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bstract

A nanoporous electrode was prepared by incorporating various amounts of carbon powder (Vulcan X-72) into TiO2 paste. To remove the black-
olored carbon elements, high-temperature (550 ◦C) thermal treatment was required for a long period of time (from 30 to 50 min). In this way, a
anoporous TiO2 electrode with a high specific surface area and high porosity was formed after the incorporation of the carbon powder. Especially,
he sample containing 1 wt% of carbon powder exhibited the best performance: a Voc of −0.72 V, a Jsc of 12.69 mA/cm2, a fill factor of 62% and
n efficiency of 5.6%. Furthermore, the charge recombination between the photoinjected electrons from the excited dye and the I3

− ions in the
lectrolyte induced by the enhanced surface was investigated by cyclic voltammetry and dark current measurements. In addition, mechanically

table TiO2 films were formed in the range of carbon powder contents used in this study. From the above results, it can be concluded that the
odification of the TiO2 electrodes with a suitable carbon powder allows them to be used in dye-sensitized solar cells with improved performance

nd minor side effects.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the introduction of anode electrodes composed of
anoporous and interconnected TiO2 nanoparticles as an elec-
ron conductor, as reported by Gratzel’s group in 1991 [1],
ye-sensitized solar cells (DSSCs) have attracted consider-
ble attention. After sintering at high temperature for a short
ime, nanoporous and nanocrystalline (nanostructured) films
re formed. These films are composed of small and intercon-
ected nanoparticles (typically 5–50 nm in size) and have a
igh internal surface area, which is 1000 times larger than
he projected surface area [2]. This enhanced surface area and
nterconnection between the particles enhance the efficiency of
ye-sensitized solar cells, due to the increased amount of dye

dsorbed on the TiO2 surface [3] and the retardation of elec-
ron loss afforded by the formation of a three-dimensional and
onnected TiO2 network. As a result, various approaches have

∗ Corresponding author. Tel.: +82 2 880 1889; fax: +82 2 888 1604.
E-mail address: ysung@snu.ac.kr (Y.-E. Sung).
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een reported to fabricate nanocrystalline and nanoporous metal
xide films.

In order to increase the surface area of nanoporous TiO2
lectrodes, various methods have been tried. Firstly, a metal-
xide (Al2O3, ZnO, MgO, Nb2O5, etc.) coating with a high
and-gap induces the increase of the surface area of the nanopar-
iculated TiO2 films [4–10]. Secondly, the TiCl4 treatment (a
ype of surface treatment) of the TiO2 electrode was employed
o enhance the surface area of the TiO2 film [11–13]. Thirdly,
anostructured electrodes with various shapes (rod, wire, tube,
nd suitable mixture of two components) was used to increase
he surface area of the nanoporous TiO2 film [14–17]. Fourthly,
dye-sensitized solar cell using synthesized TiO2 nanoparticles

3–5 nm in size) by a polymer template was employed to increase
he specific surface area and obtain an efficiency of above 8%
18].

Furthermore, to increase the porosity of nanoparticulated

iO2 film, polymer molecules with a high molecular weight
re generally incorporated into the paste, which is deposited by
he doctor-blade method. Because the polymer mainly consists
f carbon and oxygen elements, the material is then calcinated

mailto:ysung@snu.ac.kr
dx.doi.org/10.1016/j.jphotochem.2006.08.012
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o form CO2 gas during sintering at high temperature under
ir ambient. Then, the space vacated by the carbonized poly-
er enhances the porosity of the TiO2 film. The Frank group

19] reported that the larger the amount of polyethylene glycol
PEG) that is incorporated into the paste, the greater the increase
n the porosity. However, they also reported that the optimum
orosity of the nanocrystalline TiO2 film used for dye-sensitized
olar cells is about 50–65% [20]. In addition, the Gratzel group
ecently reported the formation of a regular and uniform TiO2
lm using a mixed polymer template and, a high efficiency of
% was obtained using an organized mesoporous TiO2 electrode
ith a thickness of only 1 �m [21].
In a present paper, the formation of porous and nanoparticu-

ated TiO2 film is presented using carbon powder (Vulcan X-72).
n this experiment, we demonstrated that the carbon incorporated
iO2 electrode has a more uniform pore size than that contain-

ng polyethylene glycol (PEG) surfactant. The carbon powder
sed in this study, Vulcan X-72, has a uniform particle size of
0–40 nm and a structure similar to that of an onion, which gives
ise to smooth surface and stable mechanical properties. Conven-
ionally, carbon powders are known to have several advantages
22,23], such as their low cost, which facilitates the commer-
ialization of the resulting products, and the fact that carbon
owders with various particle sizes and structures are available.
he porosity control of the TiO2 film can be accomplished by
arying the amount of carbon incorporated into the paste, as was
onfirmed in this study. We also confirmed that the incorporated
arbon powder increased the surface area of the TiO2 films via
heir reaction with the oxygen molecules originating partially
rom the air atmosphere and partially from the TiO2 lattice.

. Experiment

An optically transparent conducting glass (FTO, Pilkington
EC GlassTM, sheet resistance 8 �/square, transmittance 77%

n the visible range) was used as a substrate. The substrate
as cleaned successively in acetone, ethanol and DI water, for
0 min in each step to remove the organic pollutes and dust. To
revent any connection from occurring between the transpar-
nt conducting oxide (TCO) substrate and I−/I3

− electrolyte,
hich would otherwise cause the loss of open circuit voltage

n the composed cell (cell composed of the TiO2 electrode with
hin thickness), one drop of 0.1 M titanium butoxide in abso-
ute ethanol was spread on the conducting glass (3 cm × 3 cm)
nd dried at 80 ◦C for 1 h in an oven [24]. Nanocrystalline TiO2
owder (P25, Degussa, 0.6 g) and carbon powder (Vulcan X-
2, Cabot Corporation, from 0.5 to 3 wt% versus TiO2 weight)
ere ground together in a bowl for a few minutes and then,

cetylacetone, polyethylene oxide (PEO, Mv: 100,000; 20 wt%
ersus TiO2 weight), and solvent (water/ethanol) were added.
he nanoporous TiO2 films were made from the prepared paste
y the doctor blade technique using a glass rod, dried for 5 min
sing a dryer, sintered at 450 ◦C in air for 1 h and then heated

gain at 550 ◦C for 30 or 50 min using a hotplate. The ther-
al treatment used in the second-step must be conducted, in

rder to completely remove the incorporated carbon elements
hrough their chemical reaction. In this experiment we var-

o
t
J
a
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ed the amount of carbon powder that was incorporated. The
hickness of the TiO2 films was controlled using transparent
dhesive tape (Scotch, nominal thickness: 40 �m) as a spacer
nd determined by an Alpha-Step 200 apparatus (Tencor Instru-
ents), to be approximately 7.5 �m (±0.5 �m). For the adsorp-

ion of the dye, the resulting electrodes were immersed in an
thanol solution of 5 × 10−4 M cis-bis(isothiocyanato)bis(2,2′-
ipyridyl-4,4′-dicarboxylato)-ruthenium(II) (Ru535, Solaronix)
or at least 12 h at room temperature. Then, the electrode was
insed with ethanol and dried under an air stream. The redox elec-
rolyte that was employed was composed of 0.5 M LiI, 0.05 M
2 and 0.5 M-tert-butyl pyridine in methoxypropionitrile (MPN).
he Pt coated counter electrodes were prepared by spreading a
rop of 10 mM H2PtCl6 in 2-propanol on the FTO glass and
eating it at 400 ◦C for 20 min under air ambient. The dye-
dsorbed TiO2 electrodes (active area 0.16 cm2) were assembled
sing thermal adhesive films (Serlyn, thickness: 50 �m) into the
andwich-type cell with a counter electrode. A drop of elec-

rolyte solution was injected into the cell through one of two
mall holes drilled in the counter electrode by capillary action.
hen, the holes were sealed using Serlyn and a cover glass. A
ontrol sample was prepared by incorporating a PEG surfactant
Mn: 8000, 20 wt% versus TiO2 weight) into the TiO2 paste.
n this process, the thermal treatment was carried at 450 ◦C for
0 min under air ambient.

Electrochemical experiments were conducted in a three-
lectrode potentiostatic system with nanostructured TiO2 elec-
rodes (geometric surface area 1 cm2) as the working electrode,
saturated Ag/AgCl electrode as the reference electrode and a
latinum wire as the counter electrode. Then, prior to the elec-
rochemical experiment, a nanostructured TiO2 film was heated
n an oven at 80 ◦C for 10 min to remove the adsorbed mois-
ure and organics. The electrolyte consisted of 0.2 M LiClO4
olution buffered with 0.02 M K2HPO4/KH2PO4 (pH 6.4) [25].
itrogen bubbling was needed to remove the oxygen present in

he electrolyte, which would otherwise influence the potential
f the redox reaction, by acting as an oxidizer [26]. To reach
quilibrium in the cell, the applied voltage (+0.8 V) was kept
onstant for 5 min. Then, the potential was scanned from this
otential (+0.8 V) to a negative potential (−0.8 V). A scan rate
f 5 mV/s was applied.

X-ray diffraction (JOEL 8030) was used to confirm the crys-
alline phase of the nanoporous TiO2 film. This was performed
ith a target voltage and current of 50 kV and 80 mA, respec-

ively, using Cu K� radiation with an average wavelength of
.5406 Å. In addition, X-ray photoelectron spectroscopy (XPS)
PHI 5200 mode) was performed to investigate the reactivity
etween the oxygen originating from the TiO2 nanoparticles and
he incorporated carbon element using an Al K� X-ray source in
n UHV system with a chamber base pressure of ∼10−10 Torr.
igh-resolution transmission electron microscopy (HR-TEM)

JEOL JEM-2010) was used to study the surface morphology of
he modified TiO2 nanoparticles using an electron microscope

perating at 200 keV. To investigate the chemical composition of
he modified TiO2 film, an electron probe microanalysis (JOEL
XA-8900R) was conducted using a qualitative method, and this
llowed the absence or presence of remnant carbon elements in
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he TiO2 electrode to be confirmed. The surface area and poros-
ty of the nanoporous films were analyzed through the Brunauer,
mmett and Teller (BET) measurement by means of a nitrogen
bsorption apparatus (Quantachrome, Autosorb-1). Then, the
ata obtained from the absorption experiment were recorded.

Photocurrent–voltage (I–V) measurements were performed
sing an XIL model 05A50KS source measure unit at a power
f 100 mW/cm2. A 500-W xenon lamp was used as a light source
nd its light intensity was calibrated with an Si reference solar
ell to AM 1.5 radiation (one sun condition). To measure the
ark current, an I–V test was conducted without any source of
llumination.

. Results and discussion

Table 1 summarizes the effect of the composition of the incor-
orated carbon powder on the properties of the nanoporous TiO2
lectrode. According to the data, the pore size and particle size
re changed very little, irrespective of the weight ratio of carbon
owder incorporated in the TiO2 paste. Furthermore, the specific
urface area of the electrode increases as the amount of carbon is
ncreased from 0 to 1.0 wt%. However, as the amount of carbon
s further increased, the specific surface area does not continue

o increase in a linear fashion. Since the porosity of mesoporous
iO2 film is related to the coordination number, the coordination
umbers were obtained from previous papers [19]. In the case
f the samples annealed for 30 min during the second step, there

T
t
c
T

able 1
haracteristics of modified TiO2 electrodes with different compositions after sinterin

Pore size (nm) Porositya (%) Particle size

0 wt% 28.6 55.8 25.68
0.5 wt% 27.3 59 25.2
1.0 wt% 27.3 64.3 25
1.5 wt% 25.6 59.5 25.2
2.0 wt% 24.7 57.7 25.3
2.5 wt% 27.2 58.7 25.2
3.0 wt% 24.4 65.1 25.8

25 24.2 62 25.6

he conventional P25 sample was used as a control sample in this process.
a The porosity of these samples was calculated by referring to the equation; porosi

nd ρ−1 is the inverse of the density of anatase TiO2 (ρ−1 = 0.257 cm3/g).
b The particle size was calculated using the Scherrer equation L = 0.90λK�/B(2θ)cos
ith main anatase phase, and 2θmax: 25.322).
c The coordination number was calculated in this paper [20] (CN = 3.08/P − 1.13).
d The coordination number was calculated using this equation [19] (CN = 8.16(1 −

able 2
haracteristics of carbon incorporated TiO2 electrodes with different compositions a
otplate)

Pore size (nm) Porosity (%)

0 wt% 22.3 44.1
0.5 wt% 21.8 56.9
1.0 wt% 23.4 58.5
1.5 wt% 23 60.4
2.0 wt% 20.6 61.7
2.5 wt% 21 61.9
3.0 wt% 21.3 66.5
otobiology A: Chemistry 186 (2007) 234–241

as no significant variation in the coordination number, accord-
ng to the amount of carbon powder. However, in the case of
amples annealed for 50 min during the second step (Table 2), as
he amount of carbon powder was increased from 0 to 3 wt%, the
istribution of the coordination number of the nanoparticulated
iO2 film was widened from a high value (about 5) to a low value
about 3). This implies that the pathway for electron transport
ecame limited and more winding, resulting in slower elec-
ron transport, as the amount of carbon powder was increased.
ccording to the results in Table 1, the sample containing 1 wt%
f carbon shows the optimum properties. Especially, the specific
urface area was remarkably increased and the porosity was also
xceptionally high, while the number of transporting pathways
s relatively low. The Frank group reported that the average coor-
ination number must be at least 3 for a nanoparticulated TiO2
etwork to be mechanically stable [20]. The coordination num-
er of the TiO2 film containing 1 wt% of carbon also agrees with
he above reported result, although the specific surface area and
he porosity are both remarkably increased.

In the case of the samples containing a higher weight ratio
f carbon powder, the EPMA analysis demonstrated the exis-
ence of a small quantity of carbon powder remaining in the
iO2 film after sintering at high temperature (not shown here).

hese remnant carbon elements may influence the properties of

he modified TiO2 electrode (surface area and porosity) in the
ase of the samples annealed for 30 min during the second step.
his explains why the properties no longer increase when the

g process at high temperature (550 ◦C for 30 min in air ambient)

(nm)b BET Coordination number (CN)c CNd

40.1 4.39 4.11
45.3 4.09 3.86
58.1 3.66 3.44
49.3 4.05 3.82
49.5 4.2 3.96
48.8 4.12 3.89
54.8 3.6 3.37
44.8 3.84 3.62

ty P = Vp/(ρ−1 + Vp), where Vp is the specific cumulative pore volume (cm3/g)

θmax (λK�: 1.54056 (Cu K� line), B(2θ): FWHM in radians using (1 0 1) plane

P)0.839).

fter sintering at high temperature (550 ◦C for 50 min under air ambient using a

BET (m2/g) Coordination number (CN) CN′

30.7 5.85 5
39 4.28 4
40.6 4.13 3.9
44.3 3.97 3.75
49 3.86 3.65
49.8 3.84 3.63
58.1 3.5 3.26
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Fig. 1. The Ti 2p core level peak (a) for the nanoporous TiO2 electrode fabricated
as a control sample and the modified TiO2 electrode (carbon 1 wt% insertion)
and (b) after removing the incorporated carbon powder by sintering at high
temperature (550 ◦C).
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Fig. 2. HR-TEM image of the TiO2 electrode containing 1 wt% of carbon after sinteri
reveals that it has rugged, rough properties, which increase the surface area.
otobiology A: Chemistry 186 (2007) 234–241 237

mount of carbon element exceeds a certain threshold. In addi-
ion, these remnants induced unfavorable effects such as a drop
n the open-circuit voltage (Voc) and the loss of photocurrent in
he composed dye-sensitized solar cell. Therefore, we tried to

odify the thermal treatment by using a hotplate at 550 ◦C for
0 min (longer time) in the second step. In this case, the carbon
owder is no longer detectable within the range of experimental
rror (this result was confirmed by the EPMA analysis).

The characteristics of the TiO2 film annealed for 50 min and
omposed of nanoporous particles are summarized in Table 2.

hile the pore size of the film containing 1 wt% of carbon
as reduced, the porosity (%) and specific surface area (m2/g)
ere both enhanced with increasing weight ratio of carbon pow-
er. The results indicated that the carbon powder influences the
orphology of the TiO2 film composed of nanoporous and inter-

onnected TiO2 nanoparticles.
To investigate the reason for the gradual rise in the specific

urface area, an XPS analysis was conducted. Fig. 1 shows the
PS variation of the Ti 2p core level peaks for the control sample

nd the TiO2 film containing 1 wt% of carbon. The peak position
f pure TiO2 is known to be 458.5 eV [27]. The Ti 2p core peak
f the control sample in Fig. 1(a) conforms with that of the
ublished data without any modification. In the XPS spectrum
f the sample containing 1 wt% of carbon shown in Fig. 1(b), the
i 2p core level is slightly asymmetric with a weak shoulder on

he high binding energy side (approximately 460 and 465.5 eV)
f the main peak, which implies the presence of a chemical
eaction between the oxygen from the composed TiO2 lattices
nd the incorporated carbon element. In this case, the chemical
alence of the Ti ions was reduced from Ti4+ to TiX+ (where
= 3.96, 3.9, . . .) [28].
We also observed the surface morphology of the sample con-

aining 1 wt% of carbon by high-resolution transmission electron

icroscopy (HR-TEM), as shown in Fig. 2. This sample shows
rough and rugged morphology after calcination at high tem-

erature, leading to an increase in the surface area. Furthermore,
his sample shows high crystalline properties through the lattice

ng at high temperature. The surface morphology of the modified TiO2 electrode
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lane of the HR-TEM image. Therefore, the increased surface
rea of the sample containing 1 wt% of carbon was partially
ttributed to the reaction between the oxygen from the TiO2
anoparticles and the carbon elements incorporated on the TiO2
urface. The calculated lattice constants, “a” and “c” (a = 3.78 Å
nd c = 9.634 Å), of the sample containing 1 wt% of carbon devi-
ted slightly from the bulk (a = 3.78 Å and c = 9.52 Å) values
29]. This was assumed to be due to the interstitial diffusion
f carbon elements into the TiO2 lattice in the c-axis direction,
hen the carbon-modified TiO2 electrode was fabricated [30].
urthermore, the incorporated carbon powder also affected the

ncrease in porosity, which may contribute to the active diffusion
f the redox electrolyte (I−/I3

−) to the nano-sized pores in the
anoparticulated TiO2 film, resulting in an improvement in the
fficiency of the dye-sensitized solar cell [31]. The increased
urface area can cause favorable or unfavorable effects in the
abrication of the dye-sensitized solar cell. The favorable effect
s the increase in the photocurrent caused by the increased dye
oading on the nanoporous TiO2 surface, resulting in an improve-

ent in the efficiency of the dye-sensitized solar cell, while
he unfavorable effect is the increase in the amount of charge
ecombination on the TiO2 surface, because the dye molecules
re not completely absorbed on the TiO2 surface. That is, elec-
rons and holes are generated by the excitation of the dye when
t is exposed to sunlight. The photoinjected electrons diffuse
hrough the hundreds of TiO2 nanocrystalline particles. On the
ther hand, the holes that are generated (dye cations) also diffuse
oward the redox species of the electrolyte, which are situated in
lose proximity (less than 10 nm away). However, the composed
mall-sized nanoparticles cannot induce a significant amount of
and bending, thereby resulting in the lack of a potential bar-
ier at the interface between the TiO2 electrode and the redox
lectrolyte [32]. As a result, the interfacial charge recombina-
ion occurred predominantly at the interface and was a major
ource of energy loss. And then, as the specific surface area is
ncreased, the photoinjected electron density is also increased
ue to the improved dye adsorption. Because the dye molecules
re not totally adsorbed on the TiO2 surface, yet, the number of
ecombination sites (between the surface areas of the TiO2 elec-
rode without dye adsorption and electrolyte) is also increased.

e investigated which effect the increased surface area strongly
nfluences, comprised of the dye-sensitized solar cell.

Fig. 3 shows the dark current–voltage characteristics of the
odified TiO2 electrodes as a function of the amount of carbon

owder (from 0 to 3 wt%). In the positive region of the TiO2 flat-
and potential, the net current in the forward direction is almost
, because the TiO2 film remains in the insulating state [33].
owever, the dark current flows through the redox electrolyte

o as to decrease the overall resistance of the cell. In the neg-
tive region of the TiO2 flatband potential, on the other hand,
he electrons from the conduction band of the TiO2 film sub-
tantially influence the dark current, because the TiO2 film turns
nto the conducting state. Hence, the possible photocurrent can

e estimated by determining the extent of the dark current in the
ange of scanned potential. Actually, the magnitude and onset
f the dark current indicate the extent of charge recombination
etween the photoinjected electrons from the dye excitation pro-

o
s
c
A

ig. 3. The results of the I–V measurements in the dark state. This result shows
hat the potential onset of the dark current is related to the open-circuit voltage
Voc) of the composed cells.

ess and the I3
− ions in the electrolyte, assuming that the amount

f charge recombination between the photoexcited electrons in
he TiO2 film and dye cations is negligible [11]. The trend of
he dark current onset is the same as that of the open-circuit
oltage (Voc) of the cell. As the weight ratio of carbon powder
s increased, the Voc value is decreased more and more. In addi-
ion, the dark current onset is shifted to a lower potential and the
ntensity is also increased. Hence, we can determine the rela-
ionship between the open circuit voltage (Voc) of the cell and
he onset potential of the dark current. This trend is attributed to
he increased number of charge recombination sites (trap sites)
n the TiO2 surface caused by the reaction between the oxygen
rom the TiO2 lattice with the carbon elements. In addition, it is
ossible for a new deep level to form in the TiO2 band gap due
o the remnant carbon elements. This implies that the photoex-
ited electrons can flow not only through the conduction band,
ut also through the deep level in the TiO2 bandgap [34]. Those
lectrons which flow through the deep level are easily inclined
o recombine with the I3

− ions of the redox electrolyte. There-
ore, the dark current increases as the weight ratio of the carbon
owder is increased.

To demonstrate the effects of the surface states in the
anoporous film composed of TiO2 nanoparticles, cyclic voltam-
etry was conducted. Fig. 4 shows the typical cyclic voltammo-

rams of the TiO2 electrodes containing 1 and 3 wt% of carbon.
n the case of the TiO2 electrode containing 1 wt% of carbon, the
urrent starts to flow at −0.3 V versus Ag/AgCl and increases as
he scan is continued toward the negative potential. This means
hat the trap filling of the surface states brought about a slight
ncrease in the conductivity at around −0.4 V versus Ag/AgCl
nd that the electrons of the conduction band of the TiO2 films
lso contribute to the total current around the flat band potential
sing the electrolyte (−0.73 V at pH 6.2 [36]) [37]. In the case

f the TiO2 electrode containing 3 wt% of carbon, the current
tarts to flow at a lower potential (−0.15 V versus Ag/AgCl), as
ompared with the TiO2 electrode containing 1 wt% of carbon.

somewhat large current peak is observed at −0.42 V during
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ig. 4. Cyclic voltammogram of modified TiO2 electrodes obtained by the incor-
oration of 1 and 3 wt% of carbon powder after annealing at 550 ◦C for 30 min
nder air ambient.

he forward scan. This peak implies that the trap filling caused by
he surface states makes a large contribution to the total current,
nd the exponential tail of electron trap states extending below
he conduction band edge is widely distributed in comparison
ith that of the TiO2 electrode containing 1 wt% of carbon. This

esult indicates that the formation of defect states is predominant
n the TiO2 electrode containing 3 wt% of carbon and influences
he performance of the dye-sensitized solar cell.

The results of the X-ray diffraction measurements shown in
ig. 5 demonstrate that, irrespective of the carbon content, there

s no change in the position and intensity of the peaks corre-
ponding to the main (1 0 1) plane of anatase phase. Furthermore,
he (1 1 0) and (1 0 5) planes of the rutile phase were also found,

ue to the use of P25 powder (Degussa) with a composition of
0:30 (anatase: rutile). That is, the crystallinity of the modified
iO2 electrode was not influenced by the incorporation of the
arbon powder and subsequent sintering process.

ig. 5. The X-ray diffraction (XRD) spectra of the modified TiO2 electrodes for
arious weight ratios of carbon powder incorporated into the TiO2 paste sintered
t 550 ◦C for 30 min in the second step.
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00 mW/cm2 white light illumination from a Xe lamp. The weight ratio of
ncorporated carbon powder ranged from 0 to 3 wt%. The thermal treatment
as conducted at 550 ◦C for 30 min under air ambient in the second step.

Fig. 6 shows the typical current–voltage characteristics of the
ells fabricated using the carbon incorporated TiO2 electrode.
he TiO2 electrode used as the control sample was fabricated by

he addition of polymer molecules (PEG, conventional porosity-
nduced material) to the TiO2 paste. The cell fabricated using
he TiO2 electrode (7.5 ± 0.5 �m) containing 1 wt% of carbon
howed the best performance in all aspects: Voc, Jsc, fill factor,
nd efficiency (data shown in Table 3). In this case, a Voc value
f −0.72 V, a Jsc value of 12.69 mA/cm2, a fill factor (f.f.) of
2%, and an efficiency of 5.6% were obtained. These results are
etter than those of the PEG incorporated sample (Voc: −0.73 V,
sc: 11.9 mA/cm2, fill factor (f.f.): 67%, efficiency: 5.27%). This
xperiment was repeatedly conducted three times and then, these

esults were successfully obtained. Furthermore, the thinner the
hickness of modified electrode is, the more the fill factor of the
omposed cells is increased.

able 3
hotovoltaic characteristics of dye-sensitized solar cell based on carbon incor-
orated TiO2 electrode, for various weight ratios of the incorporated carbon
owder and thermal treatments in the second step

Voc (V) Jsc (mA/cm2) Fill factor
(f.f.)

Efficiency
(%)

hermal treatment for 30 min on hotplate
C 0 wt% −0.75 12.11 53.5 4.87
C 1.0 wt% −0.7 12.69 61.8 5.65
C 2.0 wt% −0.71 12.89 51.5 4.7
C 3.0 wt% −0.7 11.94 51.1 4.3

hermal treatment for 50 min on hotplate
C 0 wt% −0.75 9.67 46.6 4.26
C 1.0 wt% −0.71 12.84 46.2 4.2
C 2.0 wt% −0.68 10.05 49.14 4.52
C 3.0 wt% −0.71 11.81 57.1 4.8

hermal treatment for 30 min at 450 ◦C on the furnace
P25 (9 �m) −0.73 11.9 67 5.27

ight intensity: 100 mW/cm2; illumination area: 0.16 cm2.
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The sample containing 0 wt% of carbon showed inferior per-
ormance as compared to the TiO2 electrode containing 1 wt%
f carbon, owing to its small surface area, which is related to the
mount of dye adsorption. As the weight ratio of incorporated
arbon powder was increased, the efficiency of the fabricated
ell declined. Especially, the fill factor, which is related to the
eries resistance of the cell, the sum of the sheet resistances of the
onducting glass substrate and counter electrode, the resistance
f the substrate–TiO2 interface, the resistance related to the ion
ransport in the electrolyte, and the charge transfer resistance
t the counter electrode abruptly decreased [36,38]. This result
ndicates that the increased resistance of the FTO substrate after
nnealing for a long time at high temperature under air ambient
the samples annealed for 50 min in the second step showed
n abrupt degradation of the fill factor due to the increased
esistance of the substrate, except for the TiO2 electrode con-
aining 3 wt% of carbon) and the charge recombination in the
lectrode/electrolyte interface, whose concentration comes to be
elatively low at the Pt cathode and which induces an increase in
he overpotential required for reduction at the counter electrode
35], may play the main role in the degradation of the fill factor
n the cell. The resistance related to the annealed TCO substrate,
he diffusion of the redox electrolyte and the charge transfer at
he counter electrode may be the main sources of energy loss
elated to the fill factor, which lower the overall conversion effi-
iency of the cell.

In addition, the carbon elements present in the TiO2 electrode
ffect the performance of the dye-sensitized solar cell. There-
ore, we attempted to remove the carbon elements present in the
iO2 electrode by annealing for a long period of time (50 min)
t 550 ◦C under air ambient on the hotplate. The results obtained
re described below. Fig. 7 shows a comparison of the measured

urrent–voltage properties for various sintering times in the sec-
nd step for the TiO2 samples containing 1 and 3 wt% of carbon.
n the case of the TiO2 electrode containing 1 wt% of carbon, the
fficiency decreased from 5.65% to 4.2% due to the decreased

ig. 7. A comparison of the measured current–voltage properties for various
nnealing times in the second step for the TiO2 electrodes containing 1 and
wt% of carbon.

r
p
b
fi
p
b
a
w
i
r
T
t
T
b
1
T
r
f
i
c
t
d
1
o
c

otobiology A: Chemistry 186 (2007) 234–241

urface area of the TiO2 electrode and the reduction in the pore
ize, which is related to the diffusion of the redox electrolyte.
n the other hand, the conversion efficiency of the cell fabri-

ated using the TiO2 electrode containing 3 wt% of carbon was
lightly increased from 4.2% to 4.8% owing to the complete
arbonization of the remnant carbon powder, which otherwise
mpedes the electron transport in the nanoparticulated TiO2 net-
ork, although minor side effects which are related to the charge

ecombination and the degradation of the fill factor were simul-
aneously induced. Despite the improvement in the efficiency of
he TiO2 electrode containing 3 wt% of carbon caused by anneal-
ng for a long time, its conversion efficiency was still inferior
o that of the sample containing 1 wt% of carbon (annealed for
0 min on the hotplate in the second step). Therefore, the best
erformance of the electrodes obtained after incorporating car-
on powder into the TiO2 paste was obtained for the sample
ontaining 1 wt% of carbon.

. Conclusions

In this study, carbon powder (Vulcan X-72) was used as a
ew kind of porosity-inducing material. Sintering at high tem-
erature (550 ◦C) for a long time plays an important role in
emoving the carbon elements incorporated into the samples by
ausing the oxygen from the TiO2 lattice to react with the car-
on elements. The incorporation of the carbon influences the
pecific surface area and porosity of the nanoparticulated TiO2
lm. Especially, the TiO2 electrode containing 1 wt% of carbon
howed excellent properties: a Voc value of −0.72 V, a Jsc value
f 12.69 mA/cm2, a fill factor (f.f.) of 62%, and an efficiency of
.6%. The surface area was increased by the reaction between
he oxygen from the TiO2 lattice and carbon elements incorpo-
ated on the TiO2 surface, as confirmed by the Ti 2p core level
eak in the XPS analysis and HR-TEM image. In addition, sta-
le mechanical properties were obtained for the modified TiO2
lm within the range of compositions of incorporated carbon
owder used in this study. Meanwhile, as the weight ratio of car-
on powder increased, the presence of carbon powder remaining
fter sintering was detected in the TiO2 electrode. Therefore,
e attempted to remove the remnant carbon element present

n the TiO2 electrode by sintering for a long time (50 min). The
esults indicated that the specific surface area and porosity of the
iO2 film increased with increasing carbon content, followed by

he decrease in the coordination number for electron transport.
he performance of the TiO2 electrode containing 1 wt% of car-
on was degraded to a Voc value of −0.71 V, a Jsc value of
2.84 mA/cm2, a fill factor of 46.2%, and an efficiency of 4.2%.
his was caused by the decrease in the surface area and the

eduction of the pore size of the TiO2 electrode, while the per-
ormance of the sample containing 3 wt% of carbon was slightly
mproved from 4.3% to 4.8% due to the removal of the remnant
arbon powder. Therefore, the best performance obtained using
he carbon incorporated TiO2 electrodes for the fabrication of the

ye-sensitized solar cell was observed for the sample containing
wt% of carbon. The results of this study confirm the possibility
f fabricating dye-sensitized solar cells using nanometer-sized
arbon materials.
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