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ABSTRACT: The Sb2S3-sensitized photoelectrochemical cells (Sb2S3−
SPECs) in cobalt electrolyte were fabricated by depositing Sb2S3 on the
macroporous TiO2 nanorods electrodes and consecutively spin-coating
P3HT (Poly-3-hexylthiophene) interlayer to relieve the mass transport
problem at vicinity of Sb2S3 and cobalt redox couples and reduce the
backward recombination. Through the introduction of P3HT interlayer,
we could greatly enhance the power conversion efficiency of Sb2S3−SPEC
to 4.2% at 1 sun illumination, whereas the Sb2S3−SPEC without P3HT
interlayer exhibits 3.2% of device efficiency. The electrochemical impedance analysis let us know that the improved device
performance was mainly attributed to the reduced backward recombination building up the higher open circuit voltage.

1. INTRODUCTION

Dye-sensitized photoelectrochemical cells (D-SPECs) have
been considered to be a cost-effective alternative to conven-
tional semiconductor-based solar cells because Graẗzel et al.
developed highly efficient PECs with ∼11% of power
conversion efficiency at 1 sun illumination.1−3 Therefore, very
intensive studies have been done to attain more than 11% of
power conversion efficiency in D-SPECs using iodide redox
electrolyte for two decades, but further improvement of device
performance was very difficult with this redox couple. It is
certain that iodide redox couple is an excellent electrolyte from
the point of view of recombination, but its energy position
limits the open circuit potential of D-SPECs.4

Because Feldt et al.5 reported highly efficient D-SPECs using
cobalt redox electrolyte, new light has begun to be shed on the
cobalt redox couples. Very recently Yella et al.6 succeeded to
fabricate ∼12% of zinc porphyrin complex D-SPECs using
cobalt redox electrolyte under 1 sun illumination, and Yum et
al.7 reported that the cobalt redox shuttles could build up the
open circuit voltage up to >1000 mV.
In parallel, inorganic semiconductors or quantum dots

(QDs) have also received great attention as a promising
candidate for replacing conventional Ru/organic dyes in D-
SPECs due to their prominent properties such as a high
absorption coefficient, large intrinsic dipole moment, conven-
ient bandgap tunability, multiple exciton generation, and good
stability.8 Among metal chalcogenide semiconductors such as
CdS(e),9−14 PbS(e),15−17 and Sb2S3,

18−25 the Sb2S3 seems to
be a very promising choice to attain high device performance

because it has strong extinction coefficient at the visible region
and suitable energy bandgap.26−28 The efficient all solid-state
Sb2S3-sensitized

19 or extreme thin absorber (ETA)18 solar cells
have been successfully demonstrated, and recently we reported
on the solid-state Sb2S3-sensitized heterojunction solar cells of
over 6% of power conversion efficiency at 1 sun illumina-
tion.22−24 However, the efficient Sb2S3−SPECs have rarely
been reported until now except our previous reports29,30 due to
the quick corrosion reactions of Sb2S3 with conventional iodide
or polysulfide electrolyte.29

Owing to the stronger absorption and bulkier dimension of
Sb2S3 than Ru dyes attached on the TiO2 surface, we have
found that the cobalt redox shuttles undergo mass transport
problem at the vicinity of Sb2S3/electrolyte interface in pore
space within mesoscopic TiO2 electrode. The poly-3-hexylth-
iophene (P3HT) hole buffer interlayer between TiO2/Sb2S3
and cobalt electrolyte accelerates hole extraction from Sb2S3 to
P3HT having extended effective interface area29 and can relieve
the mass transport limitation of cobalt redox shuttles. Although
the cobalt redox shuttles can hold high open circuit voltage, the
mesoscopic Sb2S3−SPECs (having P3HT hole buffer inter-
layer) have exhibited only ∼500 mV of open circuit voltage
owing to sluggish transport of cobalt redox shuttles in the
random nanoparticulate TiO2 network producing increased
recombination. To relieve the mass transport problem at
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vicinity of Sb2S3 and cobalt redox couples and reduce the
backward recombination in Sb2S3−SPECs, we used TiO2 NRs
photoelectrode as a macroporous model electrode instead of
conventional mesoporous TiO2 and introduced P3HT
interlayer in between Sb2S3-sensitizer and cobalt electrolyte.
This architecture aims to speed up both hole extraction from
the absorber and its transport via uninterrupted pathway of the
redox species to the counterelectrode avoiding recombination
losses. Here we could significantly improve the performance of
Sb2S3−SPEC by the combination of macroporous TiO2 NRs
electron conductor and P3HT interlayer.

2. EXPERIMENTAL SECTION

Preparation of TiO2 NRs Electron Conductor. We
prepared the TiO2 NRs as described in the literature.31

Typically, we first deposited a 50 nm thick TiO2 blocking layer
(bl-TiO2) on F-doped SnO2 (FTO, Pilkington, TEC8) glass
plates by spraying 20 mM of titanium diisopropoxide
bis(acetylacetonate) (Aldrich) solution at 450 °C to prevent
direct contact of the FTO electrode from cobalt electrolyte. We
then deposited a ZnO seed layer on bl-TiO2/FTO substrate by
dip-coating in 0.1 M zinc acetate dihydrate (ACS reagent,
≥98%)/ethanol solution placed on hot plate set to 90 °C and
subsequent heat treatment at 450 °C for 30 min. The sacrificial
ZnO NRs were then grown by immersing the ZnO seeds/bl-
TiO2/FTO substrate in 0.015 M zinc nitrate hexahydrate (ACS
reagent, 98%) and 0.015 M hexaethylenetetramine (ACS
reagent, 99+%) aqueous solution at 95 °C for 12 h. To
convert the ZnO NRs into TiO2 NRs, we immersed the ZnO
NR films in 0.075 M ammonium hexafluorotitanate (Aldrich)
and 0.2 M boric acid (Yakuri Pure Chemicals) aqueous solution
at 30 °C for 1.5 h. We soaked the TiO2 NRs film in 40 mM
TiCl4 aqueous solution at 60 °C for 1 h to remove completely
the residual ZnO and improve the interfacial contact between
TiO2 NRs and the bl-TiO2 film. Finally, we heat-treated it at
450 °C for 30 min to make crystalline TiO2 NRs.
Deposition of Sb2S3-Sensitizer. To form the Sb2S3-

sensitizer on the TiO2 NRs film (diameter = ∼70 nm, length =
∼1 μm, crystalline phase = anatase), we conducted chemical
bath deposition (CBD)27−29 for 2.5 h using a solution mixture
of 3.0 mL of 1 M SbCl3 in acetone, 25 mL of a 1 M Na2S2O3
aqueous solution, and 72 mL of deionized water. The orange-
colored amorphous Sb2S3 deposited on the TiO2 NRs film was
then heat-treated at 330 °C for 30 min in an N2 atmosphere to
convert into crystalline phase (stibnite). Upon completion of
heat-treatment, we cooled it to room temperature in air.
Device Fabrication. The Sb2S3−SPECs were assembled by

sandwiching the Sb2S3/TiO2 NRs/bl-TiO2/FTO substrate and
Pt-coated counter electrode by a 60 μm thick thermal adhesive
film spacer (Surlyn, DuPont). The Pt-coated counter electrodes
were prepared by dropping a 5 mM solution of H2PtCl6 in
isopropanol onto an FTO glass substrate and then heating
them up to a temperature of 400 °C for 10 min. The cobalt
electrolyte synthesized through the literature15 was injected by
a vacuum backfilling process and sealed. The used cobalt
electrolyte was 0.5 M Co(II)(o-phen)3(TFSI)2, 0.05 M
Co(III)(o-phen)3(TFSI)3, and 0.2 M lithium perchlorate
mixed in a 6:4 v/v ethylenecarbonate/acetonitrile solvent.
Here o-phen and TFSI stand for 1,10-phenanthroline and
bis(trifluoromethanesulphonyl) imide. Finally, we made lead
contact pads on both sides of the electrode using an ultrasonic
soldering iron (MBR electronics, USS-9200) to improve

electrical contacts. The active area of all devices was fixed to
0.196 cm2.

Blank Samples. For the comparison, the Sb2S3-sensitized
blank samples were also prepared by constructing two-device
FTO/bl-TiO2/TiO2 NRs/cobalt electrolyte and FTO/bl-TiO2/
TiO2 NRs/P3HT/cobalt electrolyte.

Characterization of Device Performance. The current
density−voltage (J−V) characteristics of the Sb2S3−SPECs
were measured using a sourcemeter (Keithley 2420) and a
calibrated Si-reference cell (certified by NREL) under 1 sun
(100 mW/cm2) AM 1.5G illumination by a solar simulator
(Class A, 91195A; Newport). The external quantum efficiency
(EQE) was measured using a light source (300 W xenon lamp,
66902; Newport) aligned with a monochromator (Cornerstone
260; Newport) and a multimeter (Keithley 2002). All J−V
curves were measured by masking them with 0.096 cm2 metal
mask.

3. RESULTS AND DISCUSSION

Figure 1a is a schematic device architecture composed of FTO/
bl-TiO2/TiO2 NRs/Sb2S3/P3HT/cobalt electrolyte. Upon
illumination of external light, the electron−hole pairs are
generated in Sb2S3 sensitizer with fast transfer of the generated

Figure 1. (a) Schematic illustration of device architecture, (b) SEM
cross-sectional image of Sb2S3/TiO2 NRs/bl-TiO2/FTO, and (c)
TEM image of Sb2S3/TiO2 NR.
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electrons to TiO2 NRs electrode. At the same time, the
generated holes are charge-transferred to P3HT hole
conducting layer and then are regenerated by accepting
electrons from Co(II) redox shuttles. The oxidized Co(II) to
Co(III) redox shuttles are converted to Co(II) by accepting
electrons of Pt counter electrode that come from the FTO
electrode through external circuit. Figure 1b exhibits a cross-
sectional SEM image of FTO/bl-TiO2/TiO2 NRs/Sb2S3, clearly
indicating that the sufficient pore space among TiO2 NRs still
remains even after Sb2S3 deposition. Apparently, the surface of
1 μm thick TiO2 NRs seems to be coated by Sb2S3, and
macroporous morphology is well-developed. A TEM image in
Figure 1c shows the morphology of Sb2S3 coated on TiO2 NRs
exhibiting that the surface of TiO2 NRs (∼70 nm in diameter)
was fully covered by Sb2S3.
Figure 2a shows diffuse reflectance of Sb2S3−SPECs with

(W/P3HT) and without P3HT interlayer (W/O P3HT). The
spectra exhibit that both cells have same absorption up to 450
nm in a wavelength due to strong absorption of Sb2S3, and the
Sb2S3−SPEC with P3HT interlayer has additional absorption in
a wavelength range of 450−650 nm owing to the absorption of
P3HT. The EQE is a product of light harvesting, charge
separation, and charge collection efficiency. Therefore, the
Sb2S3−SPEC with P3HT is expected to hold better EQE value
due to slightly stronger absorption than the Sb2S3−SPEC
without P3HT. Contradictively the Sb2S3−SPEC without
P3HT interlayer exhibited slightly better EQE values, especially
at a wavelength range of 450−650 nm, as shown in Figure 2b.
This phenomenon is caused by the fact that the generated
charge carriers in the P3HT interlayer by light absorption
cannot be effectively harvested to TiO2 NRs through the Sb2S3
intermediate. In other words, the absorption by pure Sb2S3 in
W/P3HT sample is lower than that in W/O P3HT sample
because the incident light into the device is attenuated along
the depth direction by the absorption to Sb2S3 and P3HT. In a
previous report,24 it was found that the generated charge
carriers in P3HT can partially be transferred into TiO2, but they
cannot be effectively collected to TiO2 through Sb2S3

intermediate. This slight reduction of EQE spectrum in a
wavelength range of 450−650 nm might be associated with the
morphology of TiO2 NRs/Sb2S3 because the P3HT cannot be
directly connected to the TiO2 NRs owing to fully covering by
Sb2S3 on the surface of TiO2 NRs. The photocurrent density−
voltage (J−V) characteristics of Sb2S3−SPEC with and without
P3HT with illuminated sun intensity are compared in Figure
2c,d, and their performances are summarized in Table 1. The

short circuit current density (Jsc) and fill factor (FF) of Sb2S3−
SPEC with (W/P3HT: Jsc = 12.2 mA/cm2, FF = 51.1%) and
without P3HT interlayer (W/O P3HT: Jsc = 12.0 mA/cm2, FF
= 49.5%) exhibit almost the same value, but the open circuit
voltage (Voc) of W/P3HT device (667 mV) shows a
significantly higher value than W/O P3HT device (530 mV).
Accordingly, the overall power conversion efficiency (η) is
dominated by the different Voc of the two devices, and the W/
P3HT device (4.2%) has substantially better device perform-
ance than the W/O P3HT device (3.2%) at 1 sun illumination.
In addition, it is also expected that the P3HT interlayer may
reduce the mass transport problem of cobalt redox electrolyte
in the macropore of TiO2 NRs as described in previous
report.29 However, such effect does not seem to affect greatly
the enhancement of device performance in TiO2 NRs system
because the Jsc still exhibits nonlinearity with illuminated sun
intensity. This might be associated with the fact that the Sb2S3

Figure 2. (a) Diffuse reflectance and (b) EQE spectra of Sb2S3−SPEC with (W/P3HT) and without (W/O P3HT) P3HT hole buffer interlayer;
photocurrent density−voltage (J−V) curves of W/O P3HT (c) and W/P3HT device (d) with illuminated sun intensity.

Table 1. Summary of Device Performance of Sb2S3−SPEC
with (W/P3HT) and without (W/O P3HT) P3HT
Interlayer

sun intensity
(mW/cm2)

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

W/O
P3HT

100 12.0 530 49.5 3.2
50 7.2 510 50.5 3.7
10 1.8 460 61.0 4.9

W/P3HT 100 12.2 667 51.1 4.2
50 7.8 627 53.8 5.2
10 1.8 586 60.9 6.3
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is fully covered on the surface of TiO2 NRs of which the
effective surface area will not be further extended by the
addition of P3HT interlayer, whereas it is expected that the
P3HT interlayer will extend the effective surface area contacting
cobalt electrolyte in dot-like Sb2S3 deposited on mesoscopic
TiO2 electrode. Hence, the enhanced device performance
seems to be mainly attributed to the improved Voc, which may
associate with the backward recombination.
To elucidate why the W/P3HT device has higher open

circuit voltage than the W/O P3HT device, we measured
electrochemical impedance spectroscopy (EIS) with applied
bias voltage under dark condition. Figure 3a shows

representative complex plane impedance plots of W/P3HT
and W/O P3HT device at 450 mV of applied bias voltage in
dark state. Figure 3b presents a zoom of Figure 3a for W/O
P3HT device. It is interesting to note that the impedance
spectra present higher complexity than the current spectra
reported for D-SPECs32 or QD SPECs.33 The conventional
pattern observed in sensitized solar cells presents as maximum
three arcs: (i) at high frequencies an arc due to the charge
transfer at the counter electrode, arc labeled 1 in Figure 3b; (ii)
at intermediated frequencies an arc due to the recombination
process at the TiO2/absorber/electrolyte interface coupled to
the chemical capacitance of TiO2, arc labeled 2 in Figure 3b;
and (iii) at lower frequencies an arc related with the diffusion
process at the electrolyte, arc labeled 4 in Figure 3b. A wider
frequency range is needed to observe clearly how this last arc
closes to the real axis. The samples analyzed in this work
present an additional feature: an arc labeled 3 in Figure 3b. This
new feature can be attributed to Sb2S3 absorber because it is not
observed in the blank samples without absorber. In this sense, a
first hypothesis is that the origin of this feature is due to an
alternative recombination pathway though surface states in
Sb2S3. The analysis of this hypothesis is not straightforward
because it introduces circuit elements that are not associated
either in series or in parallel.34 This complete study is under
current research, and it is not within the scope of the present

paper. Here we aim to discern the origin of the higher Voc
observed for the W/P3HT cell in comparison with W/O P3HT
sample; therefore, in a first approximation, we have fitted only
the first part of the impedance spectra, arcs 1 and 2 in Figure
3b.32,33 This analysis has allowed us to obtain the chemical
capacitance, Cμ, and the recombination resistance, Rrec, of the
studied cells; see Figure 3c,d, respectively.
The fact that chemical capacitances overlap in Figure 3c

indicates that both W/P3HT and W/O P3HT samples present
the same position of TiO2 conduction band (CB) position
because no significant shift is observed between them. This
shows that P3HT does not contribute an additional surface
dipole so that the higher Voc observed for W/P3HT cannot be
attributed to an upward displacement of the TiO2 CB. Cμ is
plotted against the voltage drop in the sensitized electrode VF,
where the effect of the voltage drop in the series resistance is
removed.35 Conversely, note that the deposition of Sb2S3
sensitizer moves up the TiO2 CB in comparison with the
blank cells, as it can be appreciated by the shift in the
capacitance. We think that the significant CB shift by the
addition of Sb2S3 on TiO2 NRs may be associated with the fact
that the TiO2 NRs are formed by ZnO NRs sacrificial template
because it was reported that the CB of ZnO NRs in the CdSe/
ZnO NRs device is greatly dependent on the CdSe deposited
on ZnO NRs having different length,35 whereas the CB was not
significantly changed in Sb2S3 deposited on mesoscopic TiO2
(pure TiO2).

25,36 On the other hand, an analysis of the
recombination resistance (Figure 3d) gives two important
conclusions: (i) the presence of Sb2S3 sensitizer enhances the
recombination rate (decreases the recombination resistance)
and (ii) W/P3HT presents lower recombination rate than W/
O P3HT, indicating that the observed Voc enhancement can be
unambiguously attributed to a reduction in the backward
recombination. Note that in Figure 3d the effect of the different
TiO2 CB position is removed, representing Rrec against the
equivalent common CB, Vecb (see the supporting Figure S1 for
the calculation of Vecb).

35

The increase in recombination rate with the presence of
Sb2S3 sensitizer is in good agreement with previously reported
results.25,36 This result indicates that Sb2S3 acts as a
recombination center and further improvement of the solar
cell efficiency could be expected if this recombination pathway
is suppressed.

4. CONCLUSIONS
We could fabricate the efficient Sb2S3−SPEC with 4.2% of
power conversion efficiency at 1 sun illumination, owing to the
macroporous TiO2 NRs structure and the P3HT interlayer.
From the EIS analysis, we found that the P3HT interlayer
enables the W/P3HT device to exhibit much larger Rct than the
W/O P3HT device and consequently reduces the recombina-
tion rate (with no effect in the TiO2 CB position). Accordingly,
the inserted P3HT interlayer greatly enhances the open circuit
voltage of Sb2S3−SPECs owing to the reduced backward
recombination and CB tuning of TiO2. We believe that this
new device architecture having P3HT interlayer will be
extended to general inorganic semiconductor- or QD-SPECs
and thus will be helpful to improve the device efficiency.
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Figure 3. EIS analysis of W/P3HT and W/O P3HT device. (a)
Representative Nyquist plots at 450 mV of applied bias voltage in dark
state. (b) Zoom of panel a for W/O P3HT device. The four features
detected in the spectra are labeled. (c) Chemical capacitance and (d)
recombination resistance of devices.
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