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ABSTRACT: Sub-micrometer-sized colloidal graphite (CG)
was tested as a conducting electrode to replace transparent
conducting oxide (TCO) electrodes and as a catalytic material
to replace platinum (Pt) for I3~ reduction in dye-sensitized
solar cell (DSSC). CG paste was used to make a film via the
doctor-blade process. The 9 um thick CG film showed a lower
resistivity (7 €/0) than the widely used fluorine-doped tin
oxide TCO (8—15 Q/00). The catalytic activity of this graphite
film was measured and compared with the corresponding
properties of Pt. Cyclic voltammetry and electrochemical im-
pedance spectroscopy studies clearly showed a decrease in the
charge transfer resistance with the increase in the thickness of
the graphite layer from 3 to 9 #m. Under 1 sun illumination
(100 mW cm™ % AM 1.5), DSSCs with submicrometer-sized
graphite as a catalyst on fluorine-doped tin oxide TCO showed
an energy conversion efficiency greater than 6.0%, comparable

V aphite- CG :

-

|

Current density (mA/cm<)
-
e

o
e
.
-
(=
o
o
®

e

p!BN-F

to the conversion efficiency of Pt. DSSCs with a graphite counter electrode (CE) on TCO-free bare glass showed an energy
conversion efficiency greater than 5.0%, which demonstrated that the graphite layer could be used both as a conducting layer and as a

catalytic layer.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have emerged as a viable
alternative to solid-state silicon solar cells because of their low
cost and high energy conversion efficiency.' These cells normally
consist of transparent conducting oxide (TCO) films on a glass
substrate, a wide band gap semiconductor, a ruthenium based
dye, a redox electrolyte solution and a platinum (Pt) coated
counter electrode. The working mechanism involves the ultrafast
injection of electrons from the photoexcited state of the dye to
the conduction band of the semiconductor. The counter elec-
trode (CE) acts as an electron carrier from the external circuit to
the redox electrolyte. The Iodide (I") ions present in the redox
electrolyte reduce the oxidized dye and the resultant tri-iodide
(I;7) ions are reduced back to I ions at the CE.> Commonly,
fluorine doped tin oxide (FTO) coated glass is used as a substrate
and Pt is used as a catalyst for the tri-iodide reaction on a standard
CE material in DSSCs. Despite the good catalytic activity of
platinum CE in DSSCs, the high cost, poor stability in corrosive
electrolytes, and high processing temperatures necessitate the
development of alternative CE materials. FTO glass substrates
have several limitations, such as high cost, high sheet resistance,
and brittleness, which make them nonviable for flexible large-
scale DSSCs.>™¢ To develop large-scale applications, an
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abundant-material is preferred. In the recent past, various carbon
materials have been described, including carbon nanotubes
(CNTs),F10 activated carbon, graphite,'! nanocarbon,'? carbon
black,”"* conducting polymers,'*"* and graphene.'® High cata-
Iytic activities have been achieved, using carbon black or carbon
black mixed with graphite as an efficient CE.'” Although many
reports have described carbon materials, the use of graphite alone
as an efficient CE catalyst or as a conducting layer on bare glass
substrate has not been described.

Pt coated TCO used in DSSCs is responsible for more than
40% of the total device cost,* which makes it nonviable for large
scale applications. Recent attempts at using TCO-free counter
electrodes based on flexible graphite sheets” and polymer-based
substrates® showed low conversion efficiencies. Graphite is an
interesting catalyst and conducting layer material, and it is
abundantly available in nature at low-cost. In general, graphitic
materials, such as CNT's and graphite, have basal and edge planes.
Basal planes exhibit slow electron transport whereas edge planes
exhibit fast electron transport."® Graphite particles of large size
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and low surface area show very poor catalytic activity as CE
materials." " This is because large graphite particles have fewer
edge planes (or more basal planes), which slows the rate of I3~
reduction due to the high charge transfer resistance (Rcr). The
high Rcr has a negative influence on the fill factor (FF) and
shows poor energy conversion efficiency (7).

In this paper, we report the use of submicrometer size graphite
(700—900 nm) as both a conducting counter electrode and a CE
catalyst in DSSCs. These graphite particles present abundant
edge planes and good conductivity, which enhance the catalytic
effects (low Rcr and higher FF). Figure 1a shows the graphite
structure and highlights the stacking arrangements of the basal
and edge planes. Panels b and ¢ in Figure 1 show schematic
diagrams of the graphite samples used here, namely, AG20
(micrometer graphite) and CG (submicrometer graphite). As
seen in Figure 1b, AG20 graphite has fewer edge planes, so it may
yield a low catalytic I, reduction rate. In contrast, CG graphite
(Figure 1c) has an abundance of edge planes which increase the
I~ reduction rate and improve the conductivity.'® Panels d and e
in Figure 1 depict the reduction reaction on TCO-graphite CE in
DSSCs and on TCO free CE.

2. EXPERIMENTAL SECTION

TiO, Photo Electrode Preparation. A semitransparent TiO,
nanoparticulate layer 12 gm in thickness was prepared by doctor-blading
a paste of TiO, nanoparticles (Ti-Nanoxide HT/SP from Solaronix) on
to the ultrasonically cleaned fluorine doped tin oxide (FTO, 8 ©/00)
glass substrates. After drying at 120 °C, the electrodes were annealed at
500 °C for 30 min in air and subsequently immersed in a 0.3 mM
solution of N719 dye in a mixture of acetonitrile/tert-butanol (volume
ratio 1:1) for 24 h. Dye soaked electrodes were removed from the dye
solution, rinsed with ethanol, and then dried under a high-purity
nitrogen stream.

Graphite Counter Electrode Preparation. Graphite electrodes
were deposited by screen-printing on a TCO coated glass, and by
doctor-blading method on a bare glass substrate. The commercial
colloidal graphite paste (CG) was purchased from Electron Microscopy

Sciences and had a particle size range of 700—900 nm. The graphite layer
was deposited on a cleaned FTO glass substrate by screen-printing, and
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Figure 1. Schematic diagram of graphite and reduction reaction in the
graphite counter electrode, (a) graphite structure, (b) 20 um graphite
particle (AG20), (c) submicrometer graphite (CG), (d) I3~ reduction in
TCO-CG counter electrode, and (e) I3~ reduction in TCO free CG
counter electrode.
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Figure 2. SEM surface images and Raman spectra of graphite samples (a, ¢) CG and (b, d) AG20.
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Figure 3. Cross-sectional SEM images of graphite layer with different
thickness: (a) CG-a, (b) CG-b, (c) CG-c.

the thickness of the layer was controlled by the number of screen-
printing processes. Each printing process gave a film 3 um thick, and
three different samples, CG-a (3 #m), CG-b (6 um), and CG-c (9 um)
were tested. For comparison, larger graphite particles were used, and the
paste was prepared using Aldrich graphite (AG20) particles (particle size
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Figure 4. Cyclic voltammograms obtained at a scan rate of S0 mV's ™"

for the reduction of I, /I;~ with the various electrode materials.

>20 um), distilled water, and an organic binder. One gram of a carboxyl-
methyl cellulose (CMC) sodium salt (Sigma Aldrich, viscosity S0—200
cP) was dissolved in 39 mL of distilled water, and 1.5 g of graphite
powder was added to the binder solution. The mixture was ground using
a mortar and pestle. The resulting paste was coated onto the cleaned
FTO glass substrate by doctor-blading to give a thickness of 20 zm. Both
the CG and AG20 graphite CEs were annealed at 300 °C for 30 min.
Colloidal graphite (CG) deposited directly on a glass substrate will be
called in this work as a TCO free CE. It was prepared with doctor-
blading CG on a glass substrate followed by sintering at 300 °C for 30
min. The film thickness was 8 =9 um. For comparison, a traditional Pt
CE was also prepared by screen-printing (paste from Solaronix) on the
FTO glass substrate followed by annealing at 450 °C for 30 min.

Cell and Characterization. A 60 ym thick hot melt ionomer film
(Surlyn, SX1170—60 from Solaronix) was sandwiched between the
TiO, working electrode and a Pt or graphite CE by heating at 110 °C for
a few seconds. The space between the electrodes was filled with liquid
electrolyte consisting of 0.6 M 1-butyl-3-methyl imidazolium iodide,
0.03 M I, 0.1 M guanidinium thiocyanate, and 0.5 M 4-tertbutylpyridine
in a solvent mixture of acetonitrile and valeronitrile (volume ratio,
85:15). After electrolyte injection, the hole was sealed with Surlyn and a
thin cover glass.

To measure the Rcr, we prepared symmetric cells by stacking two
graphite or Pt electrodes facing each other with a 60 or 120 um thick
Surlyn spacer.”® The symmetric cells were then filled with the liquid
electrolyte solution described above.

Current—voltage (I—V) characteristics of the DSSCs were measured
using a solar simulator equipped with a 300 W xenon lamp. The power of
the simulated light was calibrated to give AM 1.5, 100 mW cm 2, using a
standard Si solar cell. I=V curves were obtained by applying an external
bias to the cell and measuring the photocurrent generated using a
Keithley model 2400 digital source meter. The electrochemical char-
acteristics of various catalytic materials were measured by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS). CV
measurements were carried out in an acetonitrile solution containing
10 mM Lil, 1 mM L, and 0.1 M LiClO,, with a scan rate of 50 mV's™ .
EIS measurements were carried out in the dark at room temperature in
over the frequency range from 100 mHz to 100 kHz. The electro-
chemical parameters were derived from the AC impedance spectra using
the “Zsimpwin” impedance analysis software.

3. RESULTS AND DISCUSSION

The surface morphology and Raman spectra of the graphite
films are presented in Figure 2. The SEM surface morphological
images a and b in Figure 2 clearly revealed that CG had more
edge planes, i.e., a higher number of catalytic sites,"® than AG20.
The Raman slpectra (Figure 2c, d) showed two bands, the D band
at 1355 cm™ " and the G band at 1579 cm ™ ". The D band usually
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Figure 5. Nyquist plot of graphite and platinum symmetric cells. Equivalent circuit diagram for graphite is given in the inset.
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Figure 6. (a) Photocurrent—voltage characteristics of CG, bare FTO,
AG20 counter electrode based DSSCs, and (b) photocurrent—voltage
characteristics of TCO free CE, and bare FTO.

indicates the structure, size, and defects of the carbon material.*
Defects are advantageous for producing an effective catalytic
activity.” The D band was strong in the CG sample due to the
smaller particle size and increased number of defect sites in the
edge plane.”"** In AG20, the D band was much smaller because
AG20 graphite was composed of larger particles and the edge
planes had smaller defects. Figure 3 shows cross-sectional SEM
images of CG graphite layers of different thicknesses on FTO
bare glass substrates. The CG graphite thickness was increased by
repeated screen-printing, and each layer was dried before depos-
iting the next layer. The SEM cross-sectional images given in
Figure 3 clearly show the thickness increase in CG graphite after
repeated coating applications. The single-layer doctor-bladed
AG20 thickness was ~20 um. With bigger particle size, it is
difficult to make a thin layer and we did not make a film with
different thickness with AG20 paste.

CV is an important and eflicient tool for analyzing ion
diffusivity and the catalytic mechanism acting in an electroche-
mical system.23 Figure 4 shows the CVs for I,/ I~ reduction

obtained using various counter electrode materials (versus Ag/
AgCl) in acetonitrile at a scan rate of 50 mVs . The two anodic
peaks obtained from the CV curves corresponded to the oxida-
tion of iodide to tri-iodide 1 and the cathodic peak corresponded
to the reduction of tri-iodide 2.>*""

31" — I3~ + 2 (oxidation) (1)
I3~ +2e — 3@ (reduction) (2)

The oxidation and reduction peaks observed in the CG-c were
comparable to those of the Pt electrode, which indicated the
possibility of achieving similar electrocatalytic behavior for small-
size high-surface-area graphite particles. Electrocatalytic behavior
in these systems relies on the presence of edge planes in the
submicrometer-size graphite. AG20 showed a much lower cur-
rent density, indicating a poor reduction rate compared to CG-c
and Pt electrodes. This coincided with the charge transfer
resistance Rcp obtained from the EIS measurements, dis-
cussed-below. High-surface-area edge planes in the CG-c in-
creased the electrocatalytic activity.

In general, EIS analysis and equivalent circuit fitting of DSSCs
provide an estimate for the internal resistance in the cells.”* > A
higher internal resistance in a device decreases the FF and Jsc.
The internal resistance of DSSCs mainly arises from charge
transfer processes at the CEs, the sheet resistance (Rg) of the
substrates, the electron transfer at the TiO,/dye/electrolyte
interface, and ion transport within the electrolyte.”* To check
the catalytic behavior of the graphitic electrode, Rcr of the
symmetric cells were measured using EIS. Figure 5 shows the
Nyquist plot of the Pt and graphite symmetric cells. Figure Sb
shows an enlarged version of Figure Sa, which clearly shows the
high frequency region of the CG-c and Pt electrodes. Rcr and R
were calculated using equivalent circuit fitting. The first semi-
circle in the high frequency region arose from the catalytic
property, the charge transfer resistance (Rcr) at the counter
electrode. The second semicircle at the low frequency arose from
Nernstian diffusion in the electrolyte.zs_27 The Rcr of a single
electrode is half of the real component of the impedance
determined from the high-frequency semicircle. Rct was found
by fitting the impedance data using the “Zsimpwin” software
based on equivalent circuit modeling of symmetric cells.”® The
calculated Rep of CG-c (5.0 Qem %) was very close to that
calculated for the conventional Pt electrode (4.5 Qcm™?),
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Table 1. Current—Voltage Parameters of the DSSCs with Platinum, Graphite, and TCO-Free CE Measured under 1 sun

Ilumination
counter electrode catalyst Rer (Q em ™ ?) Jsc (mA cm™?) Voc (V) FF (%) 7 (%)
bare FTO 144021 0.681 +0.01 0.05 4 0.001 0.04 4 0.004
AG20 24240.1 9.6+ 027 0.807 £ 0.01 40.9 +0.02 324024
CG-a 18.440.2 11.940.21 0.795 £ 0.01 44.0 +0.02 4.1+ 022
CG-b 12.6 £0.1 12.140.35 0.801 +0.01 52.4+£0.02 5.0+£0.23
CG-c 5.0+0.3 12.7+£ 0.34 0.794 £ 0.01 62.0+0.03 62+024
Pt 4.5+0.2 13.0+0.52 0.804 %+ 0.01 65.0 +0.04 6.8+0.34
TCO free CE 12.0 + 0.41 0.818 +0.01 60.0 £ 0.02 5.940.247
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Figure 7. Short time evaluation of I—V parameters in DSSC with CG-c graphite. (a) open-circuit voltage, Vo c,; (b) short-circuit current density, Jsc;

(¢) fill-factor, FF; and (d) energy conversion efficiency, #.

whereas CG-a, CG-b, and the Rcr of AG20 was higher than that
of CG-c due to a smaller number of catalytic sites. The sheet
resistance (Rs) of the CG electrode was slightly higher than that
of the Pt electrode, possibly due to the 1ar3gzer thickness and the
rougher CG and AG20 film surfaces.'**!>* Therefore, the CG
devices diiplayed lower values for the FF, Jsc, and lower
efficiency.”

The dark I—V characteristics of the DSSCs prepared using
each type of graphite CE is shown in Figure 6a. The dark current
onset of all devices began at ~500 mV. The CG dark current was
higher than that of AG20 due to the higher catalytic activity. The
tri-iodide produced by the dye-sensitized TiO, electrodes was
generally reduced at the CE, and the reduction of Iy ions was
slower at the AG20 CE than at the CG CE. As a result, AG20 and
bare FTO showed smaller dark currents.*®

Figure 6a shows the photovoltaic performance of the bare
FTO with very poor FF, Jsc and Vo, which clearly addresses the
need for an electro catalyst in DSSCs. The conversion efficiency
of the graphitic CE was comparable to that of the Pt CE when
CG-c was used. The photovoltaic performances of the CE
materials are summarized in Table 1. The CG CE showed similar
values for Jsc and V¢, with variations in the FF alone. CG

graphite showed an improved FF when the thickness of CE was
increased. A stacking arrangement involving a greater number of
edge planes in the CG-c (thickness ~of 9 #m) increased the rate
of I3~ reduction compared with CG-a (thickness ~of 3 um) and
CG-b (thickness ~of 6 um). The effects of the micrometer-size
graphite (AG20) particle size on device performance were
examined. Even very thick micrometer-size graphite films, were
not able to improve the catalytic activity, and AG20 showed a
much lower FF, poor device performance, and poor catalytic
activity toward the reduction of iodine.** Recent studies have
suggested that edge planes are responsible for fast electron
transfer kinetics and electrocatalytic properties in carbon
materials."® AG20 has near-perfect and atomically smooth basal
plane walls so those electrons transfer kinetics are limited.
Figure 6b shows the I—V characteristics of the TCO-free CE
and the corresponding values are listed in Table 1. DSSCs made
with the bare FTO performed poorly because of the impotency
of FTO substrate for I3~ reduction. The TCO-free graphite
substrate showed a low resistivity of 7€2/00, as measured by the
four-point probe method. The catalytic properties of CG gra-
phite improved for thicker CG graphite films. The optimal
material for both catalytic activity and conductivity was found
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to be CG-c. A comparison of TCO with the catalyst CE in DSSCs
showed that the TCO-free CE decreases Jsc and FF. Jgc was
decreased from 12.7 mA cm > to 12.0 mA cm” 2, and the FF
decreased from 62% to 60%. These changes were attributed to
the slightly higher sheet resistance in the CG-c graphite than in
the FTO substrates, which was also observed by EIS. For large-
scale applications, small decreases in the efficiency are acceptable,
because graphite CE may decrease the cost of DSSCs by 40%.

Figure 7 shows the stability data for the CG graphite CE.* One
of the most important considerations for the CE materials is
stability in the redox electrolyte. The CG graphite CE showed
promising stability, even after 250 h of operation. The short-term
evaluation test, revealed only small decreases in Jsc, Vo changed
moderately from 0.7 to 0.84 V, and the FF did not change
significantly. An increase in Voc and a decrease in Jsc resulted
either from the shift in the conduction band of the TiO, toward
negative values or the I' /I3~ redox energy level shift to the
positive values.'® The stability of Pt showed similar performance
which was given in the Figure 7. In general, the stability was
measured using a light soaking test instrument, although here we
used an ordinary room temperature measurement with a stan-
dard solar simulator. The performance degradation properties
will be investigated further using a standard testing instrument.
The overall performance of the DSSCs made with CG graphite
showed promising stability and can be a successful replacement
material for Pt in large-scale applications.

4. CONCLUSION

We have successfully employed submicrometer-size colloidal
graphite (CG) as an efficient counter electrode catalyst for tri-
iodide reduction in DSSCs. The high conductivity of submic-
rometer graphite suggests that TCO-free DSSCs may be devel-
oped using CG. Advantageously, CG may act dually as a substrate
and an electro-catalyst so that it may successfully replaced both
TCO and Pt. The charge transfer resistance and device perfor-
mance of 9 um thick submicrometer graphite layers as a counter
electrode showed promising results. The high catalytic effects
mainly arose from the edge planes in the submicrometer
graphite. The low-cost TCO-free graphite catalytic counter
electrode optimized in the present work showed an energy
conversion efficiency of 85% the conversion efficiency of con-
ventional Pt-coated TCO counter electrode.
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