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Abstract: Quantum dot-sensitized solar cells (QDSSCs) have emerged as a prominent research focus, driven
by their low cost, simple fabrication process, and a theoretical power conversion efficiency (PCE) that can reach
as high as 44%. However, the PCE of QDSSCs remains constrained by the electrocatalytic performance and
long-term stability of the counter electrodes (CEs). The single MoS,-CE has problems such as insufficient
electrocatalytic activity and short lifetime. Herein, a PMo1,/Mo0S, composite was synthesized via simple
hydrothermal method and fabricated into CEs by screen-printing for CdS-sensitized QDSSCs. The
electrocatalytic and photovoltaic performance of CEs were systematically evaluated using EIS, Tafel, LSV,
OCVD, and J-V characterization. The results confirmed that moderate PMo;, doping effectively enhances
the electrocatalytic activity, conductivity, and stability of MoS,-CE. CdS-sensitized QDSSCs based on
PMo1,/Mo0S,-1 composite CEs can achieve a PCE of 3.21%, nearly 58% higher than that of QDSSCs (2.01%)
equipped with single MoS,-CEs. This study provides a feasible technical path for preparing high-
performance composite CEs doped with polyoxometalate.
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1. Introduction

Driven by the sustained expansion of global energy needs and the escalating severity of environmental
problems, the advancement of sustainable and renewable energy technologies has emerged as an imperative
task[1]. Among various energy sources, solar energy has attracted considerable attention due to its abundance,
cleanliness, and long-term availability[2]. QDSSCs represent a promising third-generation photovoltaic
technology, distinguished by key advantages such as band gap tunability, a theoretical PCE as high as 44%,
cost-effectiveness, and ease of manufacturing[3]. However, the PCE of QDSSCs remains at approximately
16%][4], far below the theoretical limit, prompting continued research to optimize their various components.

Similar to dye-sensitized solar cells (DSSCs)[5], QDSSCs adopt a classic "sandwich" configuration. The CE
serves as a critical component, responsible for collecting and transporting electrons from the external circuit, as
well as catalyzing the redox reactions within the electrolyte[6]. Among various CE materials, transition metal
sulfides are recognized as potential candidates for CEs due to their stability in polysulfide electrolytes[7, 8].
Molybdenum disulfide (M0S;) has been widely used as a CE material for QDSSCs due to its abundant reserves,
low cost, tunable band gap, and excellent stability[9, 10]. Zhen and co-workers fabricated flower-like MoS,
through a solvothermal process and utilized it as the CE in CdS-sensitized QDSSCs, which achieved a PCE of
1.48%[11]. Mesut Eryigit synthesized MoS,-CEs using RF sputtering and sulfurization techniques, achieving a
PCE of 1.42% for QDSSCs[12]. Bayisa Batu Kasaye improved MoS,-CEs by a diatomic doping method, revealing a
PCE of 1.50% for CdS-QDSSCs based on Ni-Se-MoS,-CEs[13]. However, the inherent drawbacks of single MoS,-
CE, including insufficient catalytic activity, relatively low conductivity, and sluggish carrier transport kinetics[14,
15], limit the further improvement of QDSSC performance. Therefore, structural modification and the formation
of composite materials can be used to further enhance the performance of MoS;[16, 17]. In this context,
polyoxometalates (POMs) offer a new approach for optimizing the performance of MoS,.

As a class of metal-oxygen cluster compounds, POMs possess reversible redox properties and high
chemical stability, enabling them to exhibit excellent multi-electron transfer capabilities[18-20]. Doping MoS,
with POMs as electron acceptors can significantly increase catalytically active sites, enhance charge transfer
efficiency, and strengthen structural stability, thereby synergistically improving the photovoltaic performance
of QDSSCs. Therefore, in this study, we incorporated PMoy, into MoS, via a simple hydrothermal synthesis
method to form a PMo;,/MoS, composite CE and investigated its application in CdS/ZnS-sensitized QDSSCs.
Electrochemical impedance spectroscopy (EIS), Tafel polarization curves, linear sweep voltammetry (LSV),
open-circuit voltage decay (OCVD), and current density-voltage (J-V) measurements demonstrate that the
moderate incorporation of PMoy, significantly enhances the electrocatalytic activity, conductivity, and stability
of the MoS,-CEs. CdS-QDSSCs equipped with PMoi,/MoS,-1 composite CEs achieved a PCE of 3.21%, nearly
58% higher than the 2.01% PCE of QDSSCs based on single MoS>-CEs. This is primarily due to the synergistic
effect between PMo;, and MoS,. This study presents an approach for developing high-performance, cost-
effective POM/semiconductor composite CEs for next-generation solar cells.

2. Materials and methods

Cleaning of FTO (SnO;: F): Purchased FTO was cut into 2 x 2.5 cm and placed in a cleaning solution for 30
min at 40 °C. After removal, the FTO were ultrasonically cleaned in DI for 10 min. Subsequently, ultrasonic
cleaning was performed sequentially in acetone, ethanol, and DI water, with a duration of 30 min for each
solvent. Finally, they were dried, immersed in ethanol, and sealed for later use.

Preparation of MoS, and PMo,/MoS,: MoS, and PMo,/MoS, were fabricated via a straightforward
hydrothermal route. In a typical procedure, 0.25 g of Na,M0O,-2H,O and 0.40 g of thiourea were dissolved in
60 mL of DI water, followed by magnetic stirring at ambient temperature. The resulting homogeneous solution
was then transferred into a 100 mL Teflon-lined stainless steel autoclave, which was subsequently heated at 200
°C for 24 h. After cooling to room temperature, the precipitate was collected. The collected precipitate was
washed three times with DI and then with anhydrous ethanol by centrifugation, then dried in a 60 °C oven for
12 h to obtain the MoS, material. The preparation of PMo1,/MoS, followed the same steps as for MoS,, except



Journal of Ovonic Research, 2026, 22, 4

that 0.5 mg (PMo012/M05,-0.5), 1 mg (PMo1,/M0S5,-0.5) and 1.5 mg (PMo1,/M0S,-1.5) of PMo;, was added
separately. The preparation scheme is shown in Figure 1.
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Figure 1. Schematic illustration of the synthesis process of PMo1,/MoS, composites.
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Counter Electrode Preparation: 0.2 g each of MoS, and PMo1,/MoS, samples were weighed into a clean agate
mortar. Ethyl cellulose (2 mg), terpineol (500 mg), and ethanol (8 mL) were introduced into the mortar, mixed
thoroughly, and ground until the ethanol was completely evaporated to obtain the different CE slurries. The
resulting slurry was then screen-printed onto pre-cleaned FTO substrates. After standing for 5 min, the substrate
was dried on a 60 °C hotplate and allowed to cool naturally to room temperature. The cooled CE films were
then annealed in a high-temperature muffle furnace at 300 °C for 30 min to strengthen the adhesion between
the FTO substrate and the film.

Preparation of FTO/TiO,/CdS/ZnS Photoanode: First, titanium dioxide (P25) and terpineol were weighed in a
1: 6 mass ratio and placed in a clean ball mill containing agate balls. Following 12 h of continuous ball milling
at ambient temperature, a viscid TiO, slurry was successfully prepared. Next, the resulting TiO, slurry was
evenly coated onto pre-treated FTO using a doctor blade technique and dried on a 70 °C hotplate. The resulting
TiO, films were heat-treated at 450 °C in a muffle furnace for 40 min. After cooling to room temperature, the
FTO/TiO, film was obtained.

Subsequently, the successive ion-layer adsorption and reaction (SILAR) technique was employed for the
deposition of CdS quantum dots. Briefly, 5 mmol Cd(NO5),-4H,O) was dissolved in methanol to form a 0.1 M
solution, which acted as the Cd*" source. 5 mmol Na,S-9H,O was dissolved in a 1: 1 volume ratio of methanol
and DI solution to create a 0.1 M S* source. Subsequently, the calcined FTO/TiO, was vertically soaked in 0.1
M Cd* and 0.1 M S* solutions for 2 min each. The resulting FTO/TiO,/CdS electrode was then washed with
methanol and dried using nitrogen gas. Six cycles of deposition were performed to complete the fabrication.
Next, the SILAR technique was employed to coat a ZnS passivation layer. The FTO/TiO,/CdS electrodes were
vertically soaked in 0.1 M Zn(CH3COO),-2H,O and 0.1 M Na,S-9H,O solution for 2 min each, washed with DI
water, and finally dried with nitrogen gas. Three alternating cycles were performed to obtain the
FTO/TiO,/CdS/ZnS photoanode.

Preparation of polysulfide electrolyte (S,”/S”): 2 M sulfur powder, 2 M Na,S-9H,O, and 0.2 M KCI were
sequentially added to 10 mL mixed solvent with a methanol-to-water volume ratio of 3:7, and the mixture was
continuously stirred until dissolution to obtain the polysulfide electrolyte.

Assembly of QDSSCs: The resulting counter electrode films (MoS, and PMo,/MoS,-X CEs) and the
FTO/TiO,/CdS/ZnS photoanode were fixed face-to-face and sealed at one end with adhesive. The pre-prepared
polysulfide electrolyte (40 uL) was pipetted into the gap between the two electrodes, and the other end was
sealed with adhesive to complete the cell assembly.

3. Results and discussion

In order to determine the phase composition and structure of the synthesized samples, X-ray diffraction
(XRD) within a scanning range of 5°-80° was performed. The XRD patterns of MoS, and PMo1,/MoS, are shown
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in Figure 2. The diffraction peak signals at 14.38°, 32.68°, 39.54°, 49.78° and 58.33° are respectively attributed to the
(002), (100), (103), (105) and (110) crystal planes of hexagonal MoS, (JCPDS: 37-1492). Similarly, the characteristic
peak signals of MoS, can also be found in the XRD pattern of PMo1,/MoS,. Because the amount of PMo;, added
issmall, the corresponding signal peak does not appear in the spectrum. However, in the magnified inset of Figure
2, it can be clearly observed that the diffraction peak position of the composite has slightly shifted due to the
incorporation of PMoy,. The XRD analysis results show that MoS, and PMo1,/MoS, samples were successfully
prepared.
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Figure 2. XRD patterns of MoS, and PMo»/MoS,-1 (The right inset is a magnified view).

Scanning electron microscopy (SEM) was used to analyze the surface morphology and microstructure of
the samples. Figure 3(a)-(d) clearly present SEM images of MoS, and PMo:,/MoS.. Clearly, in Figure 3(a)-(b),
MoS; exhibits a three-dimensional nanoflower-like structure with a particle size of approximately 1.5 um. As
shown in Figure 3(c)-(d), the addition of PMos, causes the MoS, morphology to become more porous, and the
number of petal structures increases. This contributes to an increase in the specific surface area, further increasing
the number of catalytically active sites and enhancing the electrocatalytic performance of the CE. Figure S1
depicts the X-ray energy dispersive spectroscopy (EDS) analysis of the PMo1,/MoS, material. The EDS results
reveal elemental peaks, indicating the presence of Mo, S, P, and O, further confirming the successful preparation
of the PMo;,/MoS, composite. Additionally, to further confirm the successful preparation of the PMo;,/MoS,
composite, FTIR spectroscopy was performed. The results are presented in Figure S2. Clearly, the weak
vibration absorption peaks corresponding to the Mo-S bond of MoS, appear at 601.35 cm™ and 1088.08 cm™ in bot
h the pristine MoS, and the PMo,/MoS, composite samples. However, in the range of 700-1100 cm’, the
PMo»/MoS, composite exhibits four distinct fingerprint peaks characteristic of the Keggin-type polyoxometalates
(PMoy,), which further demonstrates the successful preparation of the PMo1,/MoS, composite.

Transmission electron microscopy (TEM) was further performed to characterize the internal morphology
and elemental distribution of the composite sample. Evidently, Figure 4(a) reveals that the PMo;,/MoS;,
nanoflowers possess a layered structure. Moreover, the elemental mapping results in Figure 4(b)—(f) elucidate
the homogeneous distribution of four elements (S5, Mo, P and O) throughout the PMo,,/MoS,-1 composite, which
further verifies the successful fabrication of the PMo,/MoS, composite and is consistent with the the XRD and
FTIR characterization results described above.
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Figure 4. (a) TEM images of PMo:,/M0S,-1; (b-f) EDS element distribution images in PMo;,/MoS,-1.

To further probe the electrocatalytic activity of the CEs, electrochemical impedance spectroscopy (EIS) was
employed. The measurements were performed using a symmetric cell configuration under dark conditions,
with a frequency range from10™ to 10° Hz and an amplitude of 10 mV. Based on the equivalent circuit illustrated
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in Figure 5(a), the resulting Nyquist plot, also presented in Figure 5(a), was fitted using Z-SimDemo software.
Typically, a Nyquist plot comprises two distinct semicircles. The intercept of the high-frequency semicircle on
the real axis is defined as the series resistance (R;), whereas the diameter of the smaller semicircle corresponds
to the charge transfer resistance (R«), a key parameter for evaluating charge transfer kinetics at the CE/electrolyte
interface[21]. Furthermore, the semicircle observed in the low-frequency region arises from ionic diffusion
within the electrolyte and is denoted as the diffusion resistance (Ry). Table 1 summarizes the fitted parameters
for the various CEs. Generally, alower R, value indicates superior electron transfer efficiency[22]. As evidenced
by the electrochemical performance parameters listed in Table 1, compared with the pristine MoS,-CE (R, =
2.523 Q) and other composite CEs, the PMo;,/M0S,-1 CE exhibits a reduced series resistance (R, = 2.243 Q),
suggesting that the incorporation of an optimal amount of PMo;, further enhances both the electron transport
capability and the electrocatalytic activity of the CE. Moreover, the PM01,/Mo0S,-1 CE demonstrates the lowest
charge transfer resistance (R« = 0.308 Q) and the smallest diffusion resistance (R,, = 1.897 Q). It is widely
recognized that the R. value is inversely proportional to the electrocatalytic performance of the CE; a smaller
R indicates higher electrocatalytic activity and conductivity. Therefore, the PMo1,/MoS,-1 CE exhibits the best
catalytic performance. Furthermore, a smaller R, indicates the lowest diffusion resistance at the
PMo1,/Mo0S,-CE/electrolyte interface, which further corroborates the positive influence of incorporating an
appropriate amount of POM on the performance of the CEs.
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Figure 5. (a) Nyquist plots of symmetric cells employing different CEs. The inset shows the equivalent circuit image

used for fitting. (b) Tafel polarization curves recorded for the various CEs.

Table 1. Summary of fitted electrochemical parameters for symmetric cells containing various CEs.

Counter electrode R, (Q) R. (Q) R, (Q) Jo (mA cm?)
MoS; 2.523 0.491 4.936 0.41
PMo,,/Mo0S,-0.5 2.418 0.470 3.459 0.58
PMo.,/MoS,-1 2.243 0.308 1.897 1.25
PMo,/MoS;-1.5 2.362 0.389 2.105 0.74

Tafel polarization measurements were also performed to further evaluate the electrocatalytic behavior of
various CEs. Two important parameters for measuring the electrocatalytic activity of a CE can be obtained from
the Tafel polarization curve: the exchange current density (Jo) and the limiting diffusion current density (Jim). Jo is
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obtained from the intersection of the cathode branch and zero potential[23-25]. The theoretical relationship
between ], and R Jo = RT/nFR. shows that as ], increases, the R. of the CE decreases and the catalytic
activity increases. Table 1 shows that the ], values for the pristine MoS, and PMo1,/MoS,-1 CEs are 0.41 mA
cm” and 1.25 mA cm?, respectively, indicating that the PMo;,/MoS,-1 CE exhibits the highest ], value.
Furthermore, Jin can be derived from the current density in the diffusion region, which displays a nearly
horizontal trend. Clearly, as shown in Figure 5(b), the PM0:/M0S,-X CE has a relatively high Ji, value, and
the PMo1,/MoS;-1 CE delivered the highest Ji,. Therefore, the PMo1,/MoS,-1 CE theoretically demonstrates
superior electrocatalytic activity, indicating that aligns well with the aforementioned EIS analysis.

The electrocatalytic activity of different CEs was further evaluated using linear sweep voltammetry (LSV).
According to the relationship G =1/R = I/V, the G value can be roughly estimated by fitting the slope of the
IV curve. As depicted in Figure 6, the calculated electric conductance of the MoS, PMo1,/M0S,-0.5,
PMo1,/MoS;-1, PMo1,/Mo0S,-1.5 CEs is 0.049 S, 0.051 S, 0.057 S and 0.053 S, respectively. This indicates that
compared to a single MoS,-CE, the addition of PMo,, enhances the conductivity of CE, thereby improving the
overall cell performance.
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Figure 6. LSV curves for various CEs.

Under simulated solar illumination at 100 mW cm” and AM 1.5 G, photocurrent density-voltage (J-V)
curves were measured for the various cells. As depicted in Figure 7, all cells exhibited the characteristic J-V
curve profile. The comprehensive photovoltaic performance parameters, presented as calculated maximum
values, are listed in Table 2. In addition, Tables S1 and S2 provide a detailed summary of the average photovoltaic
performance parameters (including J., V.. FF, and PCE) for each group of 20 QDSSCs. The results show that
compared to a single MoS,-CE, the photovoltaic performance of QDSSCs assembled with a PMo1,/MoS,-1
composite CE is significantly enhanced, achieving a short-circuit current density (/) of 12.80 mA cm?, an open-
circuit voltage (V) of 0.59 V, a fill factor (FF) of 0.45, and a PCE of 3.21%. This PCE outperforms that of the
QDSSC with a single MoS,-CE (2.01%) by nearly 58%. This significant improvement indicates that an appropriate
amount of PMo;, can function as an “electron transport medium”, enhancing electron collection and transfer
at the CE while reducing charge recombination at the photoanode/electrolyte interface, thus boosting the
catalytic activity of CEs and the photovoltaic performance of solar cells. Meanwhile, as presented in Table S3,
we have further compared our device with CdS (CdS/ZnS)-sensitized QDSSCs employing various other CEs
reported in existing literature. Among CdS/ZnS-sensitized QDSSCs, the cell assembled with the PMo1,/MoS,-1
CE exhibits a prominent PCE (3.21%).
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Table 2. Summary of photovoltaic parameters for QDSSCs employing different CEs.

Counter electrode Jee (mA cm™) Voo (V) FF PCE (%)
MoS, 8.14 0.58 0.43 2.01
PMo.»/MoS,-0.5 10.06 0.59 0.42 2.50
PMo.»/MoS,-1 12.80 0.59 0.45 3.21
PMo.»/MoS,-1.5 11.69 059 0.43 2.93

Open-circuit voltage decay (OCVD) experiments were used to investigate the interfacial charge
recombination mechanism in QDSSCs. Figure 8a shows the OCVD curves of QDSSCs based on different CEs.
Obviously, the QDSSCs constructed with the PMo:,/M0S,-X composite CE exhibited a slower decay rate than
that based on a single MoS,-CE, indicating that the PMo;,-modified CE can reduce the rate of interfacial charge
recombination in the device, which is beneficial to the improvement of the performance of QDSSCs. Furthermore,
the QDSSCs based on the PMo012/M0S,-1 CE exhibit the slowest decay rate, demonstrating its optimal
electrocatalytic performance. At the same time, to probe the start-up dynamics of QDSSCs employing distinct
CEs, intermittent on-off (I-t) measurements were performed under periodically alternating illumination and
dark conditions, as depicted in Figure 8b. Upon exposure to light, the photocurrent density of QDSSCs
assembled with different CEs undergoes an instantaneous transient perturbation, followed by a steady-state
plateau. Following the removal of the light source, the photocurrent density exhibits a prompt decline. The
aforementioned response characteristics indicate a rapid device start-up speed and suggest relatively suppressed
electron-hole recombination kinetics. Furthermore, after 10 cycles of on-off testing, QDSSCs assembled with the
PMo1,/MoS,-1 composite CE exhibited a slower current density decay compared to QDSSCs constructed with
other CEs, further confirming that moderate PMo, doping enhances the stability and electrocatalytic activity
of the MoS,-based CE. These photovoltaic performance test results show good agreement with the electrochemical
analysis findings.
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Figure 7. J-V Characteristic curves of QDSSCs based on different counter electrodes.
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Figure 8. (a) Open-circuit voltage decay (OCVD); (b) On-off (I-t) tests of QDSSCs based on different CEs.

Additionally, the stability of QDSSCs assembled with different CEs was further investigated under standard
simulated AM 1.5 G illumination at an intensity of 100 mW cm™. The results are presented in Figure 9. As
shown in Figure 9(a), within a certain testing period, the PCEs of the QDSSCs based on the PMo1,/Mo0S,-1 and
MoS, CEs decreased by 6.56% and 13.93%, respectively. Meanwhile, after a period of illumination, the other
photovoltaic parameters displayed in Figure 9(a) and 9(b) reveal that the FF of the devices based on PMo;,/MoS,-1
and MoS, CEs declined by 3.77% and 6.43%, the |, decreased by 2.65% and 5.12%, and the V,. dropped by
2.92% and 7.63%, respectively. Clearly, all QDSSCs based on different CEs exhibit relatively high stability.
However, compared with the device based on the pristine MoS, CE, the QDSSC employing the composite CE
doped with an optimal concentration of PMoy, (PMo1,/M0S:-1) demonstrates significantly improved long-term
stability. Moreover, to investigate the reproducibility of the efficiency of QDSSCs based on various CEs, 20
QDSSCsbased on MoS,-CEsand PMo1,/Mo0S,-1 composite CEs were tested and analyzed. The analysisresults are
converted into efficiency statistical histograms and are presented in Figure 9(c) and (d). Obviously, the PCE of
QDSSCs equipped with the PMo1,/MoS,-1 composite CE range from 3.0% to 3.5%. Compared to QDSSCs
assembled with a single MoS,-CE, PMo,/MoS,-1-based QDSSCs exhibit higher PCEs and superior
reproducibility.
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Figure 9. Stability curves of QDSSCs assembled with different CEs: (a) PCE and FF; (b) J,. and V. Efficiency statistical
histogram of QDSSCs with (a) MoS,; (b) PMo;,/MoS,-1 CEs.

4. Conclusions

MoS, and PMo,/MoS, composites were prepared by a simple hydrothermal method and applied as CEs in
CdS/ZnS-sensitized QDSSCs. Compared to single MoS,-based CE, the PMo,/MoS, composite CE revealed
enhanced electrocatalytic activity and conductivity, owing to the excellent electron transport properties of
POMs. Under standard simulated solar illumination (100 mW cm? AM 1.5 G), the QDSSCs based on the
PMo1,/M0S;-1 composite CE delivered a PCE of 3.21%, accompanied by a i of 12.80mA cm? a V,. 0f0.59V, and
an FF of 0.45, representing a 58% increase in PCE compared to QDSSCs based on single MoS,-based CE (PCE =
2.01%). This study provides further insights and ideas for the synthesis of high-performance composite counter

electrodes doped with polyoxometalate.
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	1. Introduction
	Driven by the sustained expansion of global energy needs and the escalating severity of environmental problems, the advancement of sustainable and renewable energy technologies has emerged as an imperative task[1]. Among various energy sources, solar energy has attracted considerable attention due to its abundance, cleanliness, and long-term availability[2]. QDSSCs represent a promising third-generation photovoltaic technology, distinguished by key advantages such as band gap tunability, a theoretical PCE as high as 44%, cost-effectiveness, and ease of manufacturing[3]. However, the PCE of QDSSCs remains at approximately 16%[4], far below the theoretical limit, prompting continued research to optimize their various components.
	Similar to dye-sensitized solar cells (DSSCs)[5], QDSSCs adopt a classic "sandwich" configuration. The CE serves as a critical component, responsible for collecting and transporting electrons from the external circuit, as well as catalyzing the redox reactions within the electrolyte[6]. Among various CE materials, transition metal sulfides are recognized as potential candidates for CEs due to their stability in polysulfide electrolytes[7, 8]. Molybdenum disulfide (MoS2) has been widely used as a CE material for QDSSCs due to its abundant reserves, low cost, tunable band gap, and excellent stability[9, 10]. Zhen and co-workers fabricated flower-like MoS₂ through a solvothermal process and utilized it as the CE in CdS-sensitized QDSSCs, which achieved a PCE of 1.48%[11]. Mesut Eryiğit synthesized MoS2-CEs using RF sputtering and sulfurization techniques, achieving a PCE of 1.42% for QDSSCs[12]. Bayisa Batu Kasaye improved MoS2-CEs by a diatomic doping method, revealing a PCE of 1.50% for CdS-QDSSCs based on Ni-Se-MoS2-CEs[13]. However, the inherent drawbacks of single MoS2-CE, including insufficient catalytic activity, relatively low conductivity, and sluggish carrier transport kinetics[14, 15], limit the further improvement of QDSSC performance. Therefore, structural modification and the formation of composite materials can be used to further enhance the performance of MoS2[16, 17]. In this context, polyoxometalates (POMs) offer a new approach for optimizing the performance of MoS2.
	As a class of metal-oxygen cluster compounds, POMs possess reversible redox properties and high chemical stability, enabling them to exhibit excellent multi-electron transfer capabilities[18-20]. Doping MoS2 with POMs as electron acceptors can significantly increase catalytically active sites, enhance charge transfer efficiency, and strengthen structural stability, thereby synergistically improving the photovoltaic performance of QDSSCs. Therefore, in this study, we incorporated PMo12 into MoS2 via a simple hydrothermal synthesis method to form a PMo12/MoS2 composite CE and investigated its application in CdS/ZnS-sensitized QDSSCs. Electrochemical impedance spectroscopy (EIS), Tafel polarization curves, linear sweep voltammetry (LSV), open-circuit voltage decay (OCVD), and current density-voltage (J-V) measurements demonstrate that the moderate incorporation of PMo12 significantly enhances the electrocatalytic activity, conductivity, and stability of the MoS2-CEs. CdS-QDSSCs equipped with PMo12/MoS2-1 composite CEs achieved a PCE of 3.21%, nearly 58% higher than the 2.01% PCE of QDSSCs based on single MoS2-CEs. This is primarily due to the synergistic effect between PMo12 and MoS2. This study presents an approach for developing high-performance, cost-effective POM/semiconductor composite CEs for next-generation solar cells.
	2. Materials and methods
	3. Results and discussion
	In order to determine the phase composition and structure of the synthesized samples, X-ray diffraction (XRD) within a scanning range of 5°–80° was performed. The XRD patterns of MoS2 and PMo12/MoS2 are shown in Figure 2. The diffraction peak signals at 14.38°, 32.68°, 39.54°, 49.78° and 58.33° are respectively attributed to the (002), (100), (103), (105) and (110) crystal planes of hexagonal MoS2 (JCPDS: 37-1492). Similarly, the characteristic peak signals of MoS2 can also be found in the XRD pattern of PMo12/MoS2. Because the amount of PMo12 added is small, the corresponding signal peak does not appear in the spectrum. However, in the magnified inset of Figure 2, it can be clearly observed that the diffraction peak position of the composite has slightly shifted due to the incorporation of PMo12. The XRD analysis results show that MoS2 and PMo12/MoS2 samples were successfully prepared.
	
	Figure 2. XRD patterns of MoS2 and PMo12/MoS2-1 (The right inset is a magnified view).
	Scanning electron microscopy (SEM) was used to analyze the surface morphology and microstructure of the samples. Figure 3(a)-(d) clearly present SEM images of MoS2 and PMo12/MoS2. Clearly, in Figure 3(a)-(b), MoS2 exhibits a three-dimensional nanoflower-like structure with a particle size of approximately 1.5 µm. As shown in Figure 3(c)-(d), the addition of PMo12 causes the MoS2 morphology to become more porous, and the number of petal structures increases. This contributes to an increase in the specific surface area, further increasing the number of catalytically active sites and enhancing the electrocatalytic performance of the CE. Figure S1 depicts the X-ray energy dispersive spectroscopy (EDS) analysis of the PMo12/MoS2 material. The EDS results reveal elemental peaks, indicating the presence of Mo, S, P, and O, further confirming the successful preparation of the PMo12/MoS2 composite. Additionally, to further confirm the successful preparation of the PMo12/MoS2 composite, FTIR spectroscopy was performed. The results are presented in Figure S2. Clearly, the weak vibration absorption peaks corresponding to the Mo–S bond of MoS2 appear at 601.35 cm-1 and 1088.08 cm-1 in both the pristine MoS2 and the PMo12/MoS2 composite samples. However, in the range of 700–1100 cm-1, the PMo12/MoS2 composite exhibits four distinct fingerprint peaks characteristic of the Keggin-type polyoxometalates (PMo12), which further demonstrates the successful preparation of the PMo12/MoS2 composite.
	Transmission electron microscopy (TEM) was further performed to characterize the internal morphology and elemental distribution of the composite sample. Evidently, Figure 4(a) reveals that the PMo12/MoS2 nanoflowers possess a layered structure. Moreover, the elemental mapping results in Figure 4(b)–(f) elucidate the homogeneous distribution of four elements (S, Mo, P and O) throughout the PMo12/MoS2-1 composite, which further verifies the successful fabrication of the PMo12/MoS2 composite and is consistent with the the XRD and FTIR characterization results described above.
	
	Figure 3. SEM images of (a, b) MoS2; (c, d) PMo12/MoS2-1.
	
	Figure 4. (a) TEM images of PMo12/MoS2-1; (b-f) EDS element distribution images in PMo12/MoS2-1.
	To further probe the electrocatalytic activity of the CEs, electrochemical impedance spectroscopy (EIS) was employed. The measurements were performed using a symmetric cell configuration under dark conditions, with a frequency range from10-1 to 105 Hz and an amplitude of 10 mV. Based on the equivalent circuit illustrated in Figure 5(a), the resulting Nyquist plot, also presented in Figure 5(a), was fitted using Z-SimDemo software. Typically, a Nyquist plot comprises two distinct semicircles. The intercept of the high-frequency semicircle on the real axis is defined as the series resistance (Rs), whereas the diameter of the smaller semicircle corresponds to the charge transfer resistance (Rct), a key parameter for evaluating charge transfer kinetics at the CE/electrolyte interface[21]. Furthermore, the semicircle observed in the low-frequency region arises from ionic diffusion within the electrolyte and is denoted as the diffusion resistance (Rw). Table 1 summarizes the fitted parameters for the various CEs. Generally, a lower Rs value indicates superior electron transfer efficiency[22]. As evidenced by the electrochemical performance parameters listed in Table 1, compared with the pristine MoS2-CE (Rs = 2.523 Ω) and other composite CEs, the PMo12/MoS2-1 CE exhibits a reduced series resistance (Rs = 2.243 Ω), suggesting that the incorporation of an optimal amount of PMo12 further enhances both the electron transport capability and the electrocatalytic activity of the CE. Moreover, the PMo12/MoS2-1 CE demonstrates the lowest charge transfer resistance (Rct = 0.308 Ω) and the smallest diffusion resistance (Rw = 1.897 Ω). It is widely recognized that the Rct value is inversely proportional to the electrocatalytic performance of the CE; a smaller Rct indicates higher electrocatalytic activity and conductivity. Therefore, the PMo12/MoS2-1 CE exhibits the best catalytic performance. Furthermore, a smaller Rw indicates the lowest diffusion resistance at the PMo12/MoS2-CE/electrolyte interface, which further corroborates the positive influence of incorporating an appropriate amount of POM on the performance of the CEs.
	
	Figure 5. (a) Nyquist plots of symmetric cells employing different CEs. The inset shows the equivalent circuit image used for fitting. (b) Tafel polarization curves recorded for the various CEs.
	Table 1. Summary of fitted electrochemical parameters for symmetric cells containing various CEs.
	Counter electrode
	Rs (Ω)
	Rct (Ω)
	Rw (Ω)
	J0 (mA cm-2)
	MoS2
	2.523
	0.491
	4.936
	0.41
	PMo12/MoS2-0.5
	2.418
	0.470
	3.459
	0.58
	PMo12/MoS2-1
	2.243
	0.308
	1.897
	1.25
	PMo12/MoS2-1.5
	2.362
	0.389
	2.105
	0.74
	Tafel polarization measurements were also performed to further evaluate the electrocatalytic behavior of various CEs. Two important parameters for measuring the electrocatalytic activity of a CE can be obtained from the Tafel polarization curve: the exchange current density (J0) and the limiting diffusion current density (Jlim). J0 is obtained from the intersection of the cathode branch and zero potential[23-25]. The theoretical relationship between J0 and Rct: J0 = RT/nFRct shows that as J0 increases, the Rct of the CE decreases and the catalytic activity increases. Table 1 shows that the J0 values for the pristine MoS2 and PMo12/MoS2-1 CEs are 0.41 mA cm-2 and 1.25 mA cm-2, respectively, indicating that the PMo12/MoS2-1 CE exhibits the highest J0 value. Furthermore, Jlim can be derived from the current density in the diffusion region, which displays a nearly horizontal trend. Clearly, as shown in Figure 5(b), the PMo12/MoS2-X CE has a relatively high Jlim value, and the PMo12/MoS2-1 CE delivered the highest Jlim. Therefore, the PMo12/MoS2-1 CE theoretically demonstrates superior electrocatalytic activity, indicating that aligns well with the aforementioned EIS analysis.
	The electrocatalytic activity of different CEs was further evaluated using linear sweep voltammetry (LSV). According to the relationship G = 1/R = I/V, the G value can be roughly estimated by fitting the slope of the I-V curve. As depicted in Figure 6, the calculated electric conductance of the MoS2, PMo12/MoS2-0.5, PMo12/MoS2-1, PMo12/MoS2-1.5 CEs is 0.049 S, 0.051 S, 0.057 S and 0.053 S, respectively. This indicates that compared to a single MoS2-CE, the addition of PMo12 enhances the conductivity of CE, thereby improving the overall cell performance.
	
	Figure 6. LSV curves for various CEs.
	Under simulated solar illumination at 100 mW cm-2 and AM 1.5 G, photocurrent density-voltage (J-V) curves were measured for the various cells. As depicted in Figure 7, all cells exhibited the characteristic J-V curve profile. The comprehensive photovoltaic performance parameters, presented as calculated maximum values, are listed in Table 2. In addition, Tables S1 and S2 provide a detailed summary of the average photovoltaic performance parameters (including Jsc, Voc, FF, and PCE) for each group of 20 QDSSCs. The results show that compared to a single MoS2-CE, the photovoltaic performance of QDSSCs assembled with a PMo12/MoS2-1 composite CE is significantly enhanced, achieving a short-circuit current density (Jsc) of 12.80 mA cm-2, an open-circuit voltage (Voc) of 0.59 V, a fill factor (FF) of 0.45, and a PCE of 3.21%. This PCE outperforms that of the QDSSC with a single MoS2-CE (2.01%) by nearly 58%. This significant improvement indicates that an appropriate amount of PMo12 can function as an “electron transport medium”, enhancing electron collection and transfer at the CE while reducing charge recombination at the photoanode/electrolyte interface, thus boosting the catalytic activity of CEs and the photovoltaic performance of solar cells. Meanwhile, as presented in Table S3, we have further compared our device with CdS (CdS/ZnS)-sensitized QDSSCs employing various other CEs reported in existing literature. Among CdS/ZnS-sensitized QDSSCs, the cell assembled with the PMo12/MoS2-1 CE exhibits a prominent PCE (3.21%).
	Table 2. Summary of photovoltaic parameters for QDSSCs employing different CEs.
	Counter electrode
	Jsc (mA cm-2)
	Voc (V)
	FF
	PCE (%)
	MoS2
	8.14
	0.58
	0.43
	2.01
	PMo12/MoS2-0.5
	10.06
	0.59
	0.42
	2.50
	PMo12/MoS2-1
	12.80
	0.59
	0.45
	3.21
	PMo12/MoS2-1.5
	11.69
	059
	0.43
	2.93
	Open-circuit voltage decay (OCVD) experiments were used to investigate the interfacial charge recombination mechanism in QDSSCs. Figure 8a shows the OCVD curves of QDSSCs based on different CEs. Obviously, the QDSSCs constructed with the PMo12/MoS2-X composite CE exhibited a slower decay rate than that based on a single MoS2-CE, indicating that the PMo12-modified CE can reduce the rate of interfacial charge recombination in the device, which is beneficial to the improvement of the performance of QDSSCs. Furthermore, the QDSSCs based on the PMo12/MoS2-1 CE exhibit the slowest decay rate, demonstrating its optimal electrocatalytic performance. At the same time, to probe the start-up dynamics of QDSSCs employing distinct CEs, intermittent on-off (I-t) measurements were performed under periodically alternating illumination and dark conditions, as depicted in Figure 8b. Upon exposure to light, the photocurrent density of QDSSCs assembled with different CEs undergoes an instantaneous transient perturbation, followed by a steady-state plateau. Following the removal of the light source, the photocurrent density exhibits a prompt decline. The aforementioned response characteristics indicate a rapid device start-up speed and suggest relatively suppressed electron-hole recombination kinetics. Furthermore, after 10 cycles of on-off testing, QDSSCs assembled with the PMo12/MoS2-1 composite CE exhibited a slower current density decay compared to QDSSCs constructed with other CEs, further confirming that moderate PMo12 doping enhances the stability and electrocatalytic activity of the MoS2-based CE. These photovoltaic performance test results show good agreement with the electrochemical analysis findings.
	
	Figure 7. J-V Characteristic curves of QDSSCs based on different counter electrodes.
	
	Figure 8. (a) Open-circuit voltage decay (OCVD); (b) On-off (I-t) tests of QDSSCs based on different CEs.
	Additionally, the stability of QDSSCs assembled with different CEs was further investigated under standard simulated AM 1.5 G illumination at an intensity of 100 mW cm-2. The results are presented in Figure 9. As shown in Figure 9(a), within a certain testing period, the PCEs of the QDSSCs based on the PMo12/MoS2-1 and MoS2 CEs decreased by 6.56% and 13.93%, respectively. Meanwhile, after a period of illumination, the other photovoltaic parameters displayed in Figure 9(a) and 9(b) reveal that the FF of the devices based on PMo12/MoS2-1 and MoS2 CEs declined by 3.77% and 6.43%, the Jsc decreased by 2.65% and 5.12%, and the Voc dropped by 2.92% and 7.63%, respectively. Clearly, all QDSSCs based on different CEs exhibit relatively high stability. However, compared with the device based on the pristine MoS2 CE, the QDSSC employing the composite CE doped with an optimal concentration of PMo12 (PMo12/MoS2-1) demonstrates significantly improved long-term stability. Moreover, to investigate the reproducibility of the efficiency of QDSSCs based on various CEs, 20 QDSSCs based on MoS2-CEs and PMo12/MoS2-1 composite CEs were tested and analyzed. The analysis results are converted into efficiency statistical histograms and are presented in Figure 9(c) and (d). Obviously, the PCE of QDSSCs equipped with the PMo12/MoS2-1 composite CE range from 3.0% to 3.5%. Compared to QDSSCs assembled with a single MoS2-CE, PMo12/MoS2-1-based QDSSCs exhibit higher PCEs and superior reproducibility.
	
	Figure 9. Stability curves of QDSSCs assembled with different CEs: (a) PCE and FF; (b) Jsc and Voc; Efficiency statistical histogram of QDSSCs with (a) MoS2; (b) PMo12/MoS2-1 CEs.

	4. Conclusions

