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ABSTRACT: In this work, we report a simple and low-
temperature approach for the controllable synthesis of ternary
Cu—S—Se alloys featuring tunable crystal structures, composi-
tions, morphologies, and optical properties. Hexagonal CuS,Se,_,
nanoplates and face centered cubic (fcc) Cu,_,S,Se,_, single-
crystal-like stacked nanoplate assemblies are synthesized, and their
phase conversion mechanism is well investigated. It is found that
both copper content and chalcogen composition (S/Se atomic
ratio) of the Cu—S—Se alloys are tunable during the phase
conversion process. Formation of the unique single-crystal-like stacked nanoplate assemblies is resulted from oriented stacking
coupled with the Ostwald ripening effect. Remarkably, optical tuning for continuous red shifts of both the band-gap absorption
and the near-infrared localized surface plasmon resonance are achieved. Furthermore, the novel Cu—S—Se alloys are utilized for
the first time as highly efficient counter electrodes (CEs) in quantum dot sensitized solar cells (QDSSCs), showing outstanding
electrocatalytic activity for polysulfide electrolyte regeneration and yielding a 135% enhancement in power conversion efficiency
(PCE) as compared to the noble metal Pt counter electrode.
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B INTRODUCTION

Composition engineering, including doping and stoichiometry
variation, enables custom tuning of chemical and physical
properties of semiconductors. Ternary alloyed semiconductors
not only add another dimension of composition engineering
over their binary counterparts, they often inherit merits from
their parent binary materials and show additional new
properties." ¢ Copper chalcogenides (Cu,_,S, Cu, ,Se) are
promising candidates as sustainable energy materials, due to
their low toxicity, earth abundance, and suitable band gaps, and
tunable ratio of copper and chalcogen.””® They have been
widely applied in solar cells, near-infrared (NIR) photothermal
therapy, lithium ion batteries, gas sensors, and electronic and
optoelectronic devices.'*™'*

Ternary Cu—S—Se alloyed semiconductors are attracting
increasing attention as they are considered to possess not only
the merits and advantages of binary copper chalcogenides
(Cu,_,S, Cu,_,Se) but also unique properties from the
chalcogen composition variation. It is documented that copper
vacancy tuning in binary copper chalcogenides (Cu,_,S,
Cu,_,Se) is a powerful method to adjust their NIR absorption
that originated from localized surface plasmonic resonance
(LSPR) of free holes in the valence band."~'° Both Cu,_,S
and Cu,_,Se show enhanced NIR absorption with increasing
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copper vacancies.">™"* On the other hand, S/Se atomic ratio
tuning can well control the band-gap absorption and emission
properties of multinary copper chalcogenides.””*' For Cu—S—
Se alloys, there will be two independent approaches, i.e., cation
vacancy tuning and anion composition variation, to modulate
their physical and chemical properties. Therefore, it is of great
significance for controllably synthesizing Cu—S—Se alloys and
understanding the influence of composition variation on
material properties and device performance.

To date, there are only a few reports on alloyed Cu—S—Se
nanostructures (including Cu,_,S,Se;_, and Cu,S,Se,_,), which
were typically prepared at high temperature (>200 °C) using
solvothermal methods.”*™>” Copper content tuning and phase
conversion among the ternary Cu—S—Se alloys have never
been investigated. Energy conversion applications of the Cu—
S—Se alloys are seldom explored. In this work, we report a
simple and facile approach to synthesize hexagonal CuS,Se,_,
nanoplates and face centered cubic (fcc) Cu,_,S,Se,_, single-
crystal-like stacked nanoplate assemblies at a low temperature
of 100 °C. Composition variation and morphology evolution
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during the phase conversion from hexagonal CuS,Se,_, to fcc
Cu,_,S,Se,_, are investigated. Optical properties of the Cu—S—
Se alloys are systematically tuned through composition
variation, including both copper content and S/Se atomic
ratio variations. Furthermore, to demonstrate potential utilities
of the novel Cu—S—Se alloys in energy conversion devices, the
alloys are employed for the first time as efficient CEs with
improved electrocatalytic activity to replace the noble Pt
electrode for catalyzing polysulfide electrolyte regeneration in
quantum dot sensitized solar cells (QDSSCs).

B EXPERIMENTAL SECTION

Synthesis of CuS,Se,_, Nanoplates and Cu,_,S,Se,_, Stacked
Nanoplate Assemblies. In a typical synthesis, 0.75 mmol of S
powder and 1.25 mmol of Se powder were dissolved in a 20 mL
NaOH (5.0 M) aqueous solution in a beaker by heating and magnetic
stirring. CuS,Se,_, nanoplates were obtained immediately upon adding
4 mL of Cu(NO;), ethanol solution (0.2 M) into the above solution
(80—95 °C). Further heating the beaker in an oven at 100 °C for 10 h
would lead to the formation of Cu,_,S,Se;_, stacked nanoplates. The
samples were collected and washed sequentially with hot distilled
water, diluted HCI solution, and ethanol several times, and then
vacuum-dried. For tuning the ratio of S/Se in the nanoplates, the
above processes were repeated by using different relative amounts of S
and Se powders (0:2, 0.5:1.5, 0.75:1.25, and 1:1 in molar ratios) in the
reactants.

Preparation of Counter Electrodes. Counter electrodes were
prepared by spin-coating the as-prepared CuS,Se;_, nanoplates and
the Cu,_,S,Se;_, stacked nanoplate assemblies onto fluorine doped tin
oxide (FTO) glass substrates followed by annealing at 350 °C in
nitrogen. For comparison, a conventional platinized FTO (Pt/FTO)
counter electrode was also prepared.

Preparation of Photoanodes. For photovoltaic applications,
arrays of ZnO/ZnSe/CdSe/ZnSe nanocables were used as photo-
anodes, which were prepared by a modified ion exchange method.”®*’
Arrays of ZnO nanowires with lengths of about 12 ym grown on FTO
glass substrates were prepared by a seed assistant hydrothermal growth
method. Arrays of ZnO/ZnSe core/shell nanocables were prepared by
immersing the ZnO nanowire arrays in a Se?” ion solution (6.0 mM)
prepared by reacting Se powder with NaBH,, and kept at 50 °C for 2.5
h. This process was repeated two times to get a desirable thickness of
ZnSe. The arrays of ZnO/ZnSe nanocables then reacted with a
Cd(NO;), aqueous solution (25.0 mM) at 95 °C for S h to partially
replace Zn* by Cd** in the ZnSe shell, resulting in formation of ZnO/
ZnSe/CdSe nanocables. The ZnO/ZnSe/CdSe nanocable arrays were
coated with ZnSe by twice dipping alternately into Zn(NO;), (25
mM) and Se?~ ion (6.0 mM) solutions for 30 min per dip, rinsing with
deionized water between dips.

Fabrication of Solar Cells. Solar cells were prepared by
assembling and bonding the photoanodes with different counter
electrodes. The two electrodes were separated by a 60 um thick
polypropylene spacer, and the internal space of the cells was filled with
a polysulfide electrolyte (1.0 M S, 1.0 M Na,S, and 0.1 M NaOH in
deionized water). The active area of the solar cells was 0.25 cm?
During the course of the experiments, it was found that performance
of the solar cells is sensitive to the morphologies, density, and length of
the ZnO/ZnSe/CdSe/ZnSe nanocables. Thus, to exclude the
influence from the photoanode, we used the same anode sample to
make the different cells to achieve a fair comparison of the various
counter electrodes.

Characterization. The as-prepared samples were characterized
with X-ray diffraction (XRD) with a Philips X'Pert diffractometer using
Cu Ka radiation. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were carried out respectively
with a Philips XL30 FEG SEM and a Philips CM 20 FEG TEM (or a
Philips CM 200 FEG TEM or a JEOL JEM-2100F TEM, all operated
at 200 kV). Electron energy loss spectroscopy (EELS) data were
acquired with a Gatan Tridiem imaging filter attached to the JEOL

TEM. X-ray photoelectron spectroscopy (XPS) was performed in a
VG ESCALAB 220i-XL UHV surface analysis system with a
monochromatic Al Ka X-ray source (1486.6 eV). Raman measure-
ments were conducted with a Renishaw 2000 laser Raman microscope
equipped with a 514 nm argon ion laser for excitation. Optical
absorption measurements were carried out by dispersing samples in
absolute ethanol (0.2 mmol L") via ultrasonication and measuring
with a Shimadzu UV-3600 spectrophotometer. Current density—
voltage (J—V) characteristics of the solar cells were measured under
AM L.5G illumination with an intensity of 100 mW cm ™2 Intensity of
the solar simulator was calibrated by a standard silicon diode with a
KG-$ filter to minimize error due to spectral mismatch. Electro-
chemical impedance spectroscopy (EIS) measurements were per-
formed in the dark using an impedance measurement unit (ZAHNER-
elektrik IM6) over the frequency range 0.1—-10° Hz with an ac
amplitude of 10 mV.

B RESULTS AND DISCUSSION

Figure la shows an XRD pattern of the immediate product
prepared by reacting Cu’* ions with an alkaline sulfur/selenium

o

110 (—

Intensity (a.u.)

()
(110)

T

20 30 40 50 60 70
26 (degrees)

(100)

Figure 1. (a) XRD pattern, (b) SEM image, (c) HRTEM image and
corresponding FFT (inset), and (d) enlarged HRTEM image of
CuS,Se,_, (y = 0.54) nanoplates prepared with 0.75 mmol of S and
1.25 mmol of Se in the reactants.

(0.75 mmol/1.25 mmol) aqueous solution. Positions of the
diffraction peaks are between those of the binary hexagonal
CuSe (JCPDF 20-1020) and the hexagonal CuS (JCPDF 06-
0464), and the overall diffraction pattern has a profile similar to
those of the binary compounds. This confirms that the product
is not a physical mixture of the two binary compounds and
suggests the formation of a hexagonal phase alloy. The shifts in
the diffraction peaks are attributed to changes in lattice
parameters due to the coexistence of S and Se atoms. Figure 1b
is a typical SEM image of the as-prepared hexagonal alloy,
showing crystallites of plate shape with sizes of 100—200 nm.
Figure 1c reveals a high-resolution TEM (HRTEM) image of a
CuS,Se;_, nanoplate and its fast Fourier transform (FFT) that
shows a 6-fold symmetry. The enlarged details of the nanoplate
in the frame of Figure 1c are presented in Figure 1d. The lattice
fringe with a spacing of 0.33 nm matches well with the spacing
between the {100} planes of the hexagonal alloy in Figure la.
The EDS result in Supporting Information, Figure Sla,
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indicates the nanoplates have an atomic ratio of Cu:S:Se =
50:27:23, i, CuSyseSeqas (v = 0.54).

Figure 2a shows the XRD pattern of the product upon
annealing the above-mentioned precursor solution at 100 °C
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Figure 2. (a) XRD pattern, (b) SEM image, (c, d) TEM images, (e, f)
HRTEM images, and (g) SAED pattern of the fcc Cu,_,S,Se;_, (x =
037, y = 0.63) single-crystal-like stacked nanoplate assemblies
prepared with 0.75 mmol of S and 1.25 mmol of Se in the reactants.
(h) TEM image of a nanoplate stack with edge-on orientation.

for 10 h. It is interesting that the product transformed to have
an fcc structure. Diffraction peaks of the products are between
those of the fcc Cu,_,Se (JCPDF 06-0680) and the fcc Cu,_,S
(JCPDF 02-1292) binary phases. An SEM image of the product
(Figure 2b) reveals that the fcc alloy consists of stacks of
nanoplates with thicknesses of 50—100 nm and a lateral
dimension of 400—600 nm. The compactly stacked nanoplates
are further demonstrated by TEM images as shown in Figure
2¢,d. HRTEM images in Figure 2e,f show that the stacked
nanoplates have lattice spacings of 0.33 nm which can be
indexed to the 3 X {422} planes of an fcc structure.'**>3°73>
Figure 2g shows a selected area electron diffraction (SAED)
pattern along the [111] zone axis of the stacked nanoplates in
Figure 2c. All diffraction spots are of the same set of
crystallographic patterns, indicating that all the nanoplates in
the stack have the same orientation and that the whole stack is
a single-crystal-like assembly. Figure 2h shows a TEM image of
a nanoplate stack with an edge-on orientation. The thickness of

an individual nanoplate is estimated to be about 10 nm. Parts b,
¢, and d, of Figure S2 in the Supporting Information are,
respectively, Cu, S, and Se elemental EDS mappings of the
stacked nanoplate assembly in Supporting Information, Figure
S2a, revealing homogeneous distributions of the three elements
throughout the nanoplate assembly. The EDS spectrum in
Figure S1b in the Supporting Information shows that the
Cu:S:Se atomic ratio of the single-crystal-like assemblies is
62:24:14, ie,, Cu; 63S06:5€037 (x = 0.37, y = 0.63).

The evolution process from isolated hexagonal nanoplates to
cubic single-crystal-like stacked nanoplate assemblies was
observed by taking samples upon annealing for different
durations. Figure 3a shows that nanoplates have a lateral
dimension of 100—200 nm before annealing. After 2 h of
annealing, the CuS,Se,_, nanoplates in the solution have grown
into larger sizes of 200—400 nm. After 6 h of annealing,
aggregation and oriented stacking of CuSSe;_, nanoplates
along the [001] direction are observed as shown in Figure 3c.
The XRD pattern in Figure 4 reveals that the CuS,Se,_, phase
at this stage is still hexagonal with a Cu:S:Se atomic ratio of
53:26:21 (Supporting Information, Table S1), showing a
slightly copper rich content. When annealing is further
prolonged to 7.5 h, the assemblies of well-stacked nanoplates
are formed. XRD data in Figure 4c reveal that the sample
consists of both hexagonal and fcc phases, indicating that
chemical reaction and phase conversion from hexagonal
CuS,Se,_, to fcc Cu,_,S,Se;_, mainly occur at this stage.
After 8.5 h of annealing, pure fcc phase Cu,_,S,Se;_, single-
crystal-like stacked nanoplate assemblies are formed. Similar
phase conversion from hexagonal to fcc structure in binary
copper selenides has also been reported."** The single-crystal-
like assemblies with a Cu:S:Se atomic ratio of 62:24:14 (i.e., x =
0.37, y = 0.63) are obtained after 10 h of annealing at 100 °C.
The formation of such single-crystal-like assemblies is
considered to be the combined effects of oriented stacking
coupled with Ostwald-ripening upon annealing.**~>” Compo-
sition changes from the hexagonal CuS,Se,_, before annealing
to the fcc Cu,_,S,Se,_, after 10 h of annealing are revealed to
show obvious increases of both copper content and S/Se ratio.
While S content shows a slight decrease from 27% for
hexagonal CuS,Se;_, to 24% for fcc Cu, S Se;_,, Se content is
dramatically decreasing from 23 to 14% (Supporting
Information, Table S1), indicating that Se ions diffuse much
faster from the nanoplates into solution during the phase
conversion process.

Figure S shows Raman spectra of the samples obtained with
different annealing durations. Three peaks are observed in each
spectrum of the ternary Cu—S—Se samples, including a peak of
the Se—Se stretching mode (268—270 cm™"), a peak of the S—S
stretching mode (448—453 cm™), and a peak of the S—Se
stretching mode (370—373 cm™).>® The resonance peak of the
S—Se stretching vibration can be viewed as a characteristic peak
of the ternary Cu—S—Se alloy. Compared with the hexagonal
CuS,Se,_, nanoplates before annealing, the fcc Cu,_,S,Se,_,
stacked nanoplate assemblies obtained after 10 h of annealing
show obviously decreased Se—Se band intensity, also suggesting
less Se content. The peaks of S—S, S—Se, and Se—Se stretching
modes shift to higher wavenumbers from hexagonal CuS,Se,_,
to fcc Cu,_,S,Se;_, due to the increasing S/Se atomic ratio of
the fcc Cu,_,S,Se;_, upon annealing.

Figure 6 shows UV—vis absorption spectra of the ternary
Cu—S—Se samples obtained by annealing the precursor
solution with different durations. All samples show similar
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Figure 3. SEM images samples obtained with different annealing durations, showing the evolution process from CuS,Se,_, nanoplates to
Cuy_,S,Se,_, single-crystal-like stacked nanoplate assemblies: () 0, (b) 2, (c) 6, (d) 7.5, (e) 8.5, and (f) 10 h.
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Figure 4. XRD patterns of Cu—S—Se samples obtained with different
annealing durations, showing the phase conversion from hexagonal to
fcc phase.
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Figure S. Raman spectra of samples obtained with different annealing
durations: (a) 0, (b) 7.5, and (c) 10 h.
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Figure 6. UV—vis spectra of samples prepared with various annealing
durations, revealing red-shift absorption from hexagonal to cubic

phase: (2) 0, (b) 2, (c) 6, (d) 7.5, (e) 8.5, and (f) 10 h.

(NIR) region due to the localized surface 5plasmon resonance
(LSPR) of free holes in the valence band."”~"* The hexagonal
CuS,Se,_, nanoplates before annealing show an absorption
edge at 614 nm (2.02 eV). A significant red shift is observed for
samples upon annealing. The absorption edge is continuously
shifted to 629 nm (1.97 eV) for the CuS,Se,_, nanoplates with
2 h of annealing, to 656 nm (1.89 eV) for the CuS,Se,_,
nanoplates with 6 h of annealing, to 693 nm (1.79 €V) for the
mixed hexagonal CuS,Se,_, and fcc Cu,_,S,Se,_, obtained after
7.5 h of annealing, and further to 743 nm (1.67 eV) for the fcc
Cu,_,S,Se;_, prepared after 10 h of annealing. Slightly smaller
slopes of NIR absorption (Figure 6) as the Cu—S—Se alloys
evolve from hexagonal to fcc structure are observed probably
due to the decreased copper vacancies, which is similar to the
case in binary copper chalcogenides.'>™"?
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Furthermore, it was found that composition of the fcc
Cu,_,S,Se;_, single-crystal-like stacked nanoplate assemblies
can be easily tuned by adjusting the ratio of sulfur/selenium in
the reactants. Panels i—iv in Figure 7a show respectively SEM
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Figure 7. (a) SEM images, (b) XRD patterns, and (c) Raman spectra
of Cu,_,S,Se,_, single-crystal-like stacked nanoplate assemblies with

different S contents (y). (i) y = 0, (ii) y = 0.42, (iii) y = 0.63, and (iv) y
= 0.76.

images of Cu—S—Se products prepared with S:Se molar ratios
of (i) 0:2, (ii) 0.5:1.5, (iii) 0.75:1.25, and (iv) 1:1. All samples
show similar morphologies of stacked nanoplate assemblies.
Their corresponding XRD patterns are presented in Figure 7b.
Curve i shows an XRD pattern of the product prepared without
S in the reactants; all the diffraction peaks match well with the
fcc Cu,_,Se phase (JCPDF 06-0680). A continuous shift of the
diffraction peaks toward higher 26 degrees with increasing S
content (y) is observed, indicating the formation of the alloyed
fcc phase of Cu,_,S,Se;_, with differing S content (y). Figure 7¢
shows corresponding Raman spectra of the fcc Cu,_,S,Se;_,
stacked nanoplate assemblies with varying S content (y).
Spectrum i of Cu,_,Se in Figure 7c shows a resonance peak
located at 260 cm™' attributed to the Se—Se stretching
vibration mode, which is in good agreement with the previous
report.®® Spectra ii—iv show the Raman spectra of ternary
Cu,_,S,Se,_, with increasing S content (y). All exhibit three
resonance peaks corresponding respectively to the Se—Se, the
S—Se, and the S—S vibration modes, which shift to higher
wavenumbers with increasing S content (y). This result also
demonstrates the formation of alloyed Cu,_,S,Se,_, stacked
nanoplate assemblies with a tunable chalcogen composition.
Quantum dot sensitized solar cells (QDSSCs) are promising
photovoltaic devices with the advantages of high theoretical
power conversion efficiency (44%), low temperature synthesis,
low production cost, and easy device fabrication.**™** The
photovoltaic performance of QDSSCs is not only determined
by the photoanodes, but also dramatically affected by the

counter electrodes (CEs). CEs in QDSSCs play key roles in
receiving and injecting electrons from the external circuit to the
polysulfide electrolyte (S*/S,>”) and electrocatalyzing redox
couple regeneration by reducing the oxidized state (S,””) into
its reduced state ($27).*”*’ Exploration of low-cost, earth
abundant, and environmentally friendly CEs with high
electrocatalytic activities to replace the traditional noble metal
Pt electrode is of great signiﬁcance.‘w_56 In this work, the Cu—
S—Se alloys are employed for the first time as new and highly
efficient CE materials in QDSSCs. The hexagonal CuS,Se,_, (y
= 0.54) nanoplates before annealing and the fcc Cu,_,S,Se,._,
(x = 0.37, y = 0.63) stacked nanoplate assemblies after 10 h of
annealing, which were deposited on FTO glass substrates with
thicknesses of about 3.8 ym (as shown in Supporting
Information, Figure S3), are studied to investigate their
electrocatalytic activities for polysulfide electrolyte regeneration
in QDSSCs. Figure 8 shows Nyquist plots of Pt/FTO,

04 : . . :
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Figure 8. Nyquist plots of various symmetric dummy cells containing
polysulfide redox electrolyte. (i) Pt/FTO, (ii) Cu,_,S,Se,_,/FTO (x =
0.37,y = 0.63), and (iii) CuS,Se,_,/FTO (y = 0.54). The active area of
the cells is 0.25 cm® The inset circuit diagram shows the equivalent
circuit used to fit the plots and extract the charge transfer resistance.
R, series resistance; R, charge transfer resistance at the CE/
electrolyte interface; CPE, constant phase element of electrical double
layer at the CE/electrolyte interface.

CuS,Se,_,/FTO, and Cu,_,S,Se;_,/FTO symmetric cells
containing polysulfide electrolyte measured in the frequency
range 0.1—10° Hz under dark conditions. The full Nyquist plot
of the Pt/FTO symmetric cell is presented in the Supporting
Information, Figure S4. A simplified Randles equivalent circuit,
as shown in the inset of Figure 8, is employed to fit the Nyquist
plots. All three plots show a single semicircle corresponding to
the charge transfer resistance (R,) at the CE/electrolyte
interface, and the diffusion impedance of redox species in the
electrolyte is not observed. This observation is in agreement
with previous reports,*~>* and was explained by some research
groups that when the R at higher frequencies is dramatically
larger than the diffusion impedance at lower frequencies, the
semicircle of R would hide the appearance of the ion diftusion
behavior.>"*” It is clear that the value of R, decreases
significantly from 9.6 X 10° Q for the Pt/FTO to 72 Q for
the Cu,_,S,Se;_,/FTO, and further to 28 € for the CuS,Se,_,/
FTO, although the three electrodes exhibit a similar series
resistance (R,) of ~34 Q. The R, has been viewed as an
indicator for the electrocatalytic activity of the electrode. The
EIS data indicate that the CuS,Se;,_, nanoplates and the
Cu,_,S,Se;_, assemblies are more efficient CE materials than
noble metal Pt for polysulfide electrolyte regeneration in
QDSSCs. Furthermore, as compared to the fcc Cu,_,S,Se;_,
stacked nanoplate assemblies, the smaller R, of the CuS,Se,_,/
FTO indicates that the hexagonal CuS,Se,_, nanoplates show
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higher capability for transferring electrons from the CE to the
polysulfide electrolyte, probably due to the smaller size and
nonaggregation that would provide more edges for better
electrocatalytic properties.

QDSSCs using hexagonal CuS,Se;_, nanoplates, fcc
Cu,_,S,Se,_, stacked nanoplate assemblies, and Pt as CEs
were fabricated by assembling with a photoanode of a ZnO/
ZnSe/CdSe/ZnSe nanocable array (Supporting Information,
Figure SS) to evaluate their photovoltaic performance. Figure 9
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Figure 9. Current density—voltage (J—V) characteristics of the
QDSSCs using various counter electrodes: (i) Pt/FTO, (ii)
Cu,_,S,Se,_,/FTO (x = 037, y = 0.63), and (iii) CuS,Se,_,/FTO
(y = 0.54).

shows the current density—voltage (J—V) characteristics of the
various QDSSCs, and the performance parameters are
summarized in Table 1. The device using a Pt/FTO CE

Table 1. Photovoltaic Parameters Obtained from the J—V
Curves Using Various CEs”

Jsc Voc PCE

CE (mA/cm?) W) FE (%)

CuS,Se,_, (y = 0.54) 15.69 0772 0419 501

Cu,_,S,Se,_, 14.96 0.768 0396  4.63
(x =037,y = 0.63)

Dt 11.92 0797 0223 213

“Isc, short circuit current density; Vo, open circuit voltage; FF, fill
sC oc Op g
factor; PCE, power conversion efficiency.
P cy.

shows a Jgc of 11.92 mA em ™2, a Vo of 0.797 V, and an FF of
0.223, and presents a power conversion efficiency (PCE) of
2.13%. Significant enhancement of the photovoltaic perform-
ance is observed by replacing the Pt/FTO CE with CuS,Se,_,
and Cu,_,S,Se;_, CE materials. The cell using the
Cu,_,S,Se,_,/FTO (x = 037, y = 0.63) CE yields a PCE of
4.63% with an increased FF of 0.396 V and Jc of 14.96 mA
cm™% When the CuS,Se,_,/FTO (y = 0.54) CE is employed,
FF and Jsc of the cell using the same photoanode are further
improved to 0.419 and 15.69 mA cm™?, respectively, resulting
in an increased PCE as high as 5.01%. In our case, more than
five photoanode samples were measured with various CEs. All
results show good repeatability that both the hexagonal and the
fcc Cu—S—Se samples act as more active CE materials than
noble Pt; in particular, the hexagonal CuS,Se,_, based solar
cells show even better photovoltaic performance as compared
to those of the fcc Cu,_,S,Se;_, based device.

B CONCLUSIONS

In summary, homogeneously alloyed ternary hexagonal
CuS,Se,_, nanoplates and fcc Cu,_,S,Se;_, single-crystal-like
stacked nanoplate assemblies with tunable S/Se ratios have

been controllably synthesized via a simple and low-temperature
solution method. Phase conversion of ternary hexagonal
CuS,Se;_, nanoplates to fcc Cu,_,SSe,_, stacked nanoplate
assemblies is investigated, in which hexagonal CuS Se,_
nanoplates are assembled and oriented along the [OOIT
direction to form stacked nanoplate assemblies. During the
phase conversion process, both S and Se ions diffuse out from
the nanoplates; particularly Se ions diffuse much faster than S
ions, resulting in an increase of the S/Se ratio. A continuous red
shift of band-gap absorption is revealed during the phase
evolution from hexagonal CuS,Se,_, to fcc Cu,_,S,Se;_,. Both
hexagonal and fcc ternary Cu—S—Se semiconductors show
Raman resonance peaks of S—S, S—Se, and Se—Se vibration
modes, which shift to high wavenumbers with increasing S/Se
ratio. The hexagonal CuS,Se;_, nanoplates and fcc
Cu,_,S,Se;_, stacked nanoplate assemblies have been demon-
strated as low-cost and highly efficient CE materials for
polysulfide electrolyte regeneration in QDSSCs. The cells using
Cu,_,5,Se,_,/FTO (x = 037, y = 0.63) CE and CuS,Se;_,/
FTO (y = 0.54) CE yield PCEs of 4.63 and 5.01%, respectively,
while the cell using noble Pt/FTO CE shows a PCE of 2.13%.
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