4.2 Samples prepared using the impregnation method

6.4.2.1 As-made impregnated precursor samples

The M vs. H isothermal loops for all as-made nanohybrid precursor samples prepared via the
impregnation method are displayed in Figure 6.34. In general, the loops of all samples at RT exhibit
SPM behavior with ferro/ferrimagnetic sigmoidal shape and non-saturating M values. In some cases,
non-zero coercive fields are observed. The M values at high fields and other loop properties for each
as-made sample are summarized in Table 6.20.

Specifically, the isothermal loops of all but the FeCo-IM-AM2-NHD sample recorded at RT (Figures
6.34a, ¢, d, e and f) show SPM behavior with M values at 20 kOe not exceeding 1.0 emu/g. On the
contrary the FeCo-IM-AM2-NHD sample acquires an M value at 20 kOe which exceeds 5.0 emu/g.
These characteristics indicate a system of ferrimagnetic-type ICO NPs in the FeCo-IM-AM2-NHD
sample with relatively larger average sizes and broader size distributions, that undergo slower SPM
relaxation compared to the assembly of ICO NPs of the other as-made samples which experience
faster SPM relaxation. The magnetic behavior in the FeCo-IM-AM2-NHD sample likely results from
stronger interparticle interactions due to the increased size of the corresponding ICO NPs [9], [10],
[25], [28]. These observations align with findings from previous XRD, TEM and Fe Md&ssbauer

spectroscopy characterization techniques.

The coercivity values for all samples lie between ~ 20 and ~120 Oe at RT. These values indicate that
most magnetic NPs in these samples are influenced by very fast SPM relaxation, although there must
be a distribution of NPs sizes in each sample, which is similar for all but the FeCo-IM-AM2-NHD
sample, that gives rise to the variance of the Hc values as a consequence of finite size effects [25]. For
the IM-AM5-NHD sample at 2K, a ferro/ferrimagnetic sigmoidal curve emerges with non-saturating
M values and non-zero, asymmetric coercive fields. This characteristic suggests an assembly of ICO

NPs that exhibit complete SPM behavior at RT and partial magnetic blocking at 2 K.
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Figure 6.34 Magnetization vs. applied magnetic field isothermal loops of the IM-AM1-NHD (a), IM-AM2-NHD (b), IM-
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temperatures indicated by different colors. The insets in each set of measurements show the details of the loops’

characteristics around zero applied magnetic field for all temperatures (upper left).
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Table 6.20 Parameters of the magnetic properties derived from the isothermal loops of Figure 6.34. The
external field applied for the measurements of the IM-AM1-NHD (6.34a), IM-AM2-NHD (6.34b), IM-AM3-
NHD (6.34c), IM-AM4-NHD (6.34d) and IM-En-AM6-NHD (6.34f) samples was 20 kOe, while for the IM-AMS5-
NHD (6.34e) sample it was 70 kOe.

Sample Figure | T Mumax+ Mumax- Mg+ Mzr- Hc: Hc-

634 | (K) | (emu/g) | (emu/g) | (emu/g) | (emu/g) | (Oe) (Oe)

IM-AM1-NHD a 300 0.45 -0.45 0.005 -0.008 119 -112
IM-AM2-NHD b 300 5.3 5.3 0.26 -0.31 62 -64
IM-AM3-NHD C 300 0.6 -0.6 0.001 -0.001 19 -18
IM-AM4-NHD d 300 0.6 -0.6 0.002 -0.002 40 -39
400 1.35 -1.35 0 0 0 0
IM-AM5-NHD e 300 1.55 -1.55 0 0 0 0

2 4.1 -4.1 0.3 -0.26 1235 -1670

En-IM-AM6-NHD £ 800 | 11 1.1 | 0001 | -0.001 | 130 | -145

6.4.2.2 Annealed impregnated samples

The annealing treatment causes different evolutions of magnetic properties between the as-made

nanohybrid and enriched as-made nanohybrid samples to arise. In this respect, in Figures 6.35-6.36,

the characteristic M vs. H loops under constant T and the and x; vs. T measurements under constant
H, respectively, are shown for the IM-NHD5-700C,30m and En-IM-NHD6-700,30m-SC samples.
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Figure 6.35 Magnetization vs. applied magnetic field isothermal loops of the NHD-700,30m (a) and En-NHD-700,30m-SC

(b) samples measured at different temperatures indicated by different colors. The insets in each set of measurements show

the details of the loops’ characteristics around zero applied magnetic field for all temperatures (upper left) and with even

more detail for the 300 K loop (lower right).
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The M vs. H isothermal loops of the IM-NHD5-700,30m and En-IM-NHD6-700,30m-SC samples
recorded at 400, 300, and 2 K reveal clear FM characteristics with hysteresis, exhibiting coercivities
that range from about 100 to about 900 Oe depending on temperature (see Table 6.21). These
characteristics are accompanied, however, by constant and non-vanishing dM/dH slopes at high H
values at all temperatures. These features correspond to an assembly of Fe-Co NPs with FM order
and relative harder magnetic characteristics compared to the nominal coercivities found for typical
bulk Fe—Co alloys that reach only about 65 Oe at RT [27]. The non-vanishing dM/dH slopes at high
H values denote a second non-FM contribution that can be attributed to the spinel-type ICO NPs
found to be present in these samples, which, due to their very small particle size, experience very
fast SPM relaxation at all temperatures. Moreover, the large increase in the coercive fields between
400, 300, and 2 K indicates that the assembly of Fe-Co FM NPs should also experience SPM
relaxation, which gradually ceases as T decreases, and, in particular —more substantially at 2 K—as

the majority of the metallic NPs in the assembly becomes magnetically blocked [29].

Table 6.21 Magnetic characteristics derived from the isothermal loops of Figure 6.35.

Mmax+ Mimax- \Y ;28 Mkr- Hec Hec-
Sample T (K)
(emu/g) | (emu/g) | (emu/g) |(emu/g) | (Oe) | (Oe)
400 18.9 -18.9 1.7 -2.0 112 -112
IM-NHD5-700,30m 300 194 -194 2.3 -2.7 160 | -152
2 21.1 -21.1 8.7 -8.6 856 | -881
400 16.3 -16.4 1.6 -1.9 114 -98
En-IM-NHD6-700,30m-SC | 300 16.7 -16.8 2.5 =27 177 | -169
2 19.2 -19.2 6.8 -7.2 781 776
3.2 T T T T T T JT T T T T T T 3‘0
28 FC (a) 1 FC (b) {25
2.4 b 42.0
- 2.0 h 11 5’5\
< 16 ] A
2 12 . 1102
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Figure 6.36 Magnetic susceptibility vs. temperature measurements of the non-enriched IM-NHD5-700,30m (a) and Fe-
enriched En-IM-NHD6-700,30m-SC (b) samples under an applied field of 99 Oe.
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Figure 6.37 Magnetic susceptibility vs. temperature measurements of the non-enriched IM-NHD5-700,30m (a) and Fe-
enriched En-IM-NHD6-700,30m-SC (b) samples under an applied field of 999 Oe.

The xg vs. T measurements of both samples recorded under an applied field of 99 Oe are shown in
Figure 6.36 and reflect again the characteristics revealed by the M vs. H measurements, which are
attributed to an assembly of Fe-Co FM NPs accompanied by SPM relaxation features. In both
diagrams, the xs values of the ZFC branches monotonically increase as T increases, with no local
maxima up to 400 K, while the FC branches are much smoother and continuously rise as T decreases.
The coincidence of the two branches only at the highest measured temperature point of 400 K for
both samples suggests a relatively broad size distribution for the magnetically ordered nanophases
contained in these samples. The magnetic behavior of the system is clearly determined by the larger-
in-size or/and more strongly magnetically interacting metallic Fe-Co NPs, which are magnetically
blocked even at 400 K, as demonstrated from the existence of hysteresis in the M vs. H loops [9]. On
the other hand, the smaller-in-size or/and weakly magnetically interacting metallic Fe-Co NPs, as
well as the SPM ICO NPs, reveal their contribution to the M vs. H and xs vs. T measurements mainly
through the lack of saturation for the magnetization at high H values recorded in all temperatures.
Similar behaviors are obtained in the xs vs. T measurements of both annealed samples recorded
under an applied field of 999 Oe (Figure 6.37). There, however, the ZFC branches contain a minor
local maximum around 200 K for both samples, suggesting a slight diversification in the SPM
relaxation behavior for different assemblies of magnetic NPs originating from the differences in the
stoichiometry, in the sense of the presence of both Fe—Co and ICO NPs, their size distribution, and
interparticle interactions strength, which can be revealed only at higher H values in these
measurements [7]. Moreover, the differences in the Fe-Co and ICO NP content in each sample could
also justify the slightly higher maximum M and s values observed for the IM-NHD5-700,30m
sample relative to those found for the En-IM-6NHD-700,30m-SC sample. As the nominal M values
are higher for the Fe—Co phase relative to those of the ICO phase, the higher amount of ICO NPs
evident by Mdssbauer spectroscopy measurements for the En-IM-NHD6-700,30m-SC sample is
proposed to be the cause of its reduced M and x; values relative to those found for the IM-NHD5-
700,30m sample.
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In this context, the characteristic M vs. H and x5 vs. T measurements, collected for all conventional
and enriched samples annealed at various temperatures and durations, display similar magnetic
features to those described for the previously mentioned IM-NHD5-700,30m and En-IM-6NHD-
700,30m-SC samples. These features include assemblies of larger or more strongly magnetically
interacting FM Fe-Co NPs, which exhibit magnetic blocking even at 400 K and predominantly
influence the magnetic behavior of each sample. However, the smaller or more weakly interacting
metallic Fe-Co NPs, as well as the SPM ICO NPs, contribute to the M vs. H and xg vs. T
measurements mainly by the absence of saturation of M at high H values, recorded across all
temperatures. The characteristic M vs. H and xg vs. T measurements of all samples with Hap=99 Oe
and Hap =999 Oe are shown in Figures 6.38-6.49, while the resulting parameters of the magnetic
properties derived from the respective isothermal loops of all samples at 300 and 2 K are listed in
Table 6.22.
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Figure 6.38 Magnetization vs. applied magnetic field isothermal loops of the IM-NHD4-600C,30m (a), IM-NHD5-600C,2h
(b), IM-NHD5-600C,8h (c) and IM-NHD4-600C,32h (d) samples measured at different temperatures indicated by different
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field for all temperatures (upper left) and with even more detail for the 300 K loop (lower right).
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Figure 6.39 Magnetic susceptibility vs. temperature measurements of the IM-NHD4-600C,30m (a), IM-NHD5-600C,2h (b),
IM-NHD5-600C,8h (c) and IM-NHD4-600C,32h (d) samples under an applied field of 99 Oe.
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Figure 6.40 Magnetic susceptibility vs. temperature measurements of the IM-NHD4-600C,30m (a), IM-NHD5-600C,2h (b),
IM-NHD5-600C,8h (c) and IM-NHD4-600C,32h (d) samples under an applied field of 999 Oe.
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Figure 6.42 Magnetic susceptibility vs. temperature measurements of the IM-NHD3-650,30m (a), IM-NHD4-650,2h (b), IM-
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NHD3-650,8h (c) and IM-NHD4-650,32h (d) samples under an applied field of 99 Oe.
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Figure 6.43 Magnetic susceptibility vs. temperature measurements of the IM-NHD3-650,30m (a), IM-NHD4-650,2h (b), IM-
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Figure 6.44 Magnetization vs. applied magnetic field isothermal loops of the IM-NHD5-700,2s (a), IM-NHD5-700,30m (b),
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magnetic field for all temperatures (upper left) and with even more detail for the 300 K loop (lower right).
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Figure 6.45 Magnetic susceptibility vs. temperature measurements of the IM-NHD5-700,2s (a), IM-NHD5-700,30m (b), IM-
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Figure 6.46 Magnetic susceptibility vs. temperature measurements of the IM-NHD5-700,2s (a), IM-NHD5-700,30m (b), IM-
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Figure 6.47 Magnetization vs. applied magnetic field isothermal loops of the En-IM-NHD6-700,30m (a), En-IM-NHD6-
700,30m-SC (b), En-IM-NHD6-700,2h (c) and En-IM-NHD6-700,8h (d) samples measured at different temperatures
indicated by different colors. The insets in each set of measurements show the details of the loops’ characteristics around

zero applied magnetic field for all temperatures (upper left) and with even more detail for the 300 K loop (lower right).
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Table 6.22 Magnetic characteristics derived from the respective isothermal loops of all annealed samples at 300 and 2 K
(Figures 6.38, 6.41, 6.44, 6.47).

Sample T (K) Mimax+ Mimax- MR+ Mkr- Hec+ Hc
(emu/g) | (emu/g) | (emu/g) | (emu/g) | (Oe) | (Oe)

400 12.1 -11.9 0.9 -1.8 103 -84

NHD-600,30m 300 11.9 -11.9 1.4 -1.6 114 -119
2 14 -13.9 53 -5.3 952 -986

400 10.2 -10.2 1.1 -14 126 -121

NHD-600,2h 300 10.5 -10.6 1.5 -1.6 183 -168
2 12.4 -12.4 5 5.1 1221 -1208

400 12.8 -12.8 1.8 -1.9 140 -150

NHD-600,8h 300 13.1 -13.1 2 2.1 198 -174
2 15.2 -15.2 6.2 -6.3 1114 -1114

400 16.2 -16.2 14 -1.9 110 -115

NHD-600,32h 300 17.2 -17.2 2.2 2.3 140 -130
2 18.6 -18.7 7.7 -7.8 960 -955

400 20.1 -20.1 2.1 -3.4 90 -75

NHD-650,30m 300 20.6 -20.6 2.1 -3.9 167 -138
2 229 -22.9 7 -7.8 749 -729

400 17.9 -17.9 1.8 2.1 105 -95

NHD-650,2h 300 18.7 -18.7 2.2 -2.6 160 -145
2 20.7 -20.7 8.6 -8.5 895 -895

400 23.6 -23.6 1.7 -3.1 82 -69

NHD-650,8h 300 23.8 -23.8 0.8 -3.4 106 -20
2 25.1 -25.1 6.4 -8.3 265 271

400 21.1 -21.1 1.5 -2.5 149 -137

NHD-650,32h 300 21.8 -21.9 2.8 -3.3 162 -154
2 23.6 -23.8 9.5 9.6 768 -756

400 16.3 -16.3 2.2 2.5 165 -175

NHD-700,2s 300 17 -17 1.6 -1.9 140 -120
2 18.9 -18.9 7.7 74 880 -921

NHD-700,30m 400 18.9 -18.9 1.7 2.0 112 =112
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300 19.4 -194 2.3 -2.7 160 -152
2 21.1 -21.1 8.7 -8.6 856 -881
400 15.9 -15.9 1.5 -1.9 110 -130
NHD-700,2h 300 16 -16.1 2.1 2.2 177 -181
2 18.6 -18.5 7.2 -7.1 892 -903
400 18.1 -18.1 2.1 2.2 165 -155
NHD-700,8h 300 19.1 -19.2 2.8 -3.2 216 -206
2 20.9 -20.9 8.3 -8.3 872 -869
400 21.7 -21.6 21 -2.5 154 -138
NHD-700,32h 300 21.7 -21.8 3.1 -3.6 191 -182
2 23.8 -23.9 9.7 -9.8 866 -857
400 16 -16 1.7 -2.1 140 -130
En-NHD-700,30m | 300 16.3 -16.2 2.6 -2.9 205 -180
2 18.6 -18.6 7.7 -7.6 940 -947
400 16.3 -16.4 1.6 -1.9 114 -98

En-NHD-
700,30m-5C 300 16.7 -16.8 25 -2.7 177 -169
2 19.2 -19.2 6.8 -7.2 781 -776
400 15.2 -15.2 1.6 2.1 130 -120
En-NHD-700,2h 300 15.7 -15.6 21 -2.3 168 -148
2 17.3 -17.4 7.1 -7 945 -932
400 17.3 -17.3 3.8 -4.1 390 -385
En-NHD-700,8h 300 17.7 -17.7 4.1 -4.2 442 -432
2 194 -19.5 7.5 -7.4 897 -897

6.5 Discussion

The results from all experimental techniques provide a comprehensive understanding of phase
development and properties concerning the samples' synthesis conditions. In studying the as-made
nanohybrid and unsupported samples synthesized with NaBH, as a reducing agent, we observed
the formation of Fe-Co FM NPs, along with the presence of SPM ICO NP seeds in both precursors.
However, secondary impurity phases were present in the unsupported sample. The magnetic
behavior of this NP assembly, as confirmed by Fe Mdssbauer spectroscopy and magnetization

measurements at RT, is notably influenced by moderate but primarily slow SPM characteristics at
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RT. This behavior arises due to the formation of Fe-Co and ICO NPs, existing either as isolated
particles with random dispersion, or as larger agglomerates with magnetic interparticle interactions,
or even as core-shell structures. Larger agglomerates of the ICO phase are found in to be more

abundant in the unsupported, compared to the hybrid sample.

The as-made nanohybrid sample exhibited magnetic properties similar to those of the unsupported
sample, suggesting a strong interconnection of the Fe-Co NPs in both samples. Thus, it is denoted
that the morphology and size distribution include large NPs either as individual particles or as larger
agglomerates near the ND nanotemplates in the hybrid sample. These structural features likely lead
to inadequate Fe-Co NP dispersion on the ND surfaces, combined by the broad size distribution and
possible low crystallization and cluster agglomeration of NPs, hindering the formation of a well-
defined magnetic hybrid nanostructure. Consequently, it can be concluded that this synthesis
approach yields magnetic nanostructures of lower qualities for the desired hybrid samples,

prompting a shift toward the impregnation synthesis method.

In the context of the impregnation synthesis procedure, it is essential to consider the role of ND NPs
in the conventional and enriched precursor samples, which influence the properties of the final
annealed samples. These hybrid nanomaterials comprise fine SPM ICO NPs developed on the
surfaces of the NDs nanotemplates. The resulting structural configurations of these nanohybrids are
closely connected to the intrinsic properties of the preconceived NDs, which are derived from
detonation reactions. These properties activate specific operating mechanisms during the initial
steps of the impregnation synthetic procedures followed in our samples. These mechanisms pertain
to the attribution of favorable blending and interacting conditions emerging from the development
of oxide/hydroxide functional groups present on the NDs" surfaces in the moist mixture, which
interact strongly with the corresponding metallic salts dissolved in deionized water during the first
step of each sample’s synthesis [30]. The advancement of such strong interacting bonds is realized
due to the ideal chemical conditions provided by the hygroscopic properties of the metallic salts and
the hydrophilic nature of the NDs’ surficial functional groups. As a result, a substantial quantity of
oxide/hydroxide functional groups is available to interact and form coupling bonds with the
respective Fe>* and Co? metallic ions, ensuring the metal ions have a firm attachment to the NDs’
surface. In this respect, it is possible to consider that two types of strong coupling bonds can be
developed between the strongly interacting counterparts: (i) Fe-O-C and Co-O-C bonds and (ii)
direct Fe-C and Co-C bonds [31], [32], [33].

The experimental data of this work evince the inability to develop any Fe—Co alloy phase during the
tirst step of the samples’ synthesis. On the contrary, the development of only very fine ICO NPs that
are well dispersed on the nanohybrid clusters can be observed. These characteristics, which conform
consistently to the bonding mechanism, were also featured in our previous work based on this wet
impregnation method [3]. Nonetheless, the employment of the second step in the synthesis leads to
the development of the Fe—Co alloy nanophases. In this second step, the precursor is annealed in
vacuum-evacuated quartz ampoules at high temperatures. This procedure induces reduction
conditions to the nominal Fe* and Co?* ions of the ICO NPs in each sample system, forcing these

ions to form the Fe—Co alloy nanophases. The spatial proximity between the very small ICO NPs
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tfavors their combination and growth into larger clusters during this second annealing step and leads
to the development of larger in average size, relative-to-the-original ICO NP seeds, FM bcc Fe—Co
cobalt-rich alloy NPs on the surfaces of the ND nanotemplates. However, those ICO NPs that are
relatively isolated on the surfaces of the ND nanotemplates fail to develop into metallic Fe—Co alloy

NPs and remain on these surfaces as excessive ICO residues.

Similar characteristics are found for the annealed samples originating from both precursor types,
conventional and Fe-enriched; however, a slightly higher average cobalt concentration for Fe-Co
NPs from TEM/EDS measurements is observed for the Fe-enriched case. These NPs also appear
larger and have a wider dispersion from the equivalent Fe-Co NPs of the non-enriched annealed
samples. We consider the idea that these differences can be attributed to the slight modification of
the first wet chemistry step procedure followed for the two precursors. The addition of the small
amount of metallic ¥Fe in an HNQO:s solution during the preparation of the ¥Fe-enriched precursor
may influence the way the resulting iron ions disperse in the moist mixture during the first step of
the synthesis, by prompting aggregation of the Fe3*/*Fe% ion assemblies, which could possibly lead
to their distinctive characteristics. The ¥Fe MS of the two precursors indicate some difference
regarding the presence of magnetically split contributions for the ¥Fe-enriched precursor, which are
not observed for the conventional precursor. This difference seems to be passed along partially to
the final annealed samples and is reflected through the slight increase in the average Fe-Co NP

size/dispersion and amount of ICO AA values in their MS, which include also Fe?* SPM states.

In either case, the annealing procedure triggers the involvement of strong reducing agents in the
second step of the synthesis. These are the sp?-coupled carbon atoms existing already as native
species at the surfaces of the ND NPs and are further developed during thermal annealing [31], [34],
[35], [36]. These sp*-hybridized carbon atoms, along with the low O: pressure due to the vacuum
existing inside the ampules (10 Torr), provide the appropriate conditions for complete reduction
of the Fe* and Co? ions in the ICO NPs to the Fe? and Co? atoms that form the corresponding Fe-
Co alloy NPs.

Moreover, the formation of the Fe—Co alloy NPs in our samples is accompanied by the development
of graphitic-type layers surrounding these metallic NPs partially or in total, as evidenced by TEM
observations. Surface graphitization effects of the ND sp® cores can begin to occur at elevated
temperatures in the vicinity of 700 °C, and can be further enhanced by the presence of surface
structural defects and metallic elements like iron, cobalt, and nickel, which act as catalysts [31], [37].
Metallic nanoparticles can act as catalysts for the graphitization process. Carbon atoms can be
preferentially adsorbed onto the surface of the metal nanoparticles, where they undergo
rearrangement into graphitic-type structures. Consequently, the metal Fe-Co alloy nanoparticles
provide active sites and facilitate the alignment of carbon atoms into the resulting graphitic-type
arrangement. It is possible to consider, thus, that the birth of the Fe-Co NPs from the reduction in
the ICO NPs with the aid of the surface ND sp? carbon atoms, could also serve as an action to
promote them as initial metallic alloy nucleation centers for the formation of graphitic-type layered

nanostructures, as evidenced by HRTEM observations in both systems.
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Furthermore, as the graphitization mechanism occurring on NDs’ surfaces at elevated temperatures
is favored by structural degradations that could result in low surface energy in the basal layer of the
graphitic-type nanostructures, it could, in turn, also lead to low binding energies for the absorbed
carbon atoms in the Fe—-Co NPs, thus facilitating an easier lateral diffusion of these carbon atoms in
the structure of the alloy. Hence, high temperatures not only promote the formation of metallic Fe—
Co NPs through reduction in ICO NPs in our samples but also appear to facilitate a partial —at least,
lateral —diffusion of carbon atoms across the shared surface and subsurface interfaces of the grown
metallic NPs and the NDs in both synthesized systems. This non-extensive mechanism, involving
the interstitial diffusion of carbon atoms into the Fe-Co lattice, may be the primary factor
contributing to the development of the non-extensive (minor) contribution from the non-cubic
tetragonally distorted martensitic-type Fe-Co phase, evidenced by our ¥Fe Mossbauer spectroscopy

measurements.

With respect to the magnetic properties, the lack of magnetization saturation for all samples” M vs.
H measurements, even at 2 K, could be attributed to the SPM behavior of the smaller-in-size metallic
Fe—Co alloy NPs superimposed with the SPM behavior of the residual ICO NPs. The presence of this
SPM ICO phase was demonstrated by Fe Mossbauer spectroscopy at all temperatures in all
samples. On the other hand, Fe Modssbauer spectroscopy investigations also revealed the
contribution from a tetragonally distorted martensitic-type Fe—Co phase encountered in all samples,
but its presence is non-extensive. Consequently, no strongly correlated hard magnetic behavior can
be confirmed through these M vs. H measurements. Therefore, the magnetic properties of the
resulting annealed samples are predominantly influenced by the spatial isolation and well-dispersed
placement of the Fe-Co NPs, which provide relative harder FM properties with respect to
conventional bulk Fe—Co alloys, which exhibit Hc values ranging between 40 and 70 Oe [27], [38],
[39], but are not hard enough to surpass the range of ~200 Oe at RT and 1200 Oe at 2 K.

No significant difference in the magnetic properties was observed between the samples subjected to
slow cooling and those cooled conventionally. This includes the comparison of the ’Fe-enriched En-
NHD-700,30m and En-NHD-700,30m-SC samples, as well as the conventional NHD-700,30m and
Fe-enriched En-NHD-700,30m-SC samples. The only notable distinction was the increased
presence of the ICO phase in the MS of the En-NHD-700,30m-SC sample compared to the
conventional NHD-700,30m sample. Consequently, we conclude that no clear or significant
correlation exists between the slow cooling procedure and the crystal ordering of the Fe-Co metallic

phase, at least under the specific annealing conditions studied (700 °C, 30 min).

Additionally, it is necessary to evaluate the relevance of the selected annealing conditions
(temperature and duration) to the structural and morphological characteristics of the hybrid
samples. This assessment also sheds light on how these conditions influence the formation of a
hybrid magnetic nanostructured material with optimal properties. The primary objective was to
synthesize a hybrid sample that maximizes the yield of the well-ordered CsCl-type bcc Fe—Co alloy
phase, derived from the reduction of the ICO NP seeds during annealing. Efficient oxide-to-alloy
reduction reactions enhance the purity of the hybrids’ structural and magnetic characteristics.

Furthermore, a high yield of ferromagnetic nanocrystalline Fe-Co NPs facilitates the development
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of the martensitic-type Fe—Co phase. This occurs because a greater proportion of metallic Fe-Co NPs
can interact with sp? graphitic-type layered nanostructures, providing favorable conditions for
interstitial carbon atom diffusion within the Fe-Co lattice, which drives the martensitic

transformation.

This phenomenon is supported by literature, which emphasizes that inducing a tetragonal distortion
in the Fe—Co lattice via the introduction of a third element, such as carbon, requires a pure and well-

crystallized CsCl-type Fe—Co alloy with a high chemical ordering parameter [40].

Our experimental results demonstrate that thermal treatment of the as-made conventional samples
under all chosen conditions successfully induces the formation of a well-ordered CsCl-type bcc Fe—
Co alloy phase from the reduction of ICO NP seeds. However, at 600 °C and 650 °C, shorter
annealing durations result in incomplete reduction reactions, leading to a more pronounced
presence of ICO nanostructures compared to Fe-Co alloys. In contrast, annealing at 700 °C
significantly reduces the prevalence of ICO nanostructures, suggesting that samples processed at
this temperature contain fewer residual SPM ICO NPs. This improvement is attributed to the more
effective oxide-to-alloy reduction reactions occurring at higher temperatures, as confirmed by *Fe

Mossbauer spectroscopy.

In this context, the thermal treatment of Fe-enriched precursors yields structural and magnetic
properties comparable to those of the conventionally annealed samples, regardless of the synthesis
conditions. Moreover, at a constant annealing temperature of 700 °C, the annealing duration appears
to have no significant impact on either the average particle size of the Fe-Co phase or the relative

proportions of the ICO and Fe-Co phases.

6.6 Conclusions

In this study, we characterized and analyzed the structural, morphological, electronic, and magnetic
properties of Fe-Co/NDs systems synthesized through two wet chemistry approaches: one using the
NaBHas as a reducing agent, and the other employing a two-step preparation process involving an
impregnation method followed by controlled annealing. This comparison enabled us to assess each
method’s effectiveness in producing both hybrid and unsupported magnetic nanostructures and to
determine which approach yielded the highest quality magnetic nanoalloy materials.

Our findings show that both hybrid and unsupported samples synthesized with NaBH, contained
iron-cobalt alloy and iron-cobalt-oxide nanoparticles, with the former exhibiting strong interparticle
interactions, as revealed by ¥Fe Mossbauer spectroscopy. These interactions suggest larger NP sizes
and/or aggregation into clusters, which could influence their distribution on the ND nanotemplates

in the hybrid sample, which refrained us to further proceed in the annealing process.

Conversely, the impregnation route successfully yielded novel magnetic nanohybrid materials,
featuring ferromagnetic bcc Fe-Co NPs grown on NDs nanotemplates. These Fe—-Co NPs, with
average diameters between 6 and 10 nm, were uniformly distributed on the NDs surfaces and
exhibited a high cobalt content (~65 at. % Co). The Fe-Co NPs displayed stable FM behavior across
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a temperature range from 400 K to 2 K, with coercivity values increasing from approximately 110
Oe at 400 K to around 850 Oe at 2 K. The dominant bcc FM Fe—Co phase was consistently
accompanied by a minor, tetragonally distorted, martensitic-type Fe-Co phase and a residual ICO

precursor phase.

This distinctive martensitic-type Fe—Co phase likely arose due to the unique morphological
properties of the ND growth matrices, which promote surface formations and reconstructions of sp?
carbon nanostructures that intensify during annealing. These graphitic layers surrounding the Fe—
Co NPs created favorable conditions for the diffusion of interstitial carbon atoms within the Fe-Co
lattices at elevated temperatures, resulting in the formation of the observed martensitic-type
structure. Future work should focus on extending this martensitic phase to achieve enhanced
ferromagnetic properties. For example, introducing dual atomic diffusion into interstitial sites,

combining carbon and nitrogen from N-doped NDs nanotemplates, could be a promising approach.

These novel nanohybrids, presented here for the first time, expand our group’s portfolio of advanced
hybrid magnetic nanostructures [3], [41], [42] and hold substantial promise for applications in

biomedicine, biopharmaceutics, and related technological fields.
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Chapter 7. Study of the Fe-Ni/NDs system

7.1 XRD

7.1.1 Samples prepared using the sodium borohydride reducing agent

The XRD patterns of pristine NDs, as-made nanohybrid and unsupported samples prepared using
the NaBHa reducing agent (BH) are presented in Figure 7.1. The XRD pattern of pristine NDs (Figure
7.1a) shows two primary broad diffraction peaks corresponding to the cubic ND structure at 43.9°
(111) and 75.4° (220) 20 (lattice constant a = 3.567 A, ICDD PDF 00-006-0675). Additionally, a
diminished diffraction peak at 21.6° 20, attributed to residual impurities known to exist from the
characterization of the material by the reagent provider (Aldrich 636428-1G), is also visible. The
average nanoparticle crystalline domain size <D> for each peak was estimated using the Scherrer
formula [1], yielding an average size of <Dnps> =5 nm for the NDs, as shown in the diagram. This
result confirms that the ND nanoparticles are indeed very small, validating the nominal

nanocrystalline structure and purity specified by Aldrich.

The XRD pattern of the as-made nanohybrid (BH-AM-NHD) sample in Figure 7.1b primarily
features broad diffraction peaks associated with ND nanostructures, along with a faint broad peak
at ~ 36° 20, corresponding to the main diffraction (311) ionic planes of a spinel-type Fe:xNixOs iron-
nickel-oxide (INO) structure, accompanied by two also faint diffraction peaks at ~ 30° (220), and ~
63° (440) 20 (lattice constant a = 8.3337 A, ICDD PDF 00-054-0964) [2]. The average ND nanoparticle
crystalline domain size <D> was similarly estimated to be <Dnps> =5 nm, consistent with the pristine
NDs. These findings indicate that both the pristine NDs and the as-made nanohybrid precursor
consist of very small ND nanoparticles, maintaining the nanocrystalline structure and purity
provided by Aldrich. However, the average crystalline domain size <Dino> for the INO nanoparticles
could not be determined due to the unresolved diffraction peak of the INO phase as a consequence

of its large broadening.

In Figure 7.1c, the XRD pattern of the as-made unsupported (BH-AM-NP) sample displays a broad
diffraction peak spanning a wide range of intermediate angles. This broad peak includes the
contribution from the primary diffraction peak of the cubic fcc Fe-Ni crystal structure at 43.8° (111),
as well as those of the same structure at 51.1° (200), and 75.1° (220) 20. There is a faint contribution
from additional secondary peaks observed around 31° and 36° 20, corresponding to the same spinel-
type INO phase detected in the BH-AM-NHD sample. From the width and position of the (111) peak
the average crystalline domain size for the Fe-Ni nanoparticles, <Dreni>, was estimated to be

approximately 2 nm using the Scherrer formula for the BH-AM1-NP sample.
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Figure 7.1 XRD patterns of the pristine NDs (a), BH-AM-NHD (b) and BH-AM-NP (c) samples. The crystalline phases in

the samples are depicted by respective different symbols denoting the angular positions of their main diffraction peaks.

The average crystalline domain size <D> of the nanodiamonds phase for the as-made nanohybrid precursor samples and

that of the iron-nickel phase for the as-made unsupported sample are denoted in each pattern.

From these qualitative XRD results, it is suggested that the first synthesis step leads to the formation
of small INO NP seeds on the ND nanotemplates in the as-made nanohybrid sample. On the other
side, a primary Fe-Ni nanostructured phase, along with secondary INO NP seeds, is developed in
the BH-AM-NP sample. The broad widths and reduced intensities of the diffraction peaks in both
the as-made nanohybrid and unsupported precursor samples indicate the presence of very small,
nanostructured INO NP seeds/NDs and Fe-Ni/INO NPs, which may also exhibit low crystallinity.
In the case of the BH-AM-NHD sample, the retention of nanostructured characteristics in the NDs,
combined with the development of secondary, very small INO NP seeds, suggests a structural
pattern similar to that observed in the Fe-Rh/NDs system (Chapter 5). This resemblance could
facilitate the following formation of Fe-Ni NPs when they will be reduced from the INO NP seeds
on the surfaces of the ND nanotemplates during annealing under specific conditions at the second
step of the synthesis. On the other hand, in the BH-AM-NP sample, the formation of the primary Fe-
Ni nanostructure is accompanied by a relatively broad main diffraction peak, making it difficult to
accurately determine the atomic Fe-Ni ratio based on the angular position. Therefore, implementing
the second synthesis step is necessary to clarify the roles and contributions of these phases and to
define the structural properties of the final annealed samples produced by the proposed synthesis
method.
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In this context, annealing the as-made nanohybrid and unsupported precursor samples at 700°C for
4 hours and at 300°C for 96h (Figure 7.2) induces the formation of new nanocrystalline phases in
both samples. The XRD pattern of the BH-NHD-700C,4h sample (Figure 7.2a) shows the retained
presence of the ND phase, which is also accompanied by the presence of a set of intense and well-
resolved diffraction peaks at 43.8° (111), 51.1° (200), 75.1° (220), and 91.2° (311) 20, corresponding to
a cubic fcc Fe-Ni rich in nickel phase (FeosNioz ICDD PDEF 01-074-5840, lattice constant a = 3.564 A).
Additionally, a secondary impurity phase is observed at 35.1° (240), 37.8° (150), 38.1° (400), 43.7°
(321), 46.9° (350), 57.6° (441), 60.2° (002), 61.6° (112), 61.9° (550), 66.7° (601), and 71.5° (281) 20, which
is attributed to the orthorhombic iron oxyborate (IOB) FesBOs (Vonsenite) phase (lattice constants a
=9.452 A, b =12.287 A, ¢ =3.072 A, ICDD PDF 00-025-0395). The formation of this phase may be
attributed to residual boron (B) precipitates from the NaBH4 reducing agent, likely in the form of
amorphous boron oxide (B20s), combined with the presence of INO NPs and the influence of
annealing conditions. Moreover, two diminished diffraction peaks at 18.6° 20 degrees, are attributed
to a nickel oxide crystal structure (NiO2 ICDD PDF 01-085-1977, lattice constant a=b = 2.835 A, c=
14.332 A).

Furthermore, the XRD pattern of the BH-NHD-300C,96h sample (Figure 7.2c) exhibits similar
structural features to the BH-NHD-700C,4h sample. The dominant diffraction peaks of the fcc NDs
phase and the less intense and broader peaks of the Ni-rich Fe-Ni phase appear at the same angular
positions as those observed in the BH-NHD-700C,4h sample, while the presence of the INO phase
is also detected. An estimation of the average crystalline domain size <D> for the primary phases,
calculated using the Scherrer formula, is shown in each pattern. The average size of the fcc Ni-rich
Fe-Ni NPs is approximately 16 nm for the BH-NHD-700C,4h sample, whereas for the BH-NHD-
300C,96h sample the mean Fe-Ni NP size cannot be determined, due to the unresolvable width and
intensity of the 51° 20 diffraction peak of the Fe-Ni phase. The average size of the IOB phase in the
BH-NHD-700C,4h sample is estimated to be 24 nm. In the BH-NHD-300C,96h sample the spinel-
type INO phase has an average NP size of about 15 nm. Moreover, a faint diffraction peak can be

also observed at approximately 18° 20, attributed to the nickel oxide phase.

In contrast, the XRD patterns of the annealed unsupported samples at 700°C for 4h and 300°C for
96h (Figures 7.2b and d, respectively) display the presence of four diffraction peaks attributed to the
fcc Ni-rich Fe-Ni phase, together with a set of less-intense diffraction peaks at 44.6°, 64.9° and 82.2°
20 degrees, attributed to a bcc rich in Fe Fe-Ni phase (Kamacite, ICDD PDF 04-008-8473). The
average size of the fcc Fe-Ni NPs ranges between 12 and 10 nm, with the larger sizes observed in the
sample annealed for 4 hours, while that of the bcc Fe-Ni phase cannot be determined due to the
unresolvable widths and intensities of Kamacite’s diffraction peaks in both annealed unsupported

samples.

From the analysis of these results it can be suggested that in the case the annealed nanohybrid
samples, the formation of the Fe-Ni alloy phase could originate from the reduction of the INO NP
seeds, which are present in the precursor, during the second annealing step of the synthesis.
However, this phase is accompanied by the formation of secondary impurities of IOB and INO phase

these annealed nanohybrid samples. The consistent presence of these impurities suggests that the
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proposed synthesis method leads to the creation of samples with multi-phase characteristics that

may significantly hinder the development of uniquely structured magnetic hybrid nanomaterials.

In contrast, in the annealed unsupported samples the main contribution is owed to nanostructured
Fe-Ni phases. These metallic Fe-Ni NPs undergo an expected size growth during the second
synthesis step, which is influenced by the annealing temperatures and durations. Moreover, heating
the unsupported precursor sample at 700°C for 4h and at 300°C for 96h appears to result in the
complete reduction of the INO NP seeds into Fe-Ni nanostructures, indicating that the selection of

those temperatures and durations may represent optimal annealing conditions for these samples.
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Figure 7.2 XRD patterns of the BH-NHD-700C, 4h (a), BH-NP-700C4h (b), BH-NHD-300C,96h (c) and BH-NP-300C,96h (d)

samples. The crystalline phases in the samples are depicted by respective different symbols denoting the angular positions

of their main diffraction peaks. The average crystalline domain size <D> of the fcc iron—nickel, spinel-type iron-nickel-
oxide and iron-oxyborate phases for the annealed nanohybrid samples and that of the fcc iron-nickel phase for the annealed

unsupported samples are denoted in the corresponding patterns.

7.1.2 Samples prepared using the impregnation method

The XRD patterns of the conventional AM-NHD precursor samples prepared using the
impregnation method (IM) are presented in Figure 7.3. These patterns exhibit structural features
similar to the precursor samples using the BH method, as indicated by the presence of the
characteristic NDs diffraction peaks at 43.9° (111), 75.3° (220), and 91.5° (311) 20, along with those of
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the spinel-type INO structure at 30.3° (220), 35.7° (311), and 63.1° (440) 20, respectively [2]. The
average crystalline domain size <D> for the NDs and INO phases was estimated using the Scherrer
formula, based on the most resolvable widths of their main diffraction peaks. The NDs were found
to have an average size of <Dnps> =5 nm, while the INO NPs had an average size of <Dino> =2 nm.
These results demonstrate that the first step of this synthesis method effectively produces very small
INO NP seeds on the ND nanotemplate matrices, without the formation of any metallic alloy or

secondary impurity phase.
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Figure 7.3 XRD patterns of the pristine NDs (a), IM-AM1-NHD (b) and IM-AM2-NHD (c) samples. The crystalline phases

in the samples are depicted by respective different symbols denoting the angular positions of their main diffraction peaks.
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The average crystalline domain size <D> of the nanodiamonds and spinet-type iron-nickel-oxide phases for the pristine

nanodiamonds batch and the as-made nanohybrid precursor samples are denoted in each pattern.

The XRD patterns of the annealed samples, derived from annealing these two as-made nanohybrid
precursors at 700°C for 30 minutes and 4 hours, are shown in Figure 7.4. It is clear that annealing the
impregnated nanohybrid precursors at this temperature and for these durations induces the
formation of a new nanocrystalline phase, while the NDs phase is completely preserved, and the
INO phase becomes diminished. Notably, no secondary impurity phases are observed in the XRD

patterns of the annealed samples.

In particular, in addition to the characteristic ND diffraction peaks, significant contributions from
the broad diffraction peaks of a cubic fcc Fe-Ni crystal structure are observed at 43.8° (111), 51.1°
(200), 75.1° (220), 91.2° (311), and 96.6° (222) 20 for all the annealed samples. Due to the relatively
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broad width of these diffraction peaks, an accurate determination of the atomic Fe-Ni ratio based on
their angular positions is challenging. This is because three different ICDD PDFs —representing iron-
rich (FeozNios, ICDD PDF 01-071-8325, lattice constant a = 3.575 A), equiatomic (FeosNios, ICDD PDF
01-071-8322, lattice constant a = 3.575 A), and iron-poor (FeosNioz, ICDD PDF 01-074-5840, lattice
constant a = 3.564 A) Fe-Ni stoichiometries —qualitatively match these diffraction peaks. The exact
nature, morphology, and stoichiometry of this phase are further clarified through TEM analysis

(vide infra).

Despite the uncertainty in stoichiometry, the average Fe-Ni NPs crystalline domain size <D>, which
was estimated using the Scherrer formula from the most resolvable width of the (200) diffraction
peak at 51.1° 20, falls within a narrow range of 7 to 9 nm for the IM-NHD-700C,30m and IM-NHD-
700C,4h samples, respectively, while larger sizes, ranging from 11 to 16 nm, are observed for the IM-
NHD2-700C,30m and IM-NHD2-700C,4h samples. The higher NP size consistently seems to be
associated with the longer annealing duration. However, the morphology and nature of the INO
seeds on the precursor sample could also influence the particle size of the final Fe-Ni NPs developed

at the annealed samples.

These results suggest that the formation of the Fe-Ni alloy phase from the reduction of INO NP seeds
can be effectively achieved at 700°C, with no residual INO phase remaining, at least as evident from
the XRD analysis. Furthermore, the difference in annealing durations —30 minutes versus 4 hours—
does not seem to have a significant impact on the average particle size or leave any residual phase,
indicating that the Fe-Ni alloy phase can form within a relatively short period of time during the

annealing process.
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Figure 7.4 XRD patterns of the IM-NHD-700C,30m (a), IM-NHD-700C,4h (b) IM-NHD2-700C,30m (c) and IM-NHD2-
700C,4h (d) samples. The crystalline phases in the samples are depicted by respective different symbols denoting the

angular positions of their main diffraction peaks. The average crystalline domain size <D> of the nanodiamonds and spinel-

type iron-nickel phases for the annealed nanohybrid samples are denoted in each pattern.

In this context, Figure 7.5 shows the XRD patterns of the conventional precursor sample (IM-AM2-
NHD) after a two-step thermal treatment procedure. These treatments involve the implementation
of the first annealing step, followed by a subsequent-second annealing step, which takes place in
situ inside the furnace after the first annealing step’s completion. This strategy aimed to the
investigation of possible further structural modifications of the respective samples, since it is known
that the extended annealing at 300°C could promote the development of hybrid nanostructured
magnetic nanomaterials with enhanced long-range chemical ordering [3]. Consequently, we used
two approaches: 1) the precursor was annealed at 700°C for 30 minutes and subsequently at 300°C
for 64 hours, and 2) the precursor was annealed at 700°C for 4 hours and subsequently at 300°C for
96 hours. The XRD patterns of the resulting samples appear in Figure 7.5.
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Figure 7.5 XRD patterns of the IM-NHD2-(700C,30m-to-300C,64h) (a) and IM-NHD2-(700C,4h-to-300C,96h) (b) samples.

The crystalline phases in the samples are depicted by respective different symbols denoting the angular positions of their

main diffraction peaks. The average crystalline domain size <D> of the nanodiamonds and the spinel-type iron-nickel

phases for the annealed nanohybrid samples are denoted in each pattern.

The XRD patterns of the two-step annealed samples show similar structural characteristics to those
of the annealed samples derived by using the one-step annealing (see also Figures 7.4c, d). These
structural features pertain to the presence of the characteristic diffraction peaks attributed to the
NDs and Fe-Ni nanostructures. However, these nanostructures are also accompanied by an inferior

contribution, attributed to the less intense and broad diffraction peaks of the INO phase.

An estimation of the average crystalline domain size <D> from the most resolvable widths of the
nanostructures’ diffraction peaks, render to the Fe-Ni NPs an average NP size of 6 nm in the IM-
NHD2-(700C,30m-to-300C,64h) sample, which grows larger at 11 nm, as the precursor sample is
annealed for longer annealing durations in the second step as observed in the IM-NHD2-(700C,4h-
t0-300C,96h) sample. On the other hand, the INO NPs obtain an average NP size of 3 nm in case of
the IM-NHD2-(700C,30m-to-300C,64h) sample, while its diffraction peaks become unresolvable, but

are yet detectable, thus making difficult an estimation of its NPs size.

These results indicate that the formation of the fcc Fe-Ni alloy phase from the reduction of INO NP
seeds can be delivered regardless the usage of a subsequent second annealing step, during thermal
treatments, indicating the importance and the effectiveness of the first annealing step at a high
temperature. However, the second annealing step seems to impair the structural features of both

two-step annealed samples, as observed by the presence of the residual INO phase. This formation
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may be owed to the presence of mild oxidation conditions that could influence the metallic NPs,
during the second annealing step at the lower annealing temperature of 300°C and extended

durations.

We continue with the study of the XRD patterns of the enriched as-made precursor sample (En-IM-
AM3-NHD) alongside its corresponding annealed samples appearing in Figure 7.6. According to
these measurements, the two sets of samples— enriched with the Fe reagent and conventional
(non-enriched) —exhibit similar structural characteristics. Specifically, the XRD pattern of the En-
IM-AM3-NHD sample in Figure 7.6a reveals the dominant presence of broad diffraction peaks
attributed to NDs, along with two weaker diffraction peaks associated with the INO spinel-type
phase. Application of the Scherrer formula to the corresponding peaks of these diagrams provides
an estimated average crystalline domain size of <Dxps> =4 nm for the NDs, while an estimation for

the INO phase could not be made due to the unresolved and low-intensity nature of its diffraction
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Figure 7.6 XRD patterns of the En-IM-AM3-NHD (a), En-IM-NHD3-700C,30m (b), En-IM-NHD3-700C,30m-Q (c) En-IM-

NHD3-700C,4h (d) and En-IM-NHD3-700C,4h-Q (e) samples. The crystalline phases in the samples are depicted by

respective different symbols denoting the angular positions of their main diffraction peaks. The average crystalline domain

size <D> of the iron-nickel phase for the enriched annealed nanohybrid samples are denoted in each pattern.

Annealing the En-IM-AM3-NHD precursor at 700°C induces the formation of Fe-Ni fcc
nanostructures, in addition to retaining the ND nanotemplates, across all durations for the enriched
annealed samples, a behavior similar to that observed for the conventionally prepared as-made

precursors. As with the annealed samples prepared from the conventional precursors, the nature,
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morphology, and stoichiometry of this phase, along with that of the Fe-Co alloy phase, will be
further elucidated through TEM analysis (vide infra). The average crystalline domain size <D> for
the Fe-Ni phase across all annealing durations ranges between 20 and 25 nm, which is significantly
larger than those observed for samples prepared from conventional precursors (7-9 nm and 11-16
nm, respectively). Notably, the highest nanoparticle size, 25 nm, is observed for samples annealed
for 4 hours, indicating that longer annealing times lead to an increase in Fe-Ni particle size for the

enriched precursors.

Regarding the annealed enriched samples influenced by the quenching (Q) process, no significant
differences are observed in their XRD patterns appearing in Figure 7.6(c) and (e) for the En-IM-
NHD3-700C,30m-Q and En-IM-NHD3-700C,4h-Q respectively, compared to their non-quenched

counterparts.

7.2 TEM, STEM and EDS Analysis

7.2.1 TEM Analysis of the impregnated precursor sample

The dispersion, morphology, and structure of the nanophases were characterized through
TEM/STEM observations. Figure 7.7 presents TEM images of a representative precursor hybrid
sample, specifically the conventional IM-AM1-NHD precursor. The morphological analysis of this
sample reveals a nanohybrid system consisting of relatively spherical INO NPs, which appear with
darker contrast in the bright-field images. These NPs are dispersed on closely packed NDs, which
are forming approximately spherical as well as irregular-shaped nanotemplate clusters with sizes
ranging from 30 to 800 nm. The INO NPs themselves exhibit roughly spherical shapes and a broad
size distribution, appearing as individual NPs with low interconnection to each other, or in some
cases forming more densely packed clusters. The INO NPs situated at the center of the larger NDs
hybrid clusters appear sharper and denser, suggesting relatively higher crystallinity and larger sizes

compared to the more diffuse INO NPs located at the edges and within smaller hybrid clusters.
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Figure 7.7 Bright-field TEM images of the IM-AM-NHD sample at different magnifications.

7.2.2 TEM, STEM and EDS analysis of the annealed impregnated samples

Representative TEM images of two annealed samples, specifically the IM-NHD-700C,4h and En-IM-
NHD3-700C,30m-Q samples, are shown in Figures 7.8 and 7.13, respectively. Furthermore, HAADF-
STEM-EDS and HRTEM images, which provide detailed chemical and structural analysis of these
two samples, are presented in Figures 7.9-7.12, and 7.14-7.16.

For the IM-NHD-700C,4h sample, Figure 7.8 displays a homogeneous dispersion of coarse NDs
agglomerates with arbitrary shapes, ranging from 35 to 120 nm in sizes. These NDs clusters host
well-dispersed, roughly spherical metallic NPs on their surfaces, which appear darker due to their

higher mass density compared to the NDs.
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Figure 7.8 Bright-field TEM images of the IM-NHD-700C,4h sample (a-c) at different magnifications. The scalebars

correspond to 100 nm.

To better visualize the distribution of metallic NPs within the hybrid structures, HAADF imaging
in STEM mode was employed, as its contrast is proportional to atomic number. Figures 7.9a-c
present HAADF-STEM images of the IM-NHD-700C,4h sample, illustrating the distribution of
metallic NPs across various hybrid clusters. Figure 7.9d shows the metallic Fe-Ni NPs size
distribution, which exhibits an asymmetric pattern skewed toward larger sizes, with an average
value of 10 nm. Elemental EDS maps from an NHD cluster, presented in Figures 7.9f-g, confirm the
co-localization of Fe and Ni atoms, indicating the formation of an Fe-Ni alloy. Additionally, point
EDS spectra from individual metallic NPs, shown in Figures 7.10 and Table 7.1, suggest that the Fe-

Ni alloy is predominantly Ni-rich, with an average atomic ratio of Fe around 36:64 (FessNiss).
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Figure 7.9 HAADF STEM images from different NHD clusters of the IM-NHD-700C,4h sample (a-c). Distribution of the
Fe-Ni metallic NPs sizes (d). HAADF STEM image of a particular hybrid Fe-Ni NPs/NDs cluster (e) and the corresponding

elemental distribution of Ni (f) and Fe (g). All scalebars correspond to 50 nm.
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Figure 7.10 (a) HAADF-STEM image from a Fe-Ni NPs/NDs cluster in the IM-NHD-700C,4h sample, illustrating locations
where EDS point analysis was conducted. Spectra (b) #7 and (b) #8. Cu peaks are due to the TEM supporting grids.
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Table 7.1 Fe compositions measured in IM-NHD-700C,4h sample, using EDS analysis on individual Fe-Ni
NPs.

Point Fe at. %
1 32
2 28
3 30
4 37
5 44
6 44
7 36
8 34
Average: 36

Moving forward, Figure 7.11 presents HRTEM images of various metallic Fe-Ni NPs developed on
the surfaces of the ND nanotemplates of the IM-NHD-700C,4h sample. The characteristic d-spacings
corresponding to the close-packed {111} planes and the {002} planes of the fcc FessNis alloy are
clearly resolved. Additionally, as highlighted by the blue pseudo-color overlay, few-layered
graphitic-type structures are observed at the interface between the metallic Fe-Ni NPs and the
carbon support assembly. These graphitic-type structures partially envelop the metallic NPs,
appearing solely in regions where direct contact occurs between the Fe-Ni NPs and the ND
nanostructured template. This phenomenon is further detailed in Figure 7.11a, where the white
borderline delineates the edge of the ND support. The formation of graphitic-type layers has been

consistently noted in numerous other Fe-Ni NPs examined in this sample, as shown in Figure 7.12.
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Figure 7.11 HRTEM investigation of the IM-NHD-700C,4h sample. The Fe-Ni NP in (a) sits at the edge of a hybrid cluster
and is viewed along the [110] zone axis. The (111) and (002) planes of the fcc FeNi alloy are indicated. In the magnified
inset a top, the characteristic (0002) close-packed planes indicate the formation of few-layered graphite (blue pseudo color)
at the interface between the Fe-Ni NP and the ND nanotemplate. Close-packed {111} planes, coming from small ND
crystallites are also indicated. The white line delineates the boarder of the ND nanotemplate. HRTEM images from other
Fe-Ni metallic NPs, showing the formation of few-layered graphite of similar thicknesses (b,c). All scalebars correspond

to 5 nm.

Figure 7.12 HRTEM images obtained from the IM-NHD-700C,4h sample, showing graphitic-type layers wrapping around
Fe-Ni NPs (blue arrows).
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Based on these TEM observations, it is evident that the formation of graphitic-type layered
nanostructures is closely linked to the unique morphological features of the NDs within these
nanotemplates, and how they are influenced by temperature as well as their interaction with the
growing Fe-Ni NPs. Additionally, the regular occurrence of these graphitic layers on the surfaces of
the Fe-Ni NPs, but only in regions where direct contact with the ND NPs is present, indicates a
strong affinity of these sp? graphitic nanostructures for the metallic compounds. This underscores
the critical role of carbon in their development. Furthermore, the consistent TEM observation of
these graphitic layers at the interface between the Fe-Ni metallic NPs and the ND NPs, along with
their resultant physiochemical interactions, suggests the potential diffusion of carbon atoms into the

Fe-Ni alloy structure.

Moving on, Figure 7.13 provides a detailed view of the morphological characteristics of the En-IM-
NHD3-700C,30m-Q sample. This figure displays a hybrid system consisting of ND cluster
assemblies with roughly spherical nanotemplates evenly dispersed throughout the image. These
nanotemplates are accompanied by relatively round metallic Fe-Ni NPs on their surfaces, which
appear darker in contrast in the bright-field images. The metallic NPs are developed on closely
packed ND NPs, forming coarse agglomerated nanotemplates similar to those observed in the IM-
NHD-700C,4h sample. These ND nanotemplates exhibit both spherical and irregular shapes, with
sizes ranging from 40 to 150 nm (Figures 7.13a, b). However, several large diamond nanoclusters do
not display any metallic NPs on their surfaces. Furthermore, an extensive, presumably amorphous,
carbon phase is observed interconnecting with the ND nanotemplates, giving this sample a distinct

morphology compared to the conventional IM-NHD-700C,4h sample.

One factor that may have contributed to this morphological variation is owed to the extended
sonication time (60 minutes) in ethanol that was applied for the preparation this sample for TEM

observations.

Figure 7.13 TEM images of En-IM-NHD3-700,30m-Q sample at different magnifications (a-b).
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HAADF Z-contrast imaging in STEM mode reveals the presence of more cohesive aggregated hybrid
clusters in the En-IM-NHD3-700C,30m-Q sample compared to the IM-NHD1-700C,4h sample. The
metallic NP density is noticeably reduced in the En-IM-NHD3-700C,30m-Q sample (Figure 7.14a-b).
EDS elemental maps from an NHD cluster, displayed in Figures 7.14e and f, confirm that Fe and Ni
atoms are co-located, indicating the formation of the Fe-Ni alloy. The size distribution of these
metallic NPs is centered around an average of 22 + 12 nm as shown in Figure 14c. Further point EDS
spectra of individual metallic NPs, as shown in Figures 7.15 and Table 7.2, suggest that the Fe-Ni

alloy phase is predominantly Ni-rich, with an average atomic ratio of 20:80 (Fe2Niso).

(0

Frequency
o

Figure 7.14 HAADF STEM images from different NHD clusters of the En-IM-NHD3-700C,30m-Q sample (a, b).
Distribution of the Fe-Ni metallic NPs sizes (c). HAADF STEM image of a particular hybrid Fe-Ni NPs/NDs cluster (d) and

the corresponding elemental distribution of Ni (e) and Fe (g).
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Figure 7.15 HAADF-STEM images from different Fe-Ni NPs/NDs clusters in the En-IM-NHD3-700C,30mQ sample,
illustrating locations where EDS point analysis was conducted. Spectra (f) #b. Cu peaks are due to the TEM supporting
grids.

Table 7.2 Fe compositions measured in En-IM-NHD3-700C,30m-Q sample, using EDS analysis on individual
Fe-Ni NPs.

Point Fe at. %
a 20
b 19
c 20
d 20
e 20
f 23
Average: 20

Figure 7.16a-c shows HRTEM images of well-crystallized FexNiso NPs with a distinct fcc crystal
structure, developed on the surfaces of the NDs clusters. These images also depict a characteristic
cubic morphology of the FexNiso NPs. HRTEM analysis reveals that the lattice constant o of the
FexNiso NPs ranges from approximately 3.52 to 3.56 A, which closely matches the values calculated
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for the Fe-Ni phase in the En-IM-NHD3-700C,30mQ sample, which aligns this lattice constant with
the ordered fcc FeNis y’-phase with an AuCus-type structure.

However, in the En-IM-NHD3-700C,30m-Q sample, no graphitic-type nanostructures are observed
at the interfaces between the metallic NPs and the ND nanotemplates, a notable difference from the
IM-NHD-700C,4h sample. This absence may be attributed to the extended sonication time of 60
minutes for the enriched annealed sample, compared to the 30-40 minutes applied for the
conventional annealed sample. It is suggested that the longer sonication duration may have
removed the majority of nanostructured species formed within the hybrid material, such as smaller
metallic Fe-Ni NPs and/or localized graphitic-type structures that typically envelop metallic NPs at
the interfaces where they directly contact the ND NPs. As a result, only the larger or more

agglomerated metallic NPs, which developed on the surfaces of the ND nanotemplates, remain.

Figure 7.16 HRTEM images of the En-IM-NHD3-700C,30mQ sample. A large Fe-Ni/ND cluster and its selected area

electron diffraction pattern is provided as an inset, revealing the [112] zone axis (a). On the right the edge of the particle,

is shown in larger magnification and the (111) close packed planes are annotated (b). HRTEM images showing geometric

Fe-Ni NPs with characteristic cubic morphologies (c-e).
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7.3 ¥Fe Mossbauer Spectroscopy

7.3.1 Samples prepared using the sodium borohydride reducing agent

The Fe Mossbauer spectroscopy method, an atomic-level probing technique, offers a powerful tool
to characterize the structural, morphological, electronic, and magnetic properties of iron-containing
phases in the samples. Figures 7.17-18 display the ¥Fe Mossbauer spectra (MS) for both as-made
nanohybrid and unsupported samples prepared with NaBHs, recorded at RT and 77 K.

In Figure 7.17a, the 300 K spectrum of the as-made nanohybrid precursor sample exhibits a primary
quadrupole-split contribution alongside a secondary magnetically split component. To achieve an
accurate fit for the BH-AM-NHD sample, three central quadrupole split components and one
magnetically split component were employed. For the magnetically split component, a Gaussian-
type spreading (ABrxf) around the central hyperfine magnetic field (BnC) value was used to account
for line broadening in this region [4]. The Mdssbauer parameters (MPs) obtained from the best-fit
models are summarized in Table 7.3. These values indicate the presence of iron atoms in a Fe-Ni
nanostructured phase [3], [5], as well as Fe** high-spin (S = 5/2) superparamagnetic (SPM) states,
with minor contributions from Fe2* high-spin (S = 2) SPM states.
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Figure 7.17 "Fe Mossbauer spectra of the as-made nanohybrid precursor (BH-AM-NHD) (a) and the unsupported
precursor (BH-AM1-NP) (b) samples collected at room temperature.

The MPs of the Fe** and Fe?* ion sites in oxygen-coordinated environments suggest the presence of
spinel-type INO nanostructures. This is evidenced by two primary quadrupole doublets (SPM Fe3*
(1) and SPM Fe®** (2), colored maroon and blue in Figure 7.17a) at the center of the nanohybrid
sample’s RT spectrum, alongside some additional Fe?* ions (SPM Fe?, colored green in Figure 7.17a)
in their structure [6]. These features, associated with small NP sizes, are characterized by fast SPM
behavior at RT [6], [7]. Furthermore, a magnetically split contribution, comprising 37% of the
absorption area (AA), is represented by a single magnetically component (MCOL Fe-Ni, colored
magenta in Figure 7.17a) with collapsing Bns behavior. This contribution suggests the presence of an
assembly of Fe-Ni alloy NPs developed during the initial synthesis stage, that experience SPM
relaxation, slow enough that the characteristic relaxation time (t) surpasses the Mdssbauer
spectroscopy measurement time (tvs ~ 108 s) [8], [9]. This may result from larger NP sizes and/or
agglomeration into clusters, where interparticle interactions slow relaxation times beyond tws [8],
[10], [11].
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The spectrum of the BH-AM-NP sample in Figure 7.17b is composed of a dominant magnetically
split contribution and a secondary quadrupole split contribution, both displaying relatively broad
resonance lines. This spectrum was effectively fitted using two magnetically split components,
supplemented by three central quadrupole doublets. The MPs derived from this fit are also listed in
Table 7.3. Similar to the BH-AM-NHD sample, these values indicate high-spin Fe® ions typical of
INO spinel-type nanostructures with additional Fe?* ions for the SPM components. However, the
Fe-Ni NPs here display a more dominant presence than that found in the nanohybrid precursor.
Specifically, the main magnetically split contribution is captured by two components (MCOL Fe-Ni
(1) in cyan and MCOL Fe-Ni (2) in magenta, Figure 7.17b), comprising up to 76% of AA, while the
quadrupole split contribution is represented by three minor central doublets (SPM Fe®* (1) and SPM
Fe% (2) in maroon and blue, and SPM Fe?" in green, Figure 7.17b), totaling 24% of AA. These findings
indicate that most of the Fe-Ni NPs formed in the initial synthesis stage exceed the SPM threshold
size, showing SPM relaxation phenomena such that T > tus [8], [9]. This may stem from an increase
in particle size and/or clustering into larger aggregates, where interparticle interactions extend t
beyond tws [8], [10], [11].

Table 7.3 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 7.17. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABre is the total spreading (Gaussian-type) of the Bit values around the central BnC value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. I/2 | QS.or2e | BuC ABhe | Area
Sample Component Color
(mm/s) | (mm/s) (mm/s) (kOe) | (kOe) (%)
SPM Fe3+ (1) 0.35 0.18 0.64 0 0 20 Maroon
SPM Fe¥ (2) 0.36 0.26 0.92 0 0 37 Blue
BH-IM-NHD
SPM Fe? 0.94 0.36 2.43 0 0 7 Green
MCOL Fe-Ni 0.07 0.15 0.00 202 61 36 | Magenta
SPM Fe3* (1) 0.33 0.21 0.65 0 0 11 Maroon
SPM Fe¥ (2) 0.35 0.20 0.89 0 0 10 Blue
BH-AM-NP SPM Fe? 0.94 0.33 2.45 0 0 3 Green
MCOL Fe-Ni (2) 0.17 0.15 0.00 226 56 47 | Magenta

The thermal evolution of the MS for the nanohybrid and unsupported precursor samples, measured
at 77 K, is shown in Figure 7.18. At this lower temperature, both samples' spectra can be fitted using

the same models applied at RT (see Figure 7.18 and Table 7.4). All ionic and iron alloy components
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exhibit expected shifts in isomer shift (IS) and hyperfine magnetic field (Bx) values, while their AA
values remain nearly identical (within expected error) to those at RT. This consistency in AA values
between the SPM and MCOL components at 77 K suggests no noticeable changes in the distribution
of these components at lower temperature. If we anticipated a decrease in SPM relaxation time (1)
for the nanostructured INO NPs at 77 K, a larger proportion of the nanostructured phases would
cease very fast SPM relaxation, which would affect the AA values of the SPM and MCOL

components [7].

However, the observed retention of spectral characteristics at 77 K in both samples implies the
formation of strongly magnetically interacting Fe-Ni NPs. On the other side the INO NPs are likely
to reside on the surfaces of the ND nanotemplates in the nanohybrid sample or as standalone INO
NPs in the unsupported sample, or even forming the shell of a core-shell structure having the Fe-Ni
NPs as the cores, as found in similar nanophases prepared using the BH method [12], likely due to

the influence of the NaBH, reducing agent used in the initial synthesis step.
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Figure 7.18 Fe Mdssbauer spectra of the as-made nanohybrid precursor (BH-AM-NHD) (a) and the unsupported
precursor (BH-AM1-NP) (b) samples collected at 77 K.
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Table 7.4 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 7.18. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABrt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. r/2 Q.S. or2¢ Bns€ ABni | Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) (kOe) | (kOe) | (%)
SPM Fe* (1) 0.46 0.15 0.63 0 0 20 | Maroon
SPM Fe* (2) 0.48 0.26 0.92 0 0 36 Blue
BH-IM-NHD
SPM Fe? 1.08 0.32 2.39 0 0 7 Green
MCOL Fe-Ni 0.19 0.15 0.00 231 65 37 | Magenta
SPM Fe® (1) 0.45 0.21 0.62 0 0 11 | Maroon
SPM Fe3 (2) 0.47 0.22 0.92 0 0 10 Pink
BH-AM-NP SPM Fe? 1.09 0.34 2.48 0 0 3 Green
MCOL Fe-Ni (2) 0.29 0.15 0.00 246 55 45 | Magenta

The RT Mossbauer spectra of the annealed samples, produced by thermally treating both the as
prepared nanohybrid and unsupported precursors at 300°C for 96 hours using NaBH, as a reducing
agent, are shown in Figure 7.19. The spectra exhibit the common feature of a central quadrupole
split contribution, but are combined with clear magnetically split contributions for the BH-NHD-

300C,96h sample, and broad magnetically split contributions for the BH-NP-300C,96h sample.

For the BH-NHD-300C,96h sample (Figure 7.19a), the resonant lines of the quadrupole split
components are more pronounced, while less intense resonant lines appear for the magnetically split
components. To model this RT spectrum adequately, we used three primary central quadrupole split
components, along with three magnetically resolved (MRES) and two magnetically split component
with collapsing Bhf (MCOL) characteristics. For the magnetically split components, a Gaussian-type
distribution ABx¢ [4] of hyperfine magnetic field (Bns) values around a central Bu value was included
to capture the broadening of these resonant lines. The resulting MPs values from the best fit of this
spectrum (see Table 7.5) indicate that the minor broad magnetically split components (MCOL Fe*,
colored magenta and MCOL Awaruite, colored grey in Figure 7.19) correspond to a INO and a Fe-
Ni nanostructured phases [3], [5], respectively, while the rest of the components are attributed to
high-spin Fe® ion sites in oxygen first-neighbor environments, characteristic of a spinel-type INO
phase with additional Fe?" ions, experiencing slow for the magnetically split and fast for the

quadrupole split SPM relaxation at RT.
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Figure 7.19 Fe Mossbauer spectra of the annealed nanohybrid (BH-NHD-300C,96h) (a) and the annealed unsupported
(BH-NP-300C,96h) (b) samples collected at room temperature.

The primary contribution in the RT spectrum of the annealed nanohybrid sample arises from the
SPM Fe* (1), SPM Fe* (2), and SPM Fe?" quadrupole doublet components (maroon, blue, and green
in Figure 7.19a, respectively). These components display MPs values similar to the corresponding
quadrupole doublets in the nanohybrid precursor (Figure 7.17a) and account for approximately 49%
of the total AA, representing about 74% of the AA of the SPM components in the precursor, thus
highlighting their strong retention even after annealing at 300°C for 96 hours. By contrast, the three
MRES components (MRES Fe?* (1), MRES Fe* (2), and MRES Fe?*, shown in purple, orange, and red,
respectively) make up the remaining 27% of the total AA in the BH-NHD-300C,96h sample. The
minor MCOL INO and Fe-Ni components (colored magenta and dark cyan, respectively)
corresponds to the INO and Fe-Ni NPs with moderate SPM relaxation, which were retained during

the annealing process.

These findings suggest that the majority of NPs formed on the surfaces of the ND nanotemplates are

of the INO phase, and possess NP sizes below the SPM size threshold, conferring fast SPM relaxation
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characteristics at RT [6], [13], [14], [15]. Simultaneously, annealing at 300°C for 96 hours seems to fail
to develop further any additional Fe-Ni NPs which might have originated from INO seeds, and
affects only a minor fraction of the INO nanostructures, promoting the formation of larger yet still
spinel-type INO NPs. The predominant presence of the INO phase in the BH-NHD-300C,96h sample
implies that these nanostructures remain in the annealed hybrid sample, likely due to incomplete
oxide-to-alloy reduction reactions at this temperature. These results align well with the XRD

measurements.

Table 7.5 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 7.19. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABr is the total spreading (Gaussian-type) of the Bit values around the central BnC value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, T'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. I/2 Q.S. or 2¢ Bn€ ABns Area
Sample Component Color
(mm/s) (mm/s) (mm/s) (kOe) (kOe) (%)
SPM Fe3* (1) 0.39 0.21 0.69 0 0 20 Maroon
SPM Fe¥ (2) 0.38 0.25 1.18 0 0 19 Blue
SPM Fe?* 0.98 0.37 2.36 0 0 10 Green
MCOL Fe3* 0.36 0.15 0.00 344 39 8 Magenta
MCOL
BH-NHD- . 0.08 0.15 0.00 267 31 15 Grey
300C,96h Awaruite
MRES Fe3+
M 0.24 0.15 0.00 492 0 5 Purple
MRES Fe?* 0.66 0.15 0.00 449 0 4 Red
SPM Fes+ 0.34 0.25 0.82 0 0 16 Blue
SPM FeZ 1.01 0.35 2.51 0 0 10 Green
MCOL Fe3* 0.33 0.15 0.00 253 43 19 Magenta
BH-NP-
Dark
300C,96h Kamacite 0.04 0.15 0.00 341 8 11
Yellow
MCOL
) 0.05 0.15 0.00 257 42 45 Grey
Awaruite

265



The RT spectrum of the BH-NP-300C,96h sample (Figure 7.19b) presents a contrasting spectral
character compared to the BH-NHD-300C,96h sample. Specifically, the broad magnetically split
components dominate the spectrum, while the quadrupole split components play a more secondary
role. Accordingly, we modeled this spectrum with three primary magnetically split components
(one distinctly magnetically split and two with collapsing magnetic characteristics) and two
secondary central quadrupole split components. The MPs resulting from the best fit of this spectrum

are shown in Table 7.5.

In the BH-NP-300C,96h spectrum, one broad magnetically split component with collapsing Bne
characteristics (MCOL Awaruite, colored grey in Figure 7.19b) is attributed to a cubic, soft FM Fe-
Ni alloy phase rich in nickel, known as Awaruite [5], [16], [17], [18]. The broadening reproduced by
the ABrs spread of 42 kOe suggests moderate SPM relaxation effects, indicating that the high-Ni fcc
Fe-Ni NPs may exhibit a range of mean NP sizes at RT. Additionally, the isomer shift (IS) and Bns
values of the less intense magnetically split component (Kamacite, colored dark yellow in Figure
7.19b) are characteristic of another cubic, soft FM Fe-Ni phase called Kamacite [18], [19], with a
stoichiometry in the Ni-poor concentration region between 4 and 7 atomic % Ni. Another broad
magnetically split component (MCOL Fe?, colored magenta in Figure 7.19b) corresponds to high-
spin Fe® ion sites in oxygen-first-neighbor environments, indicative of a spinel-type INO phase that

also exhibits moderate SPM relaxation phenomena at RT.

The central part of the spectrum is fitted with two quadrupole split components —SPM Fe3* and SPM
Fe?*—colored blue and green, respectively, in Figure 7.19b. These components display relatively
broad resonant lines, with MPs values (listed in Table 7.5) similar to those found for the SPM
components in the unsupported precursor, suggesting high-spin Fe® ions in the spinel-type INO

phase with additional Fe?* ions in the nanostructure, affected by fast SPM relaxation at RT.

The results indicate that most nanostructures observed in this sample, comprising ~ 66% of the total
AA, are attributed to Fe-Ni NPs developed further from their corresponding Fe-Ni NPs seeds
already preformed from the initial step of the synthesis. This development occurred from that part
of the Fe-Ni NPs exhibiting magnetically collapsing characteristics in the unsupported precursor, as
the fast SPM components of the precursor retained their approximate total AA values after annealing
at 300°C for 96 hours.

In summary, annealing both precursor samples at 300°C for 96 hours conserves a significant portion
of the initial Fe-Ni or INO phases in both as-made samples, with the INO phase representing the
majority of the contribution in the hybrid annealed sample. In contrast, in the annealed unsupported
sample, the preformed Fe-Ni phase underwent a formation of Fe-Ni NPs with multiphase
characteristics, comprising both a Ni-rich Awaruite and a Ni-poor Kamacite phase. These structural
features highlight the differences between the samples, suggesting that this synthetic approach may

limit the formation of uniform magnetic nanostructures under the given annealing conditions.
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Figure 7.20 Fe Mossbauer spectra of the annealed nanohybrid (BH-NHD-300C,96h) (a) and the annealed unsupported
(BH-NP-300C,96h) (b) samples collected at 77 K.

The thermal evolution of the MS for the annealed nanohybrid and unsupported samples collected
at 77 K is shown in Figure 7.20, with the corresponding MPs values listed in Table 7.6. At this lower
temperature, the spectra for both samples can be fitted using the same models applied at RT. All
iron alloy components show the expected shifts in IS and B values, while their AA values remain

very similar to those observed at RT (within the expected error margins).

These findings indicate no significant change in the AA values for the SPM and MCOL components
in either sample at 77 K. A reduction in SPM relaxation time (7) at this temperature would typically
reveal a larger fraction of the nanostructured phases [7]. However, both annealed samples retain
their original spectral characteristics at 77 K, suggesting that strong magnetic interactions have

formed —likely due to the NaBH, reducing agent used in the initial synthesis step.
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Table 7.6 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 7.20. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABrt is the total spreading (Gaussian-type) of the Bnt values around the central Bn value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. I/2 Q.S. or 2¢ Bns€ ABns Area
Sample Component Color
(mm/s) | (mm/s) (mm/s) (kOe) (kOe) (%)
SPM Fe3+* (1) 0.48 0.21 0.72 0 0 16 Maroon
SPM Fe3+ (2) 0.49 0.26 1.14 0 0 18 Blue
SPM Fe? 1.11 0.38 2.49 0 0 10 Green
MCOL Fe3* 0.44 0.15 0.00 394 70 14 Magenta
MCOL
BH-NHD- . 0.20 0.15 0 278 24 15 Grey
300C,96h Awaruite
MRES Fe3*
M 0.36 0.15 0.00 503 0 5 Purple
MRES Fe2* 0.89 0.15 0.00 487 0 3 Red
SPM Fe3* 0.46 0.28 0.87 0 0 15 Blue
SPM Fe? 1.13 0.36 2.59 0 0 10 Green
MCOL Fe3 0.45 0.15 0.00 265 40 18 Magenta
BH-NP-
Dark
300C,96h Kamacite 0.15 0.15 0.00 352 11 12
Yellow
MCOL
] 0.17 0.15 0.00 271 45 46 Grey
Awaruite

The RT Mossbauer spectra of the nanohybrid and unsupported annealed samples, obtained by
thermally treating the precursor samples at 700°C for 4 hours using the NaBH, reducing agent, are

shown in Figure 7.21.
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Figure 7.21 Fe Mossbauer spectra of the annealed nanohybrid (BH-NHD-700C,4h) (a) and the annealed unsupported
(BH-NP-700C,4h) (b) samples collected at room temperature.

In the BH-NHD-700C,4h sample, the RT spectrum is dominated by the intensity of a set of central
quadrupole contributions, while a minor magnetically split contribution is also apparent.
Conversely, the RT spectrum of the BH-NP-700C,4h sample shows a dominant, broad magnetically

split contribution and a secondary, less intense quadrupole split part at the center of the spectrum.

Specifically, to fit the RT spectrum of the BH-NHD-700C,4h sample (Figure 7.21a) spectrum
adequately a set of five quadrupole split doublets and one magnetically split sextet were used, which
can be described by a broad magnetically split component with Br characteristics. The resulting MPs
listed in Table 7.7 suggest that the four of five quadrupole split components correspond to Fe?", Fe?v+
and Fe2> valence states of the mixed-valence oxyborate Fe;BOs Vonsenite phase [20], which was
identified in this sample by XRD measurements. The remaining quadrupole doublet corresponds to
Fe? ions in an oxygen environment, showing similar MPs to the fast SPM components of the INO
phase observed in the hybrid precursor sample. One sextet with relatively narrow resonant lines
reflects the crystallinity of a corresponding phase, with MPs that indicate a soft FM, Ni-rich fcc Fe-
Ni phase (Awaruite), also detected by XRD.
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On the other hand, the RT spectrum of the BH-NP-700C,4h sample (Figure 7.21b) is fitted by a set of
four magnetically split sextets, with the addition of a minor central singlet. Specifically, one
magnetically split component with sharp resonant lines, indicating high crystallinity, is
accompanied by three additional magnetically split components with less intense resonant lines
exhibiting spreading of their Br characteristics. The MPs values listed in Table 7.7 indicate that the
sextet with the highest absorption area (colored dark yellow in Figure 7.21b) is characteristic of a
well-ordered, soft FM, Ni-poor bcc Fe-Ni Kamacite phase. Two of the other sextets (colored grey and
light magenta in Figure 7.21b) have MPs corresponding to an ordered, soft FM, Ni-rich fcc Fe-Ni
Awaruite and a disordered, soft FM Ni-rich fcc y.-Taenite phase [3], [5], respectively. The relative
low dispersion in the Bre values of these two components may be due to a distribution in particle
sizes, leading to moderate SPM relaxation effects at RT [8], [9]. The fourth sextet's MPs values
(MCOL Fe* colored magenta) correspond to Fe3* ions associated with the INO phase, with spectral
characteristics similar to those of the corresponding component observed in the unsupported
precursor sample, showing moderate SPM characteristics at RT. The singlet’'s MPs indicate a
disordered PM Ni-poor fcc y;1-Fe-Ni phase (colored blue), known as Anti-Taenite [21], [22].

Table 7.7 Mossbauer hyperfine parameters as resulting from the best fits of the corresponding spectra of the
samples shown on Figure 7.21. IS the isomer shift (given relative to a-Fe at 300 K), I'/2 is the half-line width,
QS is the quadrupole splitting, 2¢ is the quadrupole shift, B is the central value of the hyperfine magnetic
field, ABre is the total spreading (Gaussian-type) of the Bit values around the central BnC value, and AA is the
relative spectral absorption area of each component used to fit the spectra. Typical errors are +0.02 mm/s for
IS, I'/2, 2e and QS, +3 kOe for Bn€ and +3% for AA.

LS. r/2 Q.S. or 2¢ Bns€ ABn¢ Area
Sample Component Color
(mm/s) | (mm/s) | (mm/s) (kOe) (kOe) (%)
Fe? - FesBOs (1) 1.08 0.15 1.97 0 0 9 Dark Cyan
Fe2v+ - FesBOs 0.48 0.18 0.80 0 0 20 Magenta
BH- " pers FesBOs | 073 0.16 153 0 0 10 Red
NHD-
700C 4h Awaruite 0.00 0.15 0.03 282 14 28 Grey
Fe? - FesBOs (2) 1.07 0.17 1.97 0 0 22 Purple
Fez* SPM 1.03 0.35 2.40 0 0 11 Green
Dark
Kamacite 0.04 0.15 0.00 339 11 53
Yellow
Awaruite 0.01 0.15 0.00 286 19 18 Grey
BH-NP-
700C,4h
v1 Taenite -0.04 0.20 0.00 0 0 4 Blue
MCOL Fe3 0.29 0.15 0.00 123 81 8 Magenta
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To further examine the thermal evolution of the MS for both annealed samples, the 77 K MS were
analyzed (Figure 7.22). The 77 K MS were fitted using the appropriate models containing the relative
components of the phases detected at RT. The resulting MPs are listed in Table 7.8. Notably, all
spectral components exhibited the expected shifts in IS, quadrupole splitting (QS), and Brt due to the
temperature decrease, while the total AA values for each phase remained consistent (within the

expected error margins) with those observed at RT.
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