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We report the improvement of a CdSe quantum-dot-sensitized solar cell (QDSSCs) based on surface
modification of Cu,S nanoparticle counter-electrodes (CEs). In this work, we explored a low-cost, easy
method to fabricate counter electrodes by direct deposition of colloidal Cu,S NCs on conducting FTO

glass using drop casting or spin coating. The colloidal Cu,S NC films provide high surface area, which
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CdSe QDSSC based on the 0.1 M EDT treated Cu,S CE/FTO shows a short-circuit current density (Jsc) of
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1. Introduction

Quantum-dot-sensitized solar cells (QDSSCs) are the most
promising solar energy conversion devices due to their larger
extinction coefficient, to a bandgap tunable by adjustment of
the QD size and composition, and to the generation of
multiple excitons from each photon absorbed."™ In the last
few years, the power conversion efficiency (PCE) of QDSSCs
has achieved remarkable improvement.>'® Nevertheless,
QDSSCs still show rather limited efficiency compared to
competing systems, including dye-sensitized solar cells
(DSSC),** perovskite solar cells,*»** and thin-film-based solar
cells.* The main reason for the poor efficiency of QDSSCs is
the charge recombination required before extracting the
carriers, made necessary by back-electron transfer occurring
at the interface between the photo-anode and electrolyte.*>"”
Another critical issue is poor electrical catalytic activity
between the electrolyte and the counter electrode (CE).***° To
improve the performance of QDSSCs, one needs to optimize
proper charge injection from NCs to the TiO, photo-anodes,
and facile-charge transfer to the redox couple at the CE.
Recently, various Pt-free inorganic chalcogenide materials
(e.g., Cu,S, CoS, PbS), and hybrid graphene-based nano-
composites, have been reported as alternatives for CE made
with expensive platinum (Pt).?*">* In particular, The Cu,S CE
is the most commonly used for high efficiency QDSSCs
because of its superior catalytic activity and stability.'®** A
successive ionic layer adsorption and reaction (SILAR) and
spray pyrolysis method are used to deposit Cu,S counter
electrode onto FTO. However, these methods are limited to
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an improvement of 50% over that of the OA-capped Cu,S CE/FTO CE (1.4%).

make uniform counter electrode to improve catalytic activity
and charge transfer.”® The general procedure most often used
to fabricate Cu,S CE involves soaking a thin brass substrate
in a polysulfide-electrolyte solution to form Cu,S interfacial
layers on the substrate.®?° This method, however, may give
rise to serious corrosion of the brass substrate by the poly-
sulfide electrolyte, leading to mechanical instability of the
electrode and to leakage of the electrolyte solution. To over-
come these obstacles, we explored a low-cost method to
fabricate a CE by direct deposition of colloidal-Cu,S NCs with
high surface-to-volume ratio onto conducting FTO glass
using drop-casting or spin-coating. Long-chain organic
ligands, crucial for colloidal synthesis, provide thick insu-
lating barriers around each NCs for blocking the charge
transport in NC solids. It was recently reported that surface
treatment with shorter ligand like 1,2-ethanedithiol (EDT),
hydrazine (N,H,) and metal chalcogenide complexes (MCCs)
significantly decrease the interparticle spacing and improve
electronic transport in NC films.?”"** Cu,S-NC films provide
greater surface area, thus improving catalytic activity for
the redox couple and enhancing the final photovoltaic
performance. In this paper, we report the effects of surface
modification of CE assembled from colloidal-Cu,S NCs to
evaluate the photovoltaic performance of CdSe QDSSCs. Our
results show that CdSe QDSSCs based on 0.1 M-EDT-treated
Cu,S NCs/FTO CE provide a PCE of 2.1%, an improvement
of 50% over that of OA-capped Cu,S NCs/FTO CE (1.4%).
Furthermore, the CdSe QDSSCs based on 0.1 M EDT-treated
Cu,S/FTO CEs show outstanding mechanical stability in
working conditions involving continuous exposure and illu-
mination for several hours, without drastic reduction of the
efficiency.
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2. Experimental procedures
2.1 Materials

All the following chemicals were used as received: selenium
(powder, 99.99%, Aldrich), cadmium oxide (CdO, 99% Aldrich),
trioctylphosphine (TOP, 97%, Strem), oleic acid (OA, 90%,
Aldrich), trioctylphosphine oxide (TOPO, 99%, Aldrich),
1-octadecene (ODE, 90%, Aldrich), oleylamine (97%, Aldrich),

dodecanethiol (98%, Aldrich), copper(un) acetylacetonate
(99.99%,  Aldrich), ammonium diethyldithiocarbamate
(Aldrich).

2.2 Synthesis of CdSe QDs

CdSe NCs were synthesized using the hot injection method. The
precursor [0.5 M Cd(oleate),] was prepared by heating CdO (1.45
g, 0.5 M) and oleic acid (20 ml) at 240 °C for 30 min under
nitrogen flow. A selenium solution (1 M TOP) was prepared by
dissolving selenium shots in TOP under vigorous stirring. For
the synthesis of CdSe NCs, 3 ml of Cd(oleate), and 2.2 g of TOPO
were mixed with 16 ml of ODE in a 3-neck flask. The mixture was
heated to 100 °C for 1 h with vigorous stirring under vacuum,
and then the temperature was raised to 300 °C under nitrogen
flow. When the temperature reached to 300 °C, 6 ml of oleyl-
amine was injected into the reaction flask, followed by injection
of 8 ml of 1 M TOP-Se under nitrogen. The reaction flask was
held at this temperature for 5 min followed by removal from the
heat and cooling to room temperature using a water bath. The
NCs obtained were re-dissolved in toluene and centrifuged to
remove any insoluble species. Then the product was addition-
ally precipitated by adding 10-20 ml ethanol and centrifuging.
After washing three times with toluene-ethanol, the NPs were
re-dispersed in toluene (6-7 ml).

2.3 Synthesis of Cu,S QDs

The synthesis of the Cu,S NCs involved the mixing of 1.25 mmol
of ammonium diethyldithiocarbamate with 10 ml of dodeca-
nethiol and 17 ml of oleic acid (OA) in a 3-neck flask. The
solution was heated up to 110 °C under nitrogen flow, followed
by a quick injection of a suspension mixture of 1 mmol of
copper(u) acetylacetonate and 3 ml of oleic acid. Then, the
solution was quickly heated to 180 °C and kept at this temper-
ature for 10-20 min, followed by cool-down to room tempera-
ture. The reaction product was purified by three washing cycles
of precipitation and re-dispersion, adding the anhydrous
hexane and ethanol in a glove-box to avoid any possible oxida-
tion of the NCs.

2.4 Preparation of photo-anode, electrolyte, and counter
electrode

For the preparation of photo-anodes, the FTO substrates were
sonicated for 10 min each in ultrasonic baths containing DI
water, acetone, and 2-propanol. The cleaned FTO substrates
were immersed in 40 mM TiCl, at 70 °C for 30 min to deposit a
thin TiO, layer onto the FTO substrate. The mesoporous TiO,
films were deposited onto the TiO, pastes on the FTO using the
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doctor-blading method, followed by calcination at 450 °C for 30
min. For the QD sensitization, the substrates (TiO,/FTO) were
immersed in diluted CdSe NCs (4 mg ml™') in toluene for 24 h,
and then rinsed in anhydrous hexane. Finally, a passivation
layer of ZnS was added to the CdSe/TiO,/FTO substrate. To this
end, two SILAR cycles in ZnAc, (0.03 M) and Na,S (0.03 M) were
performed. The immersion time in each precursor was 1 min,
followed by rinsing with DI water, and drying with a N, gun.
The polysulfide electrolyte was prepared by dissolving Na,S
(1 M) and S (1 M) in purified D.I. water without methanol. For
the preparation of CE, Cu,S NC films were formed by drop-
casting a solution of Cu,S NCs in a hexane-octane (~9 : 1 vol)
mixture onto FTO substrate. Closed-packed OA-capped Cu,S NC
films were treated with 1,2-ethanediol (EDT) by dipping the
counter electrode in 0.1 M EDT acetonitrile solution for 30 s.

2.5 Material characterization

Transmission electron microscopy (TEM) images were obtained
using a Hitachi HF-3300 operating at an acceleration voltage of
300 keV. The FIB instrument is used for preparation of cross-
section specimen of CE. Wide-angle, powder-X-ray-diffraction
patterns were collected using an Empyrean HR-XRD with Cu
K, radiation source. The absorption spectra of the solutions and
films were collected using a Cary 5000 UV-vis-NIR spectropho-
tometer. The transmittance and total reflectance of the thin-
film samples were measured using a DRA 2500 diffuse reflec-
tance accessory (integrating sphere).

Photoluminescence (PL) spectra were collected using a
FluoroMax-4 spectrofluorometer (HORIBA Jobin Yvon).
Dynamic light scattering (DLS) data were collected using a
Zetasizer Nano-ZS (Malvern Instruments, UK). Fourier-
transform infrared (FTIR) spectra were acquired in trans-
mission mode using a Thermo Scientific spectrometer with a
resolution of 0.09 cm™ ' and averaging over 64 scans. For the FT-
IR measurements, closed-packed Cu,S NCs were prepared on
KBr crystal substrates using concentrated NC solutions. The
Cu,S NC films were treated with 1,2-ethanediol (EDT) by
dipping the counter electrode into 0.1 M EDT in acetonitrile for
30 s. Hereafter, OA-capped Cu,S NCs, 0.1 M EDT treated Cu,S
CEs will be described as OA-, EDT-Cu,S CE, respectively.

All the samples were dried at 80 °C for 30 min. For quanti-
tative comparison of different samples, the same mass-per-
substrate area was deposited (about 5 mg cm ?) and the
spectra were baseline-corrected.

2.6 Photo-electrochemical characterization

Photovoltaic current-voltage characteristics of CdSe QDSSCs
were measured under 1 Sun illumination (100 mW cm ™2, AM
1.5) verified by an AIST-calibrated Si-solar cell. The incident
photon-to-current efficiency (IPCE) was obtained from the
photocurrent ratio versus the rate of incident photons as a
function of wavelength. Electrochemical experiments were
carried out with a VSP potentiostat (BioLogic). A standard,
three-electrode configuration was employed. Ag/AgCl and Pt
wire served as reference and auxiliary electrodes, respectively.
The active area of the CE was 0.09 cm?, which is same as that of
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the CE employed for photovoltaic measurement. The active area
was controlled by selectively removing the Cu,S NC films from
the FTO. The removed FTO surface was wrapped with insulating
imide tape (3M) to prevent unwanted secondary reactions. The
polysulfide electrolyte, made by dissolving 1 M Na,S and 1 M S
in deionized water, was employed in all the electrochemical
measurements. Cyclic voltammetry (CV) was performed from
—0.4 to —1.0 V at a scan rate of 50 mV s~ '. Electrochemical
impedance spectroscopy (EIS) measurements were carried out
at the equilibrium potential of the polysulfide over a frequency
range from 100 kHz to 10 mHz, with amplitude of 5 mV.

3. Results and discussion

Fig. 1a represents the general configuration of the CdSe QDSSCs
in this study. The cells were composed of a CdSe-NC sensitized
photo-anode, a CE assembled from mono-dispersed Cu,S NCs,
and polysulfide electrolyte, which is known to be the best
shuttle for QDSSCs. Mono-dispersed colloidal OA-CdSe NCs
were used to sensitize mesoporous TiO, (Fig. 1b). Fig. 1c shows
a TEM image of uniform CdSe NCs with an average diameter of
2.85 nm, with size distribution below 10%. In Fig. 1d, the CdSe
NCs exhibit sharp excitonic features corresponding to the zinc-
blend structure in the absorption spectra. They also show
narrow photoluminescence associated with the recombination
of photo-excited carriers from 1S, and 1S. quantum-confined
states, with full-width at half-maximum (FWHM) of ~20 nm
centered at 554 nm.

Fig. 2 shows a microstructure and optical properties of
mono-dispersed Cu,S NCs. As shown in the TEM image in
Fig. 2a, the as-synthesized Cu,S NCs were nearly spherical
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Fig. 1 (a) Schematic diagram of QDSSC, (b) photographic image of
colloidal CdSe NCs dispersed in toluene, (c) TEM image of as-
synthesized CdSe NCs, (d) absorption and photoluminescence spec-
trum of colloidal CdSe NCs.
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Fig.2 (a) TEM image of as-synthesized Cu,S NCs. The inset shows the
average size distribution of Cu,S NCs based on dynamic light scat-
tering (DLS). (b) XRD patterns of CusS films: the blue line is JCPDS 90-
020-0988 (hexagonal, P6s/mmc space group). (c) Absorption spectra
of the Cu,S NCs. The inset shows an image of colloidal Cu,S NCs
dispersed in toluene. (d) Cross-section TEM image of closed-packed
EDT-Cu,S CE assembled on the FTO substrate.

(average diameter 3.5 nm), which is consistent with the results
obtained from DLS measurement, with size deviation below
10% (inset of Fig. 2a). Due to their enhanced surface-to-volume
ratio, mono-dispersed Cu,S NCs provide the potential to
improve catalytic activity in the interface between polysulfide
electrolytes of CEs. The colloidal stability of the resulting solu-
tions was also evidenced by dynamic light scattering (DLS) and
in photographs of the colloidal Cu,S NCs solution (inset of
Fig. 2a and c). Fig. 2b shows the representative XRD patterns of
as-synthesized Cu,S NCs using the colloidal method. The cor-
responding peaks of the crystal planes of Cu,S NCs were
indexed as shown in Fig. 2b, and matched the hexagonal phase
chalcocite B-Cu,S (JCPDS card no. 46-1195, a = 3.97 A c=68A)%
Fig. 2c shows the absorption spectrum of Cu,S NC films
assembled on glass substrate. The UV-vis absorption spectra
show a steep rise at short wavelengths, a low intensity onset
extending up to ~1000 nm, and negligible NIR extinction.
Recently several groups reported enhanced surface plasmonic
effects in stoichiometric copper chalcogenide, which is prone to
oxidation to form more thermodynamically stable non-
stoichiometric copper chalcogenide phases containing both
Cu” and Cu** ions.*** The extinction spectra of copper chal-
cogenide shows drastic enhancement of the NIR band in the
NCs, with increasing oxidation time. The oxidation of NCs may
inhibit the charge transport and catalytic activity in the CE, so
the oxidation of NCs has to be restrained. In this experiment, as-
deposited Cu,S-NC films did not show a pronounced NIR band
even after several days of exposure to ambient air. These results
imply that CE assembled from Cu,S NCs can suppress the
formation of an oxidation layer on the electrode. This makes
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them ideal candidates for long-term stability and good catalytic
activity. Fig. 2c¢ (inset) shows a photograph of the colloidal Cu,S
inks (25 mg ml™") in toluene used to deposit the CE films.
Fig. 2d shows the cross-section TEM image of closed-packed
EDT-Cu,S CE assembled on FTO substrate. We confirmed that
a substantially uniform Cu,S nanoparticles were assembled on
FTO substrate without degradation after EDT treatment.

In general, the surface ligands used for synthesis of NCs are
functionalized for high affinity to the NC surface, and stabilize
colloidal solutions in nonpolar solvents. Bulky ligands,
however, create a thick insulating barrier around each nano-
particles which can retard the facile-charge-transport in NC
solids. To overcome this limitation, the original surface ligands
have to be replaced with shorter molecular ligands.>*® This
approach provides the benefit of allowing convenient fabrica-
tion of high-quality NC films using colloidal solutions stabilized
by original ligands, followed by soaking the NC film in a solu-
tion containing new capping ligands such as ethanethiol.>**°

Fig. 3 shows the current density-voltage (/-V) curves of the
CdSe QDSSCs using OA- and EDT-Cu,S NCs as the CE, under a
standard simulated AM 1.5 illumination (100 mW cm™>). The
corresponding detailed photovoltaic
summarized in Table 1.

It is noted that the CdSe QDSSCs employing different CEs
exhibited quite different values of short-circuit current density
(Jsc), but showed similar values of open-circuit voltage (Vo).
This is consistent with the expected influence of the CEs on
QDSSC performance. The EDT-Cu,S CE based on the QDSSCs,
had a short-circuit current density (Jsc) of 7.95 mA cm 2, a fill
factor (FF) of 55.44%, and yielded superior power conversion
efficiency () of 2.1%. In contrast, the QDSSCs using OA-Cu,S
CEs showed a much inferior device performance of 1.4% with
Jsc 5.99 mA cm 2 and FF 51.57. The enhanced photovoltaic
performance of CdSe QDSSC with EDT-Cu,S CE is originated
from the decreased inter-particle distances, resulting in
improved electronic transport, and also from enhanced cata-
lytic activity in the Cu,S-NC CE because of the cross-linking
between shorter functional groups.>*~*

Fig. 3b shows the IPCE spectra of the CdSe QDSSC obtained
from OA- and EDT-Cu,S CEs. The IPCE spectra were defined as
the number of electrons in the external circuit generated at a
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Table 1 Photovoltaic properties of QDSSCs composed of different
counter electrodes

Samples Jsc (mA em™?) Voe (V) FF n (%)
OA-Cu,S CE 5.99 0.45 51.57 1.4
EDT-Cu,S CE 7.95 0.48 54.44 2.1

given wavelength, divided by the number of incident photons.
The IPCE spectra resembled the absorption spectra of CdSe NCs
(Fig. 1d), indicating that the IPCE results originated from the
direct band-gap transition of the CdSe NCs. The IPCE values
measured from 350 to 600 nm showed an order of OA-Cu,S <
EDT-Cu,S CE, which is identical to that of the corresponding
efficiency of the QDSSCs employing different CEs. The short-
circuit photocurrents estimated from the integrated IPCE
spectra of Fig. 3b are 4.3, 6.0 mA cm ™ for the OA-, EDT-Cu,S
CE, respectively. The short-circuit photocurrents were smaller
than the J5c values obtained from the J-V measurements under
one-sun (AM 1.5 G) illumination (Fig. 3a). The discrepancy
could be due to light intensity lower than AM 1.5 G illumina-
tion, because of the lower efficiency of charge separation, and of
collection, at lower illumination intensities.

Fig. 4 shows a representative FTIR spectra taken before and
after ligand exchange with 0.1 M EDT for OA-Cu,S NCs, which
indicate the strong absorption bands at 2800-3000 cm ™" arising
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Fig. 4 FT-IR spectra of OA-, EDT-Cu,S NCs annealed at 80 °C for
30 min.
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Fig. 3 (a) Photocurrent—voltage characteristics of CdSe QDSSCs with Cu,S CE (with EDT, OA-Cu,S), measured under AM 1.5 illumination
(100 mW cm™2); (b) IPCE spectra of the CdSe QDSSCs using Cu,S CE (with EDT, OA-Cu,S).
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from characteristic C-H stretching of the original long-
hydrocarbon ligand.”**® The peaks were completely dimin-
ished after the ligand exchange reaction with 0.1 M EDT in
acetonitrile, confirming the almost complete removal of organic
surfactants from the OA-Cu,S NC surface.

Cyclic voltammetry (CV) was performed to compare the redox
properties of OA-, EDT-Cu,S electrodes in 1 M Na,S/1 M S
electrolyte. The EDT-Cu,S working electrode exhibited much
higher current density than that of OA-Cu,S NCs. Also, the high
redox current of EDT-Cu,S NCs was sustained for five cycles, in
contrast to the rapid fading observed with OA-Cu,S NCs. This
demonstrates the superior stability of the EDT-Cu,S CEs. To
obtain better understanding of the interfacial-charge-transport
behaviors of Cu,S-CEs EIS measurements were carried out
(Fig. 5b). Each impedance plot shows two semi-circles at high
(100 kHz to 100 Hz) and middle (100-1 Hz) frequency ranges,
and an inclined line at the low-frequency end. The high-
frequency semicircle is attributed to the charge-transfer reac-
tion at the Cu,S/electrolyte interface, and the middle-frequency
semicircle to the intra-electrode impedances such as between
Cu,S NCs, or at the Cu,S/FTO interface.*® The charge-transfer
resistance (R.;) at the Cu,S/electrolyte interface was extracted
from the fitting data using an equivalent circuit (inset of
Fig. 5b). The R value for EDT-Cu,S (0.23 Q cm?®) was much
smaller than that of the OA-Cu,S (5.1 @ cm?), indicating that
EDT-Cu,S NCs have excellent charge transfer. The large R
value for the OA-Cu,S CE can be attributed to the long alkyl
ligands on the NC surface, which may alter the charge transfer
rate. The electrochemical catalytic activity of CEs can be quan-
titatively assessed by the exchange current density (/,), which is
equal to J, = RT/nFR.,**® where R is the gas constant, T the
absolute temperature in K, n the number of electrons involved
in the electrochemical reaction, and F the Faraday constant.
Assuming n = 2 from the reaction S,>~ + 2e = 25>, the J, value
of EDT-Cu,S CE would be 54.9 mA cm 2, which is much
higher than 2.5 mA cm ™2 for OA-Cu,S CEs. It is noted that J,
(54.9 mA cm™?) for EDT-Cu,S CE was higher than that of Cu,S/
reduced graphene oxide composite (16 mA cm™?), which is
calculated assuming that n = 1.3 These results are consistent
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Fig. 5 (a) Cyclic voltammograms (CVs) of OA-, EDT-Cu,S NCs films
measured in polysulfide (1 M Na,S/1 M S) solution, at a scan rate of 50
mV s~ (b) Nyquist plots of OA-, EDT-Cu,S films measured at the
equilibrium potential of the polysulfide. The experimental spectra are
denoted with circles, and the best-fitted results using the equivalent
circuit with solid lines.
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with the higher Jsc and FF obtained from EDT-Cu,S CE
compared with OA-Cu,S CE. It seems very possible that the
power conversion efficiency of QDSSC using EDT-Cu,S CE could
be further improved by optimizing surface-modification
conditions. This might be done, for example, by employing
small molecular ligands or metal chalcogenide complexes
(MCCs), an approach currently being investigated by our group.

4. Conclusions

We demonstrated the effects of surface modification of Cu,S CE
assembled from colloidal-Cu,S NCs to evaluate the photovoltaic
performance of CdSe. Our results showed that EDT-Cu,S CE
based on the QDSSCs exhibited higher short-circuit current
density (7.95 mA cm™?) and higher fill factor of 55.44%, yielding
superior power conversion efficiency of 2.1%. The charge-
transfer resistance at the Cu,S/electrolyte interface for EDT-
Cu,S (0.23 Q cm?) was much smaller than that of the OA-Cu,S
CE (5.1 Q cm?), indicating that EDT-Cu,S NCs have excellent
catalytic activity. Furthermore, the EDT-Cu,S CE demonstrated
superior long-term stability during the catalytic process.
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