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The mesoporous carbons were prepared by the carbonation of the triblock copolymer F127/
phloroglucinol-formaldehyde composite self-assembled in an acid medium and employed as the catalyst
for triiodide reduction in dye-sensitized solar cells (DSCs). The characteristics of mesoporous carbon were
analyzed by scanning electron microscopy, transmission electron microscopy, N2 sorption measurement
and X-ray diffraction. The mesoporous carbon with low crystallinity exhibited Brunauer–Emmett–Teller
surface area of 400 m2 g−1, pore diameter of 6.8 nm and pore volume of 0.63 cm3 g−1. The photovoltaic
esoporous carbon
ounter electrode
ye-sensitized solar cells

performances of DSCs with mesoporous carbon counter electrode were improved by increasing the car-
bon loading on counter electrode due to the charge-transfer resistance of mesoporous carbon counter
electrode decreasing with the increase of the carbon loading. However, further carbon loading increase
has no obvious effect on the photovoltaic performance of DSCs with carbon electrode when carbon load-
ing exceeds 300 �g cm−2. The overall conversion efficiency of 6.18% was obtained by DSCs composed of
mesoporous carbon counter electrode with the carbon loading of 339 �g cm−2. This value is comparable
to that of DSCs with conventional platinum counter electrode.
. Introduction

Dye-sensitized solar cells (DSCs) have attracted much atten-
ion and have been considered as a credible alternative to other
hin-film photovoltaic cells because of their high-energy conver-
ion efficiency and low production costs [1–3]. However, further
ost reduction is necessary for practical application of DSCs in the
uture, in addition to the need for further increasing the efficiency
4,5]. These issues have been addressed by industrial and academic
esearch, and several strategies have been made. The application of
onductive plastic substrate to DSCs reduces the cost through mass
roduction by employing role-to-role manufacturing system [6–8].
rganic dye was used as the substitute for expensive Ru dye to cut

he cost of sensitizer [9–11].
The counter electrode is an important component of DSCs. Usu-

lly, the conducting glass sheet loaded with platinum are widely
sed as the counter electrode for DSCs to reduce overpotential for
eduction of triiodide in redox electrolyte [12,13]. Although plat-

num has high catalytic activity for triiodide reduction and high
tability, and the amount of platinum necessary to obtain the desire
atalytic effect has been kept low (<10 �g cm−2) by finely dispersing
he platinum on the conducting substrate, it is one of the expen-
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sive component materials in DSCs, and future large solar conversion
system will prefer materials that are abundantly available. There-
fore, it is desirable to develop alternative cheap materials for the
counter electrode which should be corrosion-inert and exhibited
good catalytic activity for the reduction of triiodide ion. In recent
years, several varieties of carbonaceous materials such as carbon
black [14], carbon nanotubes [15], activated carbon and graphite
[16] have been employed as catalyst on conducting glass for counter
electrode. Furthermore, organic ion-doped conducting polymers
based on poly(3,4-ethylenedioxythiophene) were also used as the
catalytic materials on conducting glass for DSCs with liquid elec-
trolyte [17]. While the cost of conducting polymers is lower than
that of platinum, poor adhesion to conducting substrate poses a
long-term risk.

Mesoporous carbon (MC), due to their accessible porosity, high
surface area, high electrical conductivity, high chemical, thermal
and mechanical stability, are utilized as catalysis and electrode
materials for different purpose such as protection of environment
and improvement of energy efficiency [18,19]. Recently, some sim-
ple routes for the synthesis of MC directly from organic–organic
composite prepared by self-assembling of block copolymers and

carbon precursors have been reported [20,21]. The material cost
of the MC counter electrode is apparently lower than that of
platinum counter electrode. To take the advantage of the accessible
porosity, high surface area and high electrical conductivity of MC,
a novel counter electrode based on MC for DSCs was prepared.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wgqiang123@163.com
mailto:kjc@sdut.edu.cn
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about 0.63 cm g . TEM study further corroborates above analy-
sis (Fig. 2). From Fig. 2, no long-range pore ordering was observed
but instead a worm-like structure was revealed. The pore size is
about 7 nm, which is consistent with the result of N2 sorption mea-
surements.
G. Wang et al. / Journal of Po

he photovoltaic performances of DSCs with MC counter electrode
ere analyzed.

. Experimental

.1. Preparation and characterization of MC and MC counter
lectrode

Triblock poly(ethylene oxide)-block-poly(propylene oxide)-
lock-poly(ethylene oxide) copolymer Pluronic F127 (Mw = 12,600)
as purchased from BASF Corporation. Other chemicals were pur-

hased form J & K Chemical Limited.
Pluronic F127 was dissolved in a mixture of water (7.8 g) and

thanol (11 g), and the phloroglucinol (3.6 g) was added and stirred
or 30 min. After complete dissolution of phloroglucinol, formalde-
yde (3.5 g, 37 wt%) was added to the above solution and stirred
or 30 min. Finally, HCl (0.1 ml, 5N) was added as a catalyst to the
olution. This mixture was stirred at 30 ◦C for 2 h, and then heated
t 100 ◦C in the oven for 8 h in order to promote the polymerization
etween phloroglucinol and formaldehyde. The resulted samples
as carbonized under a nitrogen atmosphere by stepwise heating

t 400 and 800 ◦C for 3 h, respectively. The heating rate is 1 ◦C min−1.
inally, MC was obtained.

MC powder was obtained by grounding the MC sample in plan-
tary ball milling (QM-WX4, Nanjing University Instrument Plant).
o obtain the MC paste, 150 mg of MC powder was ground in a
ortar with 0.2 ml TiO2 colloid (10 wt%), 0.3 ml H2O and 0.1 ml 10%

riton X-100 aqueous solution. MC electrode was prepared by coat-
ng the carbon paste on fluorine-doped tin oxide (FTO) glass by
octor-blade method and then heated at 400 ◦C for 20 min.

Nitrogen sorption measurements were performed using ASAP-
010 (Micromeritrics, USA) at 77 K. The samples were degassed
t 200 ◦C for 2 h before measurement. Specific surface area was
alculated by the Brunauer–Emmett–Teller (BET) method using
dsorption data, and the pore size distribution was determined
y analyzing the adsorption branch using Barrett–Joyner–Halenda
BJH) method. S-4300 model scanning electron microscopy (Hitachi
orp.) was used for the SEM measurements. The transmission elec-
ron microscope (TEM) image was obtained by using a Hitachi
-800 transmission electron microscopy. X-ray diffraction (XRD)
easurements were performed on a Rigaku D/max B diffractometer

sing Cu K� radiation.
Electrochemical impedance spectroscopy (EIS) measurements

ere performed in a symmetric thin-layer cell consisted of two
C electrodes holding at constant space by a 20 �m thick Surlyn

lm (supplied by Dupont). The thin-layer cell was filled with the
lectrolyte containing 0.5 M KI/0.05 M I2 in the mixture of ethylene
arbonate (EC) and propylene carbonate (PC) (EC:PC = 8:2 by vol-
me). The SOLARTRON SI 1287 electrochemical interface equipped
ith a SOLARTRON 1255B frequency response analyzer was used

n the measurements.

.2. Photovoltaic characterization of the DSCs with MC counter
lectrode

The nanocrystalline TiO2 electrodes were prepared by coating
iO2 colloidal paste on the FTO glass using the doctor-blade method
nd then heated for 30 min at 450 ◦C in air. After cooling to 80 ◦C,
iO2 electrodes were dipped into 0.5 mM solutions of N3 dye in
thanol for 12 h at room temperature. The DSCs were assembled

y sandwiching the dye-sensitized TiO2 electrode and the counter
lectrode with a 25 �m thick spacer. The electrolyte was injected
nto the cell by the capillary effect through thin gap between the
wo electrodes. Photocurrent–voltage performances of DSCs with

C counter electrode were measured under the illumination of the
Fig. 1. Nitrogen sorption isotherm of MC. The inset is the corresponding BJH pore
size distribution plot.

tungsten-halogen lamp at the light intensity of 100 mW cm−2. The
active cell area was 0.2 cm2.

3. Results and discussion

3.1. Characteristics of MC and MC counter electrode

MC materials were prepared by the self-organization of sur-
factant and carbon precursors, followed by carbonization. The
characteristics of MC were analyzed by nitrogen sorption mea-
surements and TEM. The N2 sorption isothermal of this materials
exemplified in Fig. 1 showed IUPAC type IV pattern with H2 hystere-
sis loop. The hysteresis loop as a result of capillary condensation of
N2 inside the pores is typically ascribed to the existence of meso-
porous structure in the sample. The pore size distribution curve of
MC insetted in Fig. 1 indicated a narrow and well-defined pore size
distribution. The specific surface area calculated by BET method and
the average pore diameter calculated by BJH method were around
400 m2 g−1 and 6.8 nm, respectively. The total pore volume was

3 −1
Fig. 2. High resolution TEM picture of MC.
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Fig. 4. SEM image (a) and high magnification SEM image (b) of carbon layer for MC
counter electrode.
Fig. 3. Wide angle XRD pattern for MC.

The active sites for catalysis in the carbon materials are located
t the crystal edges [14]. Consequently the carbon materials having
ow crystallinity and many edges may be more active than high ori-
nted carbon materials such as the graphite and carbon nanotubes.
he XRD pattern of the MC was shown in Fig. 3. The broadened
eaks at 23◦ and 43◦ were observed in the XRD pattern of the MC,
hereby indicating the low crystallinity of MC materials.

MC counter electrodes were prepared by coating carbon paste
n FTO glass, and then heated at 400 ◦C. SEM image of MC layer on
ounter electrode was shown in Fig. 4. Based on the SEM observa-
ion, the irregular MC particle was observed (Fig. 4a), the size of the

C particle ranged from 200 nm to 1 �m. A closer observation of
he MC particles revealed a wormhole-like arrangement of meso-
ores (Fig. 4b), which indicated that the mesoporous structure was
aintained after heating at 400 ◦C during the preparation of MC

ounter electrodes.
In DSCs, the role of the counter electrode is to help the regener-

tion of iodide according to the reaction I3− + 2e = I−. In the case of
C counter electrode, the reaction species, I3−, must quickly enter

he pore of MC, and is reduced in the pore. Then, the regeneration
pecies, I−, must quickly diffuse out the pore. Which demand that
he diameter of pore of MC must be larger than the size of I3− and
−. The size of I3− and I− in organic solvent is about 0.5 and 0.22 nm
22], respectively. Therefore, it is apparently smaller than the size
f the pore of MC.

.2. Photovoltaic performances of DSCs with MC counter
lectrodes

The photovoltaic performances of DSCs with the MC counter
lectrode were measured under irradiation of 100 mW cm−2. The
hotocurrent density–voltage curves of DSCs using MC electrode
ith various carbon loading as counter electrode were exhibited in

ig. 5. From Fig. 5, It can be seen that the cells using bare FTO con-
ucting glass as counter electrode without any catalyst performed
oorly. The short-circuit photocurrent density (Jsc), the open-circuit
oltage (Voc), the fill factor (FF) and the overall conversion efficiency
�) are 3.9 mA cm−2, 0.493 V, 8% and 0.18%, respectively. The neces-
ary of depositing an effective catalyst on FTO-glass can be easily
ppreciated from this result. The influence of the carbon loading
n the short-circuit photocurrent density, the open-circuit voltage,
he fill factor and the overall conversion efficiency were shown in

ig. 6. The Voc was hardly influenced by variation of the carbon
oading on counter electrode as shown in Fig. 6b. However, the Jsc,
he FF and the � increased with the increase of the carbon loading.
he carbon loading increased from 67 to 323 �g cm−2, the Jsc, the
F and the � of DSCs with MC counter electrode increased from

Fig. 5. The photocurrent–voltage curves of DSCs with the MC counter electrode
measured in the electrolyte containing 0.5 M KI/0.05 M I2 in the mixture of ethylene
carbonate (EC) and propylene carbonate (PC) (EC:PC = 8:2 by volume). Light intensity
100 mW cm−2, active area 0.2 cm2.
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ig. 6. Relations between the carbon loading on FTO glass as counter electrode and
pen-circuit voltage (b), fill factor (c) and overall conversion efficiency (d).

0.7 to 15.5 mA cm−2, 45 to 65% and 2.60 to 6.18%, respectively.
owever, the photovoltaic performance of DSCs with MC counter
lectrode hardly changed with the increase in the carbon loading
s the carbon loading exceeded 300 �g cm−2.

The photovoltaic performance of DSCs with conventional plat-
num counter electrode was also shown in Fig. 5 as a comparison.
latinum counter electrodes were prepared by thermal decomposi-
ion of hexachloroplatinic acid on FTO glass. The platinum loading
as about 10 �g cm−2. The overall conversion efficiency of DSCs
ith platinum electrode was 6.26%. Thus, as the carbon loading

xceeded 300 �g cm−2, the photovoltaic performance of DSCs with
C counter electrode was comparable to that of the DSCs with

latinum counter electrode.
To find the cause of the improvement in cell performance with

he carbon loading, the charge-transfer resistance (Rct) of the MC
ounter electrode which characterizes the electrocatalytic activity
or the triiodide reduction was studied by applying electrochemical
mpedance spectroscopy. The electrochemical impedance spectra
f the symmetric thin-layer cell consisted of two identical MC
lectrodes were shown in Fig. 7. An impedance spectrum of the
ell consisted of two conventional platinum counter electrode was

lso shown in Fig. 7 as comparison. The equivalent circuit for this
ype of the cell was shown in Fig. 8 [13]. The ohmic serial resis-
ance (Rs) can be determined according to the high frequency of
he impendence where the phase is zero, which is composed of
he sheet resistance of the two identical MC electrodes and the
hotovoltaic performances of DSCs with MC electrode for short-circuit current (a),

electrolytic resistance. Comparing with the sheet resistance of the
electrode, the electrolytic resistance can be neglected. The ohmic
serial resistance is then taken at two times of the sheet resis-
tance of the measuring electrode. In the middle frequency range
of 100 Hz–100 kHz, the impedance is dominated by the RC network
of the MC electrode/electrolyte interface, consisting of the charge-
transfer resistance (Rct) and the capacitance of electrical double
layer (CDL). The impedance in the frequency range of 0.1–100 Hz
can be attributed to the Nernst diffusion impedance. By fitting the
EIS spectra using the equivalent circuit in Fig. 8, the value of Rct

can be obtained from the diameter of the semicircle illuminated in
the spectra at the high frequency region. From the spectra shown
in Fig. 7, it was observed that the sheet resistance of MC elec-
trode hardly varied with the increase in carbon loading. However,
the charge-transfer resistance of MC electrode was decreased with
the increase in carbon loading. The carbon loading increase from
57 to 328 �g cm−2, the charge-transfer resistances of MC counter
electrode decrease from 8 to 0.7 � cm2. As shown in Fig. 7, the
MC electrode with carbon loading of 328 �g cm−2 exhibited same
catalytic activity for triiodide reduction with conventional plat-
inum electrode. The decreased charge-transfer resistance result the

decrease of the overvoltage loss on the counter electrode, and then
improve the overall cell performance.

For comparison, conventional active carbon (AC) with surface
area of 780 m2 g−1 (Jiangxi Santar Co. Ltd.) was used as the cata-
lyst for triiodide reduction to prepare the AC counter electrode. The
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ig. 7. Electrochemical impedance spectroscopy of the symmetric thin-layer cell
onsisted of two MC electrodes taken at zero bias, ac amplitude 5 mV, frequency
ange 0.1–106 Hz, the electrolyte composition was the same as that in Fig. 5 (b) was
xpanded range of ordinate and abscissa from (a) in high frequency region.

hotovoltaic performance of DSCs with AC counter electrode was
lso measured. The short-circuit current density, the open-circuit
oltage, the fill factor and the overall conversion efficiency of DSCs
ith the AC counter electrode with carbon loading of 358 mg cm−2

ere 15.1 mA cm−2, 0.605 V, 0.55 and 5.02%, respectively. Further
ncrease of the AC loading hardly affected the photovoltaic per-
ormance. The short-circuit current density and the open-circuit
oltage of DSCs with AC counter electrode are comparable to that
f DSCs with MC counter electrode, while the fill factor and the
verall conversion efficiency are lower than that of DSCs with MC
ounter electrode. The reasons of above results may be due to the

ifference of porous structure between MC and AC. MC possesses

arge mesopores with average pore size of 7 nm, in which ionic
iffusion is favorable with small hindrance. In contrast, AC with

arger surface area possesses mainly micropores of less than 2 nm,

ig. 8. Equivalent circuit for the electrochemical impedance spectra in Fig. 7. ZN:
ernst diffusion impedance; Rct: charge-transfer resistance; CDL: capacitance of
lectric double layer; Rs: ohmic serial resistance.
Fig. 9. Variation of the short-circuit current and the overall conversion efficiency of
DSCs with time in continuous illumination with light of 100 mW cm−2.

which increase the diffusion resistance of redox couple I−/I3− in its
pore channel, thus increasing the series resistance of the cell. The
increased series resistance directly deteriorates the fill factor and
the over-all conversion efficiency of DSCs.

The stability of DSCs based on the MC counter electrodes
was studied under continuous illumination by monitoring the
photocurrent–voltage characteristics with time. The results were
shown in Fig. 9. It can be seen that the short-circuit photocurrent
density and the cell efficiency were almost unchanged during test
within 2 weeks. The reduction of the cell performance observed
after 2 weeks can be attribute the leakage of liquid electrolyte
caused by the difficulty of cell sealing. Further study on the cell
sealing and on the stability of the cell with MC counter electrode
are in the progress.

4. Conclusions

MC with a specific surface area of 400 m2 g−1, pore diameter of
6.8 nm and pore volume of 0.63 cm3 g−1 were employed as cata-
lyst for triiodide reduction on FTO glass used as counter electrodes
in dye-sensitized solar cells. MC electrode exhibited high electro-
catalytic activity for triiodide reduction due to low crystallinity of
mesoporous carbon. The short-circuit current density, the fill factor
and the overall conversion efficiency of DSCs with MC counter elec-
trode were improved by increasing the carbon loading in range of
0–300 �g cm−2. When the carbon loading exceeded 300 �g cm−2,
the overall conversion efficiency of 6.18% was obtained. This result is
comparable to that of DSCs with conventional platinum electrode.
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