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ΠερίληψηΠερίληψη

Τα ευαισθητοποιημένα με χρωστική φωτοβολταϊκά κελιά (DSSC) αποτελούν μία από τις πολλά

υποσχόμενες τεχνολογίες στον τομέα της ηλιακής ενέργειας. Πλεονεκτούν έναντι των υπαρχουσών

τεχνολογιών  όσον  αφορά  τις  δομικές  τους  ιδιότητες  και  –  κυρίως  –  έχουν  την  δυνατότητα  να

παράξουν ενέργεια αξιοποιώντας την διάχυτη ακτινοβολία (π.χ. όταν επικρατούν νεφώσεις) ή ακόμα

και αυτήν από τεχνητό φωτισμό σε εσωτερικούς χώρους. Ένα από τα ζητήματα, που απομένουν να

επιλυθούν, ώστε τα DSSC να περάσουν στο στάδιο της παραγωγής, είναι αυτό της αντικατάστασης

του λευκόχρυσου (Pt) με κάποιο τουλάχιστον εξίσου αποδοτικό ηλεκτροκαταλυτικό υλικό στο αντι-

ηλεκτρόδιο των διατάξεων. Το γραφένιο, που διαθέτει έναν απαράμιλλο συνδυασμό ιδιοτήτων, όπως

οπτική  διαφάνεια  και  υψηλότατες  τιμές  ηλεκτρικής  αγωγιμότητας  και  μηχανικής  αντοχής,  θα

μπορούσε  ενδεχομένως  –  έπειτα  από  κατάλληλες  τροποποιήσεις  –  να  είναι  αυτό  το  υλικό.  Στην

παρούσα εργασία παρασκευάστηκαν δύο τέτοια υλικά. Το πρώτο προέκυψε από ανόπτηση οξειδίου

του γραφενίου με φθαλοκυανίνη του κοβαλτίου(ΙΙ). Το αποτέλεσμα αυτής της κατεργασίας ήταν ένα

υβριδικό υλικό, εμπλουτισμένο με λειτουργικές μονάδες του τύπου CoN3, ενταγμένες στο πλέγμα του

ανηγμένου  οξειδίου  του  γραφενίου,  το  οποίο  ήταν  παράλληλα  «διακοσμημένο»  με  πλειάδες  του

ακέραιου συμπλόκου. Το δεύτερο, διστρωματικό σύνθετο υλικό, παρασκευάστηκε μέσω μίας μεθόδου

συναρμολόγησης  «στρώμα-στρώμα»  (layer-by-layer  assembly):  επίστρωση μείγματος  οξειδίου του

γραφενίου και ουρίας σε αγώγιμο υπόστρωμα, ανόπτηση για τον σχηματισμό ανηγμένου οξειδίου,

εμπλουτισμένου  με  άζωτο  και  έπειτα  ηλεκτροεναπόθεση  ενός  υμενίου  του  διάφανου  συζυγιακού

πολυμερούς PEDOT. Τα υλικά αυτά χρησιμοποιήθηκαν για την κατασκευή φωτοβολταϊκών διατάξεων

και αμφότερα έδωσαν συγκρίσιμα ή και καλύτερα αποτελέσματα σε σχέση με τον λευκόχρυσο, ως

προς την απόδοση στην μετατροπή ενέργειας.

i





AbstractAbstract

Dye-sensitized solar cells (DSSC) are one of the most promising, emerging solar technologies.

Their advantages over existing technologies include their structural properties and – mainly – their

ability to produce energy under diffuse sunlight (e.g. on cloudy days) or even artificial indoor lighting.

One of the issues that remain to be addressed, so that DSSCs may enter the production stage, is the

substitution  of  platinum  (Pt)  in  the  counter-electrodes  of  the  devices,  with  an  at  least  equally

performing  electrocatalytic  material.  Graphene,  which  possesses  an  unparalleled  combination  of

properties,  such as optical transparency, very high electrical  conductivity and mechanical strength,

could – after suitable modifications – be that material. Two such materials are presented in this thesis.

The first was produced by annealing graphene oxide with cobalt(II) phthalocyanine. The result was a

hybrid material, doped with CoN3-type moieties in the reduced graphene oxide lattice, which was also

“decorated” with clusters of intact complex. The second, bilayer composite material was produced

following a layer-by-layer assembly process: applying a coat of graphene oxide and urea mixture onto

a conducting substrate, annealing it so that N-doped reduced graphene oxide was formed, followed by

the electrodeposition of a film of PEDOT, a conjugated, transparent polymer. These materials were

used to construct solar cells and both of them yielded comparable or better results than platinum, in

terms of energy conversion efficiency.
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PrefacePreface

This is an attempt to document and sum up the last couple of years of my academic life. It will

probably end up gathering dust on a library shelf, as is the case with most postgraduate dissertations

these days, but I would like to think that some day, someone might find something useful in it. It is

hard to put on paper two years' worth of joys, frustrations, discoveries and learning and in the end, not

many  people  will  care  for  that,  especially  in  a  document  that  serves  such  a  specific  purpose.

Nevertheless, all those experiences and feelings are here: hiding underneath a chart or lurking behind

an offhand remark. I will digress no longer, I just want to assure any prospective reader that I will do

my best to keep my account as concise and you as interested in it, as this format allows.
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1. 1. IntroductionIntroduction

Problems…

In the last few decades, humankind has been slowly awaking from its deep and blissful slumber

and coming to grips with some hard realizations: Fossil fuel reserves are nearing depletion. Burning

them affects the planet's climate (not in a good way) and at the same time bereaves us of the primary

source for the large scale production of medicines and plastics. Most of our activities waste a lot of

energy.  Nuclear  energy  might  have  its  uses,  but  powering  our  cities  and  infrastructure,  is  most

definitely not one of them; nuclear waste is far too dangerous and costly to handle and it has to be

stored, it won't magically go away. It has been several millennia since our ancestors postulated that “ex

nihilo nihil fit”, which morphed into the laws of conservation of energy and mass. One would expect

that these and their corollaries would be deeply seated in our collective mindset, yet we as a species

have been going about our business seemingly unaware of them for far too long.

One of the principal human traits appears to be the unwillingness to plan ahead and change our

ways, until there is a cost involved, usually paid in lives as well as money. Now that we have made

several down payments, we are slowly starting to grasp the responsibilities that our stewardship of this

planet entails and what we should be doing to carry them out. So far, our existence on Earth has been

parasitic; it needs to become symbiotic. We cannot exist outside what we have abstractly termed “the

environment”.

Among  the  top  priorities  of  most  developed  and  developing  countries  is  (or  should  be)  the

diversification of energy production for our ever-increasing needs as well as decreasing our reliance on

finite energy sources – a reliance which has also been the cause of numerous conflicts and wars. Since

global population growth is limiting the areas that we can use as dumping grounds and pollute in an

“out-of-sight-out-of-mind” manner, energy production needs to be “clean”, i.e. without us having to

deal with the storage of harmful waste or toxic emissions and with zero impact on the planet's climate.

Even  though  a  significant  number  of  backward-thinking,  “business  as  usual”  reality  deniers  in

positions  of  power  is  hampering  ongoing  efforts  to  avert  ours  and  our  planet's  demise,  a  global

consensus  is  slowly  forming on how to  tackle  these  global  problems.  At  glacial  speeds,  yet  it  is

forming.

1



A (really) brief overview of solar technologies

Looking to the skies for answers

Fortunately for us, we happen to live just three hops away from the biggest nuclear reactor in the

solar system. This enormous fusion reactor's spent fuel turns primarily to harmless helium, which we

don't have to bury deep underground and we don't even have to bother with the reactor's maintenance –

not for at least another 5 billion years. Speaking of our Sun, it is the single most important energy

source  for  life  on  Earth,  as  every  living  being  ultimately  depends  directly  or  indirectly  on

photosynthetic organisms for its sustenance.  The Sun's  energy output peaks at  ~1000W/m2 on our

planet's surface or ~1400W/m2 just outside the Earth's atmosphere1 and it is the driving force behind

almost every phenomenon from the formation of wind and rain, to sea waves and the dissemination of

plant seeds. Harvesting just a fraction of that energy in its many forms, coupled with energy-efficient

processes could cover humanity's needs in perpetuity (or at least for many many thousand years) and

give us the necessary breathing room to tackle our many other problems.

There are a number of ways we can profit from the Sun's energetic bombardment. Some methods

have been around since humans first started building their homes, while others are fairly new. The

ancient Egyptians, who worshiped the Sun god Ra (Image

1.1),  are  often  credited  as  the  first  to  purposefully  build

“green” residencies; their houses stored up the Sun's heat

during the day and released it at night, maintaining a near-

constant indoor temperature. Today we are in a position to

combine  our  detailed  logs  and  models  of  an  area's

microclimate and yearly solar exposure with materials with

specific  reflectivities,  heat  capacities  and  porosities,  to

design  buildings  with  zero  or  minimal  energy  needs  for

heating,  ventilation  and  cooling.  Solar  water  heaters  and

cookers have been with us for quite some time, but their

efficiency varies depending on the geographic latitude. Of

particular interest is the process of artificial photosynthesis,

i.e.  the  use  of  light  to  initiate  and  sustain  chemical

reactions. Though first proposed on a theoretical level in the

early twentieth century and while the first commercially viable photocatalysts appeared in the late

1960s, it was in the last couple of decades that research on this topic really took off. The end goal is

the production of useful substances (e.g. hydrogen, synthetic fuels, precursors for industrial use, etc.)

in both small and large scale, with no energy input, other than sunlight. Perhaps most important of all

these applications is the conversion of light into electricity.
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Image 1.1: Imentet and Ra. Mural from the 
tomb of Nefertari, 13th century BCE.



Currently, there are two mainstream technologies for

converting solar energy to electricity: concentrated solar

power  plants  (CSP)  and  photovoltaic  systems  (PV).

There  are  also  a  number  of  emerging  hybrid

technologies,  but  they are either  in  an experimental  or

proof-of concept stage. Concentrated solar power plants

make  use  of  mirrors,  lenses  and  tracking  systems,  to

focus sunlight into small areas. The impressive amount of

heat concentrated on the focal point of those beams, heats

up and sets in motion a working fluid medium, which can

be used for energy storage or to provide in turn heat to a

steam turbine, which generates electricity. Photovoltaic systems rely on the photovoltaic effect (closely

related  to  the  photoelectric  effect)  where  light  incident  upon  a  material  causes  the  excitation  of

electrons to higher energy states. At times, this can set them free from their  parent atom and this

separation of charges leads to the appearance of an electric potential difference (voltage) at the edges

of the device (Figure 1.1). There are several types of solar cells, but the most prevalent one is the large

area photodiode, constructed from single or multiple silicon-based p-n junctions.

CSP and PV combined, accounted for 1.05% of total global electricity generation in 2016, with PV

systems providing the majority of that. Global solar PV capacity has grown from less than 4GW at the

turn of the century to 303GW in 2016. This brings photovoltaics to the third place among renewable

energy sources, behind hydro and wind power. Improvements in manufacturing have steadily increased

the efficiency of solar panels, while driving unit costs down. Just in 2016, more than 75GW of solar

PV capacity was added worldwide, which translates to more than 31000 solar panels being installed

every hour. Even though state subsidies in the form of feed-in tariffs, tax deductions and exemptions

have been declining in the developed world, PV installations are continuing to grow exponentially

every  year.  This  has  to  do  with  their

modular  nature,  their  constantly

improving efficiency/cost  ratio  and  their

increased  use  in  tandem  with  energy

storage systems.2–4

It is worth expanding on that last one a

bit.  Obviously,  solar  systems  can  not

produce  energy  at  night  and  their  yield

drops on cloudy days. Thus it was thought

impossible  to  add  solar  input  in  power

grids beyond a certain ratio and keeping

“traditional”  power  plants  in  place  to
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Image 1.2: A small (100kW) PV park on the outskirts of 
Ioannina, with modules mounted on solar trackers.

Figure 1.1: Schematic and principle of 
operation of a Si solar cell.



compensate for that lack of constant power output was deemed a necessity. There where also fears of

grid stability issues due to the need to drive power production up or down, depending on the state of

renewables.  Serendipitously,  as  PV  installations  started  to  boom,  a  number  of  energy  storage

technologies reached maturity. Small and large scale batteries are being deployed everywhere from

homes to autonomous storage plants, while a number of less known or even “exotic” solutions, such as

redox flow batteries, flywheels, pumped, compressed air and thermal energy storage, among others,

are being put in operation. This has dispelled most fears and it has led governments and authorities

around the world to reconsider their estimates and energy development strategies.5–12

Silicon is king

Since 1839, when Alexandre-Edmond Becquerel first observed the photovoltaic effect13, using an

acidic solution of AgCl and Pt electrodes, a wide range of materials have been tested and employed in

the conversion of sunlight to electricity, while many more are under investigation. Metals, metalloids,

metal oxides, chalcogenides and almost every other processable element have been used or combined

to form p-n junctions, the workhorse in most types of solar cells. Yet, no other material or combination

of  materials  has  managed  to  outperform  silicon  simultaneously  in  efficiency,  stability,  ease  of

manufacturing and cost.

Advances in semiconductor technologies in the late 1940s ushered in

the dawn of the Digital Revolution – sometimes referred to as the Third

Industrial Age. While the first semiconductor-based electronic components

to be mass-produced were created using elements like germanium, gallium

and selenium, within the next decade or so, the bulk of production had

shifted over to silicon. This made perfect sense, as silicon happens to be

the second most abundant element in the Earth's crust (a little over 27% by

mass) and its physicochemical properties were just right for the intended

uses, while at the same time they allowed for it to be easily processed and

purified.  As  most  aspects  of  our  everyday  lives  grew  all  the  more

dependent on integrated circuits, we learned to make bigger, purer silicon

crystals  (Image  1.3);  we  learned  to  finely  control  the  introduction  of

impurities into these crystals,  almost down to the atomic level; and we

also learned how to etch patterns on their surface, with near-nanometer

precision.  It  is  hard  to  think  of  another  industry  that  has  seen  such a

constant stream of innovations in all its areas of activity and at  such a

pace, as the silicon industry.

Silicon  solar  cells  first  became commercially  available  in  the  mid-

1950s and for a while they were considered for space applications, though
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that industry settled for the much more expensive, but also more efficient GaAs variant (its cost, along

with a few technical disadvantages have precluded its use in terrestrial applications). Research -as well

as consumer- interest in Si solar cells at the time was rather limited. It wasn't until the energy crises of

the  1970s  that  governments  and  private

corporations  decided  it  was  high  time  they

invested  heavily  in  solar  energy  research.

Luckily,  the  field  wasn't  exactly  “terra  nova”

and  as  soon  as  the  infrastructure  was  put  in

place  or  modernized,  the  industry  started

building  upon  the  lessons  learned  from

electronics. As an example, the need for bigger

computer  and  TV  flat  screens  led  to  the

production  of  bigger,  lighter  and  perfectly

uniform  and  transparent  glass  and  polymer

panes. These same panes are now used as substrates and covers in solar modules. Similarly, the search

for high-performance, brighter red, blue and green elements in thin-film transistor (TFT) displays has

benefited the PV industry twice: it yielded the cheaper polycrystalline Si cells (Image 1.4) on one hand

and multi-layered solar panels, with each layer absorbing specific wavelengths of the visible spectrum

for increased overall efficiency on the other.

Monocrystalline silicon solar cells once dominated the market, but over the last couple of decades,

polycrystalline silicon panels, which are easier to produce and thus cheaper, have climbed to the first

place, even though they are slightly less efficient. Solar cells fabricated using these two materials, are

often classified as “first generation” cells. In 2016, mono- and poly-Si amounted for a little over 94%

of the global PV production.

Contenders to the throne

The second generation of solar cells reached commercial availability in the early 2000s. They are

also called thin film solar cells, because the thickness of the active, light-absorbing material – a few

nm to tens of μm depending on the technology and production method – is a fraction of that of silicon

cells,  which  typically  measure  ~200nm.  The  “thin  film”  blanket  term  covers  three  mainstream

technologies:  amorphous  silicon  (a-Si),  cadmium  telluride  (CdTe)  and  copper  indium  gallium

(di)selenide (CuInxGa(1-x)Se2, commonly called CIGS or CIS, for 0<x<1 and x=1 accordingly). Some of

these materials have a higher optical band gap than silicon, so a thinner layer is required to absorb the

same amount  of sunlight.  In addition,  the active material  can be deposited on a  substrate using a

variety of methods, even direct printing. This offers several key advantages over crystalline silicon:

The solar cell can be shaped and does not need to be flat. It is also possible to deposit the film on

flexible substrates, opening the door to a very wide and diverse set of possible applications, from
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wearables to building components. Equally and perhaps even more importantly, less material is used in

the construction of the cells, which lowers their cost and their environmental footprint.

Thin  film  photovoltaics  launched  with  much  fanfare,  promising  to  address  several  of  the

shortcomings of the first generation of solar cells and they were even poised to be the major source of

PV-generated  electricity  by  2020,  despite  their  noticeably  smaller  efficiency.  On  paper,  their

advantages seemed just right for the job: they can absorb diffuse and not just direct sunlight, most of

the absorbed light turns to electricity, so less runaway heat and loss of efficiency due to increased

resistivity and they are lighter, requiring smaller rigid supports. The deposition techniques used to

produce them, also meant that it was possible to manufacture light-harvesting building elements such

as roof shingles, tiles, panes and bricks, addressing the aesthetic horrors incurred by “traditional” roof-

mounted PV installations.

As  we  are  nearing  2020,  thin  film  global  production  has

settled  around  6%,  save  for  a  brief  period  of  silicon  panel

shortages  around 2010,  when it  spiked to  17%. Despite  their

boasted  advantages,  thin  film cells  have  failed  to  outperform

silicon; sure, they might do somewhat better on a cloudy day,

but their year-round production falls far short. Cd, In, Te and Ga

are  rather  scarce,  so  mass  production  hasn't  been  able  to

decrease costs at the same rate as Si cells. Amorphous silicon

panels are almost extinct, while many companies that invested

in them went bankrupt. There is some research in combining a-

Si with other materials or multi-Si, but that is a long way from a commercial product. CIGS cells

continue to be developed, as are CdTe cells, which have fared a lot better than the other two competing

thin film technologies. While there are some large solar parks using CdTe panels, it appears that CdTe

and  CIGS  cells  are  best  suited  for  building-integrated  photovoltaics  (BIPV)  and  other  similar

applications, where it is impossible or impractical to use silicon.

The third generation of photovoltaics encompasses a broad spectrum of technologies, materials and

combinations thereof, most of which are still in the research or development stage. The vast majority

of them aim to provide more efficient light harvesting at a lower cost than current solar cells, but there

are quite a few that hold interest for niche or exotic applications. To name a few, these applications

include  coupling  low surface  area-large  scale  power production  (High Concentration  Photovoltaic

Thermal, or HCPVT)14 with HVAC or other uses for zero-energy buildings and datacenters, “sunless”

solar cells that produce energy in the dark15 or achieving adequate output under extreme conditions for

use in the colonization of other planets. Among the promising new materials being investigated are

perovskites, quantum dots, organic and organometallic films. Optimizing existing materials e.g. by

patterning, or using them in new ways, in tandem with novel materials and nanostructures is another
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research field, which has yielded some interesting preliminary results.

Manipulating solar radiation by various means is also an exciting topic which is being extensively

researched. Concentrating lenses, optical traps, waveguides, metamaterials and adaptive materials, that

can alter their transparency or reflectivity could all be used to funnel more usable light into devices,

minimizing losses and increasing performance.  The energy carried by the Sun's rays is not evenly

distributed;  approximately  50%  is  in  the  infrared  region  (most  of  it  in  the  near-IR  part  of  the

spectrum), 40% in the visible region and the remaining 10% in the ultraviolet region, while 70% of the

latter is filtered by the Earth's atmosphere1. So far, we've been trying to tailor PV materials and their

band gaps to match the energy pattern of sunlight; converting the more energetic UV or visible photons

to IR photons and focusing them on materials that operate optimally at higher wavelengths would be

another way to boost efficiency.

Most of these emerging solar technologies are really far from finished products – some of them

decades  away.  Striking  a  balance  between performance,  long-term stability,  low cost  and ease  of

manufacturing isn't easy. “Traditional” silicon solar panels will be with us for many more years, as

they perform well, they are cost-efficient, they are constantly improved and their reliability has been

tested for more than half a century, to the point that many manufacturers back their panels with 20 or

30-year warranties. However, newer devices do not have to beat silicon in every aspect to be deemed

successful or at least useful. A cell that degrades within a month, but which has a moderate efficiency

and costs pennies to produce could still see a number of uses. Thermophotovoltaics could be installed

on sites  with  excess  heat  such as  factories  and power  plants  and complement  power  production.

HCPVT systems can be put in operation on islands or any place with little available land for traditional

solar parks. Transparent cells can be integrated into glass windows. Flexible films, depending on their

stability, can be applied on pretty much any surface from vehicle chassis to interior walls. This third

generation of devices truly has the capacity to fundamentally alter how we conduct our lives on this

planet and elsewhere. We could power entire cities without sacrificing precious farmlands. We could

harvest every unused photon from indoor lighting or during cloudy days and feed it back to the grid –

if we still need a grid. Stopping for gas, changing the batteries of our devices every few days will be

habits of the past, much like we think today of our ancestors that had to get their drinking water from

wells  and  streams.  Truly  autonomous  robots,  taking  care  of  menial  and  labor-intensive  tasks,

disposable,  self-powered  and  unobtrusive  medical  devices,  colonists  on  Mars  printing  their  own

generators, these are all images of a future that will be within reach when this research bears fruit.
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Dye-Sensitized Solar Cells
Featured prominently amid the third generation of solar devices are dye-sensitized solar cells, or

DSSCs  for  short.  While  a  number  of  researchers  had  been  working  on  dye-based  photogalvanic

devices for years,  the creation of the “modern” DSSCs is credited to Brian O'Regan and Michael

Grätzel16. These cells rely on organic dyes or metals ligated with chromophores to capture light, much

like  photosynthetic  organisms  rely  on  chlorophyll  to  absorb  energy  from  the  Sun.  Unlike

semiconductor photovoltaics, where incoming photons produce electrons and holes in a single step

process, in the case of DSSCs, irradiation of an organic dye results in the formation of an exciton 17,

which then transfers its excited electron to a secondary material – usually a semiconductor such as

TiO2. The oxidized dye  subsequently gets regenerated by extracting electrons from an electrolyte in

contact with a counter-electrode, which completes the circuit.

The device proposed by O'Regan and Grätzel in their 1991 paper and its principle of operation is

presented in Figure 1.2.

The anode of the device consists of TiO2 nanoparticles which form a mesoporous layer, deposited

on a glass substrate coated with fluorine-doped tin oxide (FTO), a conducting material. The dye (or

sensitizer), which in the case of the O'Regan and Grätzel cell was a trinuclear ruthenium complex

([Ru(bpy)2(CN)2]2Ru(bpy(COO)2)2
2-), is adsorbed as a monolayer on the TiO2 nanoparticles, as shown

in the inset of the preceding image. Energy from an incident photon is transferred to an electron which

is excited from the highest occupied molecular orbital to the lowest unoccupied molecular orbital.

While  it  is  there,  that  energetic  electron  can  then  get  injected  into  the  conduction  band  of  the

semiconducting TiO2 from where it will leave the device, performing useful work along the way. As

current flows back into the cell via the counter-electrode, a triiodide ion is reduced to three iodide ions.

In the last step of the process, an electron is extracted from an iodide by the dye cation, which returns

to its neutral form and is ready to re-enter the cycle.

The maximum voltage measured between the terminals of the device (open-circuit voltage, VOC) is

roughly equal to the difference between the semiconductor's Fermi level and the redox potential of the

electrolyte at ideal illumination conditions. As can be extrapolated from the schematic, in order for the

cell to operate, the various energy levels of its components need to be matched in a specific order: the

dye molecule's LUMO needs to be at least just over the semiconductor's Fermi level, so that electron

injection can take place from the dye to the semiconductor; the dye's HOMO energy level has to be

below the electrolyte's Nernst potential to favor electron extraction towards the cationic form of the

dye; obviously, with such a setup, the Fermi level of the semiconductor can not be below the Nernst

potential of the electrolyte system, otherwise no current would flow outside the cell. Another point to

consider is the energy gap between the HOMO and the LUMO, which absolutely must be smaller than

the energy carried by the photons in the part of the spectrum where the dye molecule absorbs light.
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To further complicate things, besides the aforementioned thermodynamic parameters, the kinetics

of all the charge carriers, donors and acceptors in the system need to be balanced strongly in favor of

the reactions that govern the working principle described previously. That is the reason for example,

that the I-/I3
- pair works well as a charge carrier; interconversion between the reduced and oxidized

forms requires the participation of three and rather heavy atoms. In the timescale of the events that take
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place inside the cell, 3I-  I⇌ 3
- interconversion is quite sluggish. Other unwanted reactions include D+-e-

recombination,  electron transfer  from the semiconductor  to the oxidized species  of  the electrolyte

system and potential  side-reactions between the principal  components  in their  various forms, with

secondary elements, such as solvents and insulators. Since charge separation and transfer happen at the

interfaces between the semiconductor, dye and electrolyte, one needs to take into account the surface

dynamics when designing a DSSC. A stronger bonding of the dye to the semiconductor surface could

result in undesirable dipole-dipole interactions between the dye and the electrolyte, hindering its flow

in the pores of the semiconductor; modulating the pH could improve electrolyte performance, but it

could also shift the absorption maximum of the dye to lower wavelengths. All of the above interactions

and side-reactions can hamper the efficiency of the devices and affect their long-term stability. In order

to fabricate more efficient devices, it is therefore crucial to examine how each constituent fits in the

overall assembly and anticipate how it might affect all the others18.

At first glance, the counter-electrode seems rather unimportant, just completing the circuit, but in

reality it is as important as any of the other components in the device. It might also seem superfluous

to have two conductive layers stacked one on top of the other, but there is more going on there than

meets the eye. The surface area of the Pt layer provides the sites where the oxidized form of the

electrolyte  comes  into  contact  with  the  electrons  flowing  back  into  the  cell,  while  its  chemical

inertness  ensures  that  the  charge-carrying  ions  don't  end  up  trapped  in  a  salt  or  react  with  the

transparent conducting oxide, damaging it. Removing the Pt layer results in an increase of the charge

transfer resistance at the electrolyte-cathode interface by six orders of magnitude. The mechanism for

the reduction of triiodide is thought to consist of the following four steps19:

I. I3
-  I⇌ 2 + I-

II. I2 + 2Pt  2I(Pt)⇌
III. I(Pt) + e-  I⇌ -(Pt)

IV. I-(Pt)  I⇌ - + Pt

The first step is the spontaneous dissociation of triiodide into an iodine molecule and an iodide ion.

The iodine is then adsorbed onto two adjacent platinum atoms, where the I-I bond is relaxed and

subsequently broken. Then follows the reduction of the iodine atom, which is the slowest step in the

process. The resulting iodide is quickly desorbed from the Pt layer. It was also discovered that the

cations in the solution greatly affect the speed of the whole process, which probably means that the

ions listed above may not necessarily be in direct contact with Pt,  but surrounded by a sphere of

solvent molecules and counter-ions.

The 1988 O'Regan-Grätzel device was able to achieve conversion efficiencies of 7.9% and 7.12%

under one tenth and full sunlight respectively (direct insolation), while the efficiency reached 12%

under diffuse daylight. While these numbers may not seem like much, it's worth keeping in mind that

commercially available crystalline panels at the time reached comparable efficiency levels and costed

almost 40 times more than they do today. It should also be noted that unlike semiconductor solar cells,

DSSCs perform better with diffuse than with direct sunlight. As for the longevity of the devices, the
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researchers  noted  in  their  paper:  “The  long-term  stability  of  cell  performance  was  tested  by

illuminating the thin TiO2 film loaded with 1 (the dye) with visible (λ > 400 nm) light for 2 months.

The change in the photocurrent was less than 10% over this period […]”.16

Obviously, a 10% degradation after just 2 months of operation would confine DSSCs to short and

medium-term applications, provided that their cost is adequately low and they can be recycled or at

least disposed of easily and in a safe manner, not unlike single-use batteries. Unfortunately, iodine is

both toxic and corrosive, platinum is rare and very expensive and some sensitizers or their degradation

products – while a minor component per mass – could also be hazardous. The matter of costs is further

compounded by the use of ruthenium as the central  atom in the dye complexes and the need for

conducting glass. Having a liquid medium in the device imposes lower and upper temperature bounds

for its operation: if the ambient temperature drops below its freezing point, power production will

cease; if it is heated too much, it will expand, possibly rupturing the device.

Despite these shortcomings, DSSCs remain a promising technology, mainly because of the way the

electrons are produced in contrast with p-n junctions (considerable output on cloudy days, indoors and

under  artificial  lighting,  minimized losses due to  heat on warm, sunny days) and because organic

molecules can be more easily modified to absorb light at specific wavelengths than semiconductors.

The  manufacturing  process  scales  up  well  and  does  not  require  highly-specialized  tooling  and

substituting TCO-covered glass with conducting polymers yields flexible devices, with a whole host of

potential applications, so a lot of effort over the years has gone into addressing the aforementioned

issues20.

A lot of different optimizations have been proposed, which aim to alleviate the deficiencies of the

original design: A redox pair with a Nernst potential below that of the I-/I3
- system increases its short-

circuit current and subsequently its power output. Many researchers have switched to using cobalt

complexes as charge mediators, which does increase the efficiency of the cells, but ultimately this

approach trades one problem for another, as cobalt is also toxic and while not as scarce in the Earth's

crust as Pt, it is not all that abundant either. Other strategies involve solid-state charge carriers, such as

polymers  or  other  materials,  allowing  for  temperature-independent  operation.  Some  efforts  have

concentrated on preventing degradation of the devices; to that end, there have been proposed better,

oxygen-free sealing methods, the shielding of the sensitive components from UV radiation, modifying

the dye molecules  as to  resist  desorption by the solvent  and several  other avenues.  Replacing the

platinum in the cathode with a cheaper material would significantly lower the cost of the devices and

make them more affordable, expanding their potential uses and user base. Of course, such a material

would need to exhibit similar – if not better – kinetics and interactions with the redox pair as platinum,

otherwise the cell's  efficiency will  take a hit  and its  “cutout” illumination limit  will  be raised,  as

unwanted  recombinations  would  prevail  sooner.  Coming  up  with  a  counter-electrode  with  these

properties has been the objective of this Master thesis.
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2. 2. Graphene-based counter-electrodesGraphene-based counter-electrodes

It did not take long after its discovery for graphene to be identified as a potential candidate for the

replacement of platinum in DSSCs. In fact, its chemical, electronic, optical and mechanical properties

have led some to envisage nanometer-thick dye-sensitized solar cells, in which almost every single

component from the glass substrate to the charge carrier has been supplanted by graphene or graphene-

based, nanostructured materials. Our own goals were more modest and we would be satisfied with a

platinum-free counter electrode. Before we get into the experimental details, it is worth taking a look

into the materials we opted to use, as well as the previous work done by others and on which we built.

Graphene
Often called a “miracle material” and hailed as the future of nanotechnology, graphene has rightly

captured the imagination as well the interest of thousand of researchers around the world. There has

been  a  torrent  of  publications  regarding  graphene  following  its  isolation  by  Andre  Geim  and

Konstantin Novoselov in 20041 and even more so after they received the 2010 Nobel Prize in Physics

for that work (Figure 2.1). Its fame and potential future applications have breached the confines of

academia and it is often featured in mainstream publications. The material itself is so versatile, that

almost once a month there is a fundamental discovery concerning graphene and every other week, a

new, innovative use is proposed for it.
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Properties

Graphene is the building block of humble graphite. It consists of a layer of sp2-hybridized carbon

atoms, arranged in a hexagonal honeycomb pattern, like myriads upon myriads of benzene molecules

fused together. Its crystal lattice has a primitive cell containing two atoms. Much like in benzene, the

bond length between two carbon atoms is 1.42Å – shorter than a single bond, but longer than a double

bond2. Graphene sheets stack to form graphite and they are held together via van der Waals forces,

which allow the sheets to slide against one another when an external force is applied. This is what

makes  graphite  slippery  to  the  touch  and  this  property  has  been  employed  in  high  performance

lubricants for decades. The distance between two sheets is about 0.335nm3 (Image 2.1). In graphite, the

sheets can adopt two different arrangements, as seen in Figure 2.2:

The ABA arrangement results in a hexagonal crystal lattice (α-graphite) and the ABC arrangement

in a rhombohedral one (β-graphite)4. The arrangement of the sheets in the β form carries an energy cost

and as a result,  pure rhombohedral graphite has

been impossible to isolate and it is converted to

hexagonal  graphite  when heated above 1600K5.

On occasion and particularly when a sheet folds

unto  itself,  an  AA arrangement  has  also  been

observed6.

Having examined the structure of graphite, it

is  easy  to  comprehend  why  it  is  highly

anisotropic.  Phonons  and  electrons  can  travel
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Figure 2.2: Lattice structures of (a) monolayer graphene, (b) AB-stacked bilayer graphene, (c) ABA-stacked 
multilayer graphene and (d) ABC-stacked multilayer graphene.3

Image 2.1: Stacking of graphene sheets.



rapidly across graphene sheets, but their propagation is considerably slowed down when moving in an

interlamellar direction, or when they meet interstitial gaps in the crystal.

The three sp2 orbitals of each carbon atom form strong σ bonds with its neighbors, giving graphene

its  excellent  mechanical  properties (breaking strength 42N·m-1,  Young modulus  ~1TPa,  third-order

elastic stiffness -2TPa)7. The fourth valence electron, which would normally reside in the p orbital,

becomes  part  of  the  practically  infinite  conjugated  system and  can  move  undisturbed  across  the

graphene  sheet.  As  a  result,  graphene  exhibits  ballistic  transport,  with  an  intrinsic  mobility  of

200000cm2·V-1·s-1.  These  structural  particularities  also  impart  it  a  high  thermal  conductivity

( 5000W·m∼ -1·K-1),  a  large  surface  area  (2630m2·g-1),  while  the  sheets  themselves  are  almost

transparent, with an optical transmittance of ~97.7%8. To put some of these properties in perspective,

the 2010 Nobel Prize in Physics announcement by the Royal Swedish Academy of Sciences offered

this tidbit about graphene: “It is so strong, that a 1m2 hammock, no heavier than a cat's whisker, could

bear the weight of an average cat without breaking”. That hammock would also be almost invisible.

As for its electronic properties, while graphene might appear to behave like a metal, it is actually a

zero band gap semiconductor, with its valence and conduction bands (in effect, its π and π* molecular

orbitals) touching (Figure 2.3a). As such, it displays an ambipolar electric field effect and its n or p

character can be tuned with a variety of methods. The two-atom lattice results in two nonequivalent

triangular sub-lattices throughout each sheet and this non-equivalence is responsible for the difference

in stability and electronic behavior between “zig-zag” and “armchair” edges of graphene sheets9. These

differences  are  even  more  pronounced  in  graphene  nanoribbons,  where  the  conjugated  system is

substantially smaller in one dimension8–10.

A direct result of graphene's structure and electronic properties is its increased chemical inertness.
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Figure 2.3: a) Representation of the electronic bandstructure and Brillouin zone of graphene. The 
conical shapes where the two molecular orbitals touch, are the so-termed Dirac cones. b) The two 
graphene sub-lattices (red and blue) and unit cell.10



Carbon nanotubes and fullerenes, two closely related materials, are substantially more reactive than

graphene, because despite the stabilizing effect of the vast π system, the curvature of the lattice induces

stress to the bonds and leaves the carbon atoms somewhat exposed e.g. to nucleophiles. This is not the

case for graphene; the sp2 bonds all lie on the same plane at the optimal, relaxed conformation of 120°,

while the π system covers densely and evenly both sides of each sheet, leaving just the edge atoms

available to reactants. Picking up an individual sheet and contorting it, which would alter its electronic

properties11 and hence its reactivity, is not entirely outside the realm of possibility, but obviously, it is

not practical.  There have been successful attempts to functionalize the basal plane of graphene by

direct  addition  of  e.g.  dienophiles  or  free  radicals2,12,  but  this  approach  usually  entails  drastic,

hazardous compounds and/or large amounts of energy. As a consequence, most researchers seeking to

functionalize  graphene prefer  a  different  route,  in  which  the  first  step  is  always the  oxidation  of

graphene to graphene oxide (GO). This disrupts the π system, introduces defects and vacancies to the

lattice and leaves many carbon atoms available to participate in further reactions. Of course, this is also

detrimental to most of graphene's  attractive properties,  so more often than not,  a final step in the

process is the chemical or thermal reduction of the functionalized graphene oxide, in an attempt to

restore the graphitic lattice as much as possible13. Cleaving a sheet of graphene, even mechanically,

will result in the formation of new edges, which will readily react with the environment. Depending on

the desired application and since graphene is, after all, an aromatic macromolecule, there is always the

option of “decorating” graphene sheets with other species which can be adsorbed on its surface via π-π

stacking or π-cation interactions. An interesting side-effect of the π system, is that graphene absorbs

the excitations of adsorbed chromophores, thus “quenching” any luminescence.

It is often said that graphene

possesses self-healing properties.

The  phase  diagram  of  carbon

(Figure 2.4), elucidates why this

is  true:  under  a  wide  range  of

temperatures  and  pressures  and

especially at standard conditions,

graphite  is  the  most  stable

allotrope  of  carbon.  This

includes  not only graphene,  but

also  the  other  known  graphitic

materials, namely nanotubes and

buckminsterfullerenes.  Given

sufficient  energy,  the  carbon

atoms  of  any  carbon-based

substance will tend to get rid of
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Figure 2.4: Phase diagram of carbon. The states for temperatures > 4000°C 
are derived from calculations.



other elements and form sp2 bonds with their  neighbors, eventually giving rise to that honeycomb

lattice. By tuning the conditions, e.g. the speed of the process, the atmosphere in which it takes place,

the shape/area of the surface on which carbon atoms can be adsorbed, etc., it is possible to favor the

formation of one graphitic form over the other.  By heat-treating a graphene sheet with defects or

impurities, it will revert to its pristine state. This has also been observed in graphite crystals, where

after the treatment, the edges of individual layers had fused together, forming larger, folded sheets6

(Image 2.2).

Graphene production

There are two strategies that can be employed to produce graphene: a top-down approach, with

graphite as the starting material and a bottom-up one, where smaller, carbon-bearing molecules are

used to form the graphitic lattice. The quality of the obtained material and consequently its properties

are highly dependent on the method of production.
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Image 2.2: a) HR-TEM image of graphite powders before heat treatment shows wavy edge structures b) HR-
TEM image of the same powders afer heat treatment (3h, 2000°C, vacuum) shows the straight edge lines. c) 
Each edge line corresponds to a closed edge of bilayer graphene.6



Exfoliation

In  2004,  Geim and  Novoselov  resorted  in  a  simple,  yet  ingenious  method  to  isolate  a  single

graphene layer from graphite: scotch tape. By sticking a length of scotch tape onto a piece of graphite,

removing it and repeating the process with what was left on tape, they managed to end up with a single

graphene layer, which they used in their experiments1. This technique is still used in laboratory settings

and other than dissolving and washing away the adhesive tape, no other processing is required. The

sheets of graphene obtained in this manner can be up to a few millimeters across, depending on the

size of the crystallite.

In  what  has  been termed “micromechanical  cleavage”14,  researchers  managed to drive an ultra

sharp  diamond  wedge  between  graphite  layers  and  ended  up  with  few-layer  graphene  sheets,

measuring several square micrometers. They had to encase the graphite crystal in epoxy, in order to

keep it in place and the wedge was assisted by ultrasonication, so as to increase shear force15.

It goes without saying that the above two methods do not scale up well, in fact they do not at all.

When larger quantities of pristine graphene are required, exfoliation in the liquid phase is the only

viable solution. Bulk graphite is dispersed in a suitable solvent and the mixture is subjected to either

plain turbulence16,  or, more commonly, ultrasonication17.  In either case, the energy transfer via the

liquid medium exerts the necessary shearing forces to drive graphene sheets apart. The process can be

further optimized by selecting a solvent whose molecules can be intercalated between the graphene

sheets,  by using surfactants or by adding polymers or fatty  acids18,19.  These additives increase the

shearing forces by modifying the surface tension of the system or they help stabilize the resulting

dispersion, so that it may be stored and used later, or both. Liquid phase exfoliation is not without its

drawbacks too: The energetic process used to exfoliate graphene can also result in the tearing of the

sheets,  reducing  their  size.  Completely  removing  the  solvent  without  having  the  graphene  sheets

stacking up again can be a challenge. Separating the graphene layers from the surfactants and other

additives is an even bigger challenge.

When  the  overall  process  calls  for  oxidation  of  graphene/graphite,  it  is  possible  to  almost

completely forgo the aforementioned treatments. As the oxidation progresses, the graphitic lattice is

deformed. At the same time, oxygen-bearing groups such as epoxides are formed further and further

inside the basal planes and these act like small wedges, pushing adjacent layers apart20. These two

factors  help  minimize  the  interactions  between  neighboring  sheets,  making  it  easier  for  solvent

molecules  to  penetrate  between  them  on  one  hand,  while  reducing  the  energy  requirements  for

complete exfoliation on the other.
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Synthesis

Chemical vapor deposition (CVD) is the most prominent method for the production of pristine,

large-area  graphene  sheets,  even  on  an  industrial  scale21–23.  Small  precursor  molecules,  such  as

methane, ethane, acetylene, etc., flow into a furnace, where they thermally decompose. The carbon

atoms, free from hydrogen and other substituents, latch onto a suitable surface, such as a metal foil and

the graphitic lattice starts growing from there, as more molecules flow into the furnace. The graphene

sheet is then removed mechanically or by chemically destroying the catalytic substrate. This process

can be combined with roll to roll pressing and transfer, in order to produce graphene sheets of arbitrary

length22 (Figure 2.5).

Another  way  to  produce  sheets  of  fixed  dimensions  is  by  the  thermal  decomposition  of  SiC

crystals. The process starts with a 6H-type crystal grown or cleaved along the (0001) surface, which is

then heated up to 1500°C in a vacuum or inert atmosphere. The heat causes silicon atoms to evaporate

away from the lattice and the remaining carbon atoms are joined together, forming sheets of graphene.

For  the  6H carborundum crystal,  approximately  three  layers  of  Si  need to  evaporate  for  a  single

graphene layer to form24.

It is possible to obtain graphene-like structures from the reduction of CO2. The gas reacts with

alkali metals in a closed reactor under heat (500°-600°C) for prolonged periods of time. However, the

resulting  products  are  in  powder  form,

three-dimensional  and  contain  a  large

number of defects25,26.

A very  different,  interesting,  but  also

painstaking  approach  is  the  chemical

synthesis  of  graphene  sheets,  quantum

dots,  nanoribbons  and  other  structures,

starting  from  small  polycyclic  aromatic

hydrocarbons.  By  careful  selection  and
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Figure 2.5: Schematic of a concentric tube CVD system confgured for roll-to-roll 
graphene growth on Cu foil22.

Figure 2.6: On-surface synthesis of rylene-type graphene 
nanoribbons27.



design of the precursor molecules, it is possible to end up with graphene in a variety of shapes and

forms, of fixed, but also of almost infinite dimensions, using common reactions (Figure 2.6), such as

the Diels-Alder cycloaddition, cyclodehydrogenation and polymerization27,28. Needless to say that just

figuring and designing the synthetic pathway is in itself a huge amount of work. Also, at the end of

such a synthesis, graphene needs to be removed from a substrate or separated from stacked aggregates.

Some researchers have proposed solvothermal synthetic methods29 for the production of graphene,

but the end product needs to be exfoliated. While such methods do have their merits, especially if

graphene is  to be doped with heteroatoms or other functional  groups,  when it  comes to  graphene

production, they do not differ much from the methods used to produce synthetic graphite; they just

traverse into the graphite area of the phase diagram with a different slope (e.g. lower temperature,

higher pressure).

Graphene doping

The term “doping” originated  in  the  field  of  semiconductors  and refers  to  the  introduction  of

defects or impurities in a bulk semiconducting material, intended to modify its n or p character. This

was contrasted with “surface modification” – a self-explanatory term. In the case of 2D materials, they

are both practically indistinguishable, as there is no third dimension and the surface also makes up the

bulk of the material.

Based on what has been discussed so far, it is easy to see the available routes towards graphene

doping. When graphene is synthesized or “grown”, e.g. via CVD, it is possible to introduce another

component or mix of components in the reaction chamber. This technique has been employed in the

synthesis of boron and nitrogen-doped graphene30. Introduction of the same dopants in the graphitic

lattice has also been achieved using the more “chemical”  approach,  of having suitable  precursors

undergo simple reactions31,32.

When  the  desired  carbon-dopant  bond  has  a  higher  enthalpy  of  formation,  that  what  can  be

achieved with CVD or other “milder” methods, but not only then, pyrolysis of suitable precursors is

always a possibility. A representative example involves the formation of P and PO-doped graphene by

pyrolyzing alginate coordinated with dihydrogen phosphate30.

A third general strategy to graphene doping relies on its self-healing, or, more accurately put, its

energy-assisted healing. After creating defects or vacancies in the lattice, e.g. via oxidation (the GO

route) or other methods, graphene is annealed in an atmosphere containing the dopant, or it is co-

annealed with it in an inert atmosphere. Examples of this strategy include the production of N-doped

graphene after irradiation with N+ ions and then annealing in NH3
33 and the production of S-doped

graphene by annealing a mixture of GO and benzyl disulfide in Ar34. A conceptually similar approach

combines the chemical restoration of the lattice and doping in a single step,  as in the case of the

20



reduction of GO in a borane/THF solution, which yielded boron-doped graphene30.

Several other techniques have been reported in the relevant literature, such as playing billiards with

ions and lattice atoms35, but since on one hand this sub-chapter is not meant to be an exhaustive list of

every method researchers have used to  dope graphene and on the other,  such methods are  not of

practical use to an average chemist, nor do they possess any tangible advantage over what has already

been presented, they will not be discussed here.

Graphene oxide
The  oxidation  of  graphite  was  first  reported  by

Brodie  in  1859,  who gave  a  vivid  description  of  the

material  and  its  properties:  “The  substance  after  the

acid has been washed from it by water, has much the

appearance of graphite itself,  but is darker in colour.

[…] when heated it  undergoes a remarkable change;

gases  are  given  off  in  the  interior  of  the  substance,

which  swells  up  in  a  most  singular  manner  and  is

reduced to the minutest  state of division.  The residue

consists of carbon, which has the appearance and the

structure  of  the  lamellar  graphite.  […]  I  found  that

graphite, when heated with a mixture of nitric acid and

chlorate  of  potash,  increased  in  weight,  and that  the

substance  formed  was,  on  the  application  of  heat,

disintegrated  with  evolution  of  gas.  The  disintegrated

substance  differed  but  little  in  appearance  from  the

original  graphite.”36 The  Brodie  oxidation  method,

though  no  longer  used  in  the  industry,  is  still  on

occasion employed in the laboratory. As Brodie noticed,

graphene oxide is darker in color than graphite, heavier

than  the  starting  material  and  it  decomposes  when

heated with the simultaneous evolution of gas – mainly

CO2, but also water and CO. The lamellar structure of

graphite  is  retained  despite  the  oxidation,  but  the

distance between adjacent sheets is larger, compared to

that  in  graphite,  as  evidenced  by  X-ray  diffraction

patterns. The oxide contains sp2 as well as sp3 carbon

atoms, so the neat, planar arrangement found in graphite

is lost and the individual sheets are often more wrinkled
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Figure 2.7: A typical depiction of graphene oxide,
with vacancies and various oxygen-containing 
functional groups43.

Figure 2.8: Evolution of CO2 from GO, as it is 
annealed at temperatures between 25°-130°C in 
Ar. The marked peak corresponds to the 
asymmetric stretching of the C-O bonds in CO2 
(FTIR spectra)37.



than  graphene.  These structural  and electronic  alterations  result  in  GO being an  insulator.  Recent

measurements have shown that the evolution of CO2 can start in temperatures as low as 50°C (Figure

2.8). The gas that forms at these temperatures remains trapped between the sheets, until the heat is

raised to 130°C, at which point occurs the explosive exfoliation of graphite oxide to graphene oxide37.

This is what Brodie described as “the minutest state of division”.

Brodie's  oxidation  method  involved  mixing  graphite  with  KClO3,  adding  fuming  HNO3 and

keeping the mixture for 3-4 days at 60°C in a water bath. This was then thrown in a large quantity of

water, filtered, washed and dried and then submitted anew to the same process, for at least four times36.

In 1898 Staudenmaier proposed another method in which KClO3 was slowly (over the period of one

week) added to a mixture of concentrated H2SO4,  concentrated HNO3 and graphite.  The container

needed to be kept cool and as ClO2 was a byproduct of the reaction, posing a constant explosion hazard

(it may explosively decompose into chlorine and oxygen), an inert gas was used to purge it away38. A

safer and faster alternative was invented by Hummers and Offeman in 1958. Their oxidation method

consisted  of  mixing graphite  with  NaNO3 in  concentrated  H2SO4 and  then  adding KMnO4,  while

keeping the reaction container in an ice bath. The ice bath was then removed, warm water was added

to the mixture and after a while, a solution of 3% H2O2, in order to reduce any residual MnO4
2- and

MnO2. The resulting suspension was further diluted, filtered and washed. It is worth noting that the

oxidation part of the process was completed in under 2 hours39. For decades, these three methods,

sometimes with small variations, have been used for the production of GO on any scale. Recently, two

new approaches have appeared in the literature: The first, by Peng et al., is a “greener”, even faster

alternative to the Hummers method. It substitutes K2FeO4 (a highly reactive and rare example of an

iron(VI) compound) for KMnO4. Potassium ferrate has a higher electrode potential, which allows the

oxidation to proceed much faster and complete in just under an hour.  As it does not produce any

explosive intermediates, it can be used safely in temperatures up to 100°C. In addition, any resulting

byproducts are environmentally friendly and the remaining sulfuric acid can be reused at  least  10

times, without any loss in process efficiency or GO quality40. The other method, proposed by Tang et

al., takes a radically different approach, in that it is in essence a direct, bottom up synthesis of GO. The

researchers  have  succeeded  to  synthesize  graphene  oxide  nanosheets  via  a  simple  hydrothermal

method, with a glucose solution in water as the starting material.  They have demonstrated that by

varying the reaction and annealing times and temperatures it is possible to obtain GO sheets of tunable

size, thickness and oxygen content41.

It  must  be  noted  that  graphene/graphite  oxide  is  not  a  stoichiometric  compound.  The  oxygen

content, the quantity and quality of functional groups and the amount of each group in the basal plane

or the edges of the graphene sheets are highly dependent on the oxidation method, the reaction time,

the quality of the starting material and any pre or post-treatments. As demonstrated in Figure 2.7, the

oxygen-bearing functional groups that may be present in graphene oxide, commonly include carboxyl

and  hydroxy  groups,  epoxides,  ethers  and  lactones.  The  amount  of  groups  capable  of  forming
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hydrogen bonds plays an important role in the hydrophilicity and the stability of GO suspensions in

polar solvents, though in general and unlike graphene, GO is described as hydrophilic42.

Graphene  oxide  may  lack  some of  the  features  that  helped  in  graphene's  rise  to  fame,  but  it

possesses some interesting properties of its own. One potential application that is based on them is

water treatment. In fact, graphite oxide had been considered for such use long before the discovery of

graphene, in the 1960s. GO either right after oxidation, or after partial reduction can form networks

between the  sheets,  which  allow only water  to  flow through them,  under  pressure  or  via  reverse

osmosis43. Recently, it was reported that the same principle could be applied for the purification of

other solvents, by tuning the width of those networks44.

There is an unsettled debate whether GO is actually a one or two-component system. This stems

from the observation that when GO is washed with a strong base, e.g. NaOH, the bulk of the material

sediments  and  the  remaining  liquid  is  a  solution  of  several  acenes  and  other  polyaromatic

hydrocarbons, heavily substituted with oxygen-containing groups, collectively referred to as oxidative

debris (OD). This has led some researchers to believe that GO is actually a two-component system,

with  the  OD adsorbed onto  the  much less  oxidized  sheets.  Though  a  number  of  characterization

techniques disprove that theory, the matter warrants further investigation45,46.

Reduced graphene oxide
Reduced  graphene  oxide  (rGO)  –  also  a  non-

stoichiometric compound – can have properties that range

anywhere  between  those  of  pristine  graphene  and

graphene oxide, depending on the amount of effort that

has gone into the restoration of the lattice. For example, it

can be an insulator like GO, conducting like graphene or

semiconducting.  Its  behavior is determined by the ratio

between sp3 and sp2 regions in the sheets, as well as the

number of other residual defects, namely vacancies and

functional groups. Given that one usually goes through all

the  trouble  of  oxidizing  graphene  in  the  first  place  in

order to functionalize the material and that with sufficient

energy  the  carbon  atoms  become  real  “xenophobes”,

ditching every heteroatom and bonding with their peers, it  is not typical to allow the reduction to

proceed to completion. If the material is thermally annealed and the application calls for a specific

property, e.g. band gap, the temperature and the duration of the procedure need to be carefully selected

and that  entails  some trial  and error.  Chemical reduction is  easier  to control  and it  should be the

preferred method when the aim is mainly the removal of excess functional groups.

23

Figure 2.9: A typical depiction of reduced 
graphene oxide, with some vacancies and a few
lefover oxygen-containing functional groups43



The reduction process and its progress have been examined extensively by several groups and with

various techniques. Nikolakopoulou et al.47 studied the thermal transformation of GO to rGO on FTO

glasses with XPS, after annealing the samples at various temperatures for 15 minutes (Figure 2.10):
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Figure 2.10: Top: C1s (lef) and O1s (right) XP spectra of GO on FTO/Glass as deposited (a) and afer heating 
in UHV for 15 min at (b) 100°C, (c) 150°C, (d) 200°C, (e) 250°C, (f) 300°C, (g) 350°C and (h) 400°C. Bottom: The 
corresponding O/C atomic ratio of the same samples.47



While one might draw some general conclusions from such studies, again, it should be noted that

the reduction profiles of different samples of GO depend largely on the oxidation method and an array

of other factors. For example, Nikolakopoulou et al. found that decarboxylation is not noticeable in

annealing temperatures up to 200°C, whereas in the Eigler study37, it is evident from the FTIR spectra

that  as  the  CO2 signal  increases,  the  characteristic  peak  of  the  carboxyl  O-H  stretching  wanes.

However, the Eigler group used the Hummers oxidation method and the solid material was obtained

with freeze-drying; Nikolakopoulou followed a different protocol, which involved a pre-oxidation step

and the solids were isolated after evaporation at 120°C.

Cobalt(II) phthalocyanine
Phthalocyanines (Pcs) are aromatic macrocyclic compounds, that

are closely related to porphyrins and porphyrazines. These structures

or  fragments  are  often  found  at  the  center  of  biologically  active

molecules, such as chlorophyll and hemoglobin,  which makes them

prime  candidates  for  –  among  other  uses  –  various  biomimetic

applications. For this reason, phthalocyanines have been employed as

catalysts and because of their deep blue color, they have been used

extensively as dyes and pigments.

The  chemistry  of  phthalocyanines  is  interesting  enough  to  the

extent that there is a scientific journal devoted entirely to them and porphyrins. They are planar in

shape,  with  an  aromatic  system  throughout  the  molecule.  They  bind  tetradentally  to  metals,  in

octahedral and – more commonly – square planar complexes, contributing up to eight electrons (one

pair from each of the internal nitrogen atoms) to the outer molecular orbitals.

They dissolve very poorly in water and common organic solvents; they are more soluble in acidic

solutions, primarily due to the protonation of the nitrogen atoms that bond the pyrrole rings together48.

Their solubility can be increased via substitution, but that affects their overall stability, as well as their

optical properties.

The extended π system of phthalocyanine can stabilize the molecule well enough for it to undergo

reversible redox reactions. Metallated phthalocyanines can take part in redox reactions either through

their ring or through the metal center (or both). If there are empty or full metal d orbitals between the

HOMO – LUMO orbitals of the Pc ring, the metal ions can be reduced or oxidized respectively before

the ring49.

Unsubstituted phthalocyanines possess another remarkable property, especially considering their

organic  nature:  they  are  surprisingly  thermally  stable.  At  high  temperatures  (and  under  an  inert

atmosphere), instead of decomposing, they sublime. While precise measurements are scarce, PcCu has

25

Figure 2.11: Structure of 
cobalt(II) phthalocyanine.



been found to be stable at 580°C50, a compound molecule consisting of two PcNi units joined by two

diacetylene moieties  through the phenyl  rings  was reported stable  at  700°C51 and we managed to

retrieve needle-like PcCo crystals from a sample that had been heat-treated at 700°C for an hour:

The spectra of phthalocyanines in various bands have also been studied and while it is relatively

easy to assign specific vibrations to IR and Raman peaks, even though their spectra are rather complex,

things are considerably more difficult in other parts of the EM spectrum. Several metal-Pc complexes

display features that can not be adequately described by theoretical interpretations49,52–54.
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Figure 2.12: UV-Vis spectra of Pcs used in this work, dissolved in isopropanol.

Image 2.3: Needle-shaped crystals of PcCo.



Monolayers and oligolayers of phthalocyanines are usually flat, but that depends on the nature of

the  surface  on  which  they  are  deposited.  As  larger  crystals  start  to  form,  they  adopt  either  a

herringbone  arrangement  or  they  are  stacked  slanted  in  molecule-wide  columns  (Image  2.4),  or

something in between; there are at least five known polymorphs of cobalt(II) phthalocyanine (PcCo).

Phthalocyanines and porphyrins have been used in DSSCs, primarily as dyes55. Their low solubility

is  actually  an  asset  in  that  role,  as  this  makes  it  difficult  for  them  to  be  desorbed  from  the

semiconducting  substrate  by  the  electrolyte  solution.  Substituted,  metal-free  and  metallated

phthalocyanines  have  also  been  used  in  organic  solar  cells56 and  in  MOF-based  solar  devices57,

demonstrating their light-harvesting and charge transport capabilities.

Cobalt(II) phthalocyanine is a low-spin (S=½) paramagnetic complex. Because of its unpaired 3d

electron (from which its paramagnetic character is derived, see Figure 2.13), it has been described as a

molecular magnet54. In solid form, the color of PcCo ranges from deep blue to deep purple, depending

on the polymorph. Its solutions and suspensions are blue-colored.
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Figure 2.13: Electron confgurations of cobalt (top), 
its +2 cation (middle) and of PcCo (bottom).

Image 2.4: Rendering of a monoclinic PcCo crystal. Original crystallographic data obtained with 
neutron scattering and deposited at the Crystallography Open Database (COD ID: 2100746).

http://www.crystallography.net/cod/2100746.html


Poly(3,4-ethylenedioxythiophene)
Poly(3,4-ethylenedioxythiophene), commonly abbreviated as

PEDOT, is a transparent conducting polymer. Its conductivity is

the result of an extended, conjugated system along the polymeric

chain,  in  which  –  due  to  steric  effects  –  EDOT  monomers

alternate  above  and  below  the  main  axis.  PEDOT is  highly

stable, in a variety of solvents, pH and temperature ranges. It has

a low redox potential, maintaining its optical transparency even

in an oxidized state and it has a reduced band gap. As it is both

chemically  stable  and  conducting,  it  can  be  used  to  coat

electrodes and contacts, protecting them from corrosion, without

hindering  charge  transfer.  In  the  same  vein,  PEDOT can  be

added to electrodes and surfaces, on which active species have

been deposited (e.g. quantum dots), achieving simultaneously an enhancement of their function, as

well as their protection from the environment.

All  of  these  properties  make  PEDOT  ideal  for  innumerable  electronic  and  optoelectronic

applications  (solar  cells,  (O)LEDs,  photodetectors,  analytical  techniques,  etc.).  However,  after  its

formation, PEDOT is very poorly soluble in most solvents. In the past, this had been circumvented

either by modification of the polymeric chain (like in PEDOT-TMA) or by mixing it with a soluble

polymer (such as PEDOT:PSS). In recent years, a third route has emerged as a preferred alternative:

electrogeneration or  electropolymerization.  This  procedure  allows for  a  very  fine control  over  the

texture and thickness of the polymer layer, which is synthesized from aqueous or organic solutions of

EDOT monomers, directly onto the surface to be coated. Unlike “traditional” polymerization or the

aforementioned solubilization strategies, which are susceptible to convection and diffusion phenomena

and which usually result in uneven, “lumpy” coats, by carefully selecting the aspects of the current

used in electropolymerization, it is possible to produce very uniform and almost defect-free films, with

nanometer precision.

PEDOT can also be combined with graphene and graphene derivatives,  to improve upon their

conductivity. As we have already seen, gaps between graphene sheets and residual defects in rGO can

be an issue, in particular when high conductivity is a requisite. Application permitting, the addition of

a layer of PEDOT over a film of such materials can boost their charge transfer, by providing more

avenues for electrons to travel.58–62
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Figure 2.14: Structure of the alternating
EDOT monomers in PEDOT.



The state of the art
Before we set out on our efforts, and while the work progressed, we did keep a keen eye on the

literature covering the advances made in the last  nine years or so,  in  the field of graphene-based

counter-electrodes for DSSCs. A review of the most noteworthy of these works (excluding systems that

used redox pairs other than I-/I3
-) was recently published63; here follows a summary of that overview.

On average, reported efficiencies have been slowly, but steadily increasing every year, since 2008

(Figure  2.15).  The  current  record  holders  are  Wei  et  al.64,  whose  device  achieved  a  conversion

efficiency  of  11.03%.  In  the  time  span  we  examined  (2008  to  mid-2017),  the  highest  reported

efficiencies were 4.5%, 4.99%, 6.81%, 7.07%, 9.54%, 10.71%, 9.39%, 11.03% and 9.4%.

The testing methodology used to assess these devices has somewhat converged to a minimum

battery of tests over the years, but there are still many points that need to be improved upon before one

is able to draw direct comparisons between materials. For one, not everybody tests their cells under the

same  irradiation  conditions;  most  research  groups  opt  for  an  air  mass  coefficient  of  1.5,  which

corresponds to the spectrum of the Sun's radiation that reaches the Earth in temperate latitudes (actual

solar zenith angle =48.2°), others use AM1, which corresponds to conditions at the equator, while �

some just report the wattage of the lamp they used.  Measuring the charge transfer resistance of a
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Figure 2.15: Reported efciencies of graphene-based DSSC devices since 200 . Data points gathered from ~200 
articles, spanning almost a decade.



device will reveal how much energy will be lost as heat when the device is in operation and can hint at

phenomena that take place at the nanoscale. Here too, approaches vary. One would assume that the

testing apparatus should be as close an approximation of the actual device as possible, which entails

fabricating electrodes  similar  to  those used in  the cells,  as  well  as  submerging them in the  same

electrolyte  solution.  Most  researchers  do  take  that  route  and  report  the  sheet  resistance  of  their

materials. However, some take surface conductivity measurements, others report specific resistivity

without mentioning film thickness and few just provide a simple resistance readout. A third point of

contention, but of lesser consequence, is the Pt reference electrode and the effort that has gone into its

fabrication, when it has not been purchased directly from a manufacturer. On the bright side of things

and perhaps in part due to the peer review system, such discrepancies are becoming increasingly rare.

Other than the fact that all the materials in the portion of the literature that we examined had to be

graphene-based,  they  were  actually  quite  diverse,  although  they  do  fall  under  three  very  broad

categories: almost half of them contained metals in a variety of shapes and forms, some were graphene

(either doped or pristine)/polymer composites and the third variety includes graphene structured in

unusual conformations. Of course there were combinations of the above.

As for the synthetic  procedures,  they ranged from the ingeniously simple to the magnificently

elaborate. These are some generalized examples:

• Ball-milling or pin-grinding graphene in the presence of a dopant.

• Co-annealing graphene oxide with a dopant.

• Pyrolysis/graphitization of an organic precursor along with a substance containing the desired

heteroatoms.

• One  and  two-step  solvothermal/hydrothermal  reactions  between  dopant  precursors  and

graphene oxide.

• Treatment of GO with plasma jets.

• Polymerization of monomers mixed with graphene/GO, annealing of the mixed-matrix material

and partial decomposition, followed by electrodeposition of a conducting polymer.

• Reduction of CO or CO2 over molten alkali metals.

• Fashioning GO into a paste,  impregnating it  with metal  oxide precursors and reducing the

mixture with plasma.

• CVD growth of graphene, followed by dip-coating in dopant solution and annealing.

• CVD growth of graphene in a fluidized bed and plasma treatment.
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The following table lists the electrocatalytic performance data for some of the most noteworthy

counter-electrode materials:

Table 2.1: Electrocatalytic performance data for some of the best performing counter-electrode materials. In 
bold: highest reported efciency, open circuit voltage and short-circuit current.

Year Counter electrode material η (%) ηPt (%) VOC (V) ISC (mA·cm-2)

2011 Ti nitride – n-doped rGO (TiN/NG) hybrid65 5.78 5.03 0.728 12.34

2011 Pt nanoparticles/rGO hybrid66 6.35 5.27 0.79 12.06

2013 rGO nanoribbons/CNT hybrids67 8.23 7.61 0.734 16.73

2013 Electrochemically Reduced Graphene Oxide
Multilayer Films68 9.54 9.14 0.692 18.77

2013 NiS2/rGO nanocomposites69 8.55 8.15 0.749 16.55

2014 Quasi core-shell nitrogen-doped rGO/cobalt sulfide70 10.71 9.73 0.71 20.38

2014 Edge-carboxylated graphene nanoplatelets71 9.31 8.67 0.889 14.07

2014 p-Doped (N & O) 3D graphene networks72 8.46 7.98 0.713 17.2

2014 3D cauliflower-fungus-like rGO25 8.07 7.5 0.79 19.04

2015 CoS/rGO hybrid film73 9.39 7.34 0.764 19.42

2015 N-doped rGO nanoribbons74 8.57 7.84 0.78 15.18

2015 PEDOT-decorated nitrogen-doped graphene75 8.3 8.17 0.739 15.60

2016 N-doped rGO – FeN core-shell nanoparticles76 10.86 9.93 0.74 18.83

2016 N-doped graphene nanosheets with active metal (Co)
sites77 8.4 7.98 0.72 17.32

2016 CoS/rGO hybrid78 9.82 8.24 0.767 18.903

2016 B,N co-doped rGO79 8.08 6.34 0.77 15.3

2016 CoSeO3·2H2O with traces of rGO80 9.89 8.39 0.747 19.94

2016 Pt-Ru nanoparticles supported on rGO81 8.44 7.54 0.745 16.25

2016 3D flower-like graphene made from CO2
26 10.1 7.7 0.78 19.29

2016 TiS2-rGO hybrids82 8.8 8 0.72 17.76

2016 Electrochemically exfoliated graphene/PEDOT
composite films83 8 7.7 0.64 22.8

2016 Thin films of graphene flakes produced by thermal
plasma jet84 9.03 9.07 0.78 16.25

2016 rGO hybrid with a macrocyclic Ni complex85 8.3 7.96 0.75 17.8

2016 N & P co-doped rGO86 8.57 7.58 0.77 15.91

2016 Highly conductive porous Na-embedded carbon64 11.03 7.89 0.8 20.95

2017 PtMo alloy on rGO87 9.11 8.03 0.745 18.73

2017 N-doped holey graphene88 9.07 8.19 0.744 17.19

2017 3D N & S co-doped rGO networks89 9.4 9.1 0.744 16.86

2017 Porous S-doped rGO90 8.67 7.88 0.75 16.70

Where: η = conversion efficiency, ηPt = conversion efficiency of the Pt reference counter-electrode, VOC= open
circuit voltage, ISC= short-circuit current
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3. 3. Characterization TechniquesCharacterization Techniques

In this section we will present a number of techniques that have been employed and in particular,

what sort of clues they can give about the nature of our materials. Details about the instrumentation

will  also be provided here.  As we were interested in knowing if  our materials  could satisfactorily

replace Pt in DSSCs, this was always our first measurement; if the devices underpeformed, there was

no need to examine anything else.

X-ray powder diffraction
The diffraction patterns of graphite and graphite oxides have been studied extensively1–3 with X-

rays as well as neutron scattering. The different stacking arrangements of graphene sheets in graphite

were discovered using X-ray photographs, almost 80 years ago4.

We have  used  graphite  powder  as  the  starting  material  for  our  composites.  The  graphite  was

oxidized and submitted to ultrasonication, so the size of the crystallites was further reduced down to

several μm. For these reasons, Powder X-Ray Diffraction was the most appropriate crystallographic

technique for the study of our samples.

Bragg's  Law  correlates  the  distance  between  two  crystallographic  planes  with  the  angle  of
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Figure 3.1: XRD difraction pattern of graphite powder. Difractions from crystallographic 
planes other than (002) and (004) are too weak to be discernible at this scale.



diffraction, stating that  n·λ = 2·d·sinθ, where n is a positive integer, λ is the wavelength of incident

wave, d is the interplanar distance and θ is the scattering angle. Given the “statistical” nature of the

technique, as graphite is exfoliated down to few-layer graphene, we expect the intensity of the peaks to

decrease, as there are fewer planes (the n in Bragg's Law) contributing to the constructive interference.

We have already seen that as graphite is oxidized, the distance between adjacent sheets increases;

solving  Bragg's  Law  for  θ,  this  increase  of  d  entails  the  shifting  of  signals  to  lower  angles.

Furthermore, oxidation of the graphene sheets causes them to deform and become misaligned in the

crystallites. As a result, while the principal signal will be at a certain angle, the peaks will not be as

sharp and well-defined as in graphite; rather, there will be a distribution of signals around the main

angle of diffractions.

All  that  becomes  immediately  apparent,  when  the  following  diffractogram  (Figure  3.2)  is

contrasted with that of graphite (Figure 3.1):

First of all, the intensity of the signal has dropped by several orders of magnitude. The oxide has a

relatively broad peak, with its center shifted by ~15° compared to that of graphite. The small peak at

26.5° is a sign that there is still a quantity of material that has not been oxidized. There is a curve

between the two peaks, from which we can tell that another quantity of material is in an intermediate,

disordered state. After the consecutive treatments, there are even less graphene sheets stacked together,

which is evident from the intensity of rGO's signal, relative to that of GO. The peak of rGO is also

broad, spread over several degrees, hinting at defects and orientation issues in the lattice.
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Figure 3.2: Difraction patterns of GO (in blue) and rGO, annealed at 700°C (red).



X-ray diffraction was also useful in “fingerprinting” our materials. Since there were no reference

materials we could compare our samples to, especially when we needed to replicate a synthesis, PXRD

was the quickest way to confirm that we had obtained a structurally similar material.

Obviously, when we had a dopant that formed crystals and it managed to retain its crystallinity

throughout the treatments (and as long as it was not in trace amounts), we could confirm its presence,

as well as its structure by looking at the diffractogram of the composite. The nature of the technique

allows  one  to  add  or  subtract  patterns  of  known  substances,  making  easier  the  identification  of

substances that coexist in the same sample.

All of our XRD measurements were taken

using the diffractometer at the Department of

Physics at the University of Ioannina. It is an

AXS  D8  Advance  X-Ray  diffractometer,

made  by  Bruker,  with  a  Cu  Kα  radiation

source  (λ=1.54178Å),  equipped  with  a

secondary  graphite  monochromator.  Unless

otherwise  noted,  all  our  samples  were

scanned at a speed of 0.2°/s in the range 2°-

70°.

Raman spectroscopy
Carbon materials like graphite and diamond were

among the first substances to be studied after lasers

had been incorporated in Raman spectroscopy. Their

ordered nature (which had been established decades

ago via XRD) meant that it was easy to study their

Raman-active  vibrational  modes  and  assign  Stokes

and  anti-Stokes  scattering  frequencies  to  them

(Figure 3.3). As lasers, optics and signal processing progressed in the following years, researchers

were able to identify a dopant or the extent of oxidation5 in

graphite by the corresponding Raman shift, or by the ratio

of the Stokes and the anti-Stokes intensities.

Graphene  and  its  derivatives  have  been  probed  and

studied  exhaustively  with  Raman spectroscopy.  A trained

scientist  can  accurately  estimate  the  number  of  stacked
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Image 3.1: A close-up of the Bruker D . The Cu source, the 
sample holder and the detector are all visible in this picture.

Figure 3.3: The two primary Raman-active 
vibrational modes of graphite.5

Figure 3.4: Formation of a Stone-Wales 
defect.



graphene sheets,  just  by  looking at  their  Raman  spectrum.  It  is  possible  to  identify  signals  from

specific imperfections in the lattice, such as 5-7-7-5 Stone-Wales defects (Figure 3.4), or 5-8-5 rings6.

When graphene has been modified via the GO route, it is of particular interest to see the extent of

restoration of the π system. For this assessment, the best criterion is the ratio of intensities between the

vibrations of sp3 carbon bonds, usually referred to as the D peak or frequency, to that of sp2 carbon

bonds,  the E2g or  more commonly,  the G frequency.  The simplicity  of  the  technique,  enables  the

monitoring of the GO reduction process, which is no more involved than monitoring a reaction with

common  spectroscopy.  The  constant  improvement  of  the  components  used  therein  has  permitted

Raman operators to discern negligible harmonic vibrations and distinguish between signals from the

basal  plane  and  the  edges  of  graphene

sheets6.

We did  not  have  such high aspirations

for  our  measurements.  As  we  were

interested in the electrochemical application

of our materials, it  was important to “see”

the extent of the π system in our composites

and the reduction of the lattice induced by

our treatments. For that, we mainly needed

the  intensity  ratio  of  the  D  and  G  bands

(ID/IG) that was mentioned earlier.

All Raman measurements were taken at

ICE-HT in  Patras,  with  a  Renishaw InVia

Raman 2000 spectrometer equipped with a

2400  grooves/mm grating  providing  2cm-1

resolution. The λ=514.5 nm beam of a solid state laser, which was used for excitation, was focused on

the sample by means of a 100x objective lens, with a numerical aperture of 0.85.

Thermal analysis
As we fabricated our materials using heat treatment, at

times we needed to peer into the processes that took place

as the samples were annealed and in particular when we

used  volatile  dopants,  such  as  phthalocyanines.  For  the

same class of composites, it was also important to assess

their thermal stability and – by extension – their optimal

operating conditions. Such insights were afforded through
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Figure 3.5: Raman spectra of GO (top black), chemically (blue
& red) and thermally (bottom black & green) reduced rGO. 
The spectrum of the sample annealed at 2400°C is almost 
indistinguishable to that of pristine graphene.6

Image 3.2: Equipment at the Thermal Analysis
Unit at the University of Ioannina. Far right: 
The STA 449C Jupiter thermo-microbalance.



the  thermal  analysis  of  our  samples,  using  thermogravimetric  analysis  (TGA)  and  its  “sister”

techniques, DTA and DSC.

Thermal analyses were conducted at the Thermal Analysis Unit, at the Department of Chemistry,

using a Netzsch STA 449C Jupiter thermo-microbalance, capable of carrying out TGA, DTA and DSC

analyses simultaneously.

X-ray photoelectron spectroscopy

XPS is a very sensitive surface analysis (10-15nm) technique, able to detect elements heavier than

H or He with high precision and also able to distinguish between different electronic configurations of

the same element, e.g. sp2 and sp3 carbon atoms. It can also perform a quantitative analysis, albeit

within a lesser degree of accuracy (at best with a margin of error between 5-10%, depending on the

instrument and the analytical software).

The spectrometer at the Institute of Chemical Engineering Sciences (Patras) is also equipped with a

source of high-energy UV radiation, which can knock off electrons from the outer shells (HOMO) of

the molecules. Knowing the energy level of the HOMO electrons helps in estimating the work function
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Image 3.3: Lef: the XP spectrometer at the Institute of Chemical Engineering Sciences (Patras). The X-ray 
source is inside the black tube towards the back. Top right: view of the detector. Bottom right: sample chamber.



of the material with increased accuracy.

Our samples were prepared by depositing the synthesized materials as thin films via spin-coating

on TCO-coated glasses. XP spectroscopy was very well suited for their study, as the measured samples

were not processed in a different manner than those that went in the actual devices. XPS not only

confirmed that doping of graphene was successful, it gave us ample clues as to how the dopants were

incorporated into the graphitic lattice.

XPS and UPS measurements were carried out in an ultra high vacuum system (UHV) with base

pressure in both chambers at 1×10-9mbar. Unmonochromatized AlKα line at 1486.6eV and an analyzer

pass energy of 36eV, giving a full width at half maximum (FWHM) of 0.9eV for the Au 4f7/2 peak,

were used in all XPS measurements. Errors in our quantitative data are found in the range of ~10%,

(peak areas) while the accuracy for BEs assignments is ~0.1eV. The UPS spectra were obtained using

HeI irradiation with hν = 21.23eV produced by a UV source (model UVS 10/35). The energy of the

Highest Occupied Molecular Orbital (HOMO) was calculated from the sum of the measured energy

values of the work function (WF) and the HOMO cut off at the low binding energy (BE) side of the

spectra. The work function was determined by subtracting the width of the UPS spectra from the HeI

excitation energy. For these measurements a bias of -12.3V was applied to the sample in order to avoid

interference of the spectrometer threshold in the UPS spectra. For the measurements, the samples were

deposited (by spin coating) on oxygen plasma cleaned ITO coated glass substrate in order to eliminate

carbon contaminants of the surface and increase the surface's wettability.

Transmission electron
microscopy

Through TEM we are able to observe the most

minute details of our samples, almost down to the

atomic  scale.  Contrast  in  transmission  electron

micrographs is dependent upon matter density. The

thicker or denser the observed region, the more beam

electrons it deflects and the darker it appears. This

working  principle  of  TEM  not  only  allows  us  to

actually see graphene sheets, but it also enables us to

count  how  many  of  them  are  stacked  together.

Sample  regions  with  densely  packed  adducts  or

dopants can be clearly visible as well.

Transmission  electron  microscopy  observations
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Image 3.4: The transmission electron microscope at 
the Department of Biology, University of Patras.



were made on a JEOL JEM-2100 microscope using dispersions of doped rGO in isopropanol/water

2:1, which were cast on carbon grids.

Scanning electron microscopy
Though not as powerful as TEM, SEM has its own merits. A scanning electron microscope usually

has two modes of operation: In the first mode, it collects the secondary electrons that are ejected from

the  k-shell  of  the  specimen atoms by inelastic  scattering  interactions  with  beam electrons.  These

electrons reveal the surface topography of the sample. Protrusions, elevated regions and edges appear

brighter, as there are more atoms exposed to the beam, while troughs, holes and other conformations

with smaller exposed areas appear darker. Secondary electrons are emitted from depths up to 50nm

from the surface. In its second mode of operation, the microscope collects the backscattered electrons

of the beam, which interact  elastically and are scattered by specimen atoms. Heavier  atoms (high

atomic number) backscatter electrons more strongly than lighter ones and thus appear brighter. This

mode of operation gives us a visual depiction of a sample's chemical composition and its variance

along the sample surface. Backscattered electrons are of higher energy, and they may originate from

atoms up to 300nm from the surface.

The morphology of the samples deposited as thin films was studied using a Zeiss SUPRA 35VP

Field-Emission  Scanning  Electron  Microscope  (FESEM),  equipped  with  an  EDS  analyzer.  Our

samples did not require a metal coating, as they were conducting themselves.

Atomic force microscopy
Atomic force microscopes operate by “caressing” a sample with the tip of a cantilever. As it scans

the surface of a sample in the xy plane, the vertical movement or deflection (z axis) of the cantilever is

measured  through  piezoelectric  and/or  optical  components  within  fractions  of  a  nanometer.  The

recorded signals are translated into a digital, false color image, with each x,y coordinate corresponding

to a single pixel and the deflection along the z axis mapped to a specific color. AFM data complement

those  acquired  with TEM and SEM and provide  us  with extremely  detailed measurements  of  the

sample topography, revealing the exact dimensions of morphological elements observed with the other

microscopy techniques.

AFM images were produced by a Bruker Dimension Icon atomic force microscope.
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Solar cell performance assessment
This was the first and most important test for our materials. Electrodes that did not perform at least

as well as reference Pt electrodes were discarded and no further analysis was conducted on them.

The  methodology  used  in

assessing  the  performance  of

the devices is the same as that

for  conventional  solar  panels.

An ideal solar cell (Figure 3.6)

is  represented  as  a  current

source  in  antiparallel  with  a

diode (D) and in parallel with

a  resistance  (RP).  These  three

components correspond to the

internals  of  a  solar  cell.  The

diode exists  because current can only flow in one direction and can not be reversed. The internal

resistance – also called shunt resistance – should be infinitely big, so that no current flows through it.

The shunt resistance represents losses and dark currents inside the cell itself.  The whole system is

connected in series with another resistance (RS), which represents the outer components (connectors,

cabling, etc.) of the cell. When the cell is illuminated, a current (I1) is generated, which varies linearly

with solar radiation and some part of it is wasted on RP and RS. I is the useful current exiting the device

and V is the measured voltage across the terminals of the device.

The electric power (P) of a

device  is  equal  to  the  work

done  per  unit  of  time,  so

(V·Q)/t, where V is the electric

potential,  measured  in  Volts,

which  is  applied  on  a  charge

Q, measured in Coulombs, per

time,  t,  measured  in  seconds.

Since charge per time is equal

to  current,  I,  measured  in

Amperes, we end up with the

well-known  P  =  IV. This

means that the power output of an ideal cell is the product of its maximum current output, i.e. the

current we would obtain by short-circuiting the device, or short-circuit current, ISC, times its maximum

voltage, i.e. the voltage theoretically measured at the terminals when the circuit is open, VOC. Solar
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Figure 3.6: Ideal schematic representation of a solar cell.

Figure 3.7: I-V and P-V curves of a solar cell.



cells deviate from that ideal circuit and their current and voltage vary non-linearly, so we use I-V plots

(Figure 3.7) to calculate their actual power output under set conditions of irradiance and temperature.

By using what  is  in essence a  very sophisticated rheostat,  we vary the resistance between the

terminals from infinite, which gives us the open circuit voltage, VOC to almost zero, to measure the

short-circuit current, ISC, recording every value pair in between. The ratio of the area defined by the I-V

plot to the area of the rectangle with dimensions ISC·VOC is termed the fill factor of a given device. The

higher the fill factor, the closer the device's behavior to the ideal. For a particular device under given

conditions, the stationary point of the I-V curve corresponds to the current and voltage combination

that yields the maximum output power (maximum power point, mp). This can be located by plotting a

P-V curve for the device under those conditions (see the P-V curve of Figure 3.7). In actual solar

power installations,  this  has  to  be taken into account  in  order  to  maximize energy production,  so

inverters and other “smart” devices connected to solar panels vary their load according to insolation

and temperature.

I-V curves were recorded with a Keithley 2601 source meter at ambient temperature. A Solar Light

XPS-300 solar simulator set at 100mW/cm2 was used for illumination of the samples.

Cyclic voltammetry
Cyclic voltammetry might  seem superfluous when the performance of actual  devices has been

measured. However, by subjecting our system to cyclic voltammetry measurements, we can reaffirm

its  electrocatalytic activity and better  compare it to the reference. A higher reduction peak current

density and a lower peak-to-peak voltage separation (the horizontal distance between a reduction and

the corresponding oxidation peaks in a typical voltammogram) indicate a higher catalytic activity7.

We can also verify that there are no secondary electrochemical reactions taking place inside the

cell. The peaks in the reduction and the oxidation curves should correspond to the electron transfers

between the  redox pair.  Since  the  overall  reduction  and oxidation  processes  involve  two electron

transfers (I3
- + 2e-  3I⇌ - & 3I2 + 2e-  2I⇌ 3

-), we expect two peaks in each curve.

Electrochemical behavior of the samples was studied by cyclic voltammetry measurements using

three-electrode  cells  in  which  Ag/AgCl  and  platinum  sheet  were  used  as  reference  and  counter

electrodes, respectively. The electrolyte was 0.1M LiClO4 , 0.001M I2 and 0.01M LI in acetonitrile

solution.
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Electrochemical impedance spectroscopy
As it  has  already been discussed,  the behavior  of  solar  cells  is  not  ideal.  The performance of

DSSCs in particular may be impacted by charge transport, transfer, and accumulation processes in the

cell. These include (i) charge transport due to electron diffusion through TiO2 and ionic diffusion in the

electrolyte solution; (ii) charge transfer due to electron back reaction at the FTO/electrolyte interface

and  recombination  at  the  TiO2/electrolyte  interface  and  the  regeneration  of  the  redox  species  at

counter-electrode/electrolyte  interfaces;  and  (iii)  charging  of  the  capacitive  elements  in  the  cells

including the interfaces, the conduction band, and surface states of the porous network of TiO2
8.

The  EIS  technique  involves  applying  an  alternating  voltage  to  the  system  under  study  and

analyzing the resulting alternating current. During the EIS measurements, the small signal sinusoidal

voltage V(ω,t)=V0sin(ωt) with amplitude V0 and variable frequency f (f=ω/2π, where ω is the angular

frequency)  is  applied  to  the  system,  and  the  response  current  I(ω,t)  is  measured  at  the  same

frequencies. The impedance Z(ω,t) related to the system can be calculated through Ohm's law as:

For a given ω, the current response could be in-phase or out-of-phase with respect to the voltage

stimulus, so that its general expression is given by I(ω,t)=I0sin(ωt-θ), where I0 is the current signal

amplitude and θ is the phase angle between voltage and current.

By exploiting the complex number notation and applying Euler's relationship, we get:

Z(ω,t) = Z(ω)(cosθ + jsinθ) = Z'(ω)+ jZ"(ω)

where Z'=|Z|cosθ and Z"= |Z|sinθ are the real and the imaginary part of the impedance, respectively.

From that last equation, the modulus and the phase of the impedance can be obtained from:

|Z (ω)|=√Z '2
(ω)+Z ' ' 2

(ω)

and

θ(ω)=tan−1{Z ' '(ω)

Z ' (ω) }
The data obtained via EIS are usually represented in two different ways. The first one reports Z” as

a  function  of  Z'  in  the  complex  plane  and  it  is  referred  to  as  the  Nyquist  plot.  The  second

representation, referred to as the Bode plot, reports (usually) log|Z| and θ as a function of logf (less

used representations report Z’ and Z” as a function of logf).9

Through some complex calculations and software analysis, an equivalent circuit is deduced. The

type of components in that circuit (resistors, capacitors, coils, etc.) and how these are connected to
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each other might hint at the nature of the phenomena that affect the processes listed earlier. It is up to

the researcher to interpret that data, but it is not always feasible to extrapolate from there. On the bright

side, EIS does at least measure the impedance and it is always possible to compare a sample to a

reference material.

Electrochemical  impedance spectroscopy was carried out on symmetric dummy cells  using the

synthesized materials or Pt as electrocatalyst and the same electrolyte as the one filling the solar cell

devices.  All  electrochemical  measurements  were  made  by  employing  an  Autolab  PGSTAT 128N

potentiostat.
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4. 4. Experimental SectionExperimental Section

Syntheses
Graphite with an average particle size of 500μm and a purity of >95% was supplied from NGS

Naturgraphit GmbH (batch: large flakes). Deionized water was produced via filtration through an ion-

exchange resin. All reagents and solvents were used as purchased.

Graphene oxide

For our experiments, we used three different batches of GO, two of them prepared according to the

protocol described by Kovtyukhova et al.1 and the other following a process proposed by Zhao et al.2.

Both  of  them are  variations  of  the  Hummers  & Offeman method,  with the  former  adding a  pre-

oxidation step to the process, while the latter relies on milder oxidation conditions and separation of

the particulates based on their size via centrifugation. The detailed steps of each procedure are taken

directly from each publication and listed below. 

Kovtyukhova et al.

“The graphite powder (20g) was put into an 80°C solution of concentrated H2SO4 (30mL), K2S2O8

(10g), and P2O5 (10g). The resultant dark blue mixture was thermally isolated and allowed to cool to

room temperature over a period of 6h. The mixture was then carefully diluted with distilled water,

filtered, and washed on the filter until the rinse water pH became neutral. The product was dried in air

at  ambient  temperature  overnight.  This  preoxidized  graphite  was  then  subjected  to  oxidation  by

Hummers’ method. The oxidized graphite powder (20g) was put into cold (0°C) concentrated H2SO4

(460mL). KMnO4 (60g) was added gradually with stirring and cooling, so that the temperature of the

mixture was not allowed to reach 20°C. The mixture was then stirred at 35°C for 2h, and distilled

water (920mL) was added. In 15min, the reaction was terminated by the addition of a large amount of

distilled water (2.8L) and 30% H2O2 solution (50mL), after which the color of the mixture changed to

bright yellow. The mixture was filtered and washed with 1:10 HCl solution (5L) in order to remove

metal ions. The GO product was suspended in distilled water to give a viscous, brown, 2% dispersion,

which was subjected to dialysis to completely remove metal ions and acids. The resulting 0.5% w/v GO

dispersion, which is stable for a period of years, was used to prepare exfoliated GO.

Exfoliation  was  achieved  by  dilution  of  the  0.5% GO dispersion  (1mL)  with  deionized  water

(24mL), followed by 15min sonication. The resulting homogeneous yellow-brown sol, which contained

0.2g/L GO, was stable for a period of months and was used for film preparation.”
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Other than scaling down the quantities of the reagents by an order of magnitude and extending the

ultrasonication period to 2h, the process was followed as laid out by the authors.

Zhao et al.

“A 2g portion of natural flake graphite with an average size of 500-600μm, 2g of NaNO 3 , and

96mL of  concentrated  H2SO4 were  mixed  at  0°C.  During  the  following  stages  the  mixture  was

continuously stirred using a magnet stirrer. 12g of KMnO4 was gradually added to the above mixture

while keeping the temperature at 0°C. The mixture obtained was first stirred at 0°C for 90min and then

at 35°C for 2h. Distilled water (80mL) was slowly dropped into the resulting solution, over a period of

around 30min, to dilute the mixture. Then 200mL of distilled water was added followed by 10mL of

H2O2 (30%), and the stirring continued for 10 min to obtain a graphite oxide suspension. During this

final step, H2O2 (30%) reduced the residual permanganate and manganese dioxide to colorless soluble

manganese sulfate. The graphite oxide deposit was collected from the graphite oxide suspension by

high-speed centrifugation at 16000rpm for 10min, and repeatedly washed with distilled water until the

pH = 7. Then a mild sonication (80W, 5min) was used to exfoliate the graphite oxide to obtain a GO

suspension. To obtain uniform large-area GOs, a low-speed centrifugation at 3000rpm was first used

to  remove  thick  multilayer  flakes  until  all  the  visible  particles  were  removed  (3-5min).  Then  the

supernatant was further centrifuged at 5000rpm for 5min to separate large flakes (precipitate) and

small flakes (supernatant). Finally, the obtained precipitates containing large flakes were redispersed

in water to get a large-area GO sheet suspension.”

Thus, as a starting material, we used the large flakes derived from the Zhao protocol, suspended in

water.

First attempts

All the materials, except the N-doped rGO mentioned later on, were prepared following the same

protocol. The desired quantity of GO suspended in water was mixed with a solution of each dopant

precursor. We opted to dissolve the precursors in solvents which were appropriate for each one and
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Image 4.1: Lef: the oxidized suspension right afer the addition of H2O2. The yellow-brown tint is visible. 
Middle: stirring was required during the washing stage to prevent the membrane pores from clogging. Right: a 
GO flm, prepared by slow evaporation of the GO suspension in a Petri dish.



which – if possible – had a low boiling point, so as not to damage the substances before annealing. The

precursors  were  selected  based on the  heteroatoms or  functional  moieties  that  could  be  produced

during  pyrolysis  and  potentially  become  incorporated  into  the  graphitic  lattice.  The  GO-dopant

mixtures would be heated at 55°C-70°C, until the solvents had completely evaporated, under constant

stirring. The remaining solid would then be transferred to a drying oven set at 80°C-90°C and left there

for  several  hours.  This  was  done  to  completely  remove  any  residual  solvent,  so  as  to  minimize

contamination and the possibility of explosive exfoliation of the oxide.

Annealing  temperatures  ranged  from  180°C  to  900°C,  depending  on  the  sample  and  the

application. For most of the samples, the initial annealing conditions were 700°C for 1h; if the results

were promising, we would experiment with different annealing temperatures. At 700°C, most dopant

precursors would decompose and at  the same time, the lattice would be sufficiently restored.  The

samples reached that temperature at 10°C/min, under a constant flow of an inert gas (Ar or N2), inside

a tube furnace. Afterwards, the oven was left to cool down, while maintaining the gas flow, until the

temperature had dropped to at least 50°C.

The pyrolyzed material would then be washed with a sufficient quantity of the same solvent as the

one we had used to dissolve or suspend it, in order to remove any remaining residues of the precursor.

It would then go back to the drying oven (set at 100°C-120°C) for several hours, in order to completely

remove any solvent, as well as moisture from the atmosphere. Finally, we would place and store the

dried material in a sealed container.

The following table  lists  a  number  of  substances  that  were  used to  dope graphene for  use  in

DSSCs, but the resulting materials showed little or no electrocatalytic activity and were subsequently

abandoned. All of them were annealed at 700°C:

Table 4.1: List of dopant precursors that had no appreciable electrocatalytic efect.

Compound Structural formula

N-Boc-pyrrole-2-boronic acid MIDA ester

1-(p-Toluenesulfonyl)pyrrole-2-boronic acid 
MIDA ester
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5-Carboxythiophene-2-boronic acid pinacol 
ester

Tris(4-methyl-1-piperazinyl)phosphine

Thiophene-3-boronic acid MIDA ester

2-Thienylboronic acid

Boron subphthalocyanine chloride

2,5-Bis(5-tert-butyl-benzoxazol-2-
yl)thiophene

Difluoro{2-[1-(3,5-dimethyl-2H-pyrrol-2-
ylidene-N)ethyl]-3,5-dimethyl-1H-pyrrolato-
N}boron
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Thieno[3,2-b]thiophene-2,5-diboronic acid 
bis(pinacol ester)

Ethyl 3-amino-5-(4-nitrophenyl)thiophene-2-
carboxylate

Iron(II) phthalocyanine

Magnesium phthalocyanine

The poor electrocatalytic activity of some of the prepared heteroatom-doped rGO materials could

be attributed to the low doping density of heteroatom-containing species into the graphitic lattice. This

could be either because of insufficient adducts formed during the co-annealing process, or perhaps due

to the expulsion of those species from the hybrid material at a later step, such as during the annealing

of the electrodes right after spin coating.
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Cobalt(II) phthalocyanine-reduced graphene oxide

30ml of a GO suspension in water (10 mg/ml) were placed in a beaker and were mixed with 60ml

of a THF solution, containing 170 mg of cobalt(II)phthalocyanine (PcCo). The organic solution was

added drop-wise under continuous stirring to the GO suspension. The mixture was placed onto a metal

plate and heated for approximately 10h, until the complete evaporation of the solvents. During that

time, the temperature of the metal plate was kept constant at about 70°C and stirring was maintained

until the last possible moment. The solid residue was collected from the beaker and placed in an oven

for 6h at 90°C. Subsequently, the blend was transferred to a porcelain combustion boat, which was

inserted in a horizontal tube furnace. It was heated from room temperature up to 700°C at a rate of

10°C/min under Ar flow, and was left at the elevated temperature for 1h. After that period, the heat was

turned  off  and  the  oven  was  allowed  to  cool  to  50°C  over  a  period  of  approx.  4h,  before  the

combustion boat was removed. The black-colored powder was washed with THF by transferring it to a

beaker containing ~30 ml of the solvent, while vigorously stirred. The organic solution turned blue-

colored,  due  to  the  dissolution  of  unpyrolyzed  phthalocyanine  or  byproducts  of  its  thermal

decomposition. The colored suspension was then filtered over a PTFE membrane (pore size 0.45μm)

under vacuum and the doped graphitic material was washed with an excess of THF. The solid was left

to dry in an oven at 80°C for 5h and was then stored in a sealed container.

Figure 4.1 depicts the various stages in the synthesis of the rGO-PcCo hybrid material:
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Nitrogen-doped reduced graphene oxide

A GO suspension in water (4.5mg/ml) was mixed with aqueous solutions of urea to produce several

suspensions with GO:urea mass ratios ranging from 85:15 to 45:55. The best electrocatalytic results

were obtained with a ratio of 55:45 (1ml of the GO suspension + 0.4ml of a 0.9mg/ml urea solution).

Unlike previous experiments, the solvent was not removed in order to collect the solid; instead, the as-

prepared mixture was spin-coated onto FTO-coated glass, which was transferred to a horizontal quartz

tube. The glass substrate with the deposited mixture was put in the center of the tube furnace under

argon  flow.  After  purging  the  tube  with  Ar  for  about  15min,  the  furnace  was  heated  up  to  the

programmed annealing  temperature  at  a  rate  of  5°C/min  and kept  at  that  temperature  for  15min.

Samples were annealed at 180°C, 240°C, 300°C, 350°C, 400°C and 650°C. Subsequently, the furnace

was cooled down to room temperature under Ar. The optimum results were obtained after annealing at

350°C.

Figure 4.2 provides an overview of the steps taken in fabricating the FTO substrates coated with

the N-doped rGO/PEDOT composite films:
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Figure 4.2: Schematic overview of the fabrication process of the N-doped rGO/PEDOT flms.



Fabrication of DSSCs

Photoanode

FTO-coated  glass  substrates  were  cut  in  the  desired

dimensions  (1.5cm  x  2cm)  and  washed  with  a  mild

detergent,  distilled  water  and  subsequently  with  ethanol

and acetone in an ultrasound bath, finally dried under air

stream.  A compact  thin  layer  of  TiO2 was  formed  by

aerosol spray pyrolysis using a solution of 0.2M titanium

diisopropoxide  bis(acetylacetonate)  in  ethanol  and  the

coated  substrates  were  then  heated  for  1h  at  500°C.

Subsequently,  a  mesoporous  TiO2 layer  composed  of

titania paste made of P25 nanoparticles was deposited by

doctor blading on the above compact layer and calcined

for  15  min  at  500°C.  The  last  step  was  repeated  twice

more, so as to obtain a film about 10μm thick. Finally, a

layer  of  TiCl4 was  deposited  by  dipping  the  patterned

electrode in a solution of 0.04M TiCl4 in H2O for 30min

and annealed at 500°C.

The active area of the film was made to match that of

the counter electrode, e.g. 0.4cm x 0.4cm. Then the integrated photoanode electrode was dipped in the

solution of the dye (0.5mM N719 dye in ethanol and 5mM chenodeoxycholic acid) for 24h. After the

dye and the additive had been adsorbed, the samples were rinsed with ethanol, dried in a N2 stream and

used as photoanodes in the DSSCs.

Counter-Electrodes

Pt reference

For the sake of comparison, counter-electrodes with Pt as the electrocatalyst were constructed. A

solution of 0.02M hexachloroplatinic acid in isopropanol was twice spin-coated (1000rpm) on an FTO-

coated glass and it was annealed at 500°C. The dimensions of the active surface were tailored to match

those of the tested CEs.
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sample (right). Middle: photoanodes afer dye 
adsorption. Bottom: assembled devices.



rGO-PcCo

The  rGO-PcCo  hybrid  was  dispersed  (5mg/ml)  in  an  isopropanol/water  (2:1)  mixture  by

ultrasonication for 2h. The mixture was spin-coated (1500rpm for 30s) as thin film on FTO-coated

glass. The procedure was repeated twice. Finally, the samples were annealed at 350°C for 30min to

complete the counter electrode fabrication. The active surface was 0.4 x 0.4cm2.

N-Doped graphene/PEDOT composites

N-doped graphene was prepared as described earlier, directly onto FTO-coated glasses. These were

then combined with PEDOT, to yield the composite films.

PEDOT was deposited on either untreated or thermally annealed GO-urea films by potentiostatic

electrodeposition,  using  the  corresponding  3,4-ethylenedioxy-thiophene  (EDOT)  monomer.  In  the

electrodeposition process, a potential of +2V was applied for 2s in a three-electrode setup using the

doped-GO/FTO as working electrode, Ag/AgCl (reference electrode), Pt sheet (counter electrode) and

acetonitrile as solvent. The acetonitrile solution contained 0.2M EDOT and 0.1M LiClO4. Finally, the

film was washed with acetonitrile several times and dried in a vacuum oven. The thicknesses of the

GO-urea  and  rGO-urea  films  were  10nm  and  5nm,  respectively.  Concerning  the  samples∼ ∼

characterized by XPS analysis, a thin PEDOT layer was electrodeposited (thickness 8nm).∼

Electrolyte

The liquid electrolyte was prepared by mixing solutions of 0.5M 1-methyl-3-propylimidazolium

iodide,  0.1M lithium iodide,  0.05M iodine  and 0.5M tert-butylpyridine  under  prolonged magnetic

stirring.
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Image 4.3: Lef: the vacuum spin coater used in the preparation of the flms. A beaker 
containing hexachloroplatinate solution is also visible. Right: the furnace in which the 
hexachloroplatinate flms were annealed to metallic Pt.
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5. 5. Results – DiscussionResults – Discussion

Graphene Oxide – reduced Graphene Oxide
As it was mentioned earlier, we used three different GO batches for our experiments: the first and

the third were prepared according to the method described by Kovtyukhova et al.1 and the second one

according to that of Zhao et al.2. After each batch was prepared, a sample was collected by slowly

heating the suspension at ~50°C until all the water had evaporated. These samples were studied with

XRD (Figure 5.1). 

It is immediately apparent that there are minor differences between the three samples. The main

reflection of the (002) family of planes in graphite, which is located at 26.5°, has shifted by a different

degree  in  each of  them.  From Bragg's  Law (for  λ=1.54178Å,  n=2)  we can  calculate  the  spacing

between adjacent sheets in each batch (Table 5.1).

Since  no  other  process  was  involved,  we can  safely  deduce  that  the  difference  in  interplanar

spacing is the result of a different degree of oxidation. The added, oxygen-containing functional groups

are  the  ones  pushing the  sheets  apart,  to  more  than  twice  their  original  distance.  As  the  spacing

increases, water molecules, attracted by the newly added polar groups, enter the channels and become

adsorbed between the layers of the oxide.
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Figure 5.1: Powder X-ray difractograms of the three diferent batches of GO.



Table 5.1: Measured 2θ value and calculated interplanar spacing for each GO batch.

GO Batch 2θ d

1 12.8° 6.96Å

2 12.3° 7.24Å

3 11.6° 7.67Å

We also notice that there are graphitic residues in all of the samples. While we can not directly

quantify the signal centered at 26.5°, in general, a broad peak corresponds to a smaller particulate size.

From that, we can hypothesize that the unoxidized graphitic regions in the crystallites are relatively

small. For the third sample, we might say with a certain degree of confidence, that a smaller portion of

material (compared to the other two) remained intact.

The small, yet discernible peak at ~42.5° in the diffractograms of the first and the second sample, is

completely absent in that of the third. This is another indication that the third sample has been heavily

oxidized, moving further away from its former graphitic structure than the other two samples.

After these results, we wanted to see if there were any differences between their thermal reduction

products,  especially  between  those  that  were  produced  following  a  different  protocol.  Figure  5.2

depicts  the diffraction patterns of rGO samples from the second and third batches  (the other  was

removed for clarity), which where annealed at 700°C for 1h:
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Figure 5.2: PXRD patterns of thermally reduced GO samples from batches 2 &3.



For all intents and purposes, both samples appear identical. In fact, every sample that was treated at

the same temperature and for the same amount of time, displayed the exact same diffraction patterns.

An obvious conclusion is that regardless of any initial dissimilarities, samples undergoing the same

thermal reduction treatment, will eventually adopt the same structural conformation.

The sample from the second batch has a noticeably broad shoulder from ~13° to 24°, compared to

that of the third batch. The Zhao process that was used in producing the batch, involved the separation

of the graphene particles according to their size. We used the fraction with the larger-area graphene

sheets. Due to their size, it  is difficult for them to re-stack in an orderly fashion, which results in

creases and intertwined formations. This disordered conformation, with many interstitial gaps, is most

probably the reason for this consecutive series of reflections.

One might wonder about the intensities of the reflections in GO and rGO and in particular why

after the restoration the signal is not stronger, since the (002) reflection returns to 26.5°. We discussed

earlier, that as the temperature rises, CO2, resulting from the decarboxylation of COOH groups and

water/solvent molecules, adsorbed between the graphene oxide sheets start to escape. As their kinetic

energy increases, they may force the sheets apart on their way out, resulting in the exfoliation of the

crystallites. For that reason, we expect thermally treated GO specimens to be of fewer layers than the

parent material.
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Figure 5.3: Powder X-ray difractograms of microwave treated GO (black) and rGO annealed at 700°C for 1h.



For our future experiments, we wanted to see if a microwave treatment could be a viable alternative

to the thermal one. To that end, we used a household microwave oven to anneal a GO membrane,

formed by placing a quantity of GO suspension (Kovtyukhova) in a Petri dish and slowly evaporating

the water. We set the sample on the rotating platter and dialed the magnetron to 700W (maximum

setting). We retrieved it after 30s of irradiation (amid broken shards of glass, as the Petri dish was

shattered  because  of  the  uneven  and  intense  heating  of  the  material).  During  those  seconds,  the

radiation  waves  traced  patterns  on  the  film,  accompanied  by  small  bursts  of  vapors  and  finely

powdered material.  Apparently,  it  was  a  very  localized  form of  “explosive  exfoliation”.  We used

powder X-ray diffraction (Figure 5.3) and Raman spectroscopy (Figure 5.4) to compare it to a sample

annealed at 700°C for 1h and to the original material.

The fine black powder gave a significantly less intense reflection at 26.5°. This observation agrees

with the “explosive exfoliation” hypothesis, as the sudden, concentrated heating caused by the waves,

would result in gases escaping more violently than in a furnace, where the temperature is raised by

10°C/min. In turn, this would translate to a material with less sheets stacked together.

The ID/IG ratios for the untreated GO, the microwaved sample and the thermally treated one were

1.22, 1.33 and 1.34 respectively. One might expect that the D/G intensity ratio in thermally treated GO
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Figure 5.4: Raman spectra of: I) untreated GO, II) GO membrane treated in a microwave oven for 30s, III) rGO 
annealed at 700°C for 1h and IV) a superposition of the spectra. Bands D and G are marked in II).



would be lower than that of the starting material. This implies that the graphene films prepared by

thermal reduction of GO possess additional defect sites. The increased ID/IG ratio of rGO after thermal

reduction has been commonly reported in the literature3 and could be ascribed to a slight decrease of

the sp2 domain size, due to possible fragmentation of graphene sheets throughout the basal plane. The

latter process induces the generation of additional defect sites at the periphery of doped rGO flakes.

However, the calculated ratios suggest that a microwave treatment of just 30s is sufficient to induce the

same structural changes to the graphitic lattice as the thermal treatment of 1h at 700°C.

One very obvious drawback of this process, is that an inexpensive household oven produces a fixed

pattern of waves. Despite the rotation of the platter, the specimen is irradiated unevenly, with some

zones never receiving any radiation at all.  Graphene oxide is an insulator and as such, it does not

exhibit induced currents throughout the bulk of the material,  that could help expand the effects of

radiation. Still, the reduced material was easy to separate from the oxide, as the latter remained affixed

to the glass surface, on which the membrane was formed. The process could be improved through the

use of reflectors, or by suspending graphene oxide in a suitable solvent and irradiating it for longer

periods of time.
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Failed attempts
For most of the materials we tested as counter-electrodes in DSSCs, the current-voltage curves

looked something like this:

These four measurements are actually of two different, untreated mixtures of PcCo with exfoliated

graphene (1 & 2) and with thermally annealed rGO (from the Zhao batch, curves 3 & 4). We had been

experimenting with various coating methods, such as spray coating (2 & 4) and trapping the material

in the interface between two non-miscible solvents (1 & 3). While both of these methods work very

well  with  plain  glass,  the  hydrophobicity  of  the  FTO  and  ITO  coatings  resulted  in  non-uniform

coverage of the substrates. In any case,  the other unsuccessful materials displayed similar current-

voltage characteristics. For the record, the best conversion efficiency was that of sample 1 (interface

trapped graphene + PcCo), measured at 1.36%.

Samples 1 and 4 demonstrate a linear response as the rheostat's internal resistance goes from zero

to infinity. These counter-electrodes function as simple resistors and have no electrocatalytic activity.

The concavity of the curves for the samples 2 and 3, indicates that they are actively hindering the

power production of the devices, probably through some form of induction or capacitance or both.

These two are actually slowing down the regeneration of the redox pair. To at least consider a material

as  an  electrocatalyst  in  a  photogalvanic  element,  its  characteristic  I-V curve  should  be  somewhat

convex. Of course, its VOC and ISC values should be close to or better than those of the Pt reference.

64

Figure 5.5: I-V plots for some unsuccessful counter-electrodes.



rGO-PcCo
The rGO-PcCo hybrid,  made from the first  GO batch (Kovtyukhova),  was our first  successful

attempt. The electrocatalytic performance of the counter-electrode made from that material closely

matched that of the Pt reference electrode.

PV effciency

From the plot above, it is obvious that the counter-electrode coated with our material can compete

with Pt and perhaps after some optimization, it could outperform it.

Table 5.2: Current–voltage data extracted from Figure 5.6

Counter electrode ISC (mA/cm2) VOC (Volt) Fill Factor η%

rGO-PcCo 21.0 0.73 0.51 7.82

Pt 20.3 0.72 0.57 8.40

The data contained in Table 5.2 reveal that the rGO-PcCo hybrid produces a slightly higher open

circuit voltage, a slightly lower short-circuit current. The fill factor of the plot is 51%, vs 57% for Pt,

which means that the power output of the device is a little lower, as is its light-to-electricity conversion

efficiency, 7.82% for the hybrid, 8.4% for Pt.
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Figure 5.6: Current density-voltage curves obtained with DSSCs made with diferent 
counter electrodes: 1) rGO-PcCo and 2) Pt.



Cyclic Voltammetry

Cyclic voltammetry measurements in Figure 5.7 corroborate that story:

There are no extraneous peaks in the voltammogram, which means that there are no secondary

redox reactions taking place in the system. The reduction peaks for the rGO-PcCo hybrid display a

higher  current  density  than Pt,  but  at  the  same time,  the  peak separation (the horizontal  distance

between  a  reduction  peak  and  the  corresponding  oxidation  one)  is  smaller.  As  we  have  already

discussed, both factors are an indication of electrocatalytic activity.

The higher difference between peak potentials for Pt, hints at a faster charge transfer rate at the

electrode-electrolyte interface. Both voltammograms were recorded in the same solution, at the same

scan rate and both films (Pt and rGO-PcCo) covered the same geometric area on the FTO support. It

would stand to reason to attribute the higher cathodic current of the rGO-PcCo film to it possessing a

higher specific surface area. A larger surface area would allow more electrolyte ions to come into

contact with active sites on the counter-electrode per unit of time, increasing the measured current.
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Figure 5.7: Cyclic voltammograms recorded with rGO-PcCo and Pt supported on an FTO 
electrode, using Ag/AgCl and a platinum sheet as reference and counter electrodes 
respectively. The electrolyte was 0.1M LiClO4 , 0.001M I2 and 0.01M LI in acetonitrile.



Electrochemical Impedance Spectroscopy

As  we  continue  our  investigation  of  the  electrocatalytic  activity  of  the  rGO-PcCo  counter-

electrode, we turn to EIS for more clues.

Both materials display an almost identical frequency response, with rGO-PcCo exhibiting a slightly

higher impedance than Pt. The automatically extrapolated equivalent circuit for each counter-electrode

is that of a constant phase element, which models an imperfect capacitor and it is the same for both of

them, another indication of their similarities. The circuit consists of a resistor, RCT, representing the

charge-transfer  resistance  of  the  material,  connected  in  parallel  with  a  capacitor,  CDL,  which

corresponds  to  the  double  layer  capacity  of  the  electrode-electrolyte  interface  and  accounts  for

polarization effects occurring there. The two of them are connected in series with a resistor, RS, (active

electrolyte resistance) which roughly corresponds to the Ohmic resistance of the material.

EIS measurements yielded the data listed in Table 5.3:
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Figure 5.8: (a) Nyquist plots (the inset is the extrapolated equivalent 
circuit) and (b) Bode phase plots obtained by EIS measurements on 
symmetric dummy cells using two electrocatalysts: (1) Pt and (2) rGO-
Pc.Co The experimental data are marked with circles and dots and the 
solid lines are the ftted curves.



   Table 5.3: Data from EIS measurements.

Counter electrode RS (Ω) RCT (Ω) CDL (μF)

rGO-PcCo 24.5 20.18 8.92

Pt 25.2 18.40 8.97

The rGO-PcCo hybrid fares better than Pt in terms of conductivity (lower RS) and it exhibits a

slightly lower capacitance, but it has a higher charge-transfer resistance than platinum, almost by 10%.

This finding confirms what we observed in the voltammogram, i.e. that the electron transfer takes

place faster in the Pt-electrolyte interface.

UPS

To complete the electronic characterization of rGO-PcCo, we used UPS to measure its ionization

potential (IP) and calculate its work function. The spectrum in the whole range of energies is shown in

Figure 5.9b. A magnification in the valence band region (near the Fermi level) is shown in Figure 5.9a.

The peak at  ~1.3eV assigned to  Co3d valence states,  originates  from the interaction of the Co3d

electrons with those of the nitrogen electrons. The HOMO cut-off was found to be 0.5eV. Figure 5.9c

is a magnification of the high binding energy cut off from which the work function was calculated to

be 4.4eV.

The IP was calculated by adding the absolute energy values of the work function and the HOMO

cut off: (4.4+0.5)eV = 4.9±0.1eV. The work function of Pt is 5.12–5.93eV, therefore rGO-PcCo is more
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Figure 5.9: UPS spectra of an rGO-PcCo flm. (a) the valence band region (b) the full spectrum and (c) the high 
binding energy cut of.



favorably located to become an electron donor. Its equivalent electrochemical potential  is equal to

+0.4V vs NHE, very close to that of the redox potential of the I -/I3
- pair, which is around +0.35 V vs

NHE.

XPS

The composition of the rGO-PcCo hybrid was investigated via its XPS spectrum.

Figures 5.10a and 5.10b show the N1s and Co2p 3/2 XP spectra of doped material, respectively.

The N1s spectrum consists of two components, at binding energies 398.9±0.1eV and 400.5±0.1eV,

assigned to N in PcCo-type functionalities and N in amine/amide/pyrrolic bonds, respectively. The

presence of the latter component indicates that N (deriving from PcCo ) is bonded to the defect sites of

rGO flakes. The binding energy of the Co2p3/2 peak is assigned to the central metal ion in PcCo-based

fragments. Figure 5.10c shows the analyzed C1s core level peak. The peak is deconvoluted into four

components, assigned to C–C bonds at binding energy 284.7±0.1eV, C–O and C–N bonds at 286.5±0.1

eV, C=O bonds at 288.0±0.1eV and O–C=O at 289.3±0.1eV. The shape of the peak is characteristic of

an rGO film.

Within the structure of the doped material, the atomic N:Co ratio can be calculated by dividing the

peak area of N1s and Co2p with the appropriate relative sensitivity factor after making appropriate

corrections. Thus, the N:Co atomic ratio was calculated to be about 3:1, with the nominal being 8:1.

This implies that cobalt-nitrogen fragments of CoN3 type seem to decorate the graphitic lattice, rather
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Figure 5.10: XP spectra of (a) N1s , (b) Co2p3/2 for an rGO-PcCo flm on ITO and (c) Deconvoluted XP spectra of 
C1s for the rGO-PcCo flm.



than the parent dye molecules.  In conclusion,  XPS studies showed the presence of dye fragments

grafted at defect sites of reduced graphene oxide. Specifically, from the N1s and Co2p peak intensity

ratio, it  was verified that CoN3 type fragments are attached onto the rGO lattice. The mass of the

fragments was estimated to be 2.2±0.1% of the hybrid material, based on the relative intensities of all

the elements belonging to the sample.

Keeping in mind that the quantitave results of XP spectroscopy are given with a significant margin

of error and having seen the PXRD pattern of the hybrid material, we were a bit skeptical of that last

finding, the 3:1 N:Co ratio. We also came across the doctoral thesis of Dr. Petraki4, who found that

XPS failed to provide accurate measurements on deposited films of phthalocyanines below a certain

thickness.

PXRD

In the powder diffraction pattern of the hybrid material we observe the expected reflection of the

(002) family of planes as well as two broader and less intense peaks at 43.5° and 54.5°, which are also

assigned to a graphite-like structure, corresponding to the (100) and (004) crystallographic planes. In

addition  to  those,  there are  three  distinct  peaks  at  7.3°,  9.5°  and 18.3°.  These are  attributed  to  a

polymorph of PcCo, which means that there is a measurable quantity of PcCo in the hybrid material

that retains its crystalline form.
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Figure 5.11: X-ray difraction patterns of the rGO-PcCo hybrid (black) and of cobalt(II) phthalocyanine (red).



Puzzled  by  the  conflicting  results  from  the  XPS  and  PXRD  measurements,  we  continued  to

examine the material with other techniques.

Raman

Figure 5.12 is an extended Raman spectrum of the rGO-PcCo material.  Two major peaks were

observed, referred to as D and G, at about 1350cm-1 and 1600cm-1, respectively. From the analysis of

the spectra, the intensity ratio of the D/G peaks (measured by dividing the corresponding integrated

areas  of  the  Raman  peaks)  was  found  to  be

about 1.7 for the doped material,  whereas the

corresponding value for the starting GO sample

was 1.29.

Phthalocyanines  have  very  distinct

vibrational modes (Figure 5.13), but no signals

attributable to PcCo molecules were observed

in any of the Raman spectra obtained from that

sample.  This  was  an  indirect  indication  that

grafting  of  the  doping  species  was  rather

sparse. This assumption was later confirmed by

TEM imaging.
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Figure 5.12: Raman spectrum of rGO-PcCo spin-coated onto a Si/SiO2 wafer.

Figure 5.13: Raman spectrum of an rGO-PcCo hybrid, 
annealed at 500°C and which contained an excess of 
residual PcCo, not removed by washing. Signals belonging
to PcCo molecules are clearly visible.



TEM

The morphology of the doped rGO sheets was assessed by TEM imaging. Image 5.1 shows a

representative TEM image of doped rGO sheets. The partial destruction of the graphitic structure and

the appearance of wrinkled regions provides a visual confirmation of the observed Raman spectrum.

The image also clearly shows the loading of the sheets with metal particles. The darker spots are areas

of increased thickness/desnity compared with that of the reduced graphene oxide sheets. Small clusters

of packed PcCo, decorating the sheets, are expected to result in such an image.
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Image 5.1: Transmission electron micrograph of rGO-PcCo particles. The scale bar is 1μm.



SEM

Image 5.2 is  a FE-SEM micrograph of an rGO-PcCo film formed by spin coating on an FTO

electrode. It is a characteristic image of a nanostructured film made of assembled rGO multilayers. The

brighter areas are wrinkles in the graphene layers as well as edges of overlapping sheets.

Energy-Dispersive  X-Ray  spectra  (EDX),  collected  by  a  detector  connected  to  the  FE-SEM

confirmed the presence of cobalt in the samples. However, we could not deduce quantitative data about

the composition of the material, as nitrogen can not usually be detected by EDX and also because

signals from the oxygen atoms in the FTO support were picked up by the detector.
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Image 5.2: FE-SEM image of an rGO-PcCo flm deposited on an FTO glass substrate.



TGA

TGA of the hybrid material showed a 5 wt% weight loss up to 700 °C (Figure 5.14), indicating a∼

well graphitized structure with a relatively low content of heteroatoms. The TGA profile of neat rGO

material  (not  shown)  did  not  experience  any  weight  loss  at  temperatures  below  230°C.  When

compared  with  the  1.2% weight  loss  of  the  doped  material  in  the  same  temperature  range,  it  is

concluded  that  this  loss  should  be  both  due  to  evaporation  of  trapped  volatile  species  and

phthalocyanine-based functionalities.

In this respect, TGA analysis of neat cobalt(II) phthalocyanine (Figure 5.14, inset) showed a 1.7%

weight loss at 230°C, whereas a severe degradation took place in the temperature range between 450

and 535 °C. At 700°C, a total weight loss of about 92.7% was observed. Based on later observations, it

was not actually “degradation”; most of the phthalocyanine had actually sublimed out of the crucible

as vapors.
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Figure 5.14: Thermogravimetric profle of the rGO-PcCo hybrid material in inert atmosphere. Inset: 
corresponding data for neat PcCo



CoN3 fragments or crystalline PcCo?

For quite  some time,  the question lingered.  Was the electrocatalytic  activity  due to cobalt  (II)

phthalocyanine fragments, incorporated into the lattice, or due to PcCo crystallites, adsorbed on the

surface of the graphene sheets? We devised another experiment, to try to settle the matter. We prepared

a quantity of thermally reduced graphene oxide, by subjecting graphene oxide to the same treatment –

heating  it  under  Ar  flow at  10°C/min,  until  the  temperature  had reached 700°C,  at  which  it  was

annealed for 1h. We prepared a mixture consisting of 95% rGO and 5% PcCo (w/w%), dispersed it in

isopropanol and deposited it as a thin film on an FTO glass substrate via spin-coating. This was used as

a counter-electrode in a DSSC. For reference, we fabricated a second counter-electrode coated just

with rGO.

From the data in Figure 5.15 we can see that the rGO counter-electrode achieves a mere 2.63%

conversion efficiency. The rGO/PcCo mixture fares much better at 4.2%, but in turn, it lags behind the

co-annealed rGO-PcCo hybrid, which was at 7.82%. By combining these results with those of PXRD,
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Figure 5.15: I-V curves of the rGO+PcCo mixture (black) and rGO (red).



XPS and all  the other  characterizations,  we concluded that the answer to  the above question was

“both”. Crystalline cobalt(II) phthalocyanine adsorbed on the reduced graphene oxide sheets endows

them with electrocatalytic function,  but that alone is not enough; PcCo fragments in the graphitic

lattice are needed to boost performance further.

Attempts at optimization and the effects of the graphene 
oxidation process

As it  happened, we used up the last  quantity of GO suspension prepared by the Kovtyukhova

method1 in the fabrication of the rGO-PcCo hybrid discussed above. At that time, we had another batch

of GO suspension prepared according to the Zhao protocol2 and we used that in our next experiments.

However, we could not repeat the synthesis of the material at 700°C. As soon as the temperature got

close to 300°C, PcCo vapors would start to be deposited on the colder areas of the quartz tube in the

furnace  (Image  5.3)  and  the  resulting  material  would  be  completely  devoid  of  PcCo  and  any

electrocatalytic activity. This had not been observed during the initial synthesis.

In the photographs above, the blue stain on the quartz tube is PcCo depositions. As the heating

continued, the deposits grew. At that particular experiment, we found the needle-like PcCo crystals

presented earlier, outside of the combustion boat. After weighing them, we realized that all of the PcCo

had sublimed out of the material.

Because we wanted to examine the effects of the annealing temperature on the properties of the

electrocatalyst, we had prepared several samples, which were heat-treated at 900°C, 800°C and 500°C.

Even at the lowest temperature, almost all of the phthalocyanine would sublime out of the mixture.

The annealed materials would exhibit little or no electrocatalytic activity.
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Image 5.3: PcCo deposited from vapors downstream of the combustion boat. As the temperature rose, more 
PcCo would be deposited on the tube's colder surfaces.



At  the  same  time,  we  had  also  prepared  some  samples  containing  iron(II)  and  magnesium

phthalocyanines, which were annealed at 900°C, 800°C and 700°C. Magnesium phthalocyanine would

start to sublime at even lower temperatures, somewhere below 200°C. The graphitic lattice could not

be sufficiently restored at these temperatures, so PcMg was abandoned. Sublimation was observed

during the annealing of the samples containing PcFe, though a measurable amount would remain in the

annealed material. However, that residue consisted mainly of mixtures of Fe(II) and Fe(III) oxides, as

evidenced by XRD measurements and the material could not adequately function as an electrocatalyst,

so PcFe was eventually abandoned as well.

The I-V curves in Figure 5.16 summarize the disappointing electrocatalytic performance of the best

samples prepared with each phthalocyanine at the time. We saw no point in pursuing the fabrication of

devices based on PcMg or PcFe, so we focused our attention on the PcCo materials.

Having looked at and eliminated every possible variable in the process, from the mixing of the

materials to the furnace that was used in annealing, the only possible culprit for the discrepancies was

the GO batch that we had used as our starting material. So we set out to produce another batch of GO

suspension adhering to the Kovtyukhova protocol and repeat the experiments.

Even though the newer results did not exactly coincide with those of the first experiment, there was

a marked difference with all  the failed ones. Sublimation was still  observed, but to a much lesser

extent. By trial and error, we found that the best way to produce a structurally identical material was if

during  the  evaporation  of  the  solvents  and  drying  of  the  residue,  we  used  slightly  elevated

temperatures. Heating at 85°C-90°C and subsequent drying at ~120°C produced a material with an

identical X-ray diffraction pattern to that of the original.
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Figure 5.16: I-V curves of DSSCs with counter-electrodes made of 
GO annealed with PcMg, PcFe and PcCo. 



The diffraction patterns in Figure 5.17 are of a sample prepared with the more intense evaporation

and drying regime (red), which exhibits similar characteristics to those of the old material (black). A

third sample, annealed at 500°C is shown in blue. The latter displays a lower restoration of the lattice,

which was to be expected. The β polymorph of PcCo is evidently present in large quantities, even after

meticulous washing with ~1.5L of THF.

The I-V curves of these two materials,

labeled 522 and 521-500°C respectively are

shown  in  Figure  5.18.  During  the

preparation  of  the  sample  labeled  521-

700°C (which was annealed at 700°C) and

the  521-500°C,  evaporation  and  drying

temperatures  were  ~55°C  and  85°C

respectively.  Unfortunately,  our  partners

had  trouble  applying  a  film  of  the  522

sample,  which  was  structurally  similar  to

the  old  one,  hence  the  poor  results.  The

measured  conversion  efficiencies  for  the

samples  521-500°C,  521-700°C  and  522

were 7.73%, 6.31% and 3.57% respectively.
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Figure 5.17: Powder X-ray difraction patterns of the old, successful material (black) and two samples with GO 
prepared according to the Kovtyukhova protocol, one annealed at 700°C (red) and the other at 500°C (blue).

Figure 5.18: I-V curves of rGO-PcCo hybrid counter-electrodes,
made from the latest Kovtyukhova GO batch.



Nitrogen-doped rGO/PEDOT composite
The morphology of graphene derivatives, prepared in a top-down approach, robs them of some of

the qualities that make graphene attractive as a material. Forming them into films is a challenge, as

they are usually hydrophobic and out of suspensions, the particles tend to aggregate. Films obtained by

techniques such as spin coating or drop casting might at times appear macroscopically uniform, but at

the nanoscale, misalignment and gaps between graphene sheets result in a very low conductivity. This

poses problems in the application of graphene-based materials  in  electrocatalysis.  While  there are

numerous ways to dope and modify graphene in order to tune its properties, the resulting materials

prove inadequate, exactly because of their low conductivity.

In a previous chapter we have seen that an increasingly employed method to circumvent the issues

arising from the non-uniformity of graphene-based films is to use a conducting polymer to bridge the

gaps between graphene sheets. Enveloping or embedding graphene in conjugated polymers opens up

more routes  for the electrons to  take between catalytically  active sites  and across the bulk of the

material. With that in mind, we attempted to combine N-doped graphene, a material with documented

electrocatalytic properties, with PEDOT, a conducting polymer which is transparent and thus suitable

for use in photogalvanic components.

To recap, the process consisted of spin coating mixtures of a GO suspension and a urea solution

onto FTO glass substrates, which were then annealed, to produce N-doped reduced graphene oxide.

The N-doped rGO film was then covered by a layer of PEDOT, formed by electropolymerization. A

number of composites were produced, using PEDOT and untreated mixtures of GO and urea, as well

as mixtures of GO and urea with varying composition and annealed at different temperatures. We have

already reported that we obtained the best results from a mixture of GO:urea with a mass ratio of

55:45, annealed at 350°C for 15min. All the of the following results concern that sample.
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PV Effciency

The efficiencies  of the devices based on PEDOT, PEDOT/GO-urea,  PEDOT/rGO-urea,  and Pt

electrocatalysts were 4.6, 5.6, 7.1, and 7.0%, respectively. The combination of PEDOT with rGO-urea

raised the efficiency of the cell to 7.1%, which is comparable within experimental error to that of the

Pt  reference.  N-doping seems to  further  enhance  the  electrocatalytic  activity  of  reduced graphene

oxide-based electrode materials in DSSC devices, compared to previously reported data where non-

doped graphene was used3.

Table 5.4: Photovoltaic performance data extracted from Figure 5.19.

Counter electrode ISC (mA/cm2) VOC (Volt) Fill Factor η%

PEDOT 10.8 0.70 0.61 4.6

PEDOT/GO-urea 14.7 0.68 0.56 5.6

PEDOT/rGO-urea 19.5 0.68 0.53 7.1

Pt 17.3 0.72 0.57 7.0
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Figure 5.19: Current density-voltage curves obtained with DSSCs bearing various counter-
electrodes: (a) PEDOT, (b) PEDOT/GO-urea, (c) PEDOT/rGO-urea and (d) Pt (reference).



Cyclic Voltammetry

Again, there are no extraneous peaks in the voltammogram in Figure 5.20, which means that there

are  no  secondary  redox  reactions  taking  place  in  the  system.  Peak  separation  does  not  differ

significantly between the three materials, though it is a bit lower than that of the Pt reference (not

plotted  for  clarity).  The  N-doped/PEDOT composite  exhibits  both  a  higher  anodic  and  a  higher

cathodic current, indicating a faster/increased charge exchange at the electrode-electrolyte interface.
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Figure 5.20: Cyclic voltammograms recorded with various PEDOT-containing 
electrocatalysts supported on FTO electrodes, using Ag/AgCl and a platinum sheet
as reference and counter electrodes, respectively.



Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) was used to characterize the electrocatalysts, by

using symmetric cells and the same electrolyte as the one employed in the DSSC devices. The purpose

of this  procedure was to estimate the charge transfer resistance RCT between the electrode and the

electrolyte. The results are presented in Figure 5.21. It is interesting to note that the N-doped graphene

by itself demonstrated a huge RCT (>1kΩ) compared to that of Pt (only 1.4Ω). When PEDOT was

added to the modified graphene film, RCT dropped dramatically to about 1.5Ω, i.e. it became equivalent

to the Pt reference standard. These results are in accordance with the data from cyclic voltammetry,

indicating the importance of the presence of PEDOT in boosting the efficiency of the electrocatalyst.
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Figure 5.21: Nyquist plots obtained by EIS measurements using symmetric electrodes
with various electrocatalysts: (1) rGO-urea; (2) PEDOT/rGO-urea; and (3) Pt reference.



SEM/AFM

GO flakes exhibit a wrinkled structure, while the boundaries of the deposited nanostructures are

distinguished  with  difficulty,  due  to  the  small  thickness  of  the  sheets  (Image  5.4a).  Indeed,  the

appearance  of  the  micrographs  of  Image  5.4a  and  b  is  overwhelmed  by  the  underlying  FTO

nanostructure.  Untreated  and  thermally  annealed  GO-urea  have  no  noticeable  differences  in  their

morphology. In addition to the presence of thin layered nanostructures, a few randomly distributed

aggregates with sizes in the range 100–200nm were observed and are attributed to organic residues

derived from urea annealing (Image 5.4b).

After the electrodeposition of a PEDOT film on either untreated or annealed GO-urea mixture, a

porous morphology was generated,  consisting of globular polymeric aggregates  (Image 5.4c).  The

roughness and the coverage homogeneity of the deposited PEDOT film onto either the untreated GO-

urea or the annealed mixture (denoted as rGO-urea) was assessed by AFM imaging (Image 5.5a,b).

When PEDOT was electrodeposited onto an untreated GO-urea film, islands of polymeric material

were mostly observed,  whereas the roughness  was in the range between 100 and 150nm. On the

contrary,  in  the  case  of  the  annealed  sample,  the  electrodeposited  polymer  seemed  to  cover

homogeneously the rGO-urea film. The presence of PEDOT-based islands was not so pronounced and

the  roughness  itself  was  decreased  to  values  below 50nm.  This  is  an  indirect  indication  that  the

hydrophobic polymer has a noticeably higher chemical affinity for the annealed GO-urea film, than for

the thermally untreated mixture. The variation in coverage homogeneity of the PEDOT film was also

assessed by SEM imaging (Image 5.5c,d) and optical microscopy (data not shown). It was clearly

observed that, under similar conditions, the polymer film on untreated GO-urea is deposited in a non-

homogeneous manner.
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Image 5.4: SEM images of deposited GO fakes (a), thermally annealed GO-urea at 350°C (b) and GO-urea/ 
PEDOT flm on FTO glass (c). The fakes are hard to discern, as FTO nanoparticles from the substrate are the 
dominant aspect in these images. 
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Image 5.5: Representative AFM & SEM images of GO-urea/PEDOT flms (a,c) and rGO-urea/PEDOT flms (b,d).



Raman

Raman analyses of neat GO, GO-urea and rGO-urea films are shown in Figure 5.22:

As expected, all samples show the characteristic D band at about 1350cm−1 and the G band at

1580cm−1.  The former peak is  attributed to  the sp3-hybridized carbon atoms at  defect  sites of  the

graphitic lattice, whereas the latter to vibrational modes of sp2 carbons in the basal plane. The integral

intensity ratio between the D and the G band is an indirect measure of the graphitization level of such

materials. After the thermal annealing of the GO-urea mixture at 350°C, the D/G ratio increased from

1.2 to 1.5. This could be explained by a slight size decrease of sp2 domains, caused by the elimination

of evolved gases and partial scission of graphitic flakes.
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Figure 5.22: Raman spectra (λexc = 514nm) of GO, untreated GO-urea 
and thermally annealed at 350°C rGO-urea flms.



XPS

We used XPS to investigate the physicochemical interactions of N-doped graphene with PEDOT at

the interface of the optimized layer-by-layer structure.

In the wide scan spectra (not shown), elemental photoelectron peaks corresponding to C, N, O, S

and In were observed, with the latter species derived from the ITO substrate. Figure 5.23 shows the

N1s peak of the GO-urea/ITO, rGO-urea/ITO, PEDOT/GO-urea/ITO and PEDOT/rGO-urea/ITO thin

films.  For  the  GO-urea  and  PEDOT/GO-urea  samples,  the  N1s  peak  consists  of  one  component

centered at 399.8 ± 0.1eV. It is assigned to the N in pure urea (O=C-NH2 bonding). On the contrary, for

rGO-urea and PEDOT/rGO-urea thin films, the component centered at 400.5±0.1eV could be indexed

to either amide, amine or pyrrolic nitrogen species.

It  was calculated that the nitrogen content in the as-deposited GO-urea film is 21wt%. After∼

annealing at 350°C, the nitrogen content is estimated to be 10wt%. This value was extracted from∼

the data in Table 5.5, since the N1s/C1s intensity ratio decreases by ~50% after the annealing process.
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Figure 5.23: N1s peak of (a) GO-urea/ITO, (b) rGO-urea/ITO, (c) PEDOT/GO-urea/ITO and (d) PEDOT/rGO-
urea/ITO.



   Table 5.5: Ratio of the XPS N1s/C1s peak intensities

Sample N1s/C1s

GO-urea/ITO 0.072

rGO/urea/ITO 0.036

PEDOT/GO-urea/ITO 0.015

PEDOT/rGO-urea/ITO 0.019

From the N1s spectra, it was observed that no apparent chemical interaction occurs between N-

doped graphene and PEDOT, which could be attributed to potential grafting of the nitrogen atoms of

doped graphene and the sulfur atoms of the polymer. The S2p spectra of the composite films (not

shown) were deconvoluted to two different components. The main one was assigned to sulfur which is

bound as  heteroatom in  aromatic  rings,  whereas  a  low intensity  component  was attributed  to  the

PEDOT sulfur atom in the partially oxidized state. No apparent changes were observed in the spectra

of either sample when comparing them with that of a neat PEDOT film. This result is in agreement

with the N1s spectra, implying no chemical interaction between heteroatoms at the interfacial region of

either GO-urea or N-doped rGO film with a PEDOT layer. Yet, covalent attachment of PEDOT chains

onto the graphitic lattice through C-C bonding during the electropolymerization step cannot be ruled

out.

The C1s XPS peaks of either GO-urea or thermally treated GO-urea film on ITO are similar as the

ones of GO and reduced GO films, respectively. An additional contribution is that of the C-N bond

configuration,  due to the presence of either parent urea or its thermal decomposition adducts. The

binding energies assigned to carbon-nitrogen bonds lie between 285.2 and 286.1eV, depending on the

type of bonding. Due to the extended overlap with the corresponding peak of the C-C sp3 bonds (at

285.6eV), it is not possible to separately analyze the C-N and sp3 C-C components. Therefore, the C-N

component intensity is included in the sp3 C-C component.
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Figure 5.24: Deconvoluted C1s peaks of (a) PEDOT/ITO, (b) PEDOT/GO-urea/ITO and (c) PEDOT/rGO-urea/ITO.



In order to analyze the C1s peak of the samples covered with a thin film of PEDOT (thickness

8nm), a reference neat polymer sample was deposited onto ITO and its deconvoluted spectrum is∼

shown in Figure 5.24a. The peak is analyzed into five components: C-C sp2 (peak I), C-C sp3 (peak II),

C-S/C-O bonds (peak III), carbonyls (peak IV) and carboxyls (peak V). The deconvoluted C1s peaks

of the corresponding samples PEDOT/GO-urea and PEDOT/rGO-urea are illustrated in Figure 5.24b

and c, respectively.

As observed from the relative intensities of the aforementioned C1s components, the peak II (C-C

sp3 and C-N bonds) in comparison with the corresponding peak of I (C-C sp2) is more pronounced in

the PEDOT/rGO-urea/ITO sample than either PEDOT/ITO or PEDOT/GO-urea/ITO. This could be

partly ascribed to potential C-C covalent bonding between N-doped graphene and PEDOT, during the

electropolymerization step. Moreover, the N1s/C1s total intensity ratio was reduced more drastically in

the GO-urea/ITO than rGO-urea/ITO sample, after the deposition of PEDOT (Table 5.5).

Taking into account the SEM/AFM findings (Image 5.5), where the PEDOT film was uniformly

distributed onto rGO-urea without exposing any bare rGO-urea domains, we expected that the N1s of

the PEDOT/rGO-urea film would be hardly detectable in the XP spectrum. Yet, as shown in Table 5.5,

the corresponding N1s/C1s ratio is slightly larger than the one of PEDOT/GO-urea. This could be

explained by a potential diffusion of N-doped graphene platelets within the PEDOT layer during the

electrodeposition step.

In order to verify this unexpected result, the PEDOT/rGO-urea sample was also measured at a 45°

exit angle, by which the XPS technique is more superficial. The intensity ratios N1s/C1s and N1s/S2p

were the same for both exit angles, indicating that nitrogen species are – to some extent – integrated

into the PEDOT layer. This could be – partly – the reason for the enhanced intensity of component II in

the  PEDOT/rGO-urea  C1s  peak.  The  above  results  indicate  that  nitrogen-containing  graphitic

fragments are incorporated into the PEDOT film, during the electrodeposition step.
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6. 6. ConclusionsConclusions

Through this work, we have succeeded in producing two cost-effective, electrocatalytic materials,

capable of supplanting platinum in DSSC counter-electrodes. Their fabrication process is particularly

simple, it does not require highly specialized tooling and it is easy to scale up. We strongly suspect that

a more refined, streamlined fabrication method could produce better results with the same materials,

than  what  we  have  managed.  As  with  most  electrochemical  components,  these  materials  are  not

constrained in this specific application and could see use in other areas, e.g. in photocatalytic fuel cells.

In  the  case  of  the  N-doped  graphene/PEDOT composite,  we  have  reaffirmed  that  conductive

polymers can be used to enhance the electronic properties of graphene nanoparticles, much like laying

wiring,  but at  the nanoscale.  Since PEDOT is  transparent  both at  rest  and when it  is  conducting,

perhaps it  could  also be used as  a  protective coat  over  more  sensitive  moieties  in  photochemical

applications. The analysis of the interactions between N-doped graphene and PEDOT yielded some

unexpected results, which are worthy of further investigation.

The work surrounding the rGO-PcCo hybrid might have felt like starring in a detective novel at

times,  but  it  certainly was worthwhile.  The resulting  material  manages  to  compete  with platinum

because of its combination of electrocatalytically active sites with a higher surface area, multiplying

the interactions with the redox pair. There are a number of avenues left unexplored at the completion

of this thesis. Could the loading of the graphene sheets with phthalocyanine be optimized? How does

crystalline phthalocyanine enhance the efficiency of the device? Does the counter-electrode in effect

function as a photocathode? These are all questions begging to be answered.

Another point made clear at the conclusion of this project, is that graphene oxide is a tricky or

treacherous – depending on who you ask – material to work with. All the variables involved in its

preparation  require  very  careful  monitoring  and  precise  handling.  While  one  might  expect  from

different oxidation methods to yield oxides with different behaviors, slight variations within the same

method could have the same result.

A final observation, concerns the complementarity of analytical techniques. One should never rely

on the results of any one characterization to draw conclusions. Even closely related techniques can

reveal very different phenomena. Outliers and data at the edge of background noise or just outside

statistical error should be actively sought out and verified or discarded, by examining them from a

different  perspective.  Over-reliance  on  a  particular  instrument  or  method  is  certain  to  lead  to

misconceptions.
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