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ABSTRACT 

GRAPHITE NANOPLATELET ASSEMBLIES FOR TRANSPARENT AND 
CATALYTIC ELECTRODES IN DYE-SENSITIZED SOLAR CELLS 

 
By 

Patrick Aderhold 

Dye sensitized solar cells (DSSCs) are a class of photovoltaic devices that provide high 

conversion efficiency without requiring high purity materials or capital-intensive production 

facilities.  Research to improve performance in the individual components is active, but attention 

must be paid to methods that improve scalability and production cost as well. Graphite 

nanoplatelets (GNP), thin stacks of graphene sheets with nanometer-scale thickness and micron-

scale lateral dimensions, provide a unique opportunity for creating DSSC electrodes with simple 

manufacturing techniques and low-energy processing.  For the counterelectrode, a composite 

paper made by cofiltration and pressing of GNP and polypropylene (PP), yields a highly 

electrically conductive surface that is mechanically robust and chemically stable in electrolyte.  

Decoration of this surface with platinum nanoparticles (PtNPs) by a rapid microwave heating 

process produces a catalytic surface that rivals the current “thermalized” platinum standard 

counterelectrode in performance.  The GNP/PP/PtNP system, however, requires lower 

processing temperature and requires a fraction of the Pt loading.  For the transparent electrode, 

thin sheets of GNP can be deposited on glass surfaces to create highly transparent coatings for 

use in photoanode construction.  Substrate interactions and post treatments are examined and 

techniques for optimization are outlined.  Overall, GNP is shown to be a versatile and effective 

starting material for DSSC electrode construction and demonstrates its potential as a building-

block in next-generation photovoltaic devices. 
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Chapter 1 
Introduction 

Project Background 

Concern over the energy infrastructure in the developed world is well established.  

Between dwindling fossil fuels stocks [1] and the indications of anthropogenic climate 

change [2], the need to switch to clean, renewable energy sources is apparent.  A 

portfolio of technological options is under development, including hydroelectric power 

[3], wind generation [4], chemical conversion of biomass [5] and geothermal power [6].  

Perhaps most promising, though, is conversion of incident solar energy.  Simple 

calculations show a staggering 1366 W/m
2
 of incident solar energy reaching the earth 

from the sun [7].  This is such a large amount that, despite losses to reflection and 

absorption in the atmosphere, even capturing 0.1% of the sunlight falling on land would 

be enough to satisfy the energy demands of the entire world [7].  The first photovoltaic 

(PV) devices, developed at Bell Labs over fifty years ago, relied on doped, single-crystal 

silicon as the semiconductor and light absorber [8].  With efficiencies steadily climbing 

and reaching as high as 25%, according to the most recent National Renewal Energy 

Laboratory reports [9], it is no surprise that silicon-based devices continue to dominate 

the market, with recent data showing a 91% market share of commercial PV sales [10].  

High efficiencies compared to competing technologies accounts for the market 

dominance.   However, despite rapid growth in the last few years (up 250% from 2008 to 

2010), PV still accounts for only 0.8% of total electricity capacity (40 GW of out of 4950 

GW globally) [11].  Despite heavy investment and years of refining, there are limits to 



 2 

the cost reductions that silicon-based PVs can obtain.   Production of the high-purity 

silicon is an energy-intensive process, requiring temperatures in excess of 1400°C [12].   

Additionally, manufacturing the thin wafers from high-purity silicon ingots lead to 

significant material losses, only confounding the problem [8].  For PV technology to 

expand beyond its slim market share and make a significant dent in world energy 

capacity, a different paradigm is necessary, un-hindered by the materials and 

manufacturing limitations of high-purity silicon. 

Two particular approaches have widespread interest, organic solar cells and dye-

sensitized solar cells (DSSCs).  Organic solar cells are an extremely active research topic 

because of the great potential for low-cost manufacturing.  Large-scale “roll-to-roll” and 

printing techniques have the potential to supply large quantities of organic devices at 

prices that silicon-based technologies can’t match [13].  Though the future looks bright 

for this technology, overcoming stability issues [14] and improving cell efficiency is 

imperative.  Until recently, organic devices managed to reach only 4-5% conversion 

efficiency, far below competing technologies [15].  However, record cell efficiencies 

have been reported in the last few years.  In scientific literature, the record stands at 

7.4%, reported by Liang et al in 2010 [16], but claims by commercial developers 

(Heliatek, based in Dresden, Germany) put the mark at 10.7% as of 2012 [9,17].  Though 

quite impressive, there are no guarantees these rapid increases in performance will 

continue.  This thesis, therefore, will focus on the other primary competition for silicon-

based solar devices: dye sensitized solar cells (DSSCs).  This category of solar cell has 

the potential for low cost production as well, but it currently bests organic devices by a 
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significant margin.  The record conversion efficiency of a DSSC was recently reported to 

be 15% [18], making it obvious why this technology is such an active research topic. 

Dye-Sensitized Solar Cells 

First proposed by O’Regan and Grätzel in 1991 [19], DSSCs function by delegating 

the roles of photon absorption, electron transport and hole transport to different chemical 

species.  Rather than a single, high-purity semiconductor material filling all three roles, 

each component can be optimized for its particular task, thereby improving cell 

efficiency.  A schematic of the construction of a DSSC is shown below in Figure 1.1. 

 

Figure 1.1: Schematic depiction of a DSSC.  The cell functions by (1) 
photon absorption (2) electron transport in the conduction band of the 

semiconductor (3) current through the external load (4) catalytic reduction 
of the redox shuttle and (5) regeneration of the dye.  For interpretation of 

the references to color in this and all other figures, the reader is referred to 
the electronic version of this dissertation. 
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A photon passes through a transparent, conductive oxide layer, penetrates into the 

mesoporous, semiconductor layer and excites an electron in the chromophore (step 1 in 

Figure 1.1, above).  This excited electron is then injected into the conduction band of the 

mesoporous semiconductor and travels towards the current collector (step 2) [20].   

Excited electrons are then transported through the external load and return to the 

counterelectrode (step 3).  At the counterelectrode, reduction of triiodide (I3
-
) to iodide 

(I
-
) is facilitated by a catalyst (typically platinum) (step 4), followed by diffusion of the I

-
 

towards the depleted dye and reduction of the oxidized dye, back to its original state (step 

5) [21]. 

There are countless, minor deviations from this basic setup, but the premise of the 

DSSC remains the same: simple, inexpensive semiconductor material to form the heart of 

the cell, rather than high-purity silicon.  Specifically, titania (TiO2) (used in the vast 

majority of DSSC configurations) is so “cheap and abundant” that it is widespread in 

applications as diverse as health care products, house paint and chewing gum [22].  

Additionally, the TiO2 structure can be formed by sintering processes as low at 230°C 

[20] (but never higher than 450°C [19]), making the fabrication process far less energy-

intensive than silicon-based devices.  This is a critical feature because the “energy 

payback” of silicon devices (“the time it takes for a photovoltaic system to generate an 

amount of energy equal to that used in its production”) can be as high as six years [23].  

Though life cycle assessments have not yet been performed on DSSCs, they are expected 

to reduce this payback time significantly [20].  Additional advantages of DSSCs over 

standard silicon-based devices, include its effectiveness in diffuse light [24] and higher 



 5 

operating temperatures.  Under maximum irradiation, it is common for cells to reach up 

to 60°C during operation, enough to curtail silicon-based PV performance by 20%.  

DSSCs, however, see “practically no effect on the power conversion efficiency” [20]. 

As mentioned earlier, the selection and optimization of individual components makes 

the number of DSSC configurations virtually limitless. The most exhaustive research, 

though, is focused on structured growth of the mesoporous semiconductor layer.  The 

high surface area of doctor-bladed 30 nm spheroidal particles allows for excellent dye 

coverage in a thin (~10 µm) layer.  Despite its simple preparation and lack of structure 

within semiconductor layer, it yields an impressive 7.9% efficiency at AM 1.5 conditions 

(the intensity and spectrum equivalent to solar noon in North America) [19].  However, a 

high density of trap states results from the sintering of individual nanoparticles, as 

opposed to longer, defect-free TiO2 crystallites.  These trap sites limit electron transport 

to the electrode and end up lowering cell efficiency because of back reactions to the 

redox species in the electrolyte [25].  Cao et al suggest that these trap sites may be the 

limiting factor in electron transport [26].  Alternatively, patterned nanowires allow for 

much faster electron transport over long distances, reducing back reactions and allowing 

for improved cell efficiency [27].  A comparison of the porous, sintered nanoparticle and 

ordered nanotube array morphologies can be seen below in Figure 1.2. 
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Figure 1.2: Comparison of (A) sintered nanoparticle morphology (20 nm 
particle size) [28] and (B) nanotube array morphology (scale bar 5 µm) in 

DSSC semiconductor layers [29] 

Several different methods have been presented to obtain ordered TiO2 growth, such as 

anodization of titanium metal [27,30], “seed growth” from ZnO quantum dots [29] and 

“surfactant-assisted self-assembly” of nanocrystallites [31], to name a few.  Zhe et al. 

note the value of removing defect sites, stating that the nanotube arrays (as opposed to 

sintered nanoparticles) had “similar transport times, whereas recombination was 10 times 

slower” [27].  Great gains will be made in the coming years as ordered semiconductor 

layers are improved, but this is by no means the only avenue for DSSC optimization. 

Dye engineering is another area of major interest.  Dozens of different species have 

been examined for there potential to absorb light, adhere to the semiconductor substrate 

and allow for rapid injection of the excited electron, while limiting back reactions to the 

electrolyte.  In 1993, the “N3” dye (cis-bis-(4,4’-dicarboxy-2,2’-bipyridine) 

dithiocyanato-ruthenium(II), pictured below in Figure 1.3) allowed for DSSC efficiency 

as high as 10%, a record at the time [32].  Preserving the ruthenium center and altering 

the attached ligands, led to the development of the highly successful “N719” dye in 2001 
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[33].  N719 was the standard-bearer for quite some time, with dyes that improve on 

absorption and overall efficiency only recently being published [34,35].   

 

Figure 1.3: Structure of (A) N3 dye and (B) N719 derivative (from [28] 
and [34], respectively) 
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Figure 1.3 (cont’d) 

 

Other, more drastic alterations, have led to ruthenium-free dyes, such as iron-based 

complexes [36], purely organic species [37] and graphene quantum dots [38].   Some of 

these approaches focus on expanding the absorption profile of the dye into the IR or UV 

ranges while others provide economic advantages, such as replacing rare earth elements 

with more common building blocks.  The extensive literature suggests further 

improvements will be made and the ideal dye (or dyes) for commercial DSSC usage has 

yet to be determined. 

In parallel to efforts to improve the semiconductor and dye components, revisions to 

the original I-/I3
- redox shuttle have been made as well.  One of the highest conversion 
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efficiencies on record was reported by a Yella et al., who utilized a cobalt (II/III) redox 

shuttle.  Their 12.3% efficiency was obtained because of the higher (935 mV vs. 800 mV) 

open circuit potential with the cobalt-based electrolyte [39].  Other groups have shifted 

away from liquid electrolytes, citing concerns over evaporation and leaking.  New ionic 

liquid [40] and gel electrolyte [41] systems report lower overall cell efficiencies, but open 

the door to DSSCs with more robust operating conditions.  By removing the volatile 

solvent from the system, cells avoid the problems of leakage and evaporation, both of 

which lead to cell failure. 

Semiconductor patterning, dye engineering and electrolyte modification account for 

the bulk of research, but certainly not the entirety.  Adjustments such as scattering layers 

to improve absorption [42], blocking agents on the semiconductor to limit back reactions 

[43] and numerous other alterations affect overall cell performance as well.  With so 

many variables to adjust, cell design can be quite difficult.  For this reason, one of the 

best ways to increase the likelihood of DSSC commercialization is to work on reduction 

of the cost of the cell, rather than working for incremental gains in efficiency.  At 

Michigan State University, this type of optimization is under way. 

Graphene and Graphite Nanoplatelets 

One particular initiative is the use of graphite nanoplatelets (GNP) to assemble 

electrode structures to replace the current transparent conductive oxides (TCOs), most 

commonly made from indium tin oxide (ITO) or fluorine-doped tin oxide (FTO).  

Graphite is a layered material, composed of several sheets of graphene, an sp
2
-bonded 

carbon structure [44].  These stacked sheets are tightly bound by Van der Waals forces, 



 10 

because of the high surface area of the material [44].  Very similar in chemistry to 

fullerenes and carbon nanotubes (CNTs) (as shown below in Figure 1.4), it differs in that 

it is a naturally occurring material, formed by geological processes [45]. 

 

Figure 1.4: Visual description of carbon nanostructure formation: 
Fullerenes (left) carbon nanotubes (center) and graphite (right) are all 

composed of single or multiple sheets of graphene, folded or stacked [46] 

Because it is naturally abundant, as opposed to fullerenes and CNTs, which are formed 

by highly energetic processes with small yields [47,48], the potential for large-scale 

usage at lost cost is far greater [49].  In its natural state, graphite is of little use.   It is a 

polycrystalline material with relatively low electrical conductivity [50] and a low aspect 

ratio because of the thickness of the graphene stacks [45].  However, by chemical [51], 

thermal [52] or mechanical [53] exfoliation (separation of the graphene sheets), these 

stacks can be broken down to fewer than ten sheets.  Some groups have even reported 

PROGRESS ARTICLE
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crystal, whereas 100 layers should be considered as a thin ! lm of a 
3D material. But how many layers are needed before the structure is 
regarded as 3D? For the case of graphene, the situation has recently 
become reasonably clear. It was shown that the electronic structure 
rapidly evolves with the number of layers, approaching the 3D limit 
of graphite at 10 layers20. Moreover, only graphene and, to a good 
approximation, its bilayer has simple electronic spectra: they are both 
zero-gap semiconductors (they can also be referred to as zero-overlap 
semimetals) with one type of electron and one type of hole. For three 
or more layers, the spectra become increasingly complicated: Several 
charge carriers appear7,21, and the conduction and valence bands 
start notably overlapping7,20. " is allows single-, double- and few- 
(3 to <10) layer graphene to be distinguished as three di# erent types 
of 2D crystals (‘graphenes’). " icker structures should be considered, 
to all intents and purposes, as thin ! lms of graphite. From the 
experimental point of view, such a de! nition is also sensible. " e 
screening length in graphite is only ≈5 Å (that is, less than two layers 
in thickness)21 and, hence, one must di# erentiate between the surface 
and the bulk even for ! lms as thin as ! ve layers21,22.

Earlier attempts to isolate graphene concentrated on chemical 
exfoliation. To this end, bulk graphite was ! rst intercalated23 so that 

graphene planes became separated by layers of intervening atoms or 
molecules. " is usually resulted in new 3D materials23. However, in 
certain cases, large molecules could be inserted between atomic planes, 
providing greater separation such that the resulting compounds 
could be considered as isolated graphene layers embedded in a 3D 
matrix. Furthermore, one can o$ en get rid of intercalating molecules 
in a chemical reaction to obtain a sludge consisting of restacked and 
scrolled graphene sheets24–26. Because of its uncontrollable character, 
graphitic sludge has so far attracted only limited interest.

" ere have also been a small number of attempts to grow 
graphene. " e same approach as generally used for the growth of 
carbon nanotubes so far only produced graphite ! lms thicker than 
≈100 layers27. On the other hand, single- and few-layer graphene 
have been grown epitaxially by chemical vapour deposition of 
hydrocarbons on metal substrates28,29 and by thermal decomposition 
of SiC (refs 30–34). Such ! lms were studied by surface science 
techniques, and their quality and continuity remained unknown. 
Only lately, few-layer graphene obtained on SiC was characterized 
with respect to its electronic properties, revealing high-mobility 
charge carriers32,33. Epitaxial growth of graphene o# ers probably the 
only viable route towards electronic applications and, with so much 

Figure 1 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolled 
into 1D nanotubes or stacked into 3D graphite.

nmat1849 Geim Progress Article.i184   184nmat1849 Geim Progress Article.i184   184 8/2/07   16:22:278/2/07   16:22:27
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low yields of individual graphene sheets and few-layer graphene (FLG) containing just 

two or three graphene sheets by proper selection of solvent and extensive centrifugation 

[54,55].  These different preparation methods have proven quite versatile, ranging from 

small, extremely thin FLG sheets to larger-scale processing of thicker stacks, capable of 

gram-quantity yields.  Larger-scale processing relies on acid-intercalation, rapid 

microwave heating to expand the material and high-intensity mechanical exfoliation 

(with an ultrasonicator horn) to yield thin sheets, with controllable width, allowing for 

high-aspect ratio material [49].  These graphite nanoplatelets (GNP) have proven to be a 

multifunctional material, finding utility in applications as diverse as structural 

nanocomposite materials [56], batteries [57], thermoelectrics [58] and optical electronics 

[59]. 

The unique morphology and chemistry of GNP are what allow its assembly into such 

numerous configurations.  Two such methodologies are proposed here for constructing 

DSSC components that should rival current devices in terms of performance, while 

having greater potential for cost savings.  First, formation of a catalytic, counterelectrode 

is possible based on forming a highly electrically conductive GNP substrate [60], 

followed by platinum nanoparticle (PtNP) synthesis [61].   The final structure provides 

high catalytic surface area and fast electron transport, both critical for a DSSC 

counterelectrode.  Secondly, a thin assembly of GNP can be placed on a transparent, non-

conductive substrate as a replacement for the TCO layer of the DSSC.  Preliminary work 

by Biswas et al. has shown that with sufficiently thin starting GNP material, conductive 

layers can be formed with electrical conductivities rivaling that of ITO [59].  This 

combination of lost-cost, abundant starting materials and simple, scalable processing has 
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great potential for changing the economics of DSSC fabrication and will be described in 

detail in the following chapters. 
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Chapter 2 
Platinum-Decorated Catalytic Electrode Fabrication 

Background 

Whether looking at large-scale industrial processes (such as crude oil refining [1], 

biomass production [2]), fine chemical processing [3], pollution mitigation [4] or next-

generation energy applications [5,6], the common factor is platinum as a catalyst.  It has 

proven to be robust and effective in a diverse array of applications, but its rarity (seven 

orders of magnitude lower abundance in the earth’s crust than iron [7]) makes it a very 

expensive component, even when incorporated in only trace amounts.  For this reason, 

methods to reduce platinum loading, while maintaining its catalytic effect are highly 

sought after.  Chief among these is the increase in specific area of the catalyst by 

reducing particle size.  Numerous routes have been studied to produce nano-scale 

particles of platinum, with uniform size.  By using surfactants [8], colloidal techniques 

[9] or sacrificial templates [10], uniform platinum nanoparticle (PtNP) synthesis is 

possible.  In terms of simplicity, however, rapid microwave heating is unrivalled.   

Microwave Platinum Nanoparticle Synthesis 

As opposed to conventional heating methods, microwave radiation of a highly polar 

solvent raises the temperature of the reaction medium up to 20 times faster and with 

greater uniformity [11].  This rapid, uniform heating provides the perfect environment for 

uniform nucleation, resulting in near monodisperse nanoparticle formation.  Using a 

platinum salt as the precursor and ethylene glycol (EG) as the solvent and reducing agent, 

microwave heating of just a few minutes brings the system to near reflux temperatures 
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(~175°C) resulting in the decomposition of the EG and precipitation of nanoparticles 

[11,12].  Do et al. showed that this method can be used to anchor platinum nanoparticles 

(PtNPs) to graphene, providing a high surface area of platinum on a conductive substrate 

[13].  TEM observation of this “platinum-decorated” graphene, shown below in Figure 

2.1, shows the uniform coverage of the platelet and discrete nature of the PtNPs. 

 

Figure 2.1: Discrete PtNPs seen on GNP, following rapid, microwave 
heating [13] 

Using this scheme, a number of different substrates were prepared and tested for viability 

as counterelectrodes for DSSCs.   

Thin Film Catalytic Layer 

The first approach tested for counterelectrode preparation, was a combination of 

PtNP decoration on graphite nanoplatelets (GNP) and thin layer deposition on glass 

substrates.  GNP can be prepared by starting with graphite-intercalated compound (GIC), 

a source of millimeter-scale stacks of graphene platelets that has been intercalated with 

sulfuric acid.  Adding 100 mg of GIC to a 600 ml beaker (allowing for material 
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expansion) and rapidly heated by microwave irradiation (1-minute heating cycles at 1200 

W) causes expansion of the GIC into a worm-like material.  Within 5 min, the sample is 

fully expanded, yielding stacks of platelets that can be mechanically exfoliated.  Images 

of graphite worms at the macroscopic level and magnified in an SEM are shown in 

Figure 2.2. 

 

Figure 2.2: Digital images of (A) GIC prior to microwave exfoliation and 
(B) the highly expanded worms produced by rapid microwave heating. 
SEM images show (C) low magnification of the worms, showing their 

elogated shaped and (D) higher magnification showing the pleated 
sturcture follwing expansion. 

The expanded state of the worms makes them amenable to suspension processing.  High-

powered sonication (200 W with 1 in diameter horn) of the graphite worms in a suitable 

solvent (2-propanol, chloroform, 1-methyl-2-pyrrolidone) delaminates the material and 

reduces particle size, resulting in thin stacks of graphene sheets.  These graphite 
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nanoplatelets (GNP) can be solution-processed in a number of ways, making them 

valuable for high-throughput, scaleable applications. 

For production of catalytic counterelectrodes, thin-film formation was the first 

attempt.  By using an interfacial self-assembly process (described in detail in Chapter 4), 

percolated networks of GNP were deposited on a glass substrate.  These electrically 

conductive coatings would provide the anchor for PtNP-decoration, resulting in catalytic 

surfaces.  These films were immersed in a well containing 3 ml of 0.05 mM 

chloroplatinic acid hexahydrate (CPA) in EG and heated in 30 second pulses in the 

microwave (Kenmore Model 721.79202010 - 1200 W irradiation).  Quenching and 

washing in reverse osmosis (RO) water, following by drying in ambient conditions and 

then under 25 inHg vacuum, provided surfaces that were coated evenly with PtNPs and 

free of residual solvent and unreacted platinum precursor.  Observation of these surfaces 

by field emission scanning electron microscope (FESEM), showed clearly the presence of 

PtNPs (small, bright dots on the dark GNP substrate).  A sample area can be seen below 

in Figure 2.3. 
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Figure 2.3: FESEM image of (A) control GNP samples wihtout PtNP 
synthesis treatment and (B) PtNP-decorated GNP particle. With the 

exception of occasional aggregates, uniform size and coverage of PtNPs is 
observed. 
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 As opposed to the work of Do, et al., it was found that uniform PtNP decoration could be 

achieved without the use of surfactant.  However, macroscopic observation of these 

samples showed disruption of the continuous GNP coating, causing a loss of electrical 

percolation and a substantial drop in electrical conductivity (from 40 Ω/� to over 900 

Ω/�).  Evidence of this film disruption can be seen in Figure 2.4. 

 

Figure 2.4: Film delamination leading resulting form rapid heating in polar 
solvent.  Stable GNP film (A) prior to microwave heating and (B) after 

microwave heating 

To alleviate the problems due to heating GNP layers with limited adhesion to the glass 

substrate, PtNP-decoration of GNP was attempted prior to film deposition as well.  By 

heating 50 mg GNP in 50 ml EG for 60 seconds at 1200 W, followed by extensive 

washing with RO water, then acetone and isolation by centrifugation (5000 rpm for 30 

min, repeated three times), PtNP-decorated GNP powder could be characterized and used 

for subsequent thin film deposition.  Both TEM and FESEM confirmed the presence of 

extensive numbers of PtNPs on the surface (see Figure 2.5). 



 24 

 

Figure 2.5: TEM and FESEM observation of PtNPs on GNP powder after 
rapid, microwave synthesis, washing and centrifugation (scalebars at 5 nm 

and 10 nm respectively) 

Using this powder for subsequent dispersion in chloroform and interfacial self-assembly, 

thin films were deposited on glass substrates, providing continuous layers capable of 

being made into counterelectrodes for DSSCs.  Figure 2.6 shows the GNP/PtNP coatings 

on glass substrates. 

 

Figure 2.6: Continous PtNP-decorated GNP coatings on glass substrates 
seen on (A) white background, (B) back-lit and (C) tilted to show minimal 

topology of film. 

Though these coatings showed great potential for catalytic substrates, they proved to be 

susceptible to surface abrasion and delamination in the presence of polar solvents.  The 
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search for more robust and highly electrical conductive counterelectrode material led to a 

different fabrication scheme entirely. 

Platinum-Decorated GNP Paper 

Based on the work of Wu et al. [14], an alternative method for catalytic electrode 

fabrication was examined.  The downfall of thin films of GNP on glass substrates was 

stability.  A process of assembling GNP into papers, by filtration and compression, would 

allow for improved mechanical stability compared to thin films, as well as providing 

improved electrical conductivity. 

Again, GIC was taken as the starting material and exfoliated with rapid microwave 

heating (100 mg GIC sample size heated 5 min at 1200 W in 1 min cycles). Worms were 

then dispersed in an aqueous environment with a polycationic species (branched 

polyethyleneimine – PEI).  Keeping a 1000:1:1 ratio of RO water:GNP:PEI, batches of 

up to 1L were prepared by ultrasonication at high power (200 W).  Rigorous stirring for 

an additional 12 hours ensured full coating of the newly-exposed GNP surface with PEI 

surfactant, maximizing the stability of the suspension. 

Following stirring, 50 ml aliquots were filtered through a porous, polar medium 

(Durapore DVPP filter paper – 0.67 µm pore size) to rapidly precipitate the GNP, 

creating highly-aligned papers of near-uniform thickness.  Drying in ambient conditions 

(up to 12 hours) and under vacuum (2 hour, -25 inHg) removed enough water to allow 

platelet percolation, resulting in a self-supporting film that could be removed from the 

filter media.  A two-stage, heating process (100°C for 1 hour, followed by 340°C for 1 

hour) was necessary to (a) remove residual moisture in the papers and (b) thermally 

decompose the remaining PEI surfactant.  Following the two-stage heating, porous papers 
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were pressed at 7 MPa to reduce porosity between GNP particles and create as much 

platelet contact as possible (thereby improving mechanical stability and electrical 

conductivity).  Figure 2.7, below, shows the appearance of GNP papers after filtration, 

pressing and mounting the cross-section of the sample in epoxy. 

 

Figure 2.7: (A) Schematic for GNP paper formation and digital images (B) 
before and (C) after pressing and annealing. Image (D) shows a cross-

sectional view of the paper embedded in epoxy, polished, gold-coated and 
mounted for SEM observation. 

SEM imaging of the cross-section shows clearly the low porosity and uniform thickness 

of the film.  Thermal gravimetric analysis (TGA) of these papers shows the purity and 

thermal stability of the papers, showing no degradation peak until the decomposition of 

graphite at >500°C (see Figure 2.8). 
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Figure 2.8: Thermogravimetric analysis of GNP paper (run at 10°C/min in 
air).  (A) shows the negligle weight loss of the GNP paper up to the onset 
of graphite degradation at around 600°C and (B) shows the comparison of 

the derivative of weight loss percentage, notably the lack of the PEI 
degradation peak around 450°C, indicating high purity of the material. 
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The high purity of the GNP, high alignment of the platelets and limited porosity provided 

substrates with superlative electrical conductivity.  Samples measuring 30-60 µm thick 

ranged from 1000-1300 S/cm (as measured by 4-point probe with a Keithley 4ZA4 

Potentiostat), corresponding to a sheet resistance on the order of 0.08 Ω/☐. 

PtNP-decoration of these surfaces was accomplished by immersion and rapid 

microwave heating.  Much like the preparation of PtNP-decorated GNP platelets, these 

papers were submerged (and weighted down with a glass ring to prevent surfacing from 

convective currents during heating) in 40 ml EG with a predetermined loading of 

platinum precursor (again, CPA was chosen, at concentrations of 20 µM – 1 mM).  

Heating of these submerged papers for 60 seconds at 1200 W raised the temperature of 

the solvent to near-boiling (as evidenced by dense vapors above the solvent), causing 

reduction of the CPA and formation of PtNPs.  Discoloration of the solvent itself 

suggested PtNP formation, but surface coverage on the papers was verified by FESEM 

(after quenching and soaking in RO water for 1-2 hours, followed by drying in ambient 

conditions and vacuum drying at -25 inHg).  Figure 2.9, below, shows the clear presence 

of PtNPs on the surface of the GNP paper after heating (200 µM CPA in EG), washing 

and drying. 
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Figure 2.9: (A) Control untreated GNP paper sample in comparison to (B) 
GNP/PtNP paper after nanoparticle synthesis, washing and drying.  

Uniform coverage of discrete nanoparticles is seen, similar to thin-film 
GNP/PtNP samples.  
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The high areal density of PtNPs was promising, but mechanical stability of GNP 

paper for use in DSSCs was a challenge.  While the papers were self-standing and 

maintained their integrity during sample preparation, the thin nature of the paper would 

allow flexing and shorting of cell if used without a rigid backing.  For this reason, thin (1 

mm thick) microscope glass was chosen as a rigid backing and Surlyn ionomer (a 

standard sealant in DSSC fabrication) was chosen as the adhesive.  

Rigid GNP/PtNP substrates were constructed by laying 1 in by 1 in strips of Surlyn 

on microscope slides, followed by de-gassing in a vacuum oven (to remove residual 

moisture from the hygroscopic adhesive), followed by heating in a circulating oven to 

120-130°C to render the Surlyn molten.  Pieces of GNP/PtNP paper were cut to 1 in x 1 

in sections with a razor and then pressed onto the molten Surlyn by hand and firm 

pressure was applied to minimize wrinkling and buckling of the paper.  While the PtNPs 

are vulnerable to abrasion, it was found that using a thin (0.005” thick) 

poly(tetrafluoroethylene) (PTFE) film as a mask between the PtNP surface and the 

surface applying pressure virtually eliminated PtNP loss during processing.  FESEM was 

used to verify PtNP presence on the surface after rigorous pressing. 

 

Figure 2.10: (A) GNP/Pt electrode after pressing onto molten Surlyn on 
glass.  FESEM imaging of (B) 20µM and (C) 200µM CPA-treated 

samples show prsence of numerous PtNPs even after rigorous pressing. 
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The presence of PtNPs on the GNP paper surface after processing opened up the 

possibility of adhering to any suitable backing (glass or polymer, rigid or flexible) while 

preserving the catalytic nature of the surface.  Similar pressing without the PTFE masked 

resulted in drastic reduction of the PtNP coverage of the surface, suggesting the contact 

of the surface much be avoided or limited to low surface energy materials (such as PTFE) 

only. 

Subsequent repetition of this process showed that the PtNP-decoration process was 

repeatable and consistent.  Image analysis software (Image-Pro Plus by Origin) was used 

to count particle size on samples from future batches by observing pixel coloration.  

Samples histograms of heating 20 µM solution can be seen in Figure 2.11. 
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Figure 2.11: Representative images from multiple locations on 20 µM 
CPA-treated GNP paper.  FESEM images (A,C and E) were imported to 
image analysis software to calculate their particle size distributions (B, D 

and F, respectively).  

The histograms all show PtNP size to have narrow distributions and all are centered near 

4 nm, confirming the consistency and repeatability of the process. By increasing the 

precursor concentration to 200 µM, it was found that the PtNP size distribution varied 
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quite little, while the overall coverage of the surface increased.  Images and histograms of 

the 200 µM samples can be seen below in Figure 2.12. 

 

Figure 2.12: Representative images from multiple locations on 200 µM 
CPA-treated GNP paper.  FESEM images (A,C and E) were imported to 
image analysis software to calculate their particle size distributions (B, D 

and F, respectively). 

Figure 2.11 and Figure 2.12 were chosen for PtNP distribution analysis because the 

limited amount of GNP folds and edges provided fewer artifacts that would lead to 
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miscalculations by the software, but numerous other spots of the GNP/PtNP papers were 

imaged as well and Pt coverage appeared to be consistent throughout.  The process of 

GNP paper fabrication and PtNP-decoration proved to be ideal for forming catalytic 

surfaces because of its consistency and the ability to control PtNP loading with precursor 

concentration. 

Platinum-Decorated Composite Paper 

While GNP papers provided a unique substrate for PtNP decoration, applications that 

demand mechanical toughness, flexibility and limited porosity (to prevent electrolyte 

leakage) require a different system.   As Wu [15] and Jiang [16] had investigated, 

addition of a polymer binder and toughener to the GNP assembly greatly improved its 

mechanical properties.  Polypropylene was chosen as a binder for this system because of 

(a) its low cost, (b) its low processing temperature, (c) its chemical stability in numerous 

common organic solvents and (d) its known effectiveness in forming composites with 

GNP [17]. 

Several methods of composite fabrication were examined (including polymer 

solution infiltration and melt mixing), but it was determined that the best distribution of 

polymer within the pores of the GNP assembly would be caused by co-filtration.  Again, 

a GNP suspension was made by high-powered sonication (200 W for 15 min) of a 1 L 

suspension of water, GNP worms and PEI.  The same 1000:1:1 weight ratio of 

water:GNP:PEI was used and again, 12 hours of vigorous stirring ensured that GNP was 

properly coated with surfactant and a stable suspension was formed.  Next, polypropylene 

(PP) (Equistar-FP 809-00) was introduced to a 200 ml aliquot of the water/GNP/PEI 

suspension as a dry powder (20 µm particle size) and dispersed by an additional 1 minute 
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of high power (200 W) sonication.  The amount of powder was varied, but optimum 

loading was found to be 1:1 with respect to the weight of graphite in suspension.  

Immediately after dispersing the PP powder (to prevent separation based on PP 

buoyancy), vacuum-assisted filtration of the water/GNP/PEI/PP suspensions through 0.67 

µm pore size filter media (Durapore DVPP membrane) resulted in well-mixed sample 

cakes the were subsequently dried at ambient pressure (2 hr) and then under vacuum (-25 

inHg, 2hr) to allow GNP percolation, aiding in removal from the filter paper. In contrast 

to pure GNP samples, or those with highly thermally stable polymer binders, these 

GNP/PP samples could not be exposed to the 340°C annealing step to remove the PEI.  

TGA of pure PP samples showed the onset of degradation to be just over 300°C (as seen 

in Figure 2.13), requiring and alternative method of removal from the graphite/polymer 

system. 

 

Figure 2.13: TGA analysis of pure PP degradation in air (10°C/min ramp 
rate) 

A leeching process was developed to remove the polar, hydrophilic, PEI surfactant from 

the non-polar components of the system by a room-temperature water bath with extensive 

stirring. Figure 2.14 illustrates the use of a sandwich of porous PTFE film to hold the 



 36 

porous and buoyant papers in place, allowing for penetration of water through the papers, 

facilitating the leeching.   

 

Figure 2.14: Leeching process to remove PEI consisting of (A) placing 
dried GNP/PP papers onto a porour PTFE cloth (B) covering with a 

second porous PTFE cloth and (C) filling with water and stirring at room 
temperature for over 12 hours 

Removal of these leeched papers, followed again by a two stage drying process (2 hrs 

ambient, 2 hrs under vacuum) and TGA characterization showed them to be free of PEI 

consistent in composition from batch to batch.  Figure 2.15 shows numerous leeched and 

dried GNP/PP samples, each lacking the characteristic PEI decomposition peak at 340°C 

and all maintaining a polymer content similar to the original 50wt% loading (suggesting 

minimal loss during leeching). 
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Figure 2.15: Thermogravimetric analysis of GNP/PP papers (run at 
10°C/min in air).  The leeched papers show (A) ~50wt% mass loss at the 
onset of GNP degradation above 600°C.  The derivative of wt% loss (B) 

shows a sharp peak for PEI decomposition that is seen in none of the 
leeched papers, indicating complete removal. 
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These leeched and dried samples were then compression molded at to allow flow of the 

PP into the pores between graphite platelets, eliminating porosity and acting as a binder.  

GNP/PP samples were placed between 125 µm thick aluminum foil in contact with the 

samples (chosen because of its mirror finish and for its ease of removal after molding), 

which was placed between polished, steel plates.  This assembly was brought into contact 

with cold platens then heated to 180°C and held at that temperature for 10 minutes to 

allow equilibration of the sample at mold temperature.  A 7 MPa pressure was then 

applied and held for 10 minutes, allowing flow of the polymer into the pores and 

compressing the graphite platelets into highly aligned, percolated networks.  The sample 

was then rapidly decreased to room temperature by the flow of cooling water through the 

platens and then removed from the plates and the foil was peeled away.  

Characterization of the electrical properties of the paper by four point probe 

showed that the pure GNP papers were superior, with addition of PP leading to an 88% 

drop in electrical conductivity.  However, because the papers are thick compared to sub-

micron coatings typically used in conductive glass, the papers give a sheet resistance that 

is still a factor of fifteen better than FTO (as seen in Figure 2.16). 
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Figure 2.16: Comparison of (A) electrical conductivity and (B) sheet 
resistance of GNP, GNP/PP and FTO samples at various stages of 

processing. 
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However, the tradeoff for reduced electrical conductivity is greatly improved robustness.  

Pure GNP papers are subject to wrinkles, tears, delamination and other destructive events 

that can limit their application.  GNP/PP papers, on the other hand, prove to be quite 

stable, even when curled, pressed or abraded.    

 

Figure 2.17: GNP/PP paper after pressing (A) showing great flexibility.  
Sample is able to be curled up to a small radius (B) and then uncurled (C) 

showing no wrinkles, creases or tears. 

Additionally, specimens of the GNP/PP composite papers were cut and subjected to 

tensile measurements on a dynamic mechanical analyzer (TA Instruments model DMA 

800).  Stress-strain curves (shown in Figure 2.18) show the higher yield stress in the 

composite papers compared to the binder-free, pressed GNP papers.  Additionally, all 

pure GNP papers failed well below 0.7% strain, while GNP/PP papers all exceeded 1.5% 

strain without failure. 
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Figure 2.18: Stress-strain curves for pure GNP papers and composite 
papers made from 50/50wt% GNP and PP.  Strain rate of 0.1%/min was 

used. 

The improvements in the composite papers’ mechanical stability resulted in better 

processing.  Fewer samples were lost to disintegration of the GNP paper during PtNP 

decoration or tears and creases from pressing to a substrate. 

Perhaps more important than improvements in strength and extensibility, is the 

negligible porosity and improved transverse stability of the GNP/PP composite papers, 

compared to their pure GNP counterparts.  During sealing experiments, to test the 

feasibility of these papers in sealed cells with liquid electrolyte, pure GNP papers often 

leaked or suffered from delamination, causing cell failure.  GNP/PP composite papers, on 

the other hand, performed quite well.  Confirmation of pore filling was provided by cross 

sectional analysis.  Specimens of the papers (roughly 1 cm by 1 cm) were cut, mounted in 
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fluorescent epoxy and polished to a mirror finish.  Confocal microscopy, with laser 

excitation of the fluorescent dye, provides a map of voids within the papers that would 

provide paths for electrolyte to leak in a sealed cell.  As shown in Figure 2.9, GNP/PP 

papers show no fluorescence within the paper, as opposed to the pure GNP counterparts. 

 

Figure 2.19: Confocal microscopy images of (A) unpressed GNP paper 
(B) pressed GNP paper and (C) pressed GNP/PP paper.  All images taken 

with fluorescein isothiocyanate dye in Leco mounting epoxy (~0.25 
µg/ml) with excitation by 488 nm Ar laser, 505 nm long-pass emission 

filter and U-Plan Apo 40X oil objective (NA 1.3). 

Additionally, cross section specimens were oxygen plasma treated (450 W, 265 mtorr 

O2) for 40 min to expose the GNP morphology.  A 4 nm thick tungsten coating was 

sputter-coated onto the surface to render the epoxy samples conductive for imaging with 

FESEM.  Figure 2.20 shows the high alignment of GNP platelets obtained after pressing, 

as well as the highly percolated network the remains in the GNP/PP sample, even with 

50wt% polymer loading. 
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Figure 2.20: FESEM imagres of (A) un-pressed GNP paper (B) pressed 
GNP paper and (C) pressed GNP/PP paper. 

Exhaustive characterization of GNP/PP papers’ physical, thermal, electrical and 

morphological properties showed them to be valuable systems for electrode fabrication.   

In order to anchor PtNPs to the surface of this GNP/PP paper, however, the surface 

had to be cleared of polymer to expose the graphite surface to Pt precursor in solution.  

To accomplish this, an oxygen plasma-treatment regime was optimized, ensuring as 

much exposed GNP surface as possible, without causing unnecessary damage to the 

platelets (which would reduce electrical conductivity and possibly disrupt formation of 

PtNPs on the surface.  Preliminary work showed that a 450 W ionization power with a 

265 mtorr O2 environment successfully etched away PP from the surface.  Treatment was 
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varied from 1-40 minutes and XPS was used to characterize the nature of the treated 

surface.  The rapid spike in oxygen on the surface is ascribed to the rapid oxidation of 

polymer on the surface and the subsequent reduction in attribute to decomposition of the 

oxidized polymer leveling off to a baseline value.  XPS quantification of oxygen at the 

surface of paper specimens can be seen below in Figure 2.21. 

 

Figure 2.21: XPS characterization of oxygen plasma-treated GNP/PP 
paper surface.   

Observation of the oxygen-plasma treated surface with FESEM shows the effect of 

extensive plasma treatment.  While papers only exposed for short times (1-5 min) show 

numerous “pools” of residual polymer on the surface, those exposed to the full 40 min 

appear virtually free of polymer.  Figure 2.22, below, shows this sequential reduction in 

surface polymer presence. 
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Figure 2.22: FESEM observation of GNP/PP surfaces after (A) 1 minute 
(B) 5 minutes and (C) 40 minutes of oxygen plasma treatment. 

While the GNP platelets appeared to be generally undamaged from the plasma treatment 

process, few locations do show evidence of platelet deterioration.  Additionally, small 

pools of etched polymer are visible in a small percentage of the surface as well.  Figure 

2.23, below, illustrates the oxidized GNP and residual polymer, which likely accounts for 

the increased oxygen content on the paper surface compared to untreated samples. 
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Figure 2.23: FESEM observation of GNP/PP surface after 40 min oxygan 
plasma treatment.  Some regions show (A) noticeable degredation of GNP 

particles while others (B,C) show reisdual polymer presence pooling in 
depressions in the surface. 

Modification of the plasma treatment by inverting papers during the etching reduced the 

presence of etched GNP and residual polymer on the surface, compared to standard, “face 

up” placement of the papers.  The configuration of the papers in the plasma environment 

and the resulting reduction in the presence of surface artifacts can be seen in Figure 2.24. 
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Figure 2.24: Placement of GNP/PP papers in plasma reactor in (A) 
standard orientation and (B) inverted orientation, 5 mm above the chamber 

surface.  Image (C) shows inverted papers to be well within the range of 
the ionization of the oxygen.  Image (D) is a representative region of the 

treated GNP/PP paper surface, showing regions that includes small 
fractions of oxidized and crumpled graphene platelets and (E) is 

representative of areas that are clear of oxidized species, showing a clean 
GNP surface for PtNP decoration. 
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Repeated trials of the oxygen plasma treatment showed the effect to be uniform and 

consistent.  XPS characterization of these surfaces confirmed the same trend as those 

prepared in the standard, non-inverted orientation. 

 

Figure 2.25: Surface presence of oxygen on GNP/PP papers as a function 
of plasma treatment time. 

Additionally, de-convolution of the C peaks provides information on the type of carbon 

exposed by plasma treatment.  Untreated and short (1-5 min) treated samples show 

minimal presence of the low-binding energy peak indicative of graphite.  However, as 

plasma treatment time increase, this peak because quite prominent and, by 40 min, has 

become the predominant type of C present on the surface (compared to the higher binding 

energy peak indicative of sp
3
-bonded carbon). 
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Figure 2.26:  Deconvolution of the C-peak in XPS signal.  Samples show 
an increase in the signal attributed to graphite as treamtent times increase 
from (A) 0 min to (B) 1 min (C) 5 min (D) 10 min (E) 20 min and (F) 40 

min. 
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Figure 2.26 (cont’d) 
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Figure 2.26 (cont’d) 

 

  



 52 

Figure 2.26 (cont’d) 
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Figure 2.26 (cont’d) 
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Figure 2.26 (cont’d) 

 

When considering the full complement of information about these GNP/PP surfaces, it 

becomes clear that they are well-suited for use as substrates for PtNP decoration.  They 

are electrically conductive, chemically stable, mechanically robust and, after oxygen 

plasma treatment, have a clean, graphitic surface. 
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PtNP-decoration was conducted in the same way as with pure GNP papers.  Platinum 

precursor (CPA) was dissolved in polar, high-boiling point solvent (EG) at various 

concentrations (20, 200 and 1000 µM). Papers was placed in a glass petri dishes and 

weighted down with a glass ring to eliminate movement from convection currents in the 

solvent during heating.  Each paper (approximately 80 mm in diameter) was immersed in 

40 ml of CPA/EG solvent and exposed to 45 seconds of 1200 W irradiation.  Heating to 

near-boiling was observed, as evidenced by dense vapor and slight solvent volume loss.  

Samples were quenched in an (RO) water bath to prevent polymer flow and allowed to 

soak for 2 hours to clear residual solvent and unreacted CPA from the surface.  Two-

stage drying (2 hrs ambient conditions, 2 hrs under -25 inHg vacuum) produced dry 

papers that could be observed by FESEM. 

As was seen in pure GNP papers, PtNP coverage over the whole surface of the paper 

was achieved.  Small, discrete nanoparticles could be observed with minimal aggregation.  

Additionally, changes in precursor concentration led to changes in the number density of 

PtNPs on the surface. Figure 2.27 shows the increase in the extent of PtNP decoration as 

[CPA] is increased from 20 to 1000 µM. 
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Figure 2.27: Representative images showing PtNP coverage of plasma-
treated GNP/PP surfaces made by rapid microwave heating in (A) 20 (B) 
200 and (C) 1000 µM CPA solutions.  The increase in nubmer density of 

PtNPs from low to high [CPA] can be clearly seen as well as the 
monodispersity of particle size and lack of aggregates. 

Variation in number density within samples was observed on occasion, but in the center 

of the paper, where heating appears to be most uniform, PtNP coverage was very 

consistent both within and between samples. 

Conclusions 

As both films and papers, GNP proved to be a versatile and effective substrate for 

PtNP decoration.  As thin films on glass substrates, PtNP-decorated GNP showed its 

capability as a coating.  This method required minimal material usage and provided 

uniform coating of PtNPs.  Despite problems with delamination, this method has great 
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potential for uniform deposition of catalytic and electrically conductive surfaces on 

varied substrates.  Improvements in adhesion of the graphite material to the surface (by 

chemical bonding or matching of surface energies) could lead to facile production of low-

cost, catalytic material with minimal inputs in terms of reagents and process energy. 

 As a paper, GNP showed great potential as well.  For applications that are not 

limited by the internal porosity of the paper or the fragility of the material during 

processing or use, it has many advantages.  The filtration process is rapid and scaleable 

and the highest processing temperature the system observes is 340°C (which could be 

avoided if a leeching processes was chosen to remove the residual surfactant).  The final 

material shows excellent PtNP coverage as well, providing a high surface area of Pt, 

while the substrate is easily cut to shape and adhered to rigid or flexible backing. 

Perhaps the most promising assembly, however, is that of the GNP/PP composite 

papers.  These materials showed improved durability during processing and, after a short 

surface treatment with oxygen plasma, show the same affinity for anchoring PtNPs as 

polymer-free papers.  Though electrical properties drop off somewhat compared to pure 

GNP papers, their improved durability greatly expands their potential areas of 

application, to those where processing or use would tear or delaminate the binder-less 

papers.  In addition to acting as a binder, the PP functions as a pore-filler, eliminating the 

problems of leaking or wicking electrolyte or solvent that would limit the effectiveness of 

porous, binder-free papers.  These factors, along with the ability to control the number 

density of PtNPs deposited on the surface, make GNP/PP/PtNP systems the most 

intriguing of the systems studied, and will be further investigated in the following 

chapter.  
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Chapter 3 
Platinum-Decorated Composite Papers for  
Dye-Sensitized Solar Cell Counterelectrodes 

Background 

As mentioned in the introduction, photovoltaic power generation is a rapidly 

expanding industry and there is intense interest in developing a number of next-

generation devices to improve performance compared to the silicon-based devices that 

currently dominate the market [1,2].  One of the leading candidates, DSSCs, have 

potential to reduce production cost greatly.  Though the current configurations have 

reached a maximum of 15.0% efficiency (for hybrid organic/inorganic devices [3] and 

13.1% for organic sensitizers [4]), continued dye engineering, photoanode construction 

and electrolyte development hold the potential to improve cell efficiency and close the 

performance gap between DSSCs and commercial, silicon devices. 

In addition to continued performance enhancement, economics must be considered 

as well.  As a proof of concept, DSSCs with FTO-glass substrates and thermalized 

platinum catalytic electrodes have performed admirably, but for commercialization, 

changes are necessary.  The standard, thermalized catalytic electrode is fabricated by 

spin-coating or drop casting a Pt precursor in volatile solvent, followed by heating at 

temperatures around 400°C [5].  Pt loading in these standard systems typically range 

from 30-60 µg/in
2
 [5-7], a non-trivial cost [8-10].  In Chapter 2, a GNP/PP/PtNP 

electrode material was developed that has the potential to replace the conductive oxide 
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and reduce the Pt loading, removing two of the biggest cost barriers in DSSC production 

[11]. 

Morphological observation of the two types of catalytic electrodes makes it clear that 

GNP/PP/PtNP can greatly reduce Pt loading.  Top-down and tilted views of the 

thermalized, FTO/Pt surface shows the presence of numerous aggregates on the surface 

(see Figure 3.1 and Figure 3.2).  

 

Figure 3.1: Top-down view of FTO surface (A) before and (B) after Pt 
coating by thermal decomposition of precursor at 400°C for 15 min.  

Large aggregates seen over whole surface of sample, a sharp contrast to 
the discrete PtNP coverage seen in (C) GNP/PP/PtNP samples prepared by 

rapid microwave irradiation.  All images are at identical magnificaiton. 
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Figure 3.2: Top-down view of thermalized FTO system at low 
magnificaiton with (A) secondary electron (SE) detector and (B) back-

scatter electron detector.  Using a high tilt angle of 60° and the SE detector 
illustrates the large size of Pt aggregates on top of the FTO crystallites 

The presence of discrete nanoparticles in the GNP/PP/PtNP system provides higher 

surface area per unit mass than the highly-aggregated Pt structures seen in the FTO/Pt 
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system.  To quantify Pt loading in the two catalytic surfaces, samples were examined by 

XPS and inductively coupled plasma mass spectroscopy (ICP-MS). 

XPS is a surface sensitive technique, observing electrons emitted from the top layers 

of atoms (on the order of 50 Å sampling depth [12]) after X-ray illumination.  Because 

only surface Pt (that is exposed to electrolyte) can provide a catalytic effect, XPS 

provides a unique measure of the amount of Pt likely to participate in catalysis.  Samples 

were cut from the GNP/PP/PtNP paper with a razor and FTO/Pt samples were prepared 

by scoring with a diamond scribe and fracturing (a PTFE cover was used when fracturing 

FTO/Pt substrates to prevent abrasion of surface material.  As seen in Figure 3.3, all three 

GNP/PP/PtNP samples (prepared from 20, 200 and 1000 µM CPA/EG solutions) showed 

significantly lower Pt loading than the FTO/Pt samples. 
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Figure 3.3: (A) Elemental abundance and (B) Pt loading at surface of 
GNP/PP/PtNP and FTO/Pt samples as measured by XPS.  Measurements 
were made on a Perkin Elmer Phi 5400 ESCA system with a magnesium 
Kα X-ray source. Samples were analyzed at pressures between 10

-9
 and 

10
-8

 torr with a pass energy of 29.35 eV and a take-off angle of 45°.  The 
spot size is roughly 250 µm

2
. Atomic concentrations were determined 

using previously determined sensitivity factors.  All peaks were referenced 
to the signature C1s peak for adventitious carbon at 284.6 eV. 
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The XPS data indicate clearly that, despite dense surface coverage with PtNPs, the Pt 

loading after rapid microwave heating is at least a an order of magnitude lower than 

surfaces prepared by the conventional thermalization technique. 

While XPS provides valuable information of the nature of the catalytic surface, in 

terms of economics, the absolute Pt loading in the catalytic material is the key metric.  To 

find the total Pt loading, acid digestion and ICP-MS were performed.  From each type of 

surface, 1 in by 1 in samples were prepared (GNP/PP/PtNP samples were cut with a razor 

blade, FTO/Pt samples were scored with a glass cutter and fractured to size).  Samples 

were then exposed to a concentrated aqua regia solution, boiled at 300°C to dissolve Pt, 

diluted and measured by ICP-MS.  Figure 3.4 shows the results of the quantification and 

a comparison to XPS data. 

 

Figure 3.4: Quantification of Pt loading by XPS and ICP-MS. 
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Both characterization techniques show Pt loading to be lower in GNP/PP/PtNP samples 

than in the FTO/Pt standard.  Additionally, both techniques show that for rapid 

microwave heating, CPA concentration can be used to control final Pt loading on the 

sample (within the range of concentrations studied).  Though the trends are the same in 

both types of measurement, the relative amount of Pt detected in the samples differs by a 

significant amount.  Comparing the FTO/Pt standard with the GNP/PP/PtNP samples 

with the highest loading, XPS suggests Pt has been reduced by a factor of 14, while ICP-

MS suggests the reduction is only a factor of 3.8.  This discrepancy can be explained by a 

few observations. 

The standard thermalization technique makes use of drop-casting and slow 

evaporation of solvent before high temperature treatment [5,7].  No reagent should be lost 

during the formation of metallic Pt at the surface, meaning the final loading should be 

equal to the amount initially used in solution.  ICP-MS measurements, therefore, appear 

to be an underestimate.  The 5 µL/cm
2
 of 5 mM CPA solution used would yield 31.5 

µg/in
2
 Pt loading.  It is possible that the aqua regia dissolution step was too mild to fully 

dissolve the Pt aggregates or that material was abraded away during cutting, resulting in 

an ICP-MS value 45% lower than the theoretical loading.   

Additionally, XPS is a surface-sensitive technique, measuring only tens of angstroms 

from the surface.  PtNP presence below this sampling depth would appear in ICP-MS 

measurements, but not XPS.  However, cross sectional analysis suggests this is not likely 

the case.  The use of PP as a binder blocks off pores between graphite platelets, making 

penetration of the CPA/EG solvent into the depth of the paper unlikely (especially 

considering the viscous and polar nature of the solvent, which would wet the non-polar 
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GNP and PP surfaces quite poorly).  Recall from Chapter 2, that confocal microscopy 

observation of GNP/PP paper cross sections mounted in a fluorescent epoxy showed 

negligible porosity (see Figure 2.19).   

To verify that no PtNP decoration had occurred below the surface of the GNP/PP 

paper, adhesive tape was applied to the top and peeled away, delaminating of the top few 

layers of graphite, exposing the surface below.  The exposed surface was then observed 

by FESEM.  Figure 3.5 shows the delamination process and FESEM images of the 

surface. 
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Figure 3.5: Top images show GNP/PP/PtNP samples adhered to FESEM 
mount (A) before and (B) after delamination with adhesive tape.  Below, 
images show 20 µM CPA-treated GNP/PP/PtNP sample (C) before and 
(D) after delamination experiment.  200 µM CPA sample (D) before and 

(E) after and 1000 µM CPA sample (F) before and (G) after. 
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FESEM images show clearly that PtNP growth is not present throughout the paper.  To 

better gauge the distribution of PtNP throughout the paper thickness, a separate system 

was observed, with nanoparticle decoration occurring in suspension instead of at the 

surface of a paper.  A small suspension of GNP platelets was made by sonicating 25 mg 

of GNP worms in 50 ml EG for 10 min at 10 W.  CPA was added to the suspension to 

make the concentration 200 µM.  This suspension was stirred vigorously for 30 min then 

microwaved for 90 sec at 1200 W.  After washing, centrifuging (5000 rpm for 15 min) 

and decanting 3X with RO water, the PtNP-decorated suspension was then drop-cast on 

aluminum stubs and observed with FESEM.  Careful imaging of the surface showed that 

nanoparticles present on layers of graphite below the surface could be easily seen because 

of the sampling depth of the high voltage electron beam (15 kV accelerating voltage).  

Figure 3.6 shows the presence of nanoparticles both at the surface and on the layers 

below. 
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Figure 3.6: FESEM imaging of the surface of the suspension-processed, 
nanoparticle-decorated GNP.  Image (A) shows a single GNP particle with 
brightly visible PtNPs on top and faint PtNPs visible on the bottom of the 
platelet.  Image (B) shows a single, ucoated GNP particle sitting on top of 
one that is naoparticle-decorated.  Image (C) is a 5X zoom of image (B). 
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GNP that is decorated individually, in a suspension, clearly shows nanoparticle coverage 

over the first few layers.  The GNP/PP/PtNP system, which is decorated as a paper, with 

only the surface exposed, shows no indication of covered PtNPs below the top layer.  

Together, observation of delaminated papers and suspension decorated platelets show 

that PtNP appears to be confined to the paper surface. 

Few possibilities are left to explain the higher Pt loading reported by ICP-MS 

(compared to XPS).  It seems most likely that the “bottom” side of the GNP paper (which 

was in contact with the glass petri dish during PtNP-decoration)  and was completely 

submerged in the solution.  FESEM imaging the bottom surfaces shows non-uniform Pt-

coating.  Occasionally large aggregates can be found, but most often the paper appears to 

be very sparsely covered with PtNPs.   Figure 3.7 shows the high variation in Pt coverage 

at the bottom of the paper samples. 

 

Figure 3.7: Bottom of GNP/PP/PtNP paper showing (A) no PtNP coverage 
over most of the imaged area (B) sparese PtNP coverage in some areas 

and (C) very infrequent dense covergage of PtNPs and large aggregates. 

This variation was the reason for using the top of the paper for the catalytic surface, 

which was consistently uniform in particle size and spatial distribution.  In preparation 

for ICP-MS characterization the bottom surfaces of GNP/PP/PtNP papers were abraded 

with a paper towel to limit the measurement of Pt loading to the top surface.  However, 

the PtNP removal process was not optimized and the higher Pt loading seen by ICP-MS, 
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compared to XPS, seems most likely to be due to residual Pt coverage on the bottom of 

the paper. 

Despite minor disagreement in Pt loading measurements, the GNP/PP/PtNP system 

appears to be a significant improvement in Pt morphology.  Extensive FESEM imaging 

and multiple characterization techniques show that PtNP loading on GNP/PP papers can 

be controlled and provide a surface with significant reductions in PtNP loading compared 

to the standard FTO/Pt system used in DSSCs.  To gauge the value of these papers as 

counterelectrodes, however, electrochemical analysis was necessary to verify that the 

high surface area PtNPs would indeed provide the catalytic performance of the standard 

system. 

Catalytic Activity 

Standard methods [13,14] for analyzing electrochemically active area by hydrogen 

adsorption in dilute, aqueous, sulfuric acid were investigated, but the non-polar GNP 

surface wet poorly and showed minimal signal.  Instead, electrochemical measurements 

were conducted in an electrolyte system commonly used in DSSCs, iodide (I2)/triiodide 

(I3
-
) in acetonitrile [15-17].  A solution of 5 mM LiI, 0.5 mM I2 and 0.1 M LiClO4 in 

acetonitrile was prepared.  A three-electrode configuration was used, with a Pt foil as the 

counterelectrode and leak-free Ag/AgCl as the reference. To check for proper system 

function a second, Pt foil electrode was used as the working electrode and cyclic 

voltammetry (CV) measurements were made.  Sweeping from -.25 up to 1.25 V (with 

respect the Ag/AgCl reference) at 50 mV/s provided a number of peaks, all characteristic 

of the electrolyte system.  Figure 3.8 shows the reduction of I3
-
 to I

-
 occurring at ~0.1 V 
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and the reduction of I2 to I3
-
 at ~0.6 V [15-17].  The corresponding oxidation peaks (from 

I
-
 to I3

-
 and I3

-
 I2) can be seen at ~0.3 and 0.7 V respectively [15-17]. 

 

Figure 3.8: Cyclic voltammetry baseline measurements of commercial Pt 
foil working electrode.  Three electrode cell with Pt foil counterelectrode 
and Ag/AgCl reference electrode.  Electrolyte was 5 mM LiI, 0.5 mM I2  

and 0.1 M LiClO4.  Scan rate was 50 mV/s. 

With the two Pt foil electrodes showing peak shapes and locations comparable to those in 

literature, specimens were prepared from both the GNP/PP/PtNP paper system and the 

thermalized FTO/Pt system.  Small (~5 mm by 5 mm) sections were cut and copper tape 

leads were attached with a fast-drying, silver conductive paste.  The copper leads and a 

rigid, polystyrene backing were wrapped in PTFE film (tested and proven to be stable in 

acetonitrile) to eliminate electrolyte exposure to the copper tape.  The area of the exposed 
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catalytic surface was then measured by reflected light microscopy.  Examples of the 

assembled electrodes and images for nominal area measurements can be seen in Figure 

3.9. 

 

Figure 3.9: Images showing (A) GNP/PP/PtNP and (B) FTO/Pt electrode 
assembly and relfected light microscope images used for area 

measurement of (C) GNP/PP/PtNP and (D) FTO/Pt catalytic surfaces. 

These assembled electrodes were then inserted into fresh electrolyte (5 mM LiI, 0.05 mM 

I2, 0.1 M LiClO4 in acetonitrile) and cycled to the same voltage limits as the commercial 

Pt foil had been.  The experimental setup for the CV measurements can be seen in Figure 

3.10. 
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Figure 3.10: Three-cell configuration for measuring catalytic activity of 
GNP/PP/PtNP and FTO/Pt surfaces. 

Values were compared at the tenth cycle (allowing the system to reach equilibrium) and 

normalized to the electrode area (as measured by optical microscopy).  Figure 3.11 

compares CV scans for the FTO/Pt standard, each GNP/PP/PtNP sample as well as a 

control sample of GNP/PP (which had been microwaved in pure EG in the absence of Pt 

precursor). 
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Figure 3.11: CV comparison of catalytic activity on the 10th cycle of 
GNP/PP/PtNP and FTO/Pt samples.  Electrolyte was 5 mM LiI, 0.5 mM I2  

and 0.1 M LiClO4.  Scan rate was 50 mV/s. 

As the CV scans show, despite having at least a 3.8-fold lower amount of Pt present, 

GNP/PP/PtNP samples show higher current than FTO/Pt at the peak corresponding to I3
-
 

reduction, the key reaction at the DSSC counterelectrode.  The control, microwave-

treated GNP/PP sample, which lacks an I3
-
 reduction peak, shows that this catalytic effect 

is due to the high surface area PtNP coating, rather than a chemical modification of GNP 

by microwave heating.  Additionally, the 200 and 1000 µM CPA-treated samples show 

noticeably higher reduction peaks than the 20 µM CPA sample, which was believe to be 

caused by the higher Pt loading.  The similarity in the 200 and 1000 µM curves is likely 

caused by sample variation (notice the overlap in error bars for Pt loading of the 200 and 
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1000 µM samples in Figure 3.4).  A simplified comparison of the two systems can be 

seen in Figure 3.12. 

 

Figure 3.12: CV comparison (10th cycle) of GNP/PP/PtNP, GNP/PP 
control and thermalized Pt electrodes.  Electrolyte was 5 mM LiI, 0.5 mM 

I2  and 0.1 M LiClO4.  Scan rate was 50 mV/s. 

Voltammetry experiments were repeated and longer runs, up to 50 cycles, were done.  

Loss of the I3
-
 reduction peak and variability in peak height were concerns, but 

subsequent deconstruction of cells, washing of the electrode surface and examination 

with XPS showed that noticeable ClO4
-
 adsorption had occurred.  FESEM examination 

of the surfaces after 50 cycles showed clear PtNP presence, suggesting the loss in current 

after CV cycling was due to adsorption of ions from the electrolyte, rather than Pt 

dissolution.  Figure 3.13 shows the clear Pt presence after CV. 
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Figure 3.13: FESEM images of a GNP/PP/PtNP paper (1000 µM CPA) 
after CV cycling, acetonitrile soaking and drying. 

In addition to the small, discrete PtNPs normally seen, a few large Pt aggregates (left half 

of image) could be seen as well, indicating the Pt appears to be very stable in the 

electrolyte system chosen. 

With GNP/PP/PtNP surfaces found to (a) significantly reduce Pt loading and (b) 

effectively catalyze I3
-
 reduction, they passed the two major qualifications for DSSC 

counterelectrode function.  Full cell construction was undertaken to evaluate their 

effectiveness in that role. 

DSSC Fabrication 

For GNP/PP/PtNP characterization, much of the samples were prepared as free-

standing papers.  For electrochemical analysis and DSSC fabrication, however, samples 

had to be firmly adhered to rigid substrates to minimize topography (which could bridge 
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the gap to the anode and cause shorts) and allow proper sealing.  As mentioned in 

Chapter 2, use of a PTFE mask during pressing prevented abrasion of PtNPs from the 

surface.  An illustration of paper-cutting, pressing and final counterelectrode appearance 

is found in Figure 3.14. 

 

Figure 3.14: Counterelectrode fabrication process including (A) heating of 
Surlyn to molten state (B) cutting GNP/PP/PtNP paper to fit glass 

substrate and (C) pressing GNP/PP/PtNP onto molten Surlyn with PFTE 
mask to prevent abrasion.  Image (D) shows the completed 

counterelectrode. 
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After pressing, FESEM was used to examine the sample surface and verify that PtNP 

coverage was unaffected.  Numerous samples were made with virtually no abrasion 

effects detected so long as the PTFE mask was placed over the sample surface during 

pressing. 

Prior to optimizing composite paper fabrication, DSSCs were built from GNP thin 

films and binder-free papers.  Despite having substantial PtNP coverage, the devices 

failed because of electrolyte leakage.  In contrast, the GNP/PP papers performed quite 

well holding electrolyte in preliminary tests.  Figure 3.15 shows the comparison between 

a seal made with by pressing molten Surlyn between pure GNP paper versus pressing 

between GNP/PP paper.  

 

Figure 3.15: Comparison of sealing efficacy of (A) pure GNP paper and 
(B) GNP/PP paper. 

Without PP binder, the GNP easily delaminates when exposed to any transverse or shear 

loading.  In contrast, the GNP/PP sample holds up to sealing and handling and, as shown 

in Figure 3.15B, still shows the yellow coloration indicating electrolyte presence several 

days after loading. 

Despite reasonable success with the Surlyn seal, difficulty applying enough heat and 

pressure to properly adhere the molten polymer and the GNP/PP became significant 
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challenges.  The Surlyn seals easily when heated to >100°C, however, heating the 

substrates beyond 70°C can lead to problems of dye desorption during cell construction.  

Adding pressure can alleviate this problem, but the fragile glass substrates can end up 

cracking if too much pressure is applied. 

Though cells performs best with thin gaps between anode and cathode layers (ideal 

in the 10-20 µm created by the Surlyn seal), using larger separators is possible because of 

the low viscosity and high conductivity of the electrolyte.  Rubber gasket material was 

chosen as the replacement to Surlyn sealing, allowing liquid-tight contact between 

GNP/PP surfaces by applying mechanical pressure.  EPDM sheeting with a 1/32 in (800 

µm) thickness was cut into a window shape and placed between anode and cathode.  Two 

thin-gauge syringes (23.5 G) were placed between the two layers, one for filling with 

electrolyte, the other to allow passage of air during filling to eliminate bubbles.  An 

illustration of the sealing process can be seen in Figure 3.16. 
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Figure 3.16: Full cell assembly, including photoanode, counterelectrode, 
EPDM rubber gasket, binder clips to provide pressure for seal and 

syringes for loading electrolyte. 

This configuration was tested on “dummy” cells (with no Pt loading on counterelectrode 

nor semiconductor nor dye on anode) and electrolyte was found to remain sealed for up 

to a week with minimal solvent loss.   

For full cell characterization, photoanodes were prepared according to common 

procedures reported in literature [7,18].  Commercial TiO2 paste (Ti-Nanoxide HT/SP 

from Solaronix) was doctor-bladed on a 15 Ω/� FTO-glass substrate to form a 7-10 µm-

thick film measuring 1 cm in length and width.  Samples were then sintered by a four-

stage heating process (325°C for 5 min, 375°C for 5 min, 450°C for 5 min and 500°C for 

15 min).  This TiO2 layer was then soaked in a dye solution (“N3” dye at 0.3 mM in 
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ethanol) for 24 hours.  Anodes were then rinsed with acetonitrile to remove loose dye and 

then dried under nitrogen flow for 20 minutes.  

Electrolyte-filling, described above, was performed slowly to minimize bubble 

formation and leaking through the gaps near the syringe needles.  Samples were filled 

with 0.3 M LiI, 0.03 M I2, 0.2 M tert-butylpyridine in spectral grade acetonitrile.  After 5 

to 10 min allowing electrolyte to absorb into the porous semiconductor layer and reach 

equilibrium, electrochemical characterization began. 

To compare the effectiveness of GNP/PP/PtNP counterelectrodes with standard 

counterelectrodes, thermalized Pt layers were prepared on 15 Ω/� FTO-glass as well.  A 

5 mM solution (CPA in anhydrous 2-propanol) was drop cast on surfaces at a loading of 

5 µl/cm
2
.   Solvent was then evaporated slowly for 20 minutes under ambient conditions, 

followed by heating to 400°C for 15 min. 

DSSC Characterization 

Sets of (4) complete cells were prepared for each type of sample.  GNP/PP/PtNP 

papers from 20, 200 and 1000 µM CPA treatment were made, as well as control GNP/PP 

samples that had been plasma treated and exposed to rapid microwave heating in pure 

EG.  FTO/Pt samples were used as the baseline to gauge the effectiveness of 

GNP/PP/PtNP-based devices.  Current and voltage characteristics of the cells were 

measured on a CH Instruments (Model 650D) potentiostat under illumination from a 450 

W Xenon arc lamp (Horiba Jobin Yvon FL 1039/40).  An AM1.5 filter was used and 

intensity was set to 100 mW/cm
2
.  Figure 3.17 shows the JV curves of each of the cells 
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tested, Table 3.1 lists averages of cell parameters and Figure 3.18 shows the power 

conversion efficiency averages. 

 

Figure 3.17: All JV curves measured for FTO/Pt standards and 
GNP/PP/PtNP-based cells. 

 

Table 3.1: Cell Parameter Averages 
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Figure 3.18: Power conversion efficiency averaged for each group of (4) 
cells. 

Looking at the full set of curves, a few trends emerge.  First, it is quite clear that the best 

performance comes form the GNP/PP/PtNP cells from the 1000 µM CPA treatment.   

They show the highest current and match the open circuit voltages of the other categories 

as well.  Their average efficiency of 1.41% bests that of the thermalized Pt standards by 

31%, a remarkable result considering their Pt loading is lower by at least 74%.  These 

values confirm the claim that increasing Pt surface area by controlling morphology can 

improve cell performance while simultaneously reducing Pt loading. 

Secondly, each batch of cells appears quite consistent from sample to sample in 

terms of curve shape and current values.  To simplify the comparison, Figure 3.19 shows 

a representative curve from each sample group (the sample whose conversion efficiency 

most closely matches the group average). 
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Figure 3.19: Comparison of representative JV curve from each sample 
group. 

Samples from the 200 µM GNP/PP/PtNP group appear nearly identical to the FTO/Pt 

standard in terms of both curve shape and efficiency.  It is safe to assume that in this 

range of PtNP loading, the available surface area of Pt is comparable to that the FTO/Pt 

standard (despite being a factor of 6.4 lower in absolute Pt loading) and reducing PtNP 

coverage any further is detrimental to cell performance. 

The two remaining sets of samples, 20 µM CPA-treated GNP/PP/PtNP samples and 

GNP/PP controls show very interesting results.  They both show high JSC values, low fill 

factors and VOC values comparable to other groups.  Their low efficiency is not 

surprising, in that Pt loading is reduced so far it would be expected that I
-
 conversion was 

inadequate to regenerate the oxidized dye.  The “S” shape of the curve is interesting as 
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well.  In bulk heterojunction devices, this shape can be found when charge transfer 

between the two junction is limited, resulting in increased recombination [19].  Jeong et 

al. note a similar behave in DSSC devices with novel, Pt-free counterelectrodes, citing 

“large internal series resistance” as the culprit [20].  Regardless of the mechanism, the 

effect of reducing Pt beyond a necessary threshold is clear: poor cell performance. 

A comparison of JV curves run without illumination verify the cells function as 

diodes.  The samples (20 µM and Pt-free control) that showed the S-shaped curves under 

illumination show no such artifact on their dark curves (see Figure 3.20). 

 

Figure 3.20: Representative JV curves without illumination 

This suggests the lower levels of performance in those cells when illuminated was caused 

by limitations in regenerating I
-
 at the electrode surface, rather than poor electrical 

connectivity between components.  
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Impedance Characterization 

The JV curves of GNP/PP/PtNP-based solar cells suggested excellent catalytic 

performance but a more direct measure is electrochemical impedance spectroscopy (EIS).  

By using a low-amplitude alternating current and sweeping from high to low frequencies, 

information on electron transfer at the counterelectrode-electrolyte interface can be 

gathered, as well as information on resistance due to diffusion in the electrolyte [21].  

Symmetrical cells were prepared with 1 in by 1 in catalytic electrode specimens made 

identically to those prepared for solar cells.  These two counterelectrode surfaces were 

clamped together with an EPDM rubber gasket spacer and binder clips to provide 

pressure.  Electrolyte filling was again performed with a two-syringe system to prevent 

air bubbles distorting electrochemical data.  A solution of  0.3 M LiI and 0.03 M I2 in 

spectral grade acetonitrile was used as electrolyte.  Conductive silver epoxy was used to 

fix copper leads to the catalytic surfaces, which were then connected to a CH Instruments 

potentiostat (Model 650D), forming a two-cell configuration.  A bias of ±10 mV was 

applied (around a 0 V setpoint) and the frequency was swept from of 50 kHz to 0.1 Hz.  

With FTO/Pt standards, it was found that after a -1 V to 1 V sweep to condition the 

electrode surfaces, consistent data was obtained. 

Numerous samples of each cell type (FTO/Pt, GNP/Pt and GNP/PP) were run and 

Nyquist plots were compared to calculate a charge transfer resistance.  Figure 3.21A 

shows the consistently low charge transfer resistance (RCT) values obtained for FTO/Pt 

samples (obtained by taking have the width of the hemisphere). 
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Figure 3.21: Nyquist plots of catalytic electrode surfaces at (A) low 
impedence values and (B) zoomed out to show the high impedance values. 
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Figure 3.21B shows the same data plotted on a different scale, showing RCT values for 

GNP-based samples at least two to three orders of higher than the FTO-based samples.  

Considering the excellent performance of GNP-based electrodes on both CV and 

illuminated JV experiments, seeing such high values was unexpected.  Samples were 

repeated after extensive conditioning and with higher frequency sweeps (to ensure that 

the large impedance values were indeed indicating high RCT, rather than showing 

impedance associated with diffusion in the electrolyte).  Samples were run at higher 

amplitudes as well, as high as ±50 mV, without seeing a noticeable change in RCT.   

The only procedural change that actually improved RCT values for GNP-based 

electrodes was an increase in the setpoint for the applied bias.  By changing from a ±10 

mV cycling around 0 V, to a ±10 mV cycling around 1 V, the impedance values for 

GNP/PP/PtNP systems dropped drastically, while that of FTO/Pt samples increased.  

Figure 3.22 shows that RCT values both approach 20 – 30 Ω/cm
2
 at higher bias, a drastic 

change from the orders of magnitude difference seen at no bias. 
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Figure 3.22: EIS measurement of GNP/PP/PtNP (1000 µM) electrode in 
comparison to FTO/Pt system. 

A similar effect is seen at 500 mV bias, a trend noticed by Roy-Mayhew et al. in their 

investigation of functionalized graphene as a Pt replacement in DSSC counterelectrodes 

[17].  They note that the RCT of their graphene samples “is 10 times greater than that of 

platinum at no applied bias and approaches that of platinum at applied bias” [17].  They 

conclude that it is “inappropriate” to use the models developed for analyzing pure Pt 

systems to measure RCT values for carbon-based systems. 

This brings up the interesting question of whether the GNP/PP/PtNP systems 

developed in this work are functioning because of Pt loading or because of a doping 

effect on the GNP.  While CV and JV data suggests higher Pt loading would be 

responsible for better catalytic activity, the EIS data suggests otherwise.  If Pt alone were 
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responsible for the improved performance of the prepared electrodes, RCT values would 

be comparable to or better than FTO/Pt when measured around a 0 V bias.  The fact that 

they behave in a similar manner to pure, functionalized graphene systems suggests the 

GNP may be participating in the catalysis reaction as well.  The range of biases screened 

in EIS measurements (0.5-1.0 V) are within the range of DSSC operation, suggesting that 

the RCT of the counterelectrode may indeed be quite low when operating in a full cell 

under illumination. 

Conclusions 

Paper-like materials made from GNP/PP proved to be ideal substrates for anchoring 

PtNPs.  Their chemical stability and toughness allowed processing into flat substrates for 

DSSC counterelectrodes and the pore-filling of the polymer binder preventing leaking 

and delamination during cell fabrication and operation.  The PtNP-decoration step proved 

to be controllable and robust and electrochemical analysis showed that it was suitable for 

catalyzing the I3
-
 to I

-
 reduction reaction that is critical for cell operation in the most 

common DSSC configurations.   

Most importantly, however, GNP/PP/PtNP electrodes proved to be excellent 

materials in actual DSSC operation.  They matched and bettered the FTO/Pt standards in 

side-by-side comparisons and managed to do so with a significantly lower Pt loading 

(which was verified by two different analytic methods).  Further optimization of the 

system can be done and the mechanism of catalysis requires further investigation (based 

on EIS data) but as a proof of concept, GNP/PP/PtNP systems have shown their worth. 
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Chapter 4 
Graphite Nano-platelet Assemblies  
for Transparent Electrodes 

Background 

In DSSC construction, the photoanode is constructed on a substrate that is both 

highly electrically conductive and highly transparent to visible light.  This combination of 

properties is quite difficult to achieve, which is reflected in the lack of diversity of 

materials usage.  While semiconductors (TiO2 [1], ZnO [2], polymer [3]), dyes (organic 

[4], Ru-based [5], Zn-based [6]), catalysts (platinum [7], carbon nanotube [8], graphene 

[9], vanadium [10]) and hole transport materials (liquid [11], gel [12], ionic liquid [13], 

polymer [3]) have been constructed from many different materials, transparent electrodes 

are fabricated almost entirely from tin-based oxides.  The only competition, thus-far is 

from graphene. 

The reason for the dominance of tin-based oxides (such as ITO and FTO) is the 

demanding nature of the application.  The transparent layer is the first area for potential 

losses in energy conversion, making near-perfect light transmission a necessity.  

Complete absorption and fast electron transport within the semiconductor can’t 

compensate for photons that never reach the dye.  Commonly-used FTO allows 80-85% 

transparency, nearly as high as that of pure borosilicate glass [14].  And, because of the 

high electrical conductivity of FTO, sub-micron-thick layers can be constructed, yielding 

coatings with sheets resistances on the order of 10 Ω/☐ [11,15].  These exceptional 

properties are difficult to match, making competition from other materials scarce. 
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However, new breakthroughs in the isolation and deposition of thin films of 

graphene have changed the playing field.  Graphene possesses exceptional properties 

itself, offering a viable alternative for transparent electrodes.   While a single layer of 

graphene absorbs 2.3% of incident white light [16], its superior electrical conductivity 

(estimated to be 6000 S/cm  [17,18]) allows atomically thin films to provide suitable 

electron transport for photovoltaic devices.  Bonaccorso et al. illustrate the competitive 

advantage of graphene-based systems with both theoretical and experimental values 

compared to ITO over numerous film thicknesses [19] (see Figure 4.1). 

 

Figure 4.1: Comparison of electrical and optical proeprties for graphene, 
and ITO (as well as other potential transparent electrode systems such as 
silver wire mesh and single wall carbon nanotubes).  Image adapted from 

[19]. 
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For example, a single sheet of graphene would produce a layer approximately 98% 

transparent with a sheet resistance of 400 Ω/☐, orders of magnitude better than the 

resistance of a sheet of ITO with comparable transparency (tens of kΩ) [20].  By stacking 

graphene layers, films with 90-95% transparency can be made, with sheet resistance 

dropping by an order of magnitude (while ITO films of comparable conductivity would 

provide only 80% transparency) [19]. 

While these values are quite promising, the movement from low-yield, small area 

techniques (like micromechanical cleavage [21] or epitaxial growth and transfer [22]) to 

larger, scaleable processes is key.  Rather than bottom-up approaches, work by Biswas et 

al. provide a possible large-scale solution [23]. 

Liquid-Liquid Interfacial Self-Assembly 

Liquid phase exfoliation of GNP to produce suspensions of thin platelets opens up 

the possibility of large-scale, high-throughput processing.  As opposed to epitaxial 

growth by chemical vapor deposition (CVD) (which requires controlled chambers and 

limited surface area), milligram to gram quantities of highly expanded graphite can be 

processed by ultrasonication.  Using a two-phase system, a graphite source can be broken 

into thin platelets with thickness as small as 4 nm and self-assembled at a liquid-liquid 

interface between the two immiscible phases [24].  Disruption of this interfacial assembly 

transfers the thin GNP particles to the surface, allowing for deposition on hydrophilic 

substrates.  Figure 4.2 shows the high transmittance of visible light (by UV-vis 

spectroscopy) at various thicknesses of deposition. 
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Figure 4.2: Thin film deposition of GNP resulting in highly transparent 
and conductive layers.  Scalebar in lower right image is 1 in.  Adapted 

from [24]. 

Despite this high value of optical transmittance, reaching as high at 80%, the thin films 

provide high electrical conductivity as well.  Because the GNP networks are percolated, 

with platelets aligning flat on the surface and providing numerous electrically conductive 

pathways, values as high as 1000 S/cm are reported [24]. 

These excellent properties suggest a similar approach could be used for producing 

transparent electrodes for DSSCs.  Multiple graphite sources were examined, including 

worms (form thermal exfoliation of Asbury GIC material – 5 min heating at 1200 W) and 

xGnP® material (graphite powder with BET surface area 200-300 m
2
/g, obtained from  

XG Sciences).  Immersing 1-5 mg of dry powder in 150 ml chloroform, followed by 200 

W ultrasonication for 1-2 min produced a fine dispersion of platelets, stable for several 
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minutes.  Immediately after sonication in chloroform, addition of 75 ml RO water and 

continued 200 W sonication created an unstable suspension of small water droplets in 

chloroform.  GNP collected at the chloroform-water interface, minimizing surface energy 

in the system [23] and formed a GNP-rich middle layer between the two phases as they 

separated.  Disruption of this GNP-rich layer with a jet of liquid from a pipet caused 

chloroform to pool at the air-water interface and rapidly evaporate.  The remaining GNP 

at the air-water interface could then be deposited on a glass slide, dried and annealed to 

create a stable, highly transparent layer.  Figure 4.3 shows a schematic representation of 

the assembly and deposition process, as well as a digital image of the thin GNP layer at 

the air-water interface. 
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Figure 4.3: (A) Schematic representation of liquid-liquid, interfacial self-
assembly of GNP.  (1) sonication of GNP in chloroform to mechanically 
exfoliate and de-aggregate (2) addition of water and further sonication, 
followed by phase separation (3) disruption of GNP-rich layer but jet of 
liquid from pipet (4) formation of second interface at the top of the water 

phase (5) evaporation of chloroform, creating GNP layer at air-water 
interface (6) deposition of GNP layer on glass substrate.  Image (B) shows 

the GNP-rich interface between the water on top and chloroform on 
bottom and image (C) shows the thin layer of GNP at the air-water 

interface after disruptoin of the water-chloroform interface and 
evaporation of surface chloroform. 
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This procedure did produce highly transparent films, reaching a maximum of 65% at 550 

nm.  However, problems of limited percolation of the platelets on the glass surface led to 

electrical conductivity values three orders of magnitude below values for thin layer 

graphite samples reported in literature.  Figure 4.4B highlights the poor percolation 

among GNP platelets seen be reflected light microscopy (Keyence VHX 600 Digital 

Microscope). 
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Figure 4.4: (A) Digital image  and (B) optical micrograph of thin film 
GNP coating on glass.  (C) Optical and (D) electrical properties from UV-

vis spectroscopy and 2-point electrical conductivity measurements. 
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Tailoring the glass surface hydrophobicity by oxygen plasma treatment and silane 

modification was intended to improve GNP adhesion on the surface, aiding in percolation 

and film robustness.  Water contact angle (WCA) measurement after various surface 

treatments can be seen in Figure 4.5C. 

 

Figure 4.5: Surface treatment were performed on glass slides, including 
silane reaction with (A) trichloro(phenyl)silane (TCPS) and (B) 

trichlorophenethylsilane (TCPES).  (C) Water contact angle measurements 
for various surface treatments. 

Between the oxygen plasma treatment and reaction with various silanes with aromatic 

pendant groups, the chemistry of the glass surface could be tuned form highly hydrophilic 

(WCA~5°) to highly hydrophobic (WCA>70°).  Despite measureable changes in surface 
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properties, change in GNP percolation was minimal.  Highly hydrophilic surfaces 

allowed for good wetting and homogeneous GNP deposition, but poor robustness (films 

were easily wiped away after deposition and annealing at 250°C).  Highly hydrophobic 

surfaces tended to coat non-uniformly, despite slight improvements in film stability.  It 

was determined that other approaches might be better suited for transparent electrode 

fabrication. 

Melt-Processing GNP/Polymer Substrates 

Two major problems in forming uniform, highly conductive GNP films on glass 

were (a) proper, flat alignment of GNP particles at the film surface and (b) adhesion of 

GNP to the substrate.  It was determined that changing substrate and GNP source might 

solve these problems. 

In terms of GNP particle alignment, some of the most positive results were seen 

during paper processing.  Recall Chapter 2, in which filtration of surfactant-stabilized 

GNP suspensions led to high alignment of platelets at the filter surface.  Figure 4.6 shows 

the cross section of a GNP paper after filtration, annealing and pressing, highlighting the 

high alignment of particles at the top and bottom of the paper. 
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Figure 4.6: Cross section of pressed GNP paper embedded in epoxy after 
polishing, oxygen plasma treatment and Tugsten coating. 

This highly percolated network could provide an ideal starting point for a transparent 

electrode, were it to be delaminated and transferred to a suitable substrate. 

The original substrate choice, glass, is limited to film casting from GNP suspensions 

by two factors: (a) the brittleness of glass limits high-pressure compaction of films onto 

the surface and (b) glass must be processed in it solid state, restricting contact with the 

GNP, limiting adhesions between the two surfaces.  In contrast, a polymer substrate is 

tough and flexible as well as having a low melt temperature.  High-pressure compaction 

would allow for intimate contact between the two surfaces while melt processing would 

allow polymer flow, providing stronger adhesion. 
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Polyethylene terephthalate (PET), a well-studied substrate for flexible electronic 

devices [25,26], including solar cells [27], was chosen for melt processing studies.  

Differential scanning calorimetry (DSC) confirmed the melt temperature to be 250°C, as 

seen in Figure 4.7.   

 

Figure 4.7: DSC characterization of PET film.  Large endotherm at 250°C 
indicates melt transition. 

Thin (0.007 in-thick) PET film was cut to 2 in by 1 in sections and pressed GNP paper 

was cut to size and laid on top.  The sample was heated between sheets of mirror-finish 

aluminum foil and steel plates and heated to 250°C and held at temperature for 10 min to 

reach thermal equilibrium.  While molten, 1000 psi of pressure was applied to the surface 

and then cooled (with cold water flow through the platens) while under pressure.  The 

opaque PET/GNP was then subjected to a modified version of the micromechanical 

cleavage technique [21] to remove layers of GNP not immediately in contact with the 
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PET substrate.  Adhesive tape was pressed to the GNP surface and peeled away and this 

process was repeated.  This sequential delamination technique removed considerable 

GNP from the surface, but after several iterations, it became clear that many layers were 

not removable from the PET substrate, having been impregnated by molten polymer 

during melt processing.  Figure 4.8 shows the PET/GNP laminate structure at various 

stages of processing. 

 

Figure 4.8: GNP/PET assembly (A) before and (B) after pressing at 
250°C/1000 psi.  Image (C) shows and examples of one delamination step 

and image (D) shows the high loading of GNP platelets in each of the 
subsequent delamination steps (each strip of tape is highly opaque after 

delamination).  Image (E) shows the remaining PET/GNP structure, with 
very high loading of GNP remaining that cannot be removed by 

micromechanical cleavage. 

In addition to excess GNP embedded in the polymer matrix, the PET film lost its 

flexibility and showed some opacity, suggesting crystallization.  Processing parameters 

were adjusted, lowering residence time to 3 min at 250°C, pressing at 100 psi instead of 

1000 and quenching the pressed sample in water bath, rapidly increasing the cooling rate.  

Subsequent attempts showed that PET transparency and flexibility could be largely 

maintained, but proper adherence of GNP was never accomplished.  Some optimum 



 109 

pressure and temperature may allow only a few layers for graphene to adhere to the PET 

surface, but it seems likely that subtle variations in GNP height and platelet interlaminar 

strength would prevent formation of a perfect, continuous film of high transparency. 

Preliminary attempts were made with a liquid-liquid, interfacial self-assembly 

process on PET, similar to those experiments conducted on glass, but the surface proved 

inadequate for proper wetting of the water/GNP film on the surface, preventing coherent 

films form forming.   

Conclusions 

Two major approaches were tried to form highly conductive, transparent coatings for 

use as an electrode in DSSCs.  Liquid-liquid, interfacial self-assembly has shown 

promise, but source material must be very thin and very pure to prevent aggregates 

forming during film formation.  Even with well-formed films, robustness can be in issue 

as well.  The inherent hydrophobicity of GNP makes it difficult to form stable bonds with 

glass substrates.  It is likely that strong, covalent bonds must be formed to keep a thin 

GNP layer in tact during the necessary processing of a DSSC photoanode, that includes 

spreading TiO2 films over the top of the electrode, as well as a high-temperature sintering 

process. 

Pressing of GNP onto PET films was an intriguing concept as well.  Melt processing 

has the potential to overcome some of the major issues of suspension processing on glass, 

but forming stable GNP films on the PET surface, prior to heating and pressing proved 

difficult.  Using macroscopic assemblies of GNP (such as papers) proved too imprecise a 
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source for proper transparency.  Investigating bottom-up approaches to GNP film 

formation prior to melt processing may yield better results. 
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Chapter 5 
Conclusions and Future Work 

Review 

In Chapter 1, the nature of DSSCs was described and their potential for commercial 

application was discussed.  Their unique properties, in terms of low-cost fabrication and 

increasingly effective energy conversion, suggest that continued refinement could make 

them a key player in renewable energy generation in the near future.  Potential solutions 

to cost barriers were discussed and graphene-based materials, specifically low-cost, 

highly-scalable GNP, was proposed as a likely candidate. 

Chapter 2 described a simple, scalable process by which PtNP-decorated GNP/PP 

surfaces can be made and highlighted their value in both electrical conductivity and 

catalytic surface area.  The process was proven to be controllable and repeatable and, 

even under lab-scale conditions, produced gram-quantities of sample without special 

equipment or high-temperature processing.  

In Chapter 3, these GNP/PP/PtNP surfaces were tested for potential as DSSC 

counterelectrodes.  Despite some interesting findings in terms of Pt loading (measured by 

ICP-MS) and charge transfer resistance at the interface (as measured by EIS), the data 

showed conclusively that GNP-based electrodes provide high catalytic effect at minimal 

Pt loading.  Full DSSCs were constructed and GNP/PP/PtNP materials beat the current 

standard (thermalized Pt) counterelectrode configuration in a side-by-side comparison. 

Chapter 4 examined the possibility of forming thin GNP layers on various substrates 

to produce a highly transparent and conductive electrode.  Despite the great success of 

GNP in numerous applications, none of the deposition and modification routes examined 
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showed the necessary transparency and conductivity to form a functioning DSSC 

photoanode.  It was concluded that, as well-suited as GNP assemblies are for 

counterelectrodes, in applications where optical transparency is paramount, bottom-

up/synthetic processes may be necessary.  

In this chapter, a few potential areas for continued research are presented, for those 

with an interest in pursuing similar or related work.  Possible avenues for improved GNP 

assembly properties are presented for both transparent and catalytic electrodes, as well as 

interesting alterations to DSSC cell design. 

Transparent Electrode Improvements 

Though the author has indicated that bottom-up processing of thin graphene layers 

may be preferable for transparent electrode fabrication, there are other possibilities for 

GNP-based work that have not been exhausted.  The simplest of these may be repeating 

the same procedures (liquid-liquid, interfacial self-assembly or melt-processing with PET 

films) with a different GNP source.  The platelets used were not particularly thin or high 

surface area.  Drop-casting and SEM imaging the GNP materials used for electrode 

formation showed them to be relatively thick and rigid. Figure 5.1 shows the highly 

aggregated stacks of graphene sheets within each individual GNP particle, even after 

extensive, high-power ultrasonication. 
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Figure 5.1: GNP from microwave exfoliated GIC (Asbury grade 3772) 
dropcast on Al stub and imaged by FESEM after (A) 1 min and (B) 10 

min sonication in chloroform. 

Even commercially exfoliated GNP sources (xGnP® from XG Sciences) shows isolated 

platelets to be relatively thick and rigid after an identical sonication procedure (see Figure 

5.2). 

 

Figure 5.2: xGnP® from XG Sciences (grade M-25) after (A) 1 min and 
(B) 10 min sonication in chlorofom. 

The numerous folds and edges seen make it clear that the sample is composed of several 

(perhaps tens) of layers of individual graphene, making it too thick for effective 

transparency applications.  The distinct kinks and folds in the material also suggest a 

rigidity that may prevent the sample from lying flat on the substrate, preventing 
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percolation and limiting film stability.  Thinner GNP would improve both transparency 

and percolation (if aspect ratio is maintained).  Though high-powered, mechanical 

exfoliation by ultrasonication appears to have limits (particle size is reduced with 

treatments >30 min, decreasing aspect ratio), other solution processing methods have 

great potential. 

Isolation of very thin (few-layer) graphene from liquid exfoliation is an active 

research area.  Providing higher yields than CVD routes and better material properties 

than reduction of graphite oxide (GO), these liquid-phase exfoliation and extraction 

techniques are more sophisticated than mechanical exfoliation by ultrasonication, but can 

produce individual graphene platelets.  Figure 5.3 shows isolation of single platelets from 

a number of different, low-power exfoliation methods in a number of different solvent 

systems. 

 

Figure 5.3: TEM images of individual graphene sheets produced by 
various liquid-exofoliation and extraction methods.  Image (A) from bath 
sonication in N-methylpyrrolidone [1].  Image (B) from bath sonication in 

water/sodium dodecylbenzene sulfonate [2].  Image (C) from bath 
sonication in water/1-pyrenecarboxylic acid [3]. 

Though yields might be lower and purification steps (to remove surfactant or unwanted 

solvent may be necessary, the quality of the material produced by these techniques 

surpasses that of the simple horn sonication in common organic solvent.  Isolating 
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particles this thin would greatly improve the quality of the films produced by liquid-

liquid, interfacial self-assembly or melt processing on PET films.  With optimization of 

the deposition and post-treatment, films rivaling the properties of FTO should be 

possible. 

Another possibility for improving GNP-based thin films, would be deposition of 

thick layers, followed by post treatment.  Brief examination of oxygen plasma treatment 

on layers of GNP on glass showed that reduction in film thickness and increase in 

transparency was possible.  Figure 5.4 shows the drastic effect of the plasma treatment on 

the macroscopic properties of the film, as well as the extensive etching to the individual 

particles. 
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Figure 5.4: GNP films on glass were exposed to a 450 W, 30 min, 265 
mtorr oxygen treamtent.  A Digital image (A) of the samples show dark, 

untreated GNP layers compared to more transparent, oxygen plasma 
treated samples ones.  SEM imaging of the samples (B) before and (C) 

after the treamtent show drastic changes in paticle coverage. 
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Though the percolated network is destroyed during etching, it made clear the value of 

oxygen plasma to control film transparency.  Literature suggests that a gentler treatment, 

in the range of 20-60 W, would allow single layer etching of graphene, potentially 

allowing percolated layers to remain intact, while reducing the number of layers of 

graphene within individual particles, thereby improving transparency [4,5].  Though the 

process is simple enough, great care would have to taken to ensure uniform film 

thickness prior to plasma treatment to prevent selective etching and destruction of the 

percolated network. 

Production of few-layer and single-layer graphene coatings by these techniques 

holds great promise for the DSSC field, as well as numerous other research areas.  

Continued development of these techniques should be closely monitored as future 

generations of DSSC devices could benefit from their application. 

Counterelectrode Improvement 

While thin film, transparent GNP proved inadequate for actual DSSC construction, 

GNP-based counterelectrodes performed admirably.  The fabrication technique could be 

taken in a number of different directions.  Firstly, UV-vis spectroscopy data of the GNP 

surfaces, in comparison with standard, thermalized Pt on FTO electrodes, showed that 

part of the success of GNP-based devices might be improved reflectance.   Figure 5.5 

compares the two surfaces over the range of visible light. 
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Figure 5.5: UV-vis comparison of GNP/PP and FTO/Pt counterelectrode 
samples.  (A) Spectra of various samples plotted for range of visible light 

and (B) comparison of average surface reflectance over visiable range. 

Pressing of GNP/PP papers in contact with mirror finish aluminum foil likely account for 

the limited topology and high reflectance.  Optimization of compression molding 
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parameters (mold temperature, applied pressure, cooling rate) might improve reflectivity 

even more, potentially improving cell efficiency.  

Secondly, expanding the range of Pt loadings might yield improvements in cell 

performance.  The highest PtNP loading on the GNP substrates was still a factor for four 

(at least) below the standard.  Increasing CPA concentration in solution during the 

microwave heating/PtNP synthesis process should increase the surface area for catalysis 

and potentially improve the conversion efficiency of the cell.   

Lastly, but perhaps most intriguing, is possibility of removal of Pt from the system 

entirely.  Pure GNP/PP samples (with surfaces cleared of polymer by oxygen plasma 

etching) showed poor cell performance, but still produced measurable photocurrent.  

Other research groups have investigated high surface area carbon materials for 

counterelectrodes and shown promising results [6-8].  Functionalization of the GNP 

counterelectrode or use of a high surface area material, such as commercially available 

xGnP-C-700 (from XG Sciences, BET Surface area ~755 m
2
/g) should greatly improve 

the catalytic effect compared to the flat, compacted platelets used in the GNP/PP paper-

making process.  Preliminary work, placing this high-surface area xGnP-C-700 on lower 

surface area platelets, can be seen in Figure 5.6. 
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Figure 5.6: (A) Digital image of high surface area xGnP-C-700 material 
deposited on thin layers of low surface area graphite by mutliple liqui-
liquid, interfacial self-assembly interation.  (B) SEM imaging of the 
surface shows the high surface area of the deposited material, likely 

improving catalytic ability. 
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While the high surface area material lacks the electrical conductivity of its low-surface 

area counterpart, the bi-layer provides a unique synergy, providing both high electrical 

conductivity and high surface area. 

Movement towards Pt-free systems is evident in literature [9-12], suggesting Pt 

loading reduction may not be the best route to commercial viability.  Relying on Pt-free 

systems, build from low-cost graphite sources could be a leap forward in terms of cost 

improvements.  And, with proper engineering of the catalytic surface, it may be done 

without sacrificing performance. 

 Counterelectrode design for DSSC is a diverse topic so this short list of future 

improvements to GNP-based electrode design is by no means exhaustive.  In fact, the 

diversity of GNP in terms of morphology, properties and potential functionalization make 

the possibilities limitless. 

DSSC Efficiency Improvement 

While the comparison between GNP-based and FTO-based electrodes was 

informative, the absolute performance of the cells was below the values seen in literature.  

Values of conversion efficiency around 1.5% were achieved in this work, far below the 7-

10% commonly reported [13-15].  It was assumed originally that the size of the cells 

constructed (with a photosensitized TiO2 area of 1 cm by 1 cm), double the length and 

width of many cells reported in literature, was large enough to cause resistive losses, 

limiting performance.  Smaller cells, with 5 mmm by 5 mm TiO2 layers, were 

constructed and tested for conversion efficiency.  Figure 5.7 shows the cell dimensions 

before and after assembly. 
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Figure 5.7: Digital images of (A) 5 mm by 5 mm photoanode after dyeing 
and drying and (B) cell construction with standared FTO/Pt 

countereelectrode and LiI, I2, TBP electrolyte. 

Despite reducing lateral dimensions and keeping all other cells parameters constant, no 

change in cell efficiency was observed.  Similarly, changing from 700 µm thick EPDM 

rubber gaskets, to silicone-based gaskets only 100 µm thick, made no difference in cell 

efficiencies. 

Another possibility was that back reactions between the photoanode and electrolyte 

were causing current losses, leading to poor cell efficiencies.  To correct for this, a 15 nm 

TiO2 blocking layer, formed by atomic layer deposition (ALD) was placed between the 

mesoporous semiconductor layer and FTO current collector.  Again, full cells were 

constructed with standard dye, electrolyte and counterelectrode configuration, and no 

change in efficiency was seen.  JV curves for the different cell configurations can be seen 

in Figure 5.8. 
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Figure 5.8: JV curve comparison various FTO/Pt DSSC configurations. 

Despite changing photoanode dimensions, limiting diffusion distances by thinning the 

gasket material and adding a blocking layer to prevent back reactions, no improvement in 

DSSC performance was seen.   

It is still unclear as to why these cells exhibit such low performance.  Extensive 

characterization of the dye and electrodes suggested no obvious remedies.  Future work, 

perhaps with different dye systems or electrolyte composition might elucidate the 

problem and provide efficiency measurements more consistent with the values reported 

in literature. 

PET Substrates for Flexible Devices 

In addition to cost reduction in counterelectrode materials, improving processibility 

is vital for commercialization.  Pressing GNP/PP/PtNP papers onto glass provides a 
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simple structure for lab-scale observation, but changing from rigid glass to flexible 

polyester would be desirable for the next iteration of the cell in terms of scalability, 

weight savings and flexibility (allowing for photovoltaic devices that conform to curved 

or irregular surfaces).   

Preliminary work has been done, taking PtNP-decorated GNP/PP papers and hot 

pressing (~5000 psi) onto polyethylene terephthalate (PET) backing at 180°C (above the 

melt temperature of PP).  The excellent adhesion of the GNP/PP/PtNP to the PET surface 

and high flexibility can be seen in Figure 5.9. 

 

Figure 5.9: GNP/PP/PtNP paper on PET film (A) before and (B) after 
pressing.  Image (C) shows the stability of the film during repeated 

flexing. 
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The dimensional change of the GNP/PP during pressing, however, suggested PP flow 

during the molding operation.  An oxygen plasma treatment (40 min, 450 W, 265 mtorr 

O2) was used to clear PP from the PtNP-decorated surface.  FESEM of the treated surface 

confirmed the presence of the PtNPs after hot pressing to the PET backing, as seen in 

Figure 5.10. 

 

Figure 5.10: PtNP presence on PET/GNP/PP/PtNP structure after pressing 
and oxygen plasma treatment.  Confirmation of Pt presence was provided 

by back-scatter imaging of the same area. 

The long-term stability of the PET/GNP/PP/PtNP system has not been studied and 

molding conditions have not been optimized.  This system holds great promise, however, 

because it provides all the key features desired in catalytic electrode systems: flexibility, 

light weight, low-cost constituent materials, low processing temperature and low capital 

equipment cost for processing.   
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If further work in this area were to be pursued, construction of a full cell with a 

flexible photoanode [16] should be considered.  Proving full cell function with a low-

cost, flexible counterelectrode would be a valuable step towards large-scale DSSC 

commercialization. 

Conclusions 

This thesis describes several approaches implementing low-cost, high-performance 

GNP materials into DSSC fabrication.  Both transparent and catalytic electrodes have the 

potential to be improved by proper application of GNP assemblies and simple, scaleable 

procedures can be used to produce them.  The most promising avenue is catalytic 

counterelectrode fabrication, in which significant reductions in Pt loading have been 

achieved and the performance of full cells under standard conditions has been matched 

and surpassed.  Mechanically robust, chemically stable GNP/PP/PtNP surfaces provide a 

unique surface with excellent catalytic and electronic properties.  While future refinement 

may lead to performance improvement in DSSC, and even application to other devices 

and processes, its incorporation into DSSC function has already proven its worth. 
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