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Abstract

We have pioneered in developing dye-sensitized selés with interconnected nanoparticles
of semiconductors other than Ti@nd we found that despite impressive properties of
semiconducting materials such as ZnO and ;SmBich should theoretically give better
performances than those based on ,TliDey give quite inferior performances and we
explained this unprecedented fact by consideristefarecombination of injected electrons in
the latter semiconductor nanoparticles than thos€®, nanoparticles. To circumvent this
problem, we introduced a novel technology in whiale covered the surfaces of
interconnected nanoparticles of Sn®y an ultra-thin layer of a wide band-gap
semiconductor or an insulator where the thickndsth® layer is ~1 nm or less such that
electron injection from the excited dye molecules the conduction band of the
semiconductor nanoparticles is possible but ingeetectrons are incapable of penetrating the
insulating barrier layer. In this way, we were aldesuppress recombination significantly and
such composite film based dye-sensitized solas galve efficiencies comparable to those
based on Ti@nanoparticles. We then realized that platinum usetye-sensitized solar cell
counter electrodes accounts for nearly 40% of the of these solar cells and hence limits
their practical application. We then worked on raladive materials and found that carbon
based counter electrodes can be tailored to gifreiegfcies closer to those of Pt counter
electrode based solar cells. In extending thisystuel now worked on graphene as counter
electrode material for composite SIWENO dye-sensitized solar cells. We report in this
manuscript the optimizations of this low-cost caun¢lectrode based dye-sensitized solar
cell to give performance closer to those of expanplatinum based counterparts.
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1. Introduction

In our previous publications, we documented theettgament of dye-sensitized solar cells
using interconnected Sa@anopatrticles covered with thin shells of ZnO (§AGO) as dye-
absorbing and electron transporting materials wheee have replaced usually used
interconnected Ti@nanoparticles with interconnected SO nanoparticles [1-3]. Our
choice of Sn@ instead of TiQwas stemmed from several reasons. First, it has fmeend
that the structural, electronic, and optical prdpsrin SnQ epitaxial thin films can be tuned



by applying strain on the structure. Particulalge optical band gap of SaCtan be
significantly reduced with increasing the tensikais in the bc plane [4, 5]. Density
functional calculations have revealed that the owaimg of the optical band gap of SpO
under tensile strain is due to weakening of bondind anti-bonding split resulting from the
disorder of Sn@octahedra [6]. It has also been reported thatiddigtrain is more effective
than uniaxial strain in reducing the band gap dDSit has been shown that the optical band
gap of SnQ@ epitaxial thin films can be reduced by 0.7 eV fr8r6 eV this decreasing to 2.9
eV where Sn@is now capable of absorbing in the visible rarfgecondly, Sn@is a good
choice of semiconductor since it is chemically ghly stable material that is insoluble even
in highly corrosive chemicals such as acids, baseésstrongly oxidizing and reducing agents
and has a conduction band (CB) bottom below theesdbwinoccupied molecular orbital
(LUMO) energy levels of many dyes that are commamged in dye-sensitized solar cells
(DSCs) thus enabling faster transfer of excitedtad@s in the LUMO levels of excited dye
molecules to the bottom of the CB of Sn@noparticles. Thirdly, Snihanoparticles can be
fused with FTO layer in the working electrode dadheir chemical similarities where FTO
is lightly fluoride-doped Sn@® As such, electrons that are transported along the
interconnected SnOnanoparticles can be transferred to FTO layer anithany potential
energy barrier thus giving improved fill factor fte solar cells fabricated. Fourthly, the
electron mobility in Sn@nanoparticles is much higher than that in Ji@noparticles with
identical size and shape thus giving faster electmmbility alone Sn@ nanoparticles than
that alone TiQ nanoparticles. Despite all these advantagespumrdfthat the overall photon-
to-electron conversion efficiency with Sp@ased DSCs are much inferior than that of,TiO
based ones under otherwise identical compositioraks cnditions. We explained this by
considering the rates of recombination of electronghe two materials. The electrons
injected to the SnPparticles move faster than those in Tigarticles and thus reach the
surfaces of particles more frequently in $Sri@an that in TiQ. Once electrons reach the
particle surfaces they are prone to react with iaed dye molecules that are attached to the
surface of particles and any tri-iodide ions tha at the vicinity of the particles. As such,
although electrons are injected satisfactorily anel able to transport towards FTO back
contact faster than that does by interconnected Ti@oparticles, electron losses due to
recombination is higher in Spbased DSCs than those in Fi@ased ones thus giving
inferior DSC performances by Sp®ased ones [7,8]. In order to circumvent thisbfam,

we introduced a novel method where we used an-thitnacoating of a high band gap
semiconductor or an insulator to cover the parscidaces of SngJ9-11]. This thin layer is
only a few atomic layer in thickness thus giving ath thick coating covering the entire
exposed surfaces of interconnected nanoparticleSrd [12-13]. Dye molecules are
actually attached on to the outer surface of thahin coat but the thickness is so small that
electrons excited on the LUMO levels of the dye ecales can be transferred to $SnO
nanoparticles in a ballistic manner since electane function can penetrate ~1 nm distance
[14]. These electrons are energetic also and hirageare capable of moving fast along the
interconnected SnOnanoparticles. Once injected, electrons are iomaet energy state than
those when present in the LUMO levels of the dydeades and hence they are unable to
come to the outer surface of the thin coat thusegmng the encounter with oxidized dye
molecules andsl ions for recombination losses. As such, we wete thimprove the DSC
performance of Snbased DSCs by introducing an ultra-thin shell olOZor MgO or
CaCQ etc.



Although, all these DSCs give impressive convergfiitiencies, their practical application
is limited by the high cost of the counter eleced€€E) material used. The usual counter
electrode is made with lightly platinized FTO glassl the major cost of the entire device is
due to platinum that is used in this counter etetgr However, platinum is perhaps the best
electro-catalyst for triiodide reduction though therrosive triiodide ions can etch the
platinum particles present on the CE surface. #tipbm can be replaced by a cheaper
material and the DSCs function as good as platifitEnbased ones then of course these
DSCs are more viable for practical applicationsti/fis aim in mind, we studied graphene
counter electrode based N-719 dye coated &m® DSCs with usual iodide/triiodide liquid
electrolyte and studied the performance by optingznith respect to the graphene counter
electrode properties and thickness of the graplsme and in this manuscript we detail them
giving quantitative data of DSC performances conmggit with that of DSC based on Pt CE.
We have already reported the success of using eoaldctrodes based on graphite/graphene
products with DSCs [15-17]. This success in usow-tost counter electrodes to reduce the
cost of production of DSCs by nearly 40% stemmetbusork further on graphene counter
electrode based DSCs and this is one such andtligr and several more studies will follow
in subsequent publications.

2. Experimental
2.1. Preparation of the dye-coated S0 composite film working electrode

3.0 mL of SnQ colloid (Alfar Aesar, 15% Snfcolloidal in HO) was mixed with 10 drops
of acetic acid (Sigma Aldrich, 99.8 %) and 0.066f @nO powder (Kanto Chemicals, Japan)
and ground well to obtain a transparent paste. [Tlemrops of Triton X100 (Wako
Chemicals, Japan) was added and ultra-sonicatesirfonutes to obtain a fine dispersion sol.
Thereatfter, it was sprayed on pre-heated (150 T©) surface and sintered at 500 °C. It was
then allowed to cool down to 80 °C and immerse®li9 (Ruthenizer 535-bisTBA FULL
NAME, purchased from Solaronix, Switzerland) dy&son containing 0.30 mM N719 dye
dissolved in a solution of t-butanol and acetoleitin 1:1 volume ratio for 12 hours. The
electrode was then rinsed with acetonitrile anovedid to air-dry.

2.2. Fabrication of graphene counter electrode

0.015 g of carboxymethyl cellulose (CMC, Sigma Adtdj in 25.0 ml of de-ionized water
was stirred thoroughly to obtain a clear soluti@®0 mg of graphene powder (United
nanotech Innovations, India) was then added amcd@tivell by ultra-sonication to obtain a
fine graphene dispersion. It was then heated at°@@ evaporate some water to obtain a
graphene paste. The graphene paste thus prepas@ppied on FTO glass plate using
screen printing method and sintered at 300 °C @in®n. The amount of CMC, sintering
temperature and thickness of the graphene film waried to obtain optimum parameters to
get best DSC performance.

2.3. Construction of the cell and studying DSC penfance

The dye sensitized solar cells were fabricatedsasllby sandwiching the electrolyte solution
containing /I redox couple between working electrode and graphbeunater electrode. The

DSC performances were studied using a PECcell-ldldr simulator coupled to a Keithley

(2400 model) multimeter, under 1.5 AM illuminatidiinetic parameters of the DSCs were
evaluated by AC impedance Spectroscopy (Potentidstalab)



3. Results and discussion

As for optimizing the graphene-based CE, diffemantphologies of graphene layers on FTO
were prepared by mixing 150 mg of graphene witfed#int amounts of CMC and applying
them separately on FTO surfaces and heat-treating0@ °C to give an approximate
thickness of 50 um on FTO surface and the soldr pmformances of the usual liquid
electrolyte-based DSCs constructed using thesehgrapbased CEs were measured and the
data obtained are tabulated in Table 1.

Tablel
Solar cell performances of the usual liquid eldgtesbased DSCs constructed using
graphene-based CEs which was prepared using 15@rapjene and different amounts of
carboxymethyl cellulose treated at 300 °C to givepproximate thickness of 50 um on FTO
surface.

Counter VoclV Jsc FF n (%)
electrode (mA/cm?)

GN- 00 mg 0.610 12.3 0.61 4.62
CMC

GN- 05 mg 0.628 12.9 0.58 4.73
CMC

GN- 10 mg 0.633 13.0 0.62 511
CMC

GN- 15 mg 0.644 13.4 0.62 5.35
CMC

GN- 20 mg 0.653 12.0 0.65 511
CMC

GN- 25 mg 0.656 11.6 0.63 4.83
CMC

It is interesting to note that the morphology of tiraphene layer has a distinct effect on the
open circuit voltage, ¥c, where \b¢ is steadily increasing when the amount of CMC used
the CE preparation is increased. When the amou@MC in the graphene-CMC mixture is
increased and the pastes thus prepared were appliE@O surfaces and heat-treated to burn
away CMC the CEs thus formed have voids in placesr&f CMC was present. This gives
porous structure for the graphene layer on FTOasad. As the amount of the CMC is
increased the resulting graphene layer on FTObelmore and more porous and hence the
CE can be properly wetted by the liquid electralyfé@is gives high surface area for the
reduction of tri-iodide ions to iodide ions. Thdigent generation of iodide ions at the CE
contributes directly to the improved performanceD8Cs. Therefore, it is possible that
efficient regeneration of iodide ions will efficiiy react with oxidized dye molecules thus
decreasing the possibility of recombination of glamts injected to SN¥ZnO nanoparticles
with oxidized dye molecules and tri-iodide ionsisTwill result in upward shift of the Fermi
level of the electrons injected to S#ZNO nanoparticles. As such, even if the potemtidhe
Is/I" reduction on graphene-based CE is independentsomorphology the ¥ would
increase due to up-ward shift of the Fermi levels blso possible that increase ipAue to
different amounts used in graphene-based CE pitsparaay be indicating that the potential
of the k/I" reduction on graphene-based CE is dependent ohistey of CE preparation



which gives porous structure for the graphene fiklligher the porosity higher the active
surface area of CE material and hence higher @strelcatalytic activity. Anyhow, the
important outcome of this experiment is that higther porosity of the graphene layer in the
graphene-based CE the higher the \h usual liquid electrolyte-based DSCs.

On the same account, one would expect to obsegaelsincrease insd also as the porosity
is increased. However, data in Table 1 show teatslindeed increasing up to a maximum
value from which it is decreasing as the porositthe graphene layer in the CE is increased.
The initial increase ing¢ with CE porosity is clear since efficient remowdloxidized dye
molecules by efficiently formed iodide ions at {G& would decrease the recombination of
injected electrons with oxidized dye molecules #émibdide ions. This would increase the
number of electrons collected by the device anctcédhe dc. However, as the porosity is
increased the electrical conductivity of the CEelayvould become less. The decreased
electrical conductivity of the CE would add incredsseries resistance to the DSC thus
decreasing thesd. Therefore, it is clear that there is an optimuatue for the porosity of the
graphene layer on FTO in the CE to give the high&€ performance. Since the FF of the
DSCs is independent from the history of CE prepamai.e., porosity of the graphene layer
on FTO, it is likely that graphene adheres wellFarO regardless of its porosity. As such,
electrons that have come to the FTO layer on thec@Ebe effectively transferred to the
graphene layer regardless of the porosity of taplygne layer.

In order to optimize the heat-treatment temperatirgraphene-based CE preparation, the
CMC amount was kept at 15 mg since it gives thédsg efficiency as indicated in Table 1
and the CE was prepared using 150 mg graphene,gl&f @MC mixture applied on FTO
heat treating at different temperatures. The Cks ghrepared were used in usual liquid
electrolyte-based DSCs and their performancesepiidd in Table 2.

Table?2

Solar Cell Parameters of liquid-based dye-sensiteaar cells prepared by using counter
electrodes which were prepared using 150 mg graph®&h mg carboxymethyl cellulose
mixture applied on FTO surfaces which were heatté@ at different temperatures.

Counter VoclV Jsc FF n (%)
electrode (mA/cm?)

GN- 200 °C 0.668 11.9 0.57 4.57
GN- 250 °C 0.658 12.2 0.59 4.77
GN- 300 °C 0.644 13.5 0.62 541
GN- 350 °C 0.649 125 0.60 4.90
GN- 400 °C 0.706 10.5 0.62 4.56

Results indicate that there is no particular tremdhe variation of individual solar cell
parameters with respect to the temperature of theattiment. The best efficiency of 5.41% is
obtained when the counter electrode was prepardtaitreating it at 300 °C and therefore
further optimizations were carried out by heattirepthe CE at this temperature. Using 150
mg of graphene and 15 mg of CMC, the paste of whigplied on the FTO surface heat
treated at 300 °C to obtain different thicknesdeth® active layer on CE were used in DSCs
and their performances are tabulated in Table 3.



Table3
Solar Cell performance of the graphene-based dysigeed solar cells as a function of the
counter electrode thickness.

Counter VoclV Jsc (mA/ FF n (%)
electrode cm?)

GN- 20 pm 0.663 12.3 0.55 4.55
GN- 30 pm 0.657 12.5 0.57 4,72
GN-40 um 0.647 12.7 0.61 5.01
GN- 50 pm 0.643 12.8 0.64 5.34
GN- 60 pum 0.643 13.8 0.62 5.50
GN- 70 pm 0.646 12.6 0.65 5.36
GN- 80 um 0.639 12.5 0.64 5.13

As the thickness of the CE is increased the effectoc seems to be very small or slightly
decreasing as the thickness is increased. Thisbhmajue to increased resistance of the CE.
This is further manifested in theglvalues which increase up to 13.8 mAfcat 60 um
thickness and the decreases as the thicknesstiefuncreased. Increased thickness of the
porous graphene layer would give increased surdaea for the tri-iodide reduction which
would increase the current density. However, thgospng effect due to increased resistance
of the CE would come into play as the thicknesagseased. As such, the observed trend can
be expected. Fill factor seems to increase andlévweh off around 0.64. This is probably due
to proper binding of the graphene layer on FTOhasthickness is increased which would
better facilitate the electron transfer from FTOgt@aphene layer when the latter is tightly
bound to the former. The collective effect on thewersion efficiency is that it increases up
to 60 um thickness of the graphene layer on CEtlagel decreases. With all these optimized
conditions, the highest efficiency of 5.50% wasamid.

In order to compare the efficiency of the SIDO based DSCs with graphene counter
electrode and usual lightly platinized FTO-Cr caurglectrode the efficiency of the former
with optimized conditions was compared with thatted latter. The J-V performances of the
two DSCs under otherwise identical conditions drews) in Figure 1 and the solar cell
parameters extracted from these J-V curves ardataiouin Table 4. It is interesting to note
that SnGQ/ZnO based DSCs also give such an impressive csioveefficiency of 7.17%
when Pt-based CE is used. The conversion efficieneslightly lower when graphene based
CE is used and the best value obtained here i9%.30is decrease in efficiency could be
compensated by the huge decrease in the costriddabn of the DSCs. As indicated earlier,
although DSCs stand out to be the low-cost alteresitto standard silicon solar cells the
majority of the cost of DSCs is due to the cosplatinum used in the CE. Replacement of
platinum by graphene which can be derived from tmst graphite could be a way forward
for practical applications of DSCs. It is clearrfrahe data given in Table 4 that all three
solar cell parameters are lesser for the graphéhéaSed DSC than those for Pt CE based
DSC. In order to investigate the difference in thhaversion efficiencies, we carried out AC
impedance spectroscopic studies of the two CHseoDISCs.
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Fig.1. J-V curves for Sn&dZnO dye-sensitized solar cells with graphene-basedPt-based

counter electrodes.

Table4

Comparison of the DSC performance of the usualidiglectrolyte based Sn@nO DSC
with graphene and Pt counter electrodes.

Counter Vocl/V Jsc (mA/ FF n (%)
electrode cm?)

Pt 0.687 15.0 0.69 7.17
GN 0.643 13.8 0.62 5.50

The Nyquist plots of the AC impedance spectra shmMrigure 2 clearly indicate that both
the series resistance; Bnd the charge transport resistangg &e higher when graphene
based CE is used instead of Pt-based CE. Thiscaube Pt is a better electrocatalyst for
triiodide reduction than graphene. This explaingdo conversion efficiency observed for
DSCS when graphene based CE is used instead alsBtHones. Nevertheless, the difference
is small and the advantage associated with low-g@gthene derived from local graphite can
overweigh the lower performance and hence as faradical applications are concerned,
graphene based ones are more viable than Pt-based o
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Fig. 2. The Nyquist plots of AC impedance spectra of &P based DSC and (b) Graphene
CE based DSC.

4. Conclusion

Graphene counter electrode based DSCs utilizing,ZnO interconnected nanoparticle
charge transport layer instead of Fi@anoparticle layer were prepared and optimizeth wit
respect to counter electrode preparation conditaanes DSC performance studied. The best
DSC gives 5.5% conversion efficiency as opposed 186 efficiency obtained similar DSCs
with Pt-based counter electrodes. The lower perdoice is explained by considering the
sluggish kinetics of triiodide reduction on grapbemhen compared to faster reduction of
trilodide ions on platinum as indicated by AC impade studies. However, the difference is
not too large and low-cost of graphene based DSi@btravercome the lower performance
for practical applications.
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Highlights

Graphene-based counter electrodes are developed.

These low-cost counter electrodes are used in SnO2/ZnO composite film based dye-
sensitized solar cells.

A solar to electricity conversion efficiency of 5.5 % is achieved which is comparable
to that obtained for the similar system employing expensive Pt-Cr-FTO counter
electrodes.



