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Nanoporous TiO, thin film electrodes were fabricated based on incorporating various amounts of
carbon spheres into TiO, paste followed by thermal treatment. The size of carbon spheres was prepared
from 100 to 200 nm. The TiO, electrodes modified with carbon spheres were characterized by X-ray
diffraction, scanning electron microscopy, X-ray photoelectron spectroscopy and UV-visible
spectrophotometer. The performances of dye-sensitized solar cells with carbon-sphere-modified TiO,
anodes were investigated. The experimental results indicated that 1.0 wt% of carbon spheres with the
size of 100 nm added into TiO, anode had the most favorable effect on the performance of dye-
sensitized solar cells compared with other quantities and sizes. The incipient performance of the dye-
sensitized solar cell in the investigation was: a Vo, of 0.71 V, a Jsc of 12.00 mA cm™, a fill factor of
56.92% and an efficiency of 4.85%, which was enhanced comparing with that of carbon-free TiO,
electrode under the same experimental conditions. The results revealed the possibility of fabricating

dye-sensitized solar cells using nanometer-sized carbon spheres.
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INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been
extensively studied due to their high photoelectric
conversion efficiency, simple assemble technology, and
potential low cost for 30 years (O’'Regan et al.,, 1991;
Gratzel, 2007). The improvement in efficiency of DSSCs
is due to larger surface area of porous film, more efficient
light absorption of dye molecules, and faster electron
transport and/or transfer between the interfaces of fim
material/electrolyte/counter electrode within DSSCs (Tan
et al.,, 2006; Zhao et al., 2008). For a DSSC employing
TiO, film as anode, photoelectric conversion efficiency of
DSSCs is affected by many factors, such as counter
electrode (Fang et al.,, 2004), transmittance and
conductivity of conducting glass (Podraza et al., 2005),
electrolyte composition (Hara et al., 2005), type of dye
sensitizer (Nazeeruddin et al., 2001), and structures of
TiO, film (Wang et al., 2004; Nakade et al., 2003; Saito et
al., 2004; Gratzel, 2004). Particularly, the crystallite size,
porous structure and morphology of TiO, film electrode
play important roles in the photoelectric conversion
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efficiency of DSSCs (Tan et al., 2006; Mor et al., 2006;
Zhao et al., 2008). The surface area is controlled by the
size of particles and the thickness of films. Therefore,
various approaches up to date have been tried to
optimize these parameters by means of fabricating
nanocrystalline and nanoporous metal oxide films.

Chou et al. (2007) reported the titania particle size
effect on the performance of DSSCs. Nakade et al.
(2003) demonstrated that the diffusion coefficients of
electrons in the TiO, film increase but the recombination
lifetime decreases with particle size. Ni et al. (2006)
researched that the optimal porosity in a DSSC can affect
light absorption and electron diffusion. The Frank group
(Benkstein et al., 2003) confirmed that the porosity
increased greatly with the amount of polyethylene glycol
(PEG). But the optimum porosity of nanostructured TiO,
film fabricated for DSSCs was about 50-65% (Lagemaat
et al, 2001). Shen et al. (2003) reported optical
absorption and electron transport properties of TiO; film
with different pore sizes and proposed that small TiO,
particles and large pore size can get good electron
transport and high conversion efficiency. Moreover, Lee
et al. (2009) observed that morphology of TiO, film
strongly influences the performance of the DSSC. So far,
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various morphological TiO, porous photoanodes have
been fabricated to increase the surface area of
nanoporous TiO, film such as nanoparticles (Gréatzel,
2004; Zhao et al., 2008), nanowires (Tao et al., 2010),
nanofibers (Song et al., 2004), titanium threads and
titanium sheet (Wang et al., 2009) and nanotubes (Chou
et al.,, 2007). Yu et al. (2010) reported that calcination
temperatures exhibit a strong influence on the
microstructure and photoelectric conversion efficiency of
HA-TiO, DSSCs. It has been known that the higher the
surface area of TiO,, the higher the current is generated
by the DSSC (Park et al., 2000).

In this paper, we only studied the effects of carbon
spheres after the introduction of the TiO, paste on the
performance of DSSC without considering other
impacting parameters. Carbon spheres were prepared by
glucose aqueous solution which gave rise to smooth
surface and stable mechanical properties. Carbon
spheres have some advantages, such as low cost due to
the inexpensive glucose aqueous solution, and the fact
that various sizes and structures can be readily available
under different controlling conditions. The formation of
porous and nanoparticulated TiO, films were presented
using carbon spheres with two different diameters (100
and 200 nm). The incorporation of carbon spheres into
the TiO, paste would theoretically influence the surface
area and the average size of the particle of TiO,
electrodes due to the reactions between the carbon
spheres and oxygen from the TiO, lattices and the air
atmosphere to form CO, gas in the high-temperature
sintering process. The effects of carbon spheres added
with different amounts and sizes were experimentally
studied.

MATERIALS AND METHODS

TiO, powder (P-25) was purchased from Degussa AG. All chemicals
were reagent grade. An optically transparent conducting glass
(FTO, sheet resistance 8 Q sq*, transmittance 77% in the visible
range) was used as a substrate. The substrate was cleaned in
acetone, ethanol and DI water for 20 min in turns.

Carbon spheres with diameters of 100 and 200 nm were
prepared by hydrothermal treatment of 0.5 M glucose aqueous
solution in a teflon-lined autoclave at 170°C for 3 and 4.5 h
respectively, according to the report of Sun et al. (2004).

Nanocrystalline TiO, powder (P25, Degussa, 0.6 g) and carbon
spheres with the diameters of 100 or 200 nm (from 0 to 3 wt%
versus TiO, weight) were ground together for a while and then
acetylacetone, polyethylene glycol (PEO, My =100,000; 20 wt%
versus TiO, weight), and DI water were added. The nanoporous
TiO, films were made onto a conducting glass from the prepared
paste using scotch tape as frame and spacer by the doctor blade
technique, dried for 5 min using a dryer, sintered at 450 °C for 1 h
and then heated again at 550°C for 30 min (the TiO, film containing
1 wt% carbon spheres) or 50 min (the TiO; film containing 2, 3 wt%
carbon spheres) in the air. The thermal treatment used in the
second-step must be conducted, in order to completely remove the
incorporated carbon elements through their chemical reaction
(Kang et al., 2007a). The TiO; electrode used as the control sample
without any incorporation of carbon spheres was fabricated by the
addition of polyethylene glycol (Mn: 8000, 20 wt% versus TiO;

weight, conventional porosity induced material) to the TiO, paste
and played the role of a standard.

Having been heated (80 ~ 90 °C) for 10 min, the TiO, film was
dipped in a 0.5 mM ethanol solution of N719 for 24 h to absorb the
dye adequately. Subsequently, the other impurities on the TiO
anodes were rinsed with the anhydrous ethanol and the TiO;
anodes were dried in the air at 70 °C for 10 min to remove the
adsorbed moisture and redundant organics before electrochemical
experiment. Then, the TiO, electrode and the Pt counter electrode
were fastened by two clips. Following that, a drop of the redox
electrolyte was introduced into the cell by capillary action which
composed of 0.5 M Lil, 0.05 M I, and 0.5 M 4-tert-butylpyridine in
acetonitrile solution. After that, a dye-sensitized TiO, cell was
obtained.

Transmission electron microscopy (TEM, JEM-100cx, JEOL)
was applied to examine the morphology of the carbon sphere and
scanning electron microscopy (SEM, JSM-5600LV, JEOL) was used
to characterize the morphology of the TiO, electrodes. X-ray
diffraction (XRD, DX-2500, Fangyuan) measurement was
performed on a diffractometer with Cu Ka radition with A=1.54145 A
and all samples were scanned from 20 to 80° at a rate of 0.02
scans/second to determine the phase structures of the obtained
samples and their crystallite size.

The surface area values found from BET were very similar to
that found from theoretical calculation with a difference of ~0.2 m?
g' (Chou et al., 2007). Therefore, the theoretical values of the
surface area were estimated using the crystal size results from X-
ray diffraction (XRD) analysis. The theoretical value of the surface
area is calculated using the following equations:
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where SA is surface area (m? g%), #oaricles 1S NUMber of particles,
Aparicie IS area of each particle (m?), Wsample iS total sample weight
(9), Vsample Is volume of sample area (cm®), Vparticle iS Volume of each
spherical particle (cm®), R is radius of sample area (cm), h is
thickness of film sample (cm), r is radius of each particle (cm).

In addition, X-ray photoelectron spectroscopy (XPS) (PHI 5200
mode) was performed to investigate the existence of remaining
carbon element and the reaction between the oxygen from the TiO,
nanoparticles and the incorporated carbon element using an Al Ka
X-ray source in an UHV system with a chamber base pressure of
~107" Torr.

Optical absorption was used to analyze the absorption peak of
the resultant dye solutions after dye adsorption on the porous TiO;
films to determine the amount of dye adsorbed on the surface. The
solutions were placed in cuvettes and were scanned in the analysis
chamber from 900 to 400 nm wavelengths. The intensity of the
absorption peak of the resultant dye solution was compared to that
of the absorption peak of the initial N719 dye solution with a
concentration of ~5x10™ M in ethanol to determine the amount of
moles adsorbed.

The electrochemical experiments were obtained using a
conventional three-electrode cell connected to a CHI instruments
660B source unit and 500 W xenon light source that was focused to
give 100 mW cm? (the equivalent of one sun at AM 1.5 at the
surface of the test cell).
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Figure 1. TEM micrographs of carbon spheres (a) with the
diameters of 100 nm and (b) with the diameters of 200 nm.

RESULTS AND DISCUSSION

Figure 1 shows the TEM images of carbon spheres. It
can be seen that the prepared carbon spheres are
regular and smooth, with the average particle sizes of
100 and 200 nm.

SEM analysis was used to examine morphology of
the films. Figure 2 shows that the three-dimensional
continuous high porosity of the TiO, films was formed.
Comparing Figure 2 (b) and (c), (d) and (e), respectively,
it was found that the more the carbon spheres were
incorporated, the larger the average sizes of the particles
and the pores increased. Comparing Figure 2 (b) and (d),
(c) and (e), it was also found that the TiO, electrode
modified by 100 nm carbon spheres had smaller particles
and more dense structure than that modified by 200 nm
carbon spheres. Therefore, the sample modified by 1
wt% carbon spheres with the diameter of 100 nm had the
smallest particles and the most dense structure
compared with the bare TiO, electrode and other
samples. Consequently, the sample modified by 1 wt%
carbon spheres of 100 nm should have the largest
surface area and the greatest number of contact points
between sintered colloidal particles or at the interface
between the particles and the underlying substrate, which
allows the most dye adsorption. These results depended
greatly on reactions between the carbon spheres and
oxygen partially from the TiO, lattices and partially from
air atmosphere to form CO, gas in the high-temperature
sintering process. The difference in the short-circuit
photocurrent might be caused between the modified TiO»
film by 1 wt% carbon spheres with bigger diameters and
that by 1 wt% carbon spheres with smaller diameters due
to their surface area (that is the amount of dye adsorbed).
Support for this anticipation is given below.

Figure 3 shows the XRD spectra of the modified TiO,
electrodes by the carbon spheres with the different weight
ratios and diameters. The results of the XRD measure-
ments demonstrated that there was no change in the
position of the peak corresponding to the main (101)
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plane of anatase phase. It was found that the (10 1), (20
0),(211),(004)and (11 4) peaks were present for all
the films, representing the anatase, the (1 1 0) and (1 0
5) peaks for the rutile phase due to the use of P25
powder (Degussa). Furthermore, the appearance of (1 1
6) peak for the rutile phase implied that the particle size
was increased owing to the high-temperature annealing.

The particle sizes of each TiO, film samples shown in
Table 1 were estimated at each peak using the Scherer’s
equation:

p-_K4 @
Bcosé

where K is the Scherrer constant; D is grain size (hnm), B
is half points width, 8 is diffraction angle, A is X-ray
wavelength. Table 1 summarized the effect of the
incorporated carbon spheres with different diameters on
the properties of the nanoporous TiO, electrodes.
According to the data, the particle size is changed in a
certain extent, irrespective of the size of carbon spheres
incorporated in the TiO, paste. However, the grain size of
the TiO, particles increased with the amount of carbon
spheres and this may be correlated with the phase trans-
formation of few TiO, nanoparticles from anatase to rutile
(Gregg, 2004). Furthermore, the specific surface area of
the electrode increased when the size of carbon spheres
was smaller. The TiO, electrode containing 1 wt% of
carbon spheres with smaller size showed the higher
specific surface area than that containing 1 wt% of
carbon spheres with 200 nm diameters and the control
sample. And it also presented the highest specific surface
area in the all samples.

In order to prove whether carbon spheres were
completely oxidized in the annealing process and explain
why the surface area of the sample was raised, an XPS
analysis was recorded. The remaining carbon element in
the TiO, films modified by 2, 3 wt% carbon spheres
annealed for 30 min in the second step was
demonstrated by the XPS analysis (not shown here),
which induced the charge recombination, the decreased
fill factor and the lower conversion efficiency. So these
samples were annealed for 50 min in the second step to
remove the carbon element completely. Figure 4(1)
shows the XPS variation of the Ti 2p core level peaks for
the control sample TiO, film (a) and containing 1 wt% of
carbon spheres with the diameters of 100 nm (b) before
annealing. The peak position of pure TiO; is known to be
458.5 eV. The Ti 2p core peak (a) of the TiO, samples
accords with the standard data without any movement
(as that of the other samples incorporated by the carbon
spheres with different diameters and amount). And Figure
4(2) shows the XPS spectrum of the annealed control
sample (a) and the TiO, film containing 1 wt% of carbon
spheres with the diameters of 100 nm (b') at 550 °C for 30
min in the second process. In the chart, the Ti 2p core
level (b) is strongly asymmetric and an obvious shoulder
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Figure 2. SEM micrographs of (a) the TiO, control sample, the modified TiO; electrode by (b) 1 wt% and
(c) 3 wt% carbon spheres with the diameters of 100 nm and the modified TiO; electrode by (d) 1 wt% and

(e) 3 wt% carbon spheres with the diameters of 200 nm after sintering at high temperature.
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Figure 3. XRD pattern of the annealed films for (a) the control sample, modified by (b) 1
wit%, (c) 2 wt%, (d) 3 wt% carbon spheres with the diameters 100 nm and modified by
(e) 1 wt%, (f) 2 wt%, (g) 3 wt% carbon spheres with the diameters 200 nm.
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Figure 4. XPS of the samples. (1) the Ti 2p core level peak for (a)
the control sample and (b) the modified TiO, electrode (1 wt%
carbon spheres with the diameters of 100 nm insertion). (2) the Ti
2p core level peak for (a) the control sample and (b') the modified
TiO, electrode (1 wt% carbon spheres with the diameters of 100
nm) after removing the incorporated carbon spheres by sintering at
high temperature (550 -C).

is on the binding energy side (465.1 and 459.5 eV) of the
main peak, which strongly proves the chemical reactions
between the oxygen from the TiO, lattices and the incor-
porated carbon spheres. So for the TiO; film containing 1
wt% of carbon spheres, the chemical valence of the Ti
ions was reduced from Ti*" to Ti*" (where X = 3.96, 3.9,
...) (Zhang et al., 2003) (as that of the other samples with
the carbon spheres being completely oxidized).

The amount of the dye adsorption comparison is the
TiO, transparent thin films effectively and greatly increased
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the absorption of the TiO, electrodes in the visible light
range, the distinct in the amount of the adsorbed dye,
which correlates with the estimated difference in surface
area, was evident. Moreover, the modified TiO; film with 1
wt% carbon spheres with the diameters of 100 nm, which
might be in favor of absorbing light and the diffusion
coefficients of electrons so as to improve the solar cell
performance, displayed stronger absorption in
comparison with all the other sensitized TiO, films. The
higher capability of the TiO, anode modified with 1 wt% of
carbon spheres to adsorb more dyes can be ascribed to
the higher surface area.

Table 1 summarizes the measured and calculated
values obtained from the |-V curves of each solar cell.
Figure 5 shows the typical current—voltage characteristics
of the cells fabricated using unmodified TiO, electrode
and the modified TiO, electrodes by the 1 wt% of carbon
spheres with the diameters of 100 and 200 nm,
respectively. These experiment data shown were
repeatedly conducted three times and were successfully
obtained. According to the data in Table 1, the TiO, elect-
rodes modified by 1 wt% carbon spheres with different
diameters showed better performance as compared to
the control sample. Because the incorporated carbon
spheres increase the amount of the pore, the surface
area and the roughness of the semiconductor surface so
that a large number of dye molecules can be adsorbed
directly to the surface and can simultaneously be in direct
contact with the redox electrolyte (O’Regan et al., 1991).
At the same time, the resulted larger surface areas
increase the surface states, which act on the trapping
and detrapping sites of photoelectrons or become a
pathway for electron transfer in the electrode/electrolyte
interface, inducing the charge recombination (Kang et al.,
2007D).

The cell fabricated using the TiO, electrodes modified
with more carbon spheres (2, 3 wt%) with the same
diameters showed lower efficiency and lower fill factor
contrasting with the control sample and the samples
containing less carbon spheres. The efficiency was
reduced due to the less absorption of the dye caused by
the decreased surface area and the lower photocurrent
for the longer calcinations under air ambient (the samples
annealed for 50 min) in the second step. The decreased
fill factor resulted from the resistance of the cell, the sum
of the sheet resistances of the conducting glass substrate
(FTO) and counter electrode and the resistance of the
substrate-TiO, owing to be annealed for a longer time in
the second step.

The cell fabricated using the TiO, electrode modified
by 1 wt% of carbon spheres with the diameters of 100 nm
showed the best performance. In this case, a V. value of
0.71V, a Js. value of 12.00 mA cm?, a fill factor (f.f.) of
56.92%, and an efficiency of 4.85% were obtained.
Although the voltage of open circuit was smaller, these
results in general were better than those of the control
presented in Table 1. Though the dye was adsorbed onto
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Table 1. Effects of the incorporated carbon spheres with different diameters and amounts on the performance

of the dye-sensitized solar cell.

Particle size BET Dye adsorption Voc Jsc Fill factor Efficiency
(hm) (m?g™) (mmol kg™ (V) (mAcm?) (£.f) (%)
C 0 Wt% 30.4 50.68 30.70 0.72 9.29 54.12 3.62
C 100 nm
C 1 wt% 26.5 67.54 53.42 0.71 12.00 56.92 4.85
C 2 wt% 27.7 55.26 26.93 0.69 9.06 53.27 3.33
C 3 Wt% 28.8 56.37 28.40 0.70 9.32 53.80 3.51
C 200 nm
C 1 wt% 28.3 59.24 47.95 0.72 10.52 55.05 4.17
C 2 Wt% 29.5 48.40 27.12 0.69 9.06 53.75 3.36
C 3 Wt% 32.1 52.15 28.73 0.70 9.58 53.09 3.56
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Figure 5. Photovoltaic characteristics of the dye-sensitized solar cell based
on 1 wt% carbon spheres with the diameters of 100 nm and 200 nm
incorporated TiO; electrodes and control sample.

sample (Voc: 0.72V, Jsc: 9.29 mA cm?, fill factor (f.f.):
54.12%, efficiency: 3.62%) and the incorporated TiO,
electrode by the 1 wt% carbon spheres with the
diameters of 200 nm (V.. 0.72V, Js.: 10.52 mA cm’?, fill
factor (f.f.): 55.05%, efficiency: 4.17%). The most notable
trend was the change in current of short circuit density
and photoelectric conversion efficiency. The changes
were relevant to the smaller particles, a larger surface
area and a greater number of contact points between
sintered particles or at the interface between the particles
and the underlying substrate, allowing for greater dye
adsorption so as to be in direct contact with the redox
electrolyte (Ni et al., 2006). And these attributed to the
decrease in the electron loss at the electron transfer in
the interface of TiO, electrode/electrolyte (Sharma et al.,

2010). Furthermore, comparing with the nanoparticles,
the incorporated TiO, electrode by the 1 wt% carbon
spheres with the diameters of 100 nm provide a faster
electron transfer rate due to a decreased number of
contact barriers between particles (Yu et al., 2010). All
these factors contribute to the improvement of photo-
voltaic conversion performance of TiO, DSSCs.

Conclusion

In conclusion, carbon spheres were prepared with
diameters ranging from 100 to 200 nhm and used as a
new kind of porosity-inducing material. Thermoal
treatment at high sintering temperature (550°C) plays an



important role in eliminating carbon elements
incorporated in the samples by causing reaction between
the oxygen from the TiO, lattice and the carbon spheres
to form CO, gas. The introduction of carbon spheres
influences the specific surface area and porosity of the
nanoparticulated TiO, film. Different amounts and sizes of
carbon spheres have different effects. Especially, the TiO,
electrode modified with 1 wt% carbon spheres with the
diameter of 100 nm showed excellent J:Jerformances: a
Voo Of 0.71 V, a Jsc of 12.00 mA cm™*, a fill factor of
56.92% and an efficiency of 4.85%. Experimental results
confirm the possibility of fabricating dye-sensitized solar
cells using nanometer-sized carbon spheres. Con-
sequently, a new approach is suggested for further
detailed studies on the improvement of the performance
of DSSCs by using nanometer-sized carbon spheres.
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