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Abstract: In this study, we synthesized a ternary transition metal sulfide, Zn0.76Co0.24S (ZCS-CE), using a one-step solvothermal method and explored its potential as a Pt-free counter electrode for dye-sensitized solar cells (DSSCs). Comprehensive investigations were conducted to characterize the structural, morphological, compositional, and electronic properties of the ZCS-CE electrode. These analyses utilized a range of techniques, including X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy. The electrocatalytic performance of ZCS-CE for the reduction of I3− species in a symmetrical cell configuration was evaluated through electrochemical impedance spectroscopy and cyclic voltammetry. Our findings reveal that ZCS-CE displayed superior electrocatalytic activity and stability when compared to platinum in I−/I3− electrolyte systems. Furthermore, ZCS-CE-based DSSCs achieved power conversion efficiencies on par with their Pt-based counterparts. Additionally, we expanded the applicability of this material by successfully powering an electrochromic cell with ZCS-CE-based DSSCs. This work underscores the versatility of ZCS-CE and establishes it as an economically viable and environmentally friendly alternative to Pt-based counter electrodes in DSSCs and other applications requiring outstanding electrocatalytic performance.
Keywords: ternary sulfide; dye-sensitized solar cell; Pt-free counter electrode; photoelectrochromic device; Prussian Blue.

1. Introduction 
Dye-sensitized solar cells (DSSCs), referred to as the third generation of photovoltaic technology, have seen a surge in research efforts in recent decades. These innovative solar cells, first reported in 1991 and with a modest 7% efficiency, have since emerged as a promising alternative to expensive silicon-based photovoltaics. Their appeal lies in their ease of fabrication under ambient conditions, flexibility, and cost-effectiveness [1-3]. Recent advances in DSSCs have produced astonishing results. They achieve a remarkable energy conversion efficiency of 15.2% under standard 1.5 AM light conditions and an unprecedented PCE of 34% under ambient light conditions [4,5]. This outstanding performance positions DSSCs as viable options for outdoor and indoor applications [6,7]. Nevertheless, the commercialization of DSSCs has suffered setbacks primarily due to economic factors, including the cost of the technology and its moderate life expectancy. As a result, the focus of DSSC research has shifted to optimizing performance and reducing costs. Despite these challenges, the use of DSSCs represents an extremely novel and promising method for harnessing solar energy. The major components of these photovoltaic devices include the photoanode, sensitizers, electrolyte, and counter electrode, all of which are critical for effective operation. Figure 1 shows a schematic diagram illustrating the operation of DSSCs. The photoanode plays a central role in the absorption and conversion of solar energy. It is usually made of nanocrystalline titanium dioxide (TiO2), which is the preferred material due to its numerous advantageous properties, such as its excellent electron mobility, stability, and cost-effectiveness. Its compatibility with dye molecules due to its porosity and ease of fabrication make it a preferred choice for the efficient conversion of solar energy [8]. The sensitizers or dyes in DSSCs are responsible for capturing solar energy and converting it into electricity by absorbing light, generating electron-hole pairs, injecting electrons into the semiconductor, and facilitating regeneration of the sensitizer molecule to sustain the photovoltaic process. This mechanism enables DSSCs to efficiently harness sunlight and convert it into usable electrical energy. Among commercial dyes, N719 is still widely accepted as a reference dye, mainly because of its well-documented optical and electrochemical properties. In addition, it is preferred because of its relatively high conversion efficiency and standardized test protocols that allow researchers to evaluate the performance of DSSCs using established methods [9]. To enable the continuous conversion of absorbed sunlight into electricity in a DSSC, an essential component is the electrolyte solution located between the photoanode and the counter electrode. Among the most widely used and established electrolyte systems employed in DSSCs is the iodide/triiodide redox couple. This choice is mainly due to its exceptional efficiency in facilitating electron transfer and the regeneration of dye molecules [10]. In addition to traditional liquid electrolytes, the DSSC research community has recently shown increased interest in quasi-solid and solid-state electrolytes. These emerging alternatives have distinct advantages over their liquid counterparts, such as higher stability and lower potential for leakage. They are typically made from polymer or gel matrices, highlighting their potential for future advances in DSSC technology [11].

[image: ]
Figure 1. A schematic diagram of the operational principles of DSSC. CB and VB denote the conduction and valence band of the TiO2, respectively. S/S+ signifies the ground and cationic state of the dye, and S* represents the excited state of the dye. FTO stands for fluorine-doped SnO2.

Due to its excellent catalytic activity, platinum is the conventional and widely accepted choice for counter electrodes (CEs) in DSSCs [12]. Pt enables efficient electron transport at the counter electrode and supports the regeneration of oxidized dye molecules. Moreover, platinum effectively drives the reduction of oxidized species in the electrolyte due to its low overpotential for the reduction reaction. However, one of the drawbacks of using Pt as a counter electrode is its high cost, which limits the scalability and affordability of DSSCs. In addition, Pt can be degraded and oxidized by the liquid electrolyte, especially when the redox pair I-/I3- is used, leading to stability problems [13]. Recently, extensive efforts have been made to develop platinum-free counter electrodes. The ideal material should not only be inexpensive but also have excellent electrocatalytic activity in the reduction of triiodide and high stability in corrosive environments. Among the various materials studied, transition metal chalcogenides stand out due to their impressive electrocatalytic activity, chemical stability, and abundant availability [14-21]. However, compared to Pt-based solar cells, DSSCs with transition metal chalcogenides still lag behind in terms of power conversion efficiency (PCE). In this context, ternary transition metal chalcogenides prove to be a more promising route. They are characterized by the presence of two cations that cause charge delocalization through d-d overlap within the crystal lattice. This phenomenon enhances the electrocatalytic activity of the material [22,23]. Recent studies have investigated counter electrodes based on ternary transition metal chalcogenides for DSSCs and obtained remarkable results, such as CoSbS (5.38%, Pt: 5.54%) [24], NiCo2S4 (8.29%, Pt: 7.35%) [25], CuCo2S4 (7.56%, Pt: 7.42%) [17], Ni0.95Mo0.05S (7.15%, Pt: 7.20%) [26], and NiAl2S4 (5.02%, Pt: 5.38%) [27]. In 2019, Li and Jin et al. presented a ternary sulfide counter electrode based on Zn0.76Co0.24S for DSSCs, which achieved a PCE of 7.42% using a two-step preparation method [28].
In this study, we introduce a Zn0.76Co0.24S-based DSSC counter electrode, designated as ZCS-CE, synthesized via a cost-effective one-step solvothermal process. ZCS-CE exhibits comparable photovoltaic performance to Pt-based DSSCs. Unlike prior research [28], which employed a more complex and expensive two-step synthesis method, we propose an innovative approach to enhance the catalytic activity of Zn0.76Co0.24S through a streamlined one-step process, reducing production costs. We comprehensively investigate its electrochemical behavior and conduct a comparative evaluation of composite DSSCs utilizing platinum and ZCS-CE as counter electrodes. This analysis reveals the superior durability of solar cells equipped with ZCS-CE, while also highlighting the cost-saving benefits of the one-step synthesis. The outcomes of this study hold the potential to advance DSSC technology by offering a more sustainable, eco-friendly, and economically viable approach to harness solar energy. In the following sections, we will discuss the synthesis procedure, structural and morphological characterization, and electrochemical behavior of the Zn0.76Co0.24S electrocatalyst and present a performance evaluation of the ZCS-CE in DSSCs. These results open new opportunities for the development of low-cost, environmentally friendly, and high-performance solar cells and contribute to the global efforts to harness solar energy for a clean and sustainable future. In addition to our primary focus on developing efficient and cost-effective DSSCs, we are expanding our research to explore potential applications of DSSCs in photoelectrochromic devices (PECDs). PECDs are devices that can dynamically change their optical properties in response to external stimuli such as light or applied voltage. The integration of DSSCs into PECDs holds promise for the development of smart and energy-efficient solutions in a variety of areas, including smart windows, eyeglasses, and various applications where adjustable transparency or coloration is desired.

2. Materials and Methods 
2.1. Materials 
All chemical reagents and materials are from commercial sources and have been used without further modification unless otherwise noted. 

2.2. Synthesis of ZCS-CE 
A solution-based method was used to deposit a Zn0.76Co0.24S layer on a glass substrate coated with fluorine-doped tin oxide (FTO). Before depositing the ZCS-CE layer, the FTO substrates were thoroughly cleaned by washing with soapy water, deionized water, and acetone under ultrasonic conditions. To prepare the zinc-cobalt sulfide material by solvothermal synthesis, the following steps were performed: thiourea (0.5 mmol), Zn(NO3)2 × 6H2O (0.125 mmol), and Co(NO3)2 × 6H2O (0.250 mmol) were dissolved in 35 mL ethanol at room temperature for 30 min. This solution was then placed in a 50 mL stainless steel reactor with a Teflon liner, where the FTO glass substrate was attached to the wall with the conducting side down. The mixture was gradually heated at a rate of 5oC per minute until it reached 200oC, and this temperature was maintained for 4 h. After natural cooling to room temperature, the electrodes were repeatedly rinsed with deionized water and ethanol to remove unreacted compounds. They were then dried in a vacuum oven at 80oC for 12 h. For comparison with the fabricated ZCS-CE, a control CE was also prepared by applying Pt paste (consisting of terpineol and hexachloroplatinic acid, Sigma-Aldrich, St. Louis, MO, USA) to a clean and dry FTO glass substrate and then annealing at 500oC for 30 min.

2.3. Fabrication of Dye-Sensitized Solar Cells 
Preparation of the photoanode began with cutting FTO glass (2.2 mm, surface resistivity 7 Ω/sq, Sigma-Aldrich) into pieces of 1.5 × 2.0 cm, washing in ethanol and acetone for 30 min each with ultrasound, and then drying under reduced pressure. A compact TiO2 film was deposited by immersing the clean and dry FTO slides in a 50 mM titanium (IV) isopropoxide solution in 1 M aqueous HCl for 30 min and then sintering at 500oC for the same time. The compact film was then coated with a transparent TiO2 paste (DN-EP03, Dyenamo (Stockholm, Sweden), particle size: 18-20 nm) using a doctor blade technique. The film was air-dried for one hour before being sintered stepwise at 125oC, 325oC, 425oC, and 500oC. The transparent TiO2 film was coated with a scattering TiO2 film (Greatcell Solar WER2-O, Sigma-Aldrich, particle size: 150-250 nm) by doctor blading after cooling to 70oC. The film was then air-dried for one hour before being sintered in the same manner as the transparent TiO2 layer. The electrodes were then immersed in a solution of 0.25 mM dye N719 (Sigma-Aldrich) in a mixture of acetonitrile: tert-butanol (1:1) with 0.75 mM chenodeoxycholic acid (CDCA, Sigma-Aldrich) for 24 h. The dye-loaded electrodes were then carefully washed with ethanol before drying. Finally, the counter electrode was securely attached to the TiO2 photoanode with double-sided tapes acting as spacers after dropping the iodide/triiodide redox electrolyte (DN-OD03 S104, Dyenamo) over it.

2.4. Deposition of Prussian Blue and Fabrication of Photoelectrochromic Device 
After ultrasonic cleaning in a mixture of ethanol and acetone for 15 min, a glass substrate coated with FTO with a size of 0.5 × 1.5 cm2 was used as a conductive substrate for the Prussian Blue (PB) electrochromic layer. This electrochromic layer was deposited on the FTO surface using the electrodeposition method according to a procedure adopted from the literature [29] with minor modifications. Specifically, the PB film was created using the chronoamperometry method with a deposition time of 5 s and a voltage of 0.4 V. A standard three-electrode configuration was used for this deposition process, with the FTO-coated glass, Ag/Ag+, and Pt wires serving as working, reference, and counter electrodes, respectively. The electrolyte solution consisted of 20 mM each of HNO3, NaNO3, Fe(NO3)3 × 9H2O, and K3[Fe(CN)6] in a 30 mL electrodeposition bath. In the fabrication of the photoelectrochromic device, two prefabricated dye-sensitized solar cells were connected in series with a Pt wire. In addition, a PB-coated FTO substrate was immersed in an electrolyte solution. The anode (-) of the DSSCs was connected to the PB-coated FTO, while the ZCS-CE-based counter electrode (+) was connected to the Pt wire via an outer conductor. The electrolyte solution contained 0.1 M NaNO3 and 0.1 M HNO3. The performance of the photoelectrochromic device was investigated under sunlight irradiation (AM 1.5).

2.5. Characterization 
An X-ray diffractometer (XRD, Rigaku SmartLab X-ray, Cedar Park, TX, USA) was used to determine the structural features of the synthesized materials. Energy dispersive X-ray spectroscopy and NEXSA Thermo Scientific (Waltham, MA, USA) X-ray photoelectron spectroscopy (XPS) were used to determine the material composition, while a Zeiss (Jena, Germany) Crossbeam 540 scanning electron microscope (SEM) was used to study the morphological properties. The photovoltaic evaluation was performed using the Dyenamo toolbox (DN-AE01). A Palmsens4 potentiostat was used for electrochemical experiments. The electrochemical impedance spectroscopy (EIS) of the DSSCs was performed in complete darkness with a bias voltage of -0.72 V, an amplitude of 10 mV, and a frequency range of 0.1-100,000 Hz. EIS was performed on the symmetrical dummy cells under the same conditions but with a bias voltage of 0 V. Cyclic voltammetry (CV) to evaluate the catalytic activity of the electrocatalysts was performed at a scan rate of 0.1 V/s using Ag/Ag+, a Pt wire, and the prepared materials (Pt and/or ZCS-CE films on FTO glass) with the working area of 2.25 cm2 as the reference electrode, CE, and working electrode, respectively. LiI (10 mM), LiClO4 (0.1 M), and I2 (1 mM) solution in acetonitrile (50 mL) were the components of the electrolyte used for the CV test. A Thermo Scientific Evolution 300 UV-Vis spectrophotometer was used to study the optical performance of the electrochromic device (ECD). The experiment to evaluate the ECD was performed in a three-electrode system using Prussian Blue film on FTO glass as the working electrode, platinum wire as the counter electrode, and Ag/Ag+ as the reference electrode. Cycles were performed with an aqueous electrolyte of 0.1 M NaNO3 and 0.1 M HNO3 (30 mL) and within a potential range of -0.5 V to +1.0 V. The working area of the PB film was 0.5 cm2 and the voltage scan rate was 20 mV/s.

3. Results and Discussion 
3.1. Characterization of ZCS-CE 
Ternary zinc-cobalt sulfide was synthesized using a solvothermal one-pot method, as shown in Figure 2. The precursors of the elements Zn, Co, and S were taken in suitable molar ratios and thoroughly dissolved by stirring and sonication. Heating the prepared solution at 200oC for 4 h together with a glass FTO substrate in a Teflon-lined autoclave reactor resulted in the formation of a ZCS-CE film on the FTO.

[image: ]
Figure 2. Schematic illustration of the one-pot synthesis of a Zn0.76Co0.24S 
counter electrode on an FTO substrate.

The morphological characteristics of the ZCS-CE sample prepared on the FTO substrate were analyzed using scanning electron microscopy (see Figure 3). As shown in Figure 3a, the ZCS-CE has a predominantly spherical shape with diameters between 100 and 150 nm. The SEM image shows the presence of microspheres, each of which has a distinct nanoflock-like structure and forms a recognizable cluster on the surface. Figure 3b provides an insight into the thickness of the ZCS-CE layer on the FTO glass, which measures approximately 465 nm. This image shows a smooth, flat, and uniform growth of the ZCS-CE layer that is consistent along its entire length.

[image: ]
Figure 3. Scanning electron microscope images of the ZCS-CE: (a) top view and 
(b) cross-sectional perspective.

The as-prepared ZCS-CE sample underwent thorough investigation by powder X-ray diffraction analysis to confirm its purity and crystal structure. In Figure 4a, the X-ray diffraction pattern of ZCS-CE shows characteristic peaks at 2θ-diffraction angles of 28.6o, 47.6o, and 56.4o corresponding to the (111)-, (220)-, and (311)-planes of the cubic phase of Zn0.76Co0.24S (JCPDS #47-1656) [30]. The pronounced sharpness of these peaks and the conspicuous absence of extraneous signals in the diffraction pattern are compelling evidence of the high crystallinity and impeccable purity of the ZCS-CE material. In particular, these results confirm the successful synthesis of ZCS-CE by a simple one-step solvothermal process. To validate the presence and uniform distribution of the constituent elements (Zn, Co, and S) on the FTO glass substrate, we employed energy dispersive spectroscopy (EDS), as depicted in Figure 4b. EDS is a powerful technique that not only identifies the elemental composition of materials but also provides spatial information about their distribution. The EDS analysis reaffirms the presence of all expected elements throughout the examined area, and equally crucially, it demonstrates their uniform dispersion. This uniformity is of paramount importance in various applications, notably in the development of semiconductor materials and photovoltaic devices. In these contexts, the consistency of element distribution significantly influences material performance and efficiency.
X-ray photoelectron spectroscopy was employed to investigate the chemical composition and oxidation states of the elements. In Figure 5a, the XPS spectrum reveals characteristic peaks corresponding to the elements Zn, Co, and S, all possessing a 2p electron configuration. These findings align with the results of energy dispersion X-ray spectroscopy. Notably, the presence of carbon and oxygen peaks can be attributed to the adsorption of CO2 and moisture from ambient air on the sample’s surface. For a more in-depth examination of the chemical states, we turn to the high-resolution spectrum of Zn 2p (Figure 5b), in which two prominent peaks at 1022.3 eV and 1045.4 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively. These peaks confirm the 2+ oxidation state of zinc [31]. Similarly, the Co 2p emission spectrum in Figure 5c displays the coexistence of 2+ and 3+ oxidation states at the surface of the ZCS-CE sample. Here, two primary peaks at 781.2 eV (Co 2p3/2) and 797.3 eV (Co 2p1/2) are associated with Co2+, while two additional sharp peaks at 778.5 eV and 793.6 eV represent Co3+, confirming their distinct oxidation states. The presence of Co 2p satellite peaks at 785.6 eV and 803.9 eV supports these results [32]. The high-resolution S 2p spectrum, shown in Figure 5d, exhibits an asymmetric peak that can be divided into two distinct peaks at 161.6 eV and 162.8 eV, corresponding to S 2p3/2 and S 2p1/2, respectively. These peaks align with metal-sulfur bonds as described in the literature [33]. Additionally, a broad satellite peak at 169.6 eV suggests various forms of oxidized sulfur. Overall, the XPS analysis conclusively establishes the chemical composition of the ZCS-CE sample, including the Zn2+, Co2+, Co3+, and S2- states, which agrees seamlessly with the XRD results.

[image: ]
Figure 4. (a) XRD spectrum revealing crystallographic information and 
(b) elemental mapping of Zn, Co, and S distribution of the of as-prepared ZCS.

3.2. Electrochemical Analysis of ZCS-CE 
To evaluate the electrocatalytic performance of our fabricated ZCS-CE, cyclic voltammetry experiments were performed using a standard three-electrode configuration and a scan rate of 100 mV/s. As shown in Figure 6a, both the Pt and ZCS CEs show distinct anodic and cathodic peaks associated with two electron transfer processes involving iodide/triiodide redox reactions. These reactions can be described by Equations (1)-(4), which represent the oxidation and reduction of I3-/I2 and I-/I3- species at the electrode surface 
Ox1: 3I− → I3− + 2ē                                     (1)
Ox2: 2I3− → 3I2 + 2ē                                   (2)
Red1: I3− + 2ē → 3I−                                    (3)
Red2: 3I2 + 2ē → 2I3−                                  (4)
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Figure 5. (a) XPS survey spectrum of the as-synthesized ZCS-CE. High-resolution XPS spectra of (b) Zn 2p, (c) Co 2p, and (d) S 2p.
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Figure 6. (a) Cyclic voltammograms of the counter electrodes; (b) cyclic voltammetry at various scan rates of ZCS-CE; (c) Nyquist plot of symmetrical dummy cells; and (d) Tafel plots of counter electrodes. 

Usually, the electrocatalytic performance of CE materials is evaluated in terms of I3- reduction using two key parameters derived from the left pair of oxidation-reduction peaks (Ox1/Red1): the peak cathodic current density (JPC1) and the peak-to-peak distance (Ep.p) between the Ox1 and Red1 peaks. Higher JPC values and lower Ep.p values for the counter electrodes indicate lower overpotentials for the initiation of the I-/I3- redox reaction and higher reaction rates, respectively. In our study, the ZCS-CE outperforms its Pt counterpart by exhibiting higher peak cathodic current density. This result indicates that triiodide is reduced faster on the ZCS-CE surface, suggesting better overall electrocatalytic activity. Moreover, both the Pt and ZCS CEs exhibit the same Ep.p value (0.38 V), indicating their comparable abilities to initiate the I-/I3- redox reaction. Figure 6b shows the CV of ZCS-CE at different scan rates, with the redox peak signals becoming more intense at higher scan rates. The linear relationship between the current density of the redox peaks and the square root of the scan rate (Figure S1, Supporting Information) shows that the electrocatalyst and the redox electrolyte do not interact chemically. Instead, ion diffusion in particular facilitates the reduction of triiodide.
Electrochemical impedance spectroscopy was used to evaluate the electrocatalytic activity of the ZCS-CE in symmetrical dummy cells with a CE/electrolyte/CE configuration. The Nyquist plots for both the ZCS-CE and Pt were fitted using the electrical equivalent circuit based on the Randles model (see Figure S2 in the Supporting Information), resulting in well-defined semicircles, as presented in Figure 6c. The series resistance (Rs) of the electrodes, measured at 16.05 Ω for ZCS-CE and 17.72 Ω for Pt, marks the starting point of these semicircles in the Nyquist diagram. These results indicate excellent adhesion and contact behavior between the FTO substrate and the ZCS-CE electrocatalyst, with lower ohmic resistance compared to Pt. The semicircular region provides information about the charge transfer resistance (RCT) at the interface between the electrocatalyst and the electrolyte. In general, a smaller RCT value indicates higher catalytic activity in the reduction of I3-/I- during charge transfer. From the EIS-Nyquist plots, the RCT values for the ZCS-CE and Pt catalysts are 14.97 Ω cm2 and 4.18 Ω cm2, respectively. These results highlight the increased internal resistance at the electrode-electrolyte interface and the reduced electrocatalytic reduction of triiodide ions by the ZCS-CE electrocatalyst compared to the reference electrode, which ultimately affects the performance of the DSSCs.
Tafel polarization curves were employed to evaluate the catalytic performance of the CE materials, as shown in Figure 6d. The Tafel polarization curve describes three distinct regions-the polarization region, the Tafel region, and the diffusion region-based on different voltage levels, from low to high. The polarization region is located in the lower potential region, the Tafel region is in the middle and plays a central role in controlling the electrocatalytic activity, while the diffusion region covers the rest of the curve and determines the diffusion behavior of the cathode ions. Two critical parameters, namely the limiting diffusion current (Jlim) and the exchange current density (J0), can be derived from the Tafel profiles. These parameters are critical for evaluating the electrocatalytic performance of the CE. As shown in Figure 6d, the exchange current density within the Tafel region can be determined by identifying the intersection of the slope with the zero voltage. In addition, Equation (5) provides an alternative method for calculating J0, as follows:
J0 = RT/nFRCT                                     (5)
In this equation, R represents the universal gas constant, T represents the absolute temperature, n represents the number of electrons transferred during the redox process, F represents the Faraday constant, and RCT is derived from the EIS experiment. In EIS measurements, high catalytic activity was observed at low RCT values, which should translate into high J0 values according to Equation (5). When we compared the ZCS-CE with the Pt, we found that both have a slope in the range of log J0 = 3.30–3.50 mA/cm2, which indicates comparable catalytic activity and is consistent with the results of EIS measurements. At the same time, the high value of Jlim indicates a fast ion diffusion rate within the electrocatalyst. Remarkably, both ZCS-CE and Pt have almost identical Jlim values on the panel curves, indicating that the I- and I3- ions on the surfaces of both electrodes have similar diffusion rates, which affects the power conversion efficiency values of the dye-sensitized solar cells.

3.3. Photovoltaic Performance of ZCS-CE 
The current-voltage (J-V) characteristics of the newly fabricated dye-sensitized solar cells with ZCS-CE and standard Pt counter electrodes were measured in order to evaluate and compare their photovoltaic performance (see Figure 7a). In Table 1, the resulting photovoltaic parameters are summarized, providing values for the open-circuit voltage (VOC), short-circuit photocurrent density (JSC), fill factor (FF), and power conversion efficiency.
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Figure 7. (a) Current-voltage curves and (b) Nyquist plot of DSSCs with Pt and ZCS CEs counter electrodes.

Table 1. Photovoltaic parameters and electrochemical impedance spectroscopy results of Pt- and ZCS-CE-based CEs.
	CE
	PCE (%)
	VOC (V)
	JSC (mA/cm2)
	FF
	RCT
(Ω cm2)
	RS* (Ω)
	RCT*
(Ω)
	RTiO2 (Ω)

	ZCS-CE
	7.94±0.02
	0.760±0.00
	16.12±0.07
	0.65±0.00
	14.97±0.38
	24.32±0.77
	17.63±0.31
	29.23±0.29

	Pt
	8.12±0.09
	0.780±0.00
	16.24±0.20
	0.64±0.02
	4.18±0.69
	38.41±0.64
	11.83±0.41
	21.35±0.31




The DSSC with a Pt counter electrode showed remarkable photovoltaic performance with VOC, JSC, and FF values of 0.780 V, 16.24 mA/cm2, and 0.64, respectively, resulting in a PCE of 8.12%. By contrast, the DSSC with the ZCS-CE counter electrode achieved slightly lower performance with VOC = 0.760 V, JSC = 16.12 mA/cm2, and FF = 0.65, corresponding to an efficiency of 7.94%. Although the photovoltaic properties of the ternary sulfide-based counter electrode lag behind those of the Pt counter electrode, they remain remarkably comparable, with only 2.2% difference from the reference electrode but with a much lower production cost.
The superior catalytic activity of the Pt layer contributed significantly to the higher JSC value observed for the prepared DSSC, which is consistent with our results from Tafel measurements. The lower open circuit voltage values measured for the DSSCs with the ZCS-CE counter electrode corresponded to a higher charge transfer resistance at the interface between the electrocatalyst and the electrolyte, which is consistent with our electrochemical impedance spectroscopy results from the symmetrical dummy cells. To properly account for the impact of ZCS-CE on the electrochemical performance of DSSCs, we performed EIS on a complete cell and fitted the plots shown in Figure 7b with the equivalent electrical circuit presented in Figure S3 (Supporting Information). The EIS analysis yielded critical electrochemical insights, including the charge transfer resistance (RCT*) at the counter electrode-electrolyte interface (represented by a small semicircle on the EIS plot), the resistance at the TiO2-dye-electrolyte interface (RTiO2, a large semicircle), and the series resistance (RS*, where the curve crosses the abscissa axis). These parameters are detailed in Table 1. The electrocatalytic activity is directly reflected by the size of the small semicircle, correlating with RCT* at the counter electrode-electrolyte interface. Generally, a lower RCT* value signifies heightened electrocatalytic activity in counter electrode materials for redox reactions within the electrolyte. When comparing the two counter electrodes, the Pt-based DSSC exhibited a lower RCT* value at 11.83 Ω, while the solar cell employing the ZCS-CE counter electrode demonstrated a higher charge transfer resistance of 17.63 Ω, which is consistent with our previous results with the symmetrical dummy cells.
Additionally, we assessed the stability of DSSC devices fabricated with both ZCS-CE and Pt counter electrodes at room temperature. Photovoltaic parameters were periodically monitored for up to 200 h (Figure 8). The observed JSC, VOC, FF, and PCE values were recorded by averaging data from three devices. Notably, the stability of the Pt-based DSSC exhibited fluctuations within the first 100 h, peaking at a PCE value of 8.35% at the 75 h mark while maintaining a consistent efficiency of 8.11%. However, the power conversion efficiency for the Pt counter electrode began to decline after 100 h, eventually reaching 7.33% by the end of the stability test. This decline may be attributed to the deactivation of Pt’s catalytic properties upon extended exposure to the corrosive I3-/I- electrolyte. Conversely, DSSCs utilizing the ternary sulfide counter electrode displayed superior stability. Their PCE steadily increased during the initial 25 h, achieving its highest efficiency peak of 8.28% at both the 25 h and 75 h marks. At the conclusion of the experiment, the solar cell equipped with the ZCS-CE maintained an efficiency of 8.14%, surpassing the standard platinum analog’s performance by 10% over the same timeframe. Notably, this difference was primarily driven by the JSC value, as the VOC values for both Pt and ZCS CEs remained constant after 100 h, reaching a voltage plateau at 0.8 V. These stability test results underscore ZCS-CE as an ideal counter electrode material for dye-sensitive solar cells.

[image: ]
Figure 8. Photovoltaic stability of the different CEs used in DSSCs.

In a recent study by the research team of Li and Jin [28], Zn0.76Co0.24S was synthesized in a two-step process. This process first involved the hydrothermal synthesis of a transition metal oxide, ZnCo2O4, followed by its conversion to sulfide using thioacetamide as a sulfur source. By contrast, our one-step technique provides a leaner and more efficient route to the production of Zn0.76Co0.24S, which serves as a promising counter electrode material. Our approach has several notable advantages, especially in terms of photovoltaic conversion efficiency and open circuit voltage. Our solar cells based on Zn0.76Co0.24S achieved an efficiency of 7.94%, exceeding the 7.42% reported in the reference study. In addition, our cells exhibited a higher VOC of 0.76 V compared to the 0.65 V, indicating the potential for improved efficiency and higher output voltage. However, it is worth noting that the reference showed better current generation, with a higher short-circuit current of 17.5 mA/cm2 compared to our 16.12 mA/cm2. This discrepancy can be attributed to differences in the size of the nanoparticles. Their particles had a diameter of about 500 nm, while our synthesis resulted in particles with a diameter of 100 to 150 nm. Unfortunately, their studies did not provide information on the thickness of their counter electrode or the concentration of the N719 dye used, which could also affect photovoltaic performance. Overall, our one-step approach not only improves the efficiency of Zn0.76Co0.24S synthesis but also provides a more cost-effective and easily scalable process for the fabrication of high-performance solar cells.

3.4. Fabrication and Characterization of Photoelectrochromic Device 
To comprehensively evaluate the electrochemical properties of thin Prussian Blue films, cyclic voltammetry measurements were performed at a scan rate of 20 mV/s. A three-electrode system was used with a solution containing 0.1 M NaNO3 and 0.1 M HNO3. The potential range investigated was from -0.5 V to 1.0 V. Figure 9 illustrates the resulting cyclic voltammogram.
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Figure 9. Electrochemical behavior of the Prussian Blue layer within the voltage range of -0.5 V to 1.0 V. The insets illustrate the visual color changes observed at various electrochemical states.

The voltammogram shows two detectable oxidation peaks and one reduction peak, indicating the presence of two relatively stable redox couples within the system as well as an additional oxidation process. Consistent with the chemical reactions described below, the observed redox peak in the -0.4-0.4 V range corresponds to the conversion of Prussian Blue to Prussian White (PW) [34]. This transformation is driven by the reduction of Fe3+ ions, accompanied by the intercalation of sodium ions:
Red1∗: KFeIII[FeII(CN)6] + Na+ + ē − → KNaFeII[FeII(CN)6]             (6)

Conversely, the reverse oxidation process together with the deintercalation of sodium ions leads to coloration:
Ox1∗: KNaFeII[FeII(CN)6] → KFeIII[FeII(CN)6] + Na+ + ē                  (7)

The second oxidation peak at 0.72 V (145.24 μA) can be attributed to the partial oxidation of Fe2+ ions in PB:
Ox2∗: KFeIII[FeII(CN)6] → FeIII[FeIII(CN)6] + K+ + ē                           (8)

The optical properties of the PB films were thoroughly investigated using transmittance spectroscopy, which covers a wide wavelength range from 300 to 800 nm. Figure 10 shows the transmittance spectra of PB in its original, bleached, and dyed states. From these spectra, we extracted critical data points, highlighting the maximum transmittance at 488 nm and the minimum at 726 nm. To comprehensively evaluate the performance of these coatings, we used key parameters such as electrochromic contrast (∆T), contrast ratio (CR), and optical density (∆OD), which were calculated according to Equations (9)-(11). These crucial parameters are briefly summarized in Table 2. This rigorous analysis provides a comprehensive understanding of the optical properties and performance of PB films.
∆T = Tbleached − Tcolored                                     (9)
CR = Tbleached / Tcolored                                     (10)
∆OD = log (CR)                                             (11)
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Figure 10. Transmittance spectra of Prussian Blue in its bleached, colored, and as-deposited states, accompanied by visual images corresponding to each state.

Table 2. Transmittance (T), electrochromic contrast (ΔT), contrast ratio (CR), and optical density (ΔOD) of Prussian Blue in three different states. 

	λ (nm)
	Tas-deposited (%)
	Tcolored (%)
	Tbleached (%)
	ΔT (%)
	CR
	ΔOD

	488
	74.11
	83.03
	90.15
	7.12
	1.08
	0.03

	726
	27.18
	30.74
	83.23
	52.49
	2.71
	0.43



The parameters given vividly show the possibilities of optical modulation in the dye bleaching process. From Figure 10 and Table 2, it can be seen that the most significant transmittance shift of 52.49% and the highest ∆OD value of 0.43, which distinguish between the transparent and blue states, occur at a wavelength of 726 nm. Conversely, the lowest transmission shift of 7.12% and the lowest ∆OD value of 0.03, which distinguish between the bleached and colored states, are mainly observed at 488 nm. 
Recently, there has been increased interest in the development of smart windows that can be optically controlled, especially as part of green building initiatives [35-37]. Smart windows have attracted attention because of several advantages they offer over conventional window systems. These include potential savings in air conditioning, heating, lighting, and curtain requirements. Among the various technologies being explored for smart windows, photoelectrochromic devices have emerged as a promising solution. PECD can combine the principles of a dye-sensitized solar cell and an electrochromic device, resulting in a robust and reliable approach. These devices feature the remarkable ability to reversibly change their coloration or transparency in response to external stimuli. At the same time, the DSSCs integrated into the PECD efficiently convert incident light into electrical energy. This combination of technologies holds significant potential for achieving dynamic control over various aspects of window functionality. These integrated systems can seamlessly regulate light transmission, tinting, and energy generation to help promote sustainable and energy-efficient building practices. 
By using dye-sensitized solar cells as an energy source, we seamlessly integrated an electrochromic PB film into the design of a state-of-the-art photoelectrochromic device. The schematic diagram of our experimental electrochromic device is shown in Figure 11. In this configuration, we had two solar cells connected in series. The negative terminal of the DSSCs was connected to a PB-coated fluorine-doped tin oxide substrate, while the positive electrode was connected to another platinum (Pt)-coated FTO substrate via an outer conductor. The electrolyte solution used in this setup consisted of a 0.1 M NaNO3 + 0.1 M HNO3 mixture. Upon exposure to light, the electrochromic PB film transitioned from its initial state to a pale white state. This transition was reversible, and a short-circuit mechanism was used to return the electrochromic film to its original state, thereby restoring its coloration.
[image: ]
Figure 11. Schematic illustration of the photoelectrochromic device powered by dye-sensitized solar cells. 

4. Conclusions 
In summary, this study represents significant progress in the field of renewable energy and smart window technologies by synthesizing and characterizing Zn0.76Co0.24S, a ternary transition metal sulfide electrode prepared by a one-step solvothermal technique. When used as a counter electrode in dye-sensitized solar cells, ZCS-CE exhibits exceptional electrocatalytic activity with a competitive power conversion efficiency of 7.94%, making it a promising alternative to conventional platinum-based CEs. Comprehensive material analyses, including energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, and scanning electron microscopy, confirmed the high crystallinity and purity of ZCS-CE and highlight its suitability for DSSC applications. In particular, ZCS-CE showed superior stability in electrolyte media and maintained its efficiency over 200 h of testing. Moreover, the integration of ZCS-CE into a photoelectrochromic device represents a novel, self-powered system that combines DSSC and electrochromic PB film technologies. This advancement holds great promise for smart window applications, enabling dynamic control of tint and transparency for sustainable and energy-efficient building design, shaping the future of renewable energy and architectural innovation.
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Figure S1. Correlation between Peak Current Density and Scan Rate for Zn0.76Co0.24S.
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Figure S2. Equivalent electrical circuit used for fitting Nyquist plots of symmetrical dummy cells.
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Figure S3. Equivalent electrical circuit used for fitting Nyquist plots of DSSCs.
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Figure S4. Scanning electron microscopy images of PB film deposited on FTO glass at different resolutions.
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ABSTRACT 
Replacing traditional Pt-based counter electrodes with low-cost and highly stable materials is crucial for the development of commercially viable dye-sensitized solar cells (DSSCs). In this study, we synthesized a ternary Pt-free FeCo2S4 nanowire (NW)-based sulfide electrocatalyst by a three-step solvothermal method. This material was then used as a counter electrode in DSSCs to facilitate the reduction of triiodide species. The formation of FeCo2S4 NW was confirmed by various characterization techniques such as X-ray diffraction, energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy. Scanning electron microscopy analysis revealed the structure of the nanowires. Electrochemical studies, which included cyclic voltammetry, electrochemical impedance spectroscopy and Tafel polarization methods, revealed the excellent stability, superior electrocatalytic activity and remarkable kinetics of FeCo2S4 NW in the reduction of triiodide to iodide. Photovoltaic measurements of the fabricated DSSCs yielded a power conversion efficiency (PCE) of 7.88 % for the FeCo2S4- based devices, outperforming the control device made of Pt (PCE=7.45 %). This improvement was primarily due to the increase in short-circuit current density (JSC), thanks to the lower charge transfer resistance (RCT) of FeCo2S4 NW (JSC=15.23 mA/cm2; RCT=5.54 Ω cm2) compared to Pt (JSC=14.12 mA/cm2; RCT=7.07 Ω cm2). In addition, the FeCo2S4 NW-based solar cells exhibited excellent stability and maintained their high PCE value even after 10 days of aging under ambient conditions, while Pt-based DSSCs showed a 3 % decrease from their initial PCE value. This FeCo2S4 NW counter electrode proves to be an excellent alternative to Pt, and the presented results provide valuable insights for the development of cost-effective and highly stable DSSCs.

1. Introduction 
To tackle the climate crisis and feed a growing population, the world needs abundant, clean and cost-effective energy sources. Among these alternatives, solar energy is particularly promising. Photovoltaics offers a way to convert solar energy into electricity, with silicon-based solar cells being the most commonly used despite their high cost. Dye-sensitized solar cells (DSSCs) have proven to be a viable alternative. They attracted attention when they reached an efficiency of about 7 % in 1991 [1], and showing potential to generate electricity from solar energy at a much lower cost and with less toxicity than silicon- and perovskite-based photovoltaics. Recent advancements have pushed the efficiency of state-of-the-art DSSCs beyond 15 % under standard air mass 1.5 conditions [2] and up to 36 % at 1000 lx indoor light conditions [3]. However, despite these advancements, DSSCs have not yet been fully commercialized. To compete with silicon-based solar cells, further improvements in DSSC efficiency are necessary, along with ensuring economic feasibility and longevity. These improvements involve optimizing the DSSC photoanode [4-10], enhancing light-harvesting materials through dye design and co-sensitization [3,11-15], and utilizing other multielectron redox electrolytes [3,16,17]. Additionally, an alternative approach involves exploring novel counter electrodes (CEs) to replace conventional Pt-based CEs [18]. The use of platinum increases the cost of solar cells and its scarcity and high production cost hinder widespread adoption. Furthermore, Pt-based CEs are susceptible to degradation caused by iodine-based electrolytes, which undermines the stability of DSSCs [19]. To address these challenges, various materials with good electrocatalytic activity have been proposed as alternatives for CEs in DSSCs [20-27]. Multinary transition metal sulfides have garnered attention due to their abundance, excellent performance, and low cost. The presence of multiple metals can customize the electronic structure of the surface, facilitating charge transfer and improving electrical conductivity and electrocatalytic performance [28,29]. Consequently, multinary transition metal sulfides have been studied as potential CE materials for DSSCs and have shown outstanding electrocatalytic activity [30-35]. 
Motivated by these considerations, we have synthesized a ternary sulfide, FeCo2S4, as a CE for DSSCs using a simple solvothermal method in three stages. To our knowledge, only one study has utilized FeCo2S4 as Pt-free electrode, employing spherical particles with an average size of 300 nm, resulting in a power conversion efficiency (PCE) of 7.36 % [36]. In our approach, we synthesized FeCo2S4 nanowires (NW), offering distinct advantages over spherical particles for catalytic activity due to their high aspect ratio and large surface area-to-volume ratio. These characteristics provide more active sites for catalysis, facilitating faster and more efficient reduction reactions. Consequently, this can lead to improved charge transfer kinetics and overall cell performance. Electrochemical measurements demonstrate that FeCo2S4 NW exhibits better electrocatalytic activity for the I-/I3- redox reaction compared to platinum. Remarkably, DSSCs equipped with FeCo2S4 NW CEs achieved a higher PCE of 7.88 % compared to devices with conventional platinum CEs (PCE of 7.45 %). These results indicate that FeCo2S4 NW holds promise as a cost-effective and efficient alternative to platinum for DSSCs.


2. Experimental 
2.1. Materials 
Chemicals and materials were acquired from commercial sources and used as received, unless otherwise stated. 

2.2. Synthesis of FeCo2S4 nanowires 
FeCo2S4 NW were synthesized by a solvothermal method as presented in Fig. 1. First, a FeCo precursor was obtained: CoCl2 • 6H2O (0.12 mmol), FeCl3 • 6H2O (0.24 mmol), CO(NH2)2 (1.44 mmol) and NH4F (0.72 mmol) were dissolved in 63 mL of DI water. After a clear solution was formed, ethylene glycol (34 mL) was added to the above mixture, which was then stirred continuously for 30 min. The solution was transferred to a Teflon-lined 100 mL reactor with a vertically positioned fluorine-doped SnO2 (FTO) glass (2.2 mm thickness, surface resistivity 7 Ω/sq, Sigma-Aldrich). The reactor was sealed and the reaction was carried out at 120oC for 12 h. Afterwards, the obtained thin film on FTO was washed with DI water and ethanol and then dried at 60oC for 12 h in a vacuum oven. In the second step, FeCo2O4 was obtained by sintering FTO glasses coated with the FeCo precursor at 600oC for 3 h. In the final step, FeCo2O4 was sulfurized to obtain FeCo2S4 by dissolving 33.3 mg of the sulfur powder in 35 mL of DI water in the presence of 1.67 mL of hydrazine monohydrate. The solution was then transferred to a Teflon-lined reactor together with FeCo2O4 on FTO and heated at 180oC for 6 h. The sample was then washed with DI water and ethanol and dried in a vacuum oven at 70oC for 12 h.

2.3. Fabrication of dye-sensitized solar cells 
To prepare the working electrode (WE), FTO glass slides were initially cleaned with ethanol using sonication and then dried. A compact TiO2 layer was subsequently grown on the cleaned FTO by immersing it in a 50 mM titanium (IV) isopropoxide solution in 2 M HCl at 70oC for 30 min, followed by sintering at 500oC for another 30 min. Next, a transparent TiO2 paste (DN-EP03, Dyenamo, particle size: 18-20 nm) was applied onto the compact layer using a doctor blade technique, air dried for 30 min, and then subjected to stepwise sintering: 125oC for 5 min, 325oC for 10 min, 425oC for 15 min, and finally 500oC for 30 min. After cooling to 70oC, a scattering TiO2 layer (Greatcell Solar WER2-O, Sigma-Aldrich, particle size: 150-250 nm) was applied using the same doctor blading method. The film was air dried for 1 h, and the sintering process was repeated. The average film thickness of the 2 layers of the TiO2 photoanode film is 24.7 µm (Figure S1, supporting information). Once the electrodes cooled to 70oC, they were immersed in a solution containing 0.25 mM N719 (Sigma-Aldrich) and 0.75 mM chenodeoxycholic acid (CDCA, Sigma-Aldrich) dissolved in an acetonitrile:tert-butanol (1:1) mixture for 24 h. Subsequently, the dye-loaded electrodes were gently rinsed with ethanol and dried at 70oC for 15 min. For the preparation of the Pt counter electrode (CE), Pt paste (terpineol and hexachloroplatinic acid, Sigma-Aldrich) was doctor bladed onto clean and dry FTO glass and then sintered at 500oC for 30 min. The average film thickness of the Pt film is 200 nm, whereas for the FeCo2S4 NWs varies between 3.1 to 4.8 µm (Figures S2 and S3, respectively, supporting information). An MPN-based iodine/iodide redox electrolyte (DN-OD03 S104, Dyenamo) was then applied onto the dye-loaded TiO2 WE electrode, and the CE was placed over it, using a double-sided tape separator to prevent short-circuiting.
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Fig. 1. Schematic illustration of the preparation of FeCo2S4 NW counter electrode.

2.4. Characterization 
The product obtained was characterized using the Rigaku SmartLab system to generate X-ray diffraction (XRD) patterns. Electron microscopic images were acquired using a Zeiss Crossbeam 540 scanning electron microscope. Energy dispersive X-ray spectroscopy (EDX) and NEXSA Thermoscientific X-ray photoelectron spectroscopy (XPS) were used to determine the material composition. The photovoltaic measurements were carried out with the Dyenamo Toolbox (DN-AE01). For the analysis of the electrochemical impedance spectroscopy (EIS) of the solar cells, the measurements were performed in the dark with a bias voltage of - 0.72 V, an amplitude of 10 mV and a frequency range of 0.1 - 100000 Hz. In contrast, the EIS of symmetrical dummy cells was carried out under the same conditions, but with a bias voltage of 0 V. The cyclic voltammetry analysis was performed with Ag/Ag+ (non-aqueous) as reference electrode, Pt wire as counter electrode and FeCo2S4 on FTO as working electrode. The electrolyte consisted of a 0.1 M LiClO4, 10 mM LiI, and 1 mM I2 acetonitrile solution, with sampling at a rate of 0.05 V/ sec.

3. Results and discussion 
3.1. Characterization of FeCo2S4 nanowire 
The X-ray diffraction method was employed to characterize the synthesized material, with the results depicted in Fig. 2a. As there is no standard powder diffraction file available for FeCo2S4, we compared its pattern to that of Co3S4, assuming a substitution of one Co atom with a single Fe atom in the FeCo2S4 structure. In the XRD pattern, peaks at 30.9o, 35.7o, 47.2o, and 55.0o were attributed to the (311), (400), (511), and (440) lattice planes of spinel Co3S4 (JCPDS no. 42-1448). Notably, the XRD pattern of FeCo2S4 closely resembles that of Co3S4, with only slight shifts in peak positions. These shifts can be attributed to the change in chemical composition, as substituting one Co atom with one Fe atom alters the lattice parameters of Co3S4. To demonstrate the complete conversion from oxide to sulfide, we also presented the XRD pattern of FeCo2O4, with peaks at 18.9o, 31.2o, 36.7o, 44.7o, 55.6o, 59.2o and 65.0 corresponding to the planes of (111), (220), (311), (400), (422), (511), and (440), respectively, which can be indexed to the cubic spinel of FeCo2O4 (JCPDS no. 98–001-6669). The observed peak positions also align well with previously reported data on FeCo2O4 [37,38] and FeCo2S4 [39,40] structures, indicating a complete conversion without detectable impurities. 
The X-ray photoelectron spectroscopy was used to analyze the elemental composition and valence states. The survey spectra of the FeCo2O4 and FeCo2S4 NWs is shown in Figure S4, which further supports the successful synthesis of the desired material. The high-resolution spectra for the Fe 2p, Co 2p, and S 2p of FeCo2S4 NW are presented in Fig. 2b to d. For peak deconvolution, the Tougaard background correction algorithm was used together with a Gaussian fitting method. Fig. 2b shows the characteristic Fe 2p spectra. The Fe 2p3/2 and Fe 2p1/2 peaks were fitted with a combination of Fe0, Fe2+, Fe3+ and satellite effects. The standard binding energies for the Fe2+ 2p1/2 and Fe3+ 2p1/2 contributions were determined to be 722.9 and 733.3 eV, respectively. Similarly, the Fe2+ 2p3/2 and Fe3+ 2p3/2 were positioned at 710.9 and 714.7 eV, respectively. Moreover, the Fe 2p3/2 peak at 707.1 eV corresponds to the Fe0 peak, which is consistent with the results of other researchers [41]. One plausible reason for the presence of Fe0 could be the existence of crystal defects, vacancies, or imperfections in the lattice structure which can create localized regions with reduced oxidation states. Since the percentage fitted peak area contained in fitting range for metallic iron (1.7 %) is much smaller than that of oxidised irons (50.9 % Fe2+ and 45.8 % Fe3+), it is apparent that only a small percentage of ionic Fe atoms are converted to metallic species. In Fig. 2c, the emission spectrum of Co 2p confirms the coexistence of the oxidized forms of Co2+ and Co3+ with a spin-orbital splitting of 15.0 eV between the Co 2p3/2 and Co 2p1/2 peaks. The peaks at 780.0 eV and 795.0 eV are attributed to Co2+, while the binding energies found at 778.4 eV and 793.5 eV correspond to Co3+. In addition, there are two broad spin-orbit doublings at 783.9 and 801.8 eV, which belong to satellite peaks [31,33,42]. In Fig. 2d, two distinct peaks are observed for sulfur at binding energies of 161.6 eV and 162.8 eV, which are assigned to S 2p3/2 and S 2p1/2, respectively. This indicates the presence of S2- species in the prepared materials. The peak observed at 163.6 eV can be attributed to the bonding between the metal and sulfur atoms in the bimetallic sulfides [43]. Moreover, a satellite peak is observed at 168.3 eV.
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Fig. 2. (a) Comparative XRD pattern of FeCo2O4 and FeCo2S4 NWs. High-resolution XPS spectra of FeCo2S4 NW for (b) Fe 2p, (c) Co 2p, and (d) S 2p.
	
To obtain a comprehensive understanding of the morphology and structure of the deposited FeCo2S4 NW, we performed an analysis using scanning electron microscopy. In addition, SEM images of the FeCo2O4 NW were provided for comparison (Fig. 3a). The FeCo2O4 NWs show a dense network of smooth, interwoven fibers covering the surface of the FTO substrate with an average diameter of 92 ± 17 nm. The tips have a tapered shape. The conversion of FeCo2O4 to FeCo2S4 using hydrazine as a reducing agent and sulfur powder resulted in significant transformations. The smooth, interwoven fibers transformed into rough, nodule-like nanowires with an average diameter of 199 ± 26 nm (Fig. 3b). The observed increase in diameter could be due to the widening of the lattice parameter by the substitution of S2- ions, which have larger ionic radii (184 pm) compared to O2- ions (140 pm). Elemental analysis by energy dispersive X-ray spectroscopy confirms the homogeneous distribution of the elements Fe, Co, and S in the sample (Fig. 3c), confirming the formation of FeCo2S4 without impurities. 3.2. Electrochemical analysis of FeCo2S4 The electrochemical performance of the FeCo2S4 NW electrode was investigated by cyclic voltammetry, Tafel polarization, and electrochemical impedance spectroscopy. Cyclic voltammetry is a valuable method for evaluating the electrocatalytic activity of a catalyst in redox reactions and the kinetics of interfacial charge transfer processes. As shown in Fig. 4a, both the FeCo2S4 NW and Pt electrode voltammograms exhibit two reduction and two oxidation peaks corresponding to the iodide/triiodide redox process, which involves a two-electron transfer process, as shown in Equations (1) and (2):
I3- + 2ē ⟶3I-                                              (1)
3I- ⟶I3- + 2ē                                              (2)
Ep-p = |Ep anodic - Ep cathodic|               (3)

	The presence of these peaks on both the high and low potential sides indicate successful catalysis of the iodide/triiodide redox reactions by the FeCo2S4 NW electrocatalyst. Moreover, FeCo2S4 NW exhibits a higher peak cathodic current density (Jred) than the Pt electrocatalyst, indicating its superior electrocatalytic activity. Furthermore, the comparison of peak-to-peak separation (Ep-p, Equation (3) between FeCo2S4 NW and Pt counter electrodes shows that FeCo2S4 NW has a slightly higher Ep-p despite its better electrocatalytic activity (Ep-p of Pt is 389.8 mV, whereas for FeCo2S4 it is 449.8 mV), result in slower diffusion of I3- species which can affect the overall electron transfer kinetics. One possible reason is due to the presence of defects, edges, or specific crystal facets on the FeCo2S4 NW surface could contribute to the observed higher Ep-p while still maintaining superior electrocatalytic activity due to increased active sites. To evaluate the stability of the FeCo2S4 NW electrocatalyst in I-/I3- media, cyclic voltammetry analysis was performed at different scan rates (Fig. 4b). The increase of redox peak signals with scan rate indicates the chemical inertness of FeCo2S4 NW in I-/I3- media and implies the dependence of triiodide reduction on ion diffusion.
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Fig. 3. SEM micrographs at three different magnifications of (a) FeCo2O4 NW and (b) FeCo2S4 NW. (c) EDX elemental mapping images of FeCo2S4 NW.
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Fig. 4. (a) cyclic voltammograms of the counter electrodes, the scan rate is 50 mV/s; (b) scan rate dependence of cyclic voltammogram of FeCo2S4; and (c) Tafel polarization curves of Pt and FeCo2S4 CEs; (d) Nyquist plot of symmetrical dummy cells (inset is the equivalent electrical circuit used for fitting of Nyquist plots.

	The electrocatalytic activity of the counter electrodes was further examined using the Tafel polarization method in symmetrical dummy cells. Two identical electrodes, each with a 1 cm2 active surface area, were positioned facing each other and separated by double-sided Scotch tape. The Tafel polarization curves obtained from these cells (Fig. 4c) facilitated the determination of the exchange current density (J0), which is identified at the intersection of the linear cathodic branch (βc) and the equilibrium potential lines (E0) of the polarization curves [44]. Our results show that FeCo2S4 has a larger cathodic Tafel slope (338 mV/ decade) compared to Pt, which has a slope of 161 mV/decade. This difference results in a higher J0 value in FeCo2S4 NW in contrast to the reference (J0 (Pt) = 0.86 mA/cm2; J0 (FeCo2S4 NW) = 2.31 mA/cm2). This difference indicates that the associated CE works better electrocatalytically because more electrons pass through the interface between the CE and the electrolyte [45]. 
J0 is inversely proportional to the charge transfer resistance (RCT), as described in Equation (4):
J0 = RT/nFRCT                             (4)

where R is universal gas constant, T is absolute temperature, n is number of electrons, and F is Faraday constant. Therefore, the higher J0 of FeCo2S4 implies a lower RCT, expressing the superior electrocatalytic activity of the ternary sulfide counter electrode over the Pt-CE. This trend continues in the further electrochemical analysis of the dummy cells (Fig. 4d). Nyquist diagrams of the dummy cells show the electron transfer process at the interface between the counter electrode and the electrolyte. The diagram shows a semicircle whose intersection with the x-axis indicates the series resistance RS between the FTO substrate and the electrocatalyst. The semicircle represents the charge transfer resistance at the interface between the electrocatalyst and the electrolyte. A smaller semicircle at a lower frequency indicates the diffusion resistance ZW of the electrolyte. The RCT is significantly lower for FeCo2S4 compared to Pt: 1.89 Ohm cm2 compared to 2.66 Ohm cm2. Therefore, the electrochemical analysis further confirms the superior electrocatalytic activity of FeCo2S4 compared to Pt.
	
3.3. Photovoltaic performance FeCo2S4 
Dye-sensitized solar cells were constructed using FeCo2S4 nanowires grown on an FTO substrate as a counter electrode. In addition, DSSCs were fabricated using a Pt-based CE as a control. The performance of these solar cells was investigated under light conditions of about 100 mW/cm2 to determine their photovoltaic properties. The electrochemical parameters were derived from the results of electrochemical impedance spectroscopy and are shown in Table 1 and Fig. 5. It is noteworthy that the DSSC with FeCo2S4 NW exhibits a remarkable power conversion efficiency of 7.88 %, slightly exceeding the efficiency of the Pt-based control device at 7.45 % (Fig. 5a). A comparison shows that the Pt-based DSSC had higher values for VOC and FF than the FeCo2S4 NW counterpart. This discrepancy suggests that the higher PCE of FeCo2S4 is mainly due to an increase in JSC. Analysis of the cyclic voltammetry data indicates a higher rate of triiodide reduction on the FeCo2S4 NW-CE compared to the Pt-CE. This accelerated reduction facilitates the formation of iodide species and accelerates the dye regeneration process. The Tafel curve analysis confirms this phenomenon, with the exchange current density for FeCo2S4 being greater than that of Pt. Therefore, the superior electrocatalytic activity of ternary sulfide over Pt explains the enhanced JSC observed in FeCo2S4-based solar cells. Furthermore, the parameters derived from the Nyquist plot analysis support this conclusion (Fig. 5b). The plot consists of two semicircles, with the smaller one representing the charge transfer resistance at the CE/electrolyte interface (RʹCT) and the larger semicircle representing the charge transfer resistance at the TiO2/dye/electrolyte interface (RTiO2). The intersection with the x-axis corresponds to the series resistance (RS), which includes the internal resistances such as those of the TCO substrate and the electrocatalyst/TCO layer. It is noteworthy that the RʹCT values indicate a significantly higher electron flow at the FeCo2S4 CE/ electrolyte interface compared to the Pt CE/electrolyte interface. This finding supports the superior electrocatalytic activity of FeCo2S4 nanowires over Pt and thus explains the improved performance of DSSCs utilizing FeCo2S4.

Table 1. Photovoltaic parameters of the DSSCs with FeCo2S4 and Pt counter electrodes.
	DSSCs
	PCE (%)
	VOC (V)
	JSC (mA/cm2)
	FF
	RCT (Ω˟cm2)
	RS (Ω)
	RʹCT (Ω)
	RTiO2 (Ω)

	FeCo2S4
	7.88±0.23
	0.75±0.01
	15.23±0.24
	0.69±0.03
	1.89
	26.9
	12.9
	85.5

	Pt
	7.45±0.24
	0.77±0.01
	14.12±1.17
	0.69±0.04
	2.66
	28.1
	13.4
	103.8
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Fig. 5. (a) J-V curves and (b) Nyquist plot (inset is the equivalent electrical circuit used for fitting of Nyquist plots of the Pt- and FeCo2S4 NW-based DSSCs.

	The low charge transfer resistance at the FeCo2S4/electrolyte interface improves electrolyte reduction at the counter electrode surface, facilitating fast electron transport from the FeCo2S4 surface to the electrolyte. This process increases the concentration of iodide species, thereby accelerating the dye regeneration process and generating a higher JSC [46]. This phenomenon explains the improved JSC in FeCo2S4- based DSSCs. Conversely, a high concentration of injected electrons on TiO2 increases the rate of the recombination process. The lower charge transfer resistance at the TiO2/dye/electrolyte interface (RTiO2) of the FeCo2S4 device clearly indicates this effect.
	The photovoltaic performance of dye-sensitized solar cells based on Pt and FeCo2S4 nanowires was monitored for over ten days to evaluate their stability (Fig. 6). DSSCs using FeCo2S4 NW demonstrated remarkable stability in power conversion efficiency, short-circuit current density, and fill factor even after ten days. In contrast, Pt-based solar cells showed a significant decline in PCE and JSC over the same period. The stable JSC of FeCo2S4 NW indicates its excellent performance in catalyzing triiodide-iodide reduction, unlike Pt, which showed a notable decrease in JSC during testing. Interestingly, Pt-based DSSCs exhibited stable or slightly improved VOC, whereas FeCo2S4 NW-based devices showed a slight decrease in VOC after ten days, possibly due to increased recombination processes. The low charge transfer resistance of FeCo2S4 NW at the TiO2/dye/electrolyte interface suggests increased electron backflow, which could contribute to the VOC decrease in FeCo2S4 NW devices after ten days. Considering all the photovoltaic parameters, the FeCo2S4 nanowires emerge as a promising alternative to platinum, offering a more stable and cost-effective counter electrode material for DSSCs.

[image: ]
Fig. 6. Stability curves of the photovoltaic parameters of Pt- and FeCo2S4 NW-based DSSCs.
	
	4. Conclusions 
In conclusion, FeCo2S4 nanowires were successfully synthesized by a three-step solvothermal method, and their excellent electrocatalytic activity, fast redox kinetics, and high stability were demonstrated. The nanowires were used as a counter electrode in dye-sensitized solar cells, resulting in a power conversion efficiency (PCE) of 7.88 %, outperforming a control device made of Pt (PCE=7.45 %). The improvement was primarily due to the increase in short-circuit current density, thanks to the lower charge transfer resistance of FeCo2S4 NW. The FeCo2S4 NW-based solar cells exhibited excellent stability and maintained their high PCE value even after 10 days of aging under ambient conditions, while Pt-based DSSCs showed a 3 % decrease from their initial PCE value. This FeCo2S4 NW counter electrode is a promising alternative to Pt, providing valuable insights for the development of cost-effective and highly stable DSSCs. 
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Figure S1. The cross-sectional image of TiO2 photoanode used for dye-sensitized solar cells
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Figure S2. The cross-sectional image of Pt film on FTO glass.
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Figure S3. The cross-sectional image of FeCo2S4 nanowires film on FTO glass.
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Figure S4. Comparative XPS survey spectra of (a) FeCo2S4 NW and 
(b) FeCo2O4 NW
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This study investigates the electrocatalytic performance of binary MnO/NiS and ternary MWCNT@MnO/NiS composites as platinum (Pt) free counter electrodes (CEs) for triiodide reduction in dye sensitized solar cells (DSSCs). The MnO and NiS components form mixed phase structures, MnO/Mn3O4 and NiS/Ni3S4, respectively, while multiwalled carbon nanotubes (MWCNTs) function as a conductive scaffold to enhance charge transport. The composites were synthesized via a solvothermal method and thoroughly characterized using a combination of structural and electrochemical techniques. Both MnO/NiS and MWCNT@MnO/NiS electrodes demonstrated significantly lower charge transfer resistance than the conventional Pt CE, indicating superior catalytic activity. When integrated into DSSCs, the MnO/NiS and MWCNT@MnO/NiS electrodes achieved power conversion efficiencies (PCEs) of 8.66% and 9.29%, respectively, surpassing that of the Pt based device (8.54%) under identical testing conditions. The enhanced performance is attributed to the synergistic effects between the redox active mixed metal phases and the high conductivity and surface area of MWCNTs. Additionally, the devices exhibited excellent long term operational stability, underscoring the potential of these composite materials as cost effective and durable alternatives to noble metal CEs in next generation solar energy systems. 
Keywords Binary composite, Ternary composite, Multi-walled carbon nanotubes, Electrocatalyst, Dye sensitized solar cell.

Dye-sensitized solar cells (DSSCs) have emerged as promising alternatives to conventional silicon-based photovoltaic technologies, primarily due to their low production costs, ease of fabrication, and relatively high energy conversion efficiencies under low-light conditions. Since the pioneering work of O’Regan and Grätzel1, research on DSSCs has significantly expanded, exploring various materials and configurations to enhance their performance and reduce costs2-6. A typical DSSC consists of three essential components: a photoanode, an electrolyte, and a CE. The photoanode, usually composed of a dye-sensitized nanostructured semiconductor (commonly TiO2), absorbs incident photons. Upon light absorption, the dye molecules become photoexcited, promoting electrons from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). These excited electrons are subsequently injected into the conduction band of the semiconductor and then travel through an external circuit toward the CE, generating an electric current. The oxidized dye molecules are regenerated by electrons from the redox couple, typically iodide-triiodide (I-/I3-), within the liquid electrolyte. The CE plays a crucial role in catalyzing the reduction of I3- back to I-, thus completing the circuit by allowing the flow of electrons from the external circuit into the electrolyte. For this function, the CE must exhibit high electrocatalytic activity, low charge-transfer resistance, and excellent electrical conductivity. Pt is traditionally employed as the CE material due to its superior catalytic and electrical properties. However, the high cost and scarcity of Pt, along with its susceptibility to corrosion in I-/I3- electrolytes leading to the formation of undesirable complexes such as PtI4 and H2PtI6, limit its long-term application in DSSCs7,8. 
To address these limitations, significant research has been directed toward the development of alternative CE materials that are cost-effective, stable, and highly efficient. Among the most promising candidates are carbon-based materials, conductive polymers, and transition metal compounds. In particular, carbon nanomaterials such as MWCNTs have gained attention due to their high surface area, excellent electrical conductivity, and structural versatility9,10. MWCNTs can be chemically functionalized to introduce active nucleation sites on their surface, enabling the anchoring and growth of catalytically active species. This functionalization strategy not only ensures the uniform dispersion of catalytic components but also enhances interfacial bonding and facilitates efficient charge transfer, thereby improving the overall electrocatalytic performance of the resulting hybrid composites11-14. Several studies have demonstrated the versatility of MWCNT-based composites in diverse applications. For example, MoS2/MWCNT thin films have been synthesized and employed as CEs in DSSCs, achieving a power conversion efficiency (PCE) of 0.56%11. In another study, CuO/Cu2O nanoparticles were grown on MWCNTs and utilized as a gas sensing platform, highlighting their multifunctionality12. Furthermore, Au-MWCNT composites have been fabricated using green chemistry methods for use in photocatalytic and biosensing applications, demonstrating their environmental compatibility and broad utility13. Notably, a ZnCo2S4@MWCNT composite used as a CE in DSSCs achieved a significantly higher PCE of 8.55%, underscoring the promising performance of such hybrid structures14. 
Transition metal compounds, such as oxides and sulfides, are particularly attractive due to their ease of synthesis, low cost, good electrocatalytic activity, and chemical stability in the presence of the I-/I3- redox couple15-17. These properties make them suitable alternatives to Pt for long-term DSSC operation. These attributes position them as viable and sustainable alternatives to Pt for long-term DSSC applications. In this study, manganese oxide and nickel sulfide were selected as the primary active materials due to their complementary electrochemical properties. MnO is an earth-abundant, environmentally benign material with a high theoretical capacitance, making it a promising candidate for pseudocapacitive and redox-related applications. Its potential is further supported by its low cost and relatively straightforward synthesis. However, its practical application is hindered by intrinsic limitations, including low electrical conductivity and structural instability during cycling, which restrict its standalone use in electrochemical systems18. In contrast, NiS exhibits high electrical conductivity and robust electrocatalytic activity, particularly toward redox reactions such as the I-/I3- couple19. This makes it an effective catalyst in DSSCs, although it may still face challenges related to nanoparticle aggregation and mechanical integrity. To address the individual limitations of MnO and NiS while leveraging their synergistic benefits, MWCNTs were introduced as a conductive scaffold. MWCNTs serve multiple roles: they provide a high-surface-area support that enhances the dispersion of the active components, facilitate rapid charge transport due to their excellent electrical conductivity, and contribute to the mechanical stability of the composite. Moreover, the incorporation of MWCNTs mitigates particle aggregation and promotes a more uniform distribution of MnO and NiS nanoparticles20. The resulting MWCNT@MnO/NiS hybrid composite harnesses the advantageous properties of each constituent: MnO’s high redox capacity, NiS’s superior conductivity and catalytic activity, and MWCNTs’ structural and electronic support. This integrated approach offers a stable, efficient, and cost-effective alternative to traditional Pt-based CE in DSSCs, addressing both performance and scalability challenges in next-generation solar cell technologies. In this study, we explore a novel composite CE material comprising MWCNTs, MnO, and NiS for application in DSSC utilizing the conventional I-/I3- liquid electrolyte. This tri-component system is engineered to exploit the synergy among its constituents, with MWCNTs contributing high electrical conductivity and surface area, MnO offering structural stability and electrochemical activity, and NiS serving as an efficient catalytic material. The synergistic interaction among these materials is anticipated to enhance electron transport, lower charge transfer resistance, and significantly improve catalytic performance. Collectively, these attributes aim to deliver a cost effective, durable, and scalable alternative to traditional Pt-based CEs.

Materials and methods 
Materials 
All the chemicals used in this study were of high purity from commercial sources and used without further purification unless otherwise specified. Fluorine-doped SnO2 (FTO) coated glass (7 Ω/sq, 2.2 mm, Sigma Aldrich); light scattering titania paste (Greatcell Solar WER2-O TiO2 Paste, Sigma Aldrich); transparent TiO2 electrode paste (DN-EP03, Dyenamo); screen printable Platinum paste (Greatcell Solar PT1 Pt paste, Sigma Aldrich); Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)ruthenium (II), 95% (N719, Sigma Aldrich); chenodeoxycholic acid (CDCA, Sigma Aldrich); terephthalic acid, 98% (Sigma Aldrich); titanium (IV) isopropoxide, 97% (TTIP) Sigma Aldrich); manganese (II) nitrate tetrahydrate, ≥97% (Mn(NO3)2·4H2O, KT, Sigma Aldrich); nickel (II) nitrate hexahydrate ≥97% (Ni(NO3)2·6H2O, KT, Sigma Aldrich); thiourea, ACS reagent, ≥99.0% (NH2CSNH2, Sigma Aldrich); multi-walled carbon nanotubes, >95% (MWCNTs, OD: 10–20 nm, US Research Nanomaterials, Inc.); iodine ≥99,8% (Sigma Aldrich); lithium iodide, 99.9% (LiI, Sigma Aldrich); guanidine thiocyanate, 99% (GuSCN, Alfa Aesar, Thermo Scientific); 1-butyl-3- methylimidazolium iodide (BMII, DN-OD05, Dyenamo); 3-methoxypropionitrile (MPN, Sigma Aldrich); 4-tert-butylpyridine, 98% (tBP, Sigma Aldrich); acetonitrile (ACN, Acros Organic); tert-butanol, ≥99.0% (Sigma Aldrich); nitric acid ≥65% (HNO3, Honeywell Fluka); and hydrochloric acid >37% (HCl, HDL, Sigma Aldrich). 

Synthesis and preparation of counter electrodes 
The ternary composite CE composed of MWCNTs, MnO, and NiS, hereafter referred to as MWCNT@MnO/NiS, was synthesized through a two-step process involving spray-coating and solvothermal deposition. First, a dispersion of MWCNTs was prepared at a concentration of 1 mg/mL in a 1 weight percent aqueous Triton X-100 solution. This dispersion was uniformly spray-coated onto pre-cleaned fluorine-doped tin oxide (FTO) glass substrates placed on a hotplate maintained at 160°C. After deposition, the coated substrates were sintered in air at 350°C for 30 min to improve adhesion and enhance conductivity, resulting in MWCNT-coated FTO substrates, referred to as MWCNT@FTO. 
For the subsequent deposition of MnO and NiS, the MWCNT@FTO substrates were placed in a 50 mL Teflon-lined stainless-steel autoclave containing 40 mL of an ethanol-based precursor solution. This solution was prepared by dissolving 0.0625 mmol of manganese nitrate tetrahydrate (Mn(NO3)2·4H2O), 0.125 mmol of nickel nitrate hexahydrate (Ni(NO3)2·6H2O), and 1.00 mmol of thiourea (NH2CSNH2). The sealed autoclave was heated at 180°C for 8 h under static conditions. Following the reaction, the substrates were allowed to cool naturally to room temperature, rinsed thoroughly with ethanol and deionized water to remove residual precursors, and then dried overnight at 60°C. 
Control electrodes were prepared to isolate the contribution of each material. MWCNT-only electrodes were fabricated using the same spray-coating and sintering method, but without the solvothermal step. Similarly, MnO and NiS composite electrodes were synthesized by applying the solvothermal procedure directly to bare FTO substrates under identical conditions. For reference, a Pt-based CE was prepared by doctor blading a commercial Pt paste, composed of terpineol and hexachloroplatinic acid, onto FTO glass. This electrode was then sintered at 500°C for 30 min in air to form the final Pt layer.

Assembly of dye-sensitized solar cells 
FTO glass substrates (2.2 mm thickness, surface resistivity 7 Ω/sq) were cleaned by sonication in ethanol. A compact TiO2 blocking layer was applied by immersing the substrates in a 50 mM solution of titanium (IV) isopropoxide in 2 M HCl at 70°C for 30 min, followed by sintering at 500°C for 30 min. Subsequently, a transparent TiO2 layer (particle size: 18-20 nm) and a scattering TiO2 layer (particle size: 150-250 nm) were sequentially applied using the doctor blade technique. After each layer, the films were air-dried for 1 h and sintered in stages: 125°C for 5 min, 325°C for 10 min, 425°C for 15 min, and 500°C for 30 min. After cooling to 70-80°C, the TiO2 films were immersed in a 0.5 mM N719 dye solution in tert-butanol:acetonitrile (1:1 v/v) containing 0.75 mM chenodeoxycholic acid for 24 h. The dye-sensitized electrodes were then rinsed with ethanol to remove unbound dye. To assemble the solar cells, the CE and working electrode (WE) were sandwiched using a double-sided Scotch tape spacer. The space between the electrodes was filled with a redox electrolyte consisting of 0.03 M I2, 0.05 M LiI, 0.10 M guanidinium thiocyanate (GuSCN), 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), and 0.5 M 4-tert-butylpyridine (TBP) in an acetonitrile:MPN (1:1) mixture.

Characterization 
The structural and morphological characteristics of the electrodes were examined using a Zeiss Crossbeam 540 scanning electron microscope (SEM) and a JEOL JEM-1400 Plus transmission electron microscope (TEM). Elemental composition and chemical states were analyzed using energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific NEXSA). 
X-ray diffraction (XRD) patterns were collected using a Rigaku SmartLab diffractometer. Electrochemical impedance spectroscopy (EIS) of the DSSCs was performed in the dark at a bias voltage of -0.70 V with a 10 mV amplitude over a frequency range of 0.1 Hz to 100 kHz. EIS measurements of symmetric dummy cells were carried out under identical conditions, except with 0 V bias. Cyclic voltammetry (CV) was conducted using a non-aqueous Ag/Ag+ reference electrode, a Pt wire CE, and the DSSC CE as the working electrode. Photovoltaic performance was evaluated under standard illumination conditions (100 mW/cm2) using the Dyenamo photovoltaic testing system (DN-AE01).

Results and discussion 
Material characterization 
The crystalline phases of the synthesized materials, namely MWCNT, MnO/NiS, and MWCNT@MnO/NiS, were characterized using X-ray diffraction, as presented in Fig. 1. For simplicity, the mixed manganese oxide and nickel sulfide phases are referred to as MnO and NiS throughout this work. A characteristic diffraction peak at 2θ=25.69°, corresponding to the (002) reflection of the graphitic structure of MWCNTs, was observed in the MWCNT@MnO/NiS sample, but was absent in the pure MnO/NiS counterpart. The mixed NiS phase exhibited distinct diffraction peaks at 2θ values of 15.8°, 26.6°, 31.5°, 37.9°, 46.6°, 49.7°, and 54.9°, corresponding to the (111), (220), (311), (222), (400), (422), (511), and (440) crystal planes of Ni3S4, as identified in JCPDS Nos. 47-1739 and 43-146921-23. Additional weaker peaks at 2θ=29.8°, 44.7°, and 53.2° were attributed to NiS based on JCPDS No. 012-004121,22. The MnO phase showed peaks at 2θ=34.4° and 41.0°, corresponding to the (111) and (200) planes, respectively, as referenced in JCPDS No. 07-023024-26. Furthermore, peaks at 2θ=23.9°, 35.0°, and 51.3° were assigned to the (112), (211), and (105) planes of Mn3O4, according to JCPDS Nos. 04-007-1841 and 07-023024,25,27. 

[image: ]
Fig. 1. X-ray diffraction patterns of the synthesized electrocatalysts: MWCNT@MnO/NiS, MnO/NiS, and pristine MWCNTs.

The elemental composition and oxidation states of the MWCNT@MnO/NiS composite were investigated using X-ray photoelectron spectroscopy. The wide-scan XPS spectrum (Fig. 2a) confirmed the presence of manganese, nickel, carbon, sulfur, and oxygen, verifying the successful synthesis and integration of all intended components within the composite. A detailed analysis of the high-resolution Ni 2p spectrum (Fig. 2b) revealed peaks at 853.5 eV and 855.8 eV in the Ni 2p₃/₂ region, and at 870.6 eV and 872.9 eV in the Ni 2p₁/₂ region. The peaks at 853.5 eV and 870.6 eV were assigned to Ni2+, while those at 855.8 eV and 872.9 eV corresponded to Ni3+, confirming the presence of mixed-valence nickel species within the NiS phase. Satellite peaks observed at 859.8 eV and 875.8 eV further support this assignment, consistent with values reported in the literature22,28-30. The S 2p XPS spectrum (Fig. 2c) reveals the presence of multiple sulfur species, consistent with the mixed NiS and Ni3S4 phases identified from the Ni 2p analysis. Binding energy peaks at 161.35 eV and 162.52 eV correspond to the S 2p₃/₂ and S 2p₁/₂ spin-orbit components of monosulfide (S2-) in NiS, showing a splitting of ~1.2 eV, which is characteristic of metal-sulfide bonding31. A slightly higher BE at 163.65 eV is attributed to disulfide (S22-) species in Ni3S4, typically exhibiting a small positive shift relative to monosulfides due to increased electron withdrawal in the S-S bonded structure. Additionally, a prominent peak at 168.60 eV is assigned to sulfate (SO42-) species, likely formed through surface oxidation of sulfide phases upon air exposure. The simultaneous presence of sulfide and sulfate signals indicates partial surface oxidation of the nickel sulfide phases, a common occurrence in air-exposed sulfides32. The Mn 2p XPS spectrum (Fig. 2d) displays prominent peaks at 641.3 eV and 653.4 eV, corresponding to the Mn 2p₃/₂ and Mn 2p₁/₂ states of Mn2+, respectively. The presence of a satellite peak at 646.6 eV further confirms the existence of Mn in the +2 oxidation state. These spectral features indicate that the manganese oxide component in the composite consists of a mixed phase of MnO and Mn3O4, both of which contain Mn2+ species33. Detailed peak deconvolution reveals four distinct contributions: a dominant Mn2+ 2p₃/₂ peak at 641.3 eV, a minor Mn3+ 2p₃/₂ peak at 643.5 eV, a Mn2+ shake-up satellite at 646.6 eV, and the Mn2+ 2p₁/₂ peak at 653.4 eV. The area ratio of Mn3+ to Mn2+ based on the 2p₃/₂ peaks is approximately 1:4, indicating that Mn2+ is the predominant oxidation state with a minor contribution from Mn3+. This confirms the coexistence of MnO (Mn2+) and Mn3O4 (Mn2+/Mn3+), with MnO as the dominant phase. The absence of features associated with higher oxidation states, such as Mn4+, or strong Mn3+ satellites suggests that phases like Mn2O3 or MnO2 are not significantly present. Overall, these findings support the presence of a binary mixed-phase MnO system featuring redox-active Mn centers, which may contribute to the material’s electrochemical performance. While the Mn 2p XPS spectrum clearly indicates that Mn2+ is the predominant oxidation state, with a strong Mn 2p₃/₂ peak at 641.3 eV and a satellite at 646.6 eV characteristic of MnO, the O 1s spectrum (Fig. 2e) presents a more complex distribution of oxygen species. Deconvolution of the O 1s region reveals a relatively small peak at 529.5eV, which is typically assigned to lattice oxygen (O2-) in MnO. In contrast, a more intense peak appears at 531.0 eV and is attributed to lattice oxygen in Mn3O4, which contains both Mn2+ and Mn3+. This suggests that although MnO is the dominant manganese species based on the cationic Mn 2p analysis, its corresponding oxygen signal is less prominent, possibly due to factors such as surface oxidation, differences in surface concentration, or variations in photoemission sensitivity. The peaks observed at 532.2 eV and 533.5 eV are assigned to surface hydroxyl groups or oxygenated carbon species, and sulfate species, respectively, consistent with the presence of functionalized MWCNTs and sulfur detected in the S 2p region. Together, the Mn 2p and O 1s spectra confirm the formation of a MnO and Mn3O4 mixed-phase system, where MnO is more prevalent in the bulk while Mn3O4 and surface-bound species are enriched at the surface.
The high-resolution C 1s XPS spectrum of the MWCNT@MnO/NiS mixed-phase composite (Fig. 2f) displays several characteristic peaks that elucidate the carbon bonding environments within the hybrid material. The dominant peak at 284.5 eV corresponds to sp2 -hybridized carbon (C=C) from the graphitic framework of the MWCNTs, indicating the preservation of their intrinsic conductive structure. Peaks at 286.2 eV, 288.1 eV, and 289.3 eV are attributed to C–O, C=O, and O–C=O functionalities, respectively, reflecting the partial oxidation of the MWCNT surface. The presence of these functional groups can enhance charge transfer and mechanical adhesion within the composite, thereby contributing to its overall electrochemical performance and stability14. To further elucidate the influence of MWCNTs on the MnO/NiS composite, XPS analysis was conducted on the pristine MnO/NiS sample, as shown in Fig. S1. A comparative assessment of the core-level spectra reveals that the binding energies of Mn 2p, Ni 2p, S 2p, and O 1s in MnO/NiS are consistently shifted to higher values relative to those observed in the MWCNT@MnO/NiS composite. This systematic shift toward lower binding energies in the presence of MWCNTs suggests a net electron transfer from the carbon nanotubes to the metal oxide/sulfide matrix. Such electron donation is indicative of strong interfacial electronic interactions between the MWCNTs and the MnO/NiS components. The observed binding energy modulation reinforces the hypothesis that MWCNTs do not merely serve as a conductive scaffold but actively participate in tuning the electronic structure of the hybrid material, potentially enhancing its charge transport properties and overall electrochemical performance.

[image: ]
Fig. 2. XPS spectra of the MWCNT@MnO/NiS composite: (a) wide-scan survey spectrum; high-resolution spectra of (b) Ni 2p, (c) S 2p, (d) Mn 2p, (e) O 1s, and (f) C 1s.

The morphology and structure of the synthesized materials are illustrated in Fig. 3. Figure 3a shows a uniform MWCNT film deposited onto FTO glass using spray coating. The MWCNTs form an interconnected, porous network of entangled nanotubes that uniformly covers the FTO substrate. This network not only provides a high surface area but also ensures good electrical conductivity and mechanical adhesion, serving as an effective scaffold for subsequent deposition of active materials. The MnO/NiS binary composite, synthesized separately via a solvothermal process, is shown in Fig. 3b. In Fig. 3c, the ternary MWCNT@MnO/NiS composite is displayed, where NiS particles exhibit both cubic and flower-like morphologies, while MnO appears as spherical structures. Notably, the MnO particles in the ternary composite appear significantly larger than those in the MnO/NiS binary system depicted in Fig. 3b. This apparent increase in particle size is likely a result of heterogeneous nucleation occurring on the surface-functionalized MWCNTs. During the thermal treatment and dispersion processes, oxygen-containing functional groups such as carboxyl, hydroxyl, and carbonyl are likely introduced onto the surface of the MWCNTs. These functional groups act as chemically active sites that enhance the binding affinity between the carbon nanotube surface and metal precursors. Previous studies have demonstrated that such surface functionalization improves the interaction between carbon nanotubes and metal species, facilitating more efficient nucleation and subsequent particle growth34,35. In this context, the functionalized MWCNTs provide localized sites for MnO deposition, which promotes particle aggregation and growth. This mechanism plausibly accounts for the larger MnO particle size observed in the ternary MWCNT@MnO/NiS composite relative to the binary MnO/NiS system. 
As confirmed by the XRD and XPS analyses discussed earlier, both the NiS and MnO components exist as mixed phases. Specifically, the nickel sulfide comprises a combination of NiS and Ni3S4, while the manganese oxide consists of MnO and Mn3O4. This multiphase composition contributes to the observed morphological diversity and may enhance the electrochemical performance of the composite by introducing varied redox-active sites and improving charge transport. 
The cross-sectional SEM image (Fig. 3d) reveals that the MWCNT@MnO/NiS film exhibits a relatively uniform thickness, ranging from approximately 596 to 648 nm (average ~ 622 nm). The minor variation (~8%) indicates good deposition consistency. Furthermore, the SEM image confirms continuous and smooth growth across the substrate, suggesting uniform coverage and strong film integrity. High-resolution TEM images (Fig. 3e), obtained by scraping material from the film, distinctly show the tubular MWCNTs embedded with submicron-sized particles of NiS (cubic) and MnO (spherical), supporting the coexistence of the mixed nickel sulfide (NiS/Ni3S4) and manganese oxide (MnO/Mn3O4) phases within the composite structure. EDS mapping (Fig. 3f) confirmed the elemental distribution of Mn, Ni, S, O, and C across the FTO substrate, further supporting the successful integration of MWCNTs with the MnO and NiS components. These results validate the presence of both NiS and MnO phases, uniformly dispersed within the MWCNT matrix, forming a well-integrated and synergistic ternary composite.
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Fig. 3. SEM images of (a) MWCNT; (b) MnO/NiS; (c) MWCNT@MnO/NiS composite; (d) cross-sectional view of the MWCNT@MnO/NiS composite; 
(e) TEM image of MWCNT@MnO/NiS; (f) EDS elemental 
mapping of MWCNT@MnO/NiS.

Electrochemical and photovoltaic characterization of counter electrodes 
Cyclic voltammetry (CV) analysis was conducted to evaluate the electrocatalytic performance of MWCNT, MnO/NiS, and MWCNT@MnO/NiS CEs. As shown in Fig. 4a, both MnO/NiS and MWCNT@MnO/NiS composites exhibit two distinct redox peaks corresponding to the I-/I3- redox couple:
I3- + 2ē → 3I-                            (1)
3I- → I3- + 2ē                            (2)

This redox couple is central to DSSC operation. The appearance of both anodic and cathodic peaks in the CVs of MnO/NiS and MWCNT@MnO/NiS indicates effective catalysis of this two-electron transfer process. Notably, both composites show higher cathodic peak current densities (Jred) than the Pt electrode, implying enhanced kinetics for triiodide reduction. In contrast, MWCNT alone shows two distinct oxidation peaks but only one broad and weak reduction peak, suggesting that the redox process is slow and not fully reversible. Furthermore, CV measurements at various scan rates (Fig. 4b) and the resulting linear relationship between peak current and square root of scan rate (Fig. S2) suggest a diffusion-controlled process for MnO/NiS and MWCNT@MnO/NiS, in contrast to MWCNT which likely undergoes side reactions with the electrolyte. Additional CV analysis at multiple scan rates (Fig. 4 c, d) further confirms that the redox currents in MnO/NiS and MWCNT@MnO/NiS scale linearly with the square root of the scan rate (Figs. S3 and S4), consistent with diffusion-limited electron transfer processes and the absence of undesirable chemical interactions with the I-/I3- electrolyte.
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Fig. 4. Cyclic voltammograms of the CEs: (a) overall comparison of the electrodes, (b) MWCNT, (c) MnO/NiS, and (d) MWCNT@MnO/NiS at different scan rates.

The enhanced catalytic behavior of the MnO/NiS and MWCNT@MnO/NiS composites is attributed to their mixed-phase composition. The MnO/NiS composite contains both MnO and Mn3O4 phases, while the nickel sulfide exists as a mixture of NiS and Ni3S4. These phase mixtures can create heterojunction interfaces, increasing the number of active sites and improving charge transfer efficiency. The incorporation of MWCNTs into MWCNT@MnO/NiS further enhances electrical conductivity and provides a high-surface-area scaffold for dispersion of the metal oxide-sulfide nanoparticles, thereby increasing the effective catalytic surface. To gain further insight into their electrocatalytic properties, symmetrical dummy cells were assembled for impedance spectroscopy and Tafel analysis (Fig. 5). Electrochemical impedance spectroscopy Nyquist plots (Fig. 5a) reveal that MWCNT@MnO/NiS exhibits the lowest charge transfer resistance (RCT) of 0.53 Ω cm2, slightly lower than MnO/NiS at 0.55 Ω cm2. Both are significantly lower than that of Pt (2.23 Ω cm2), indicating superior charge transfer kinetics. The low-frequency semicircle corresponding to Warburg diffusion resistance (ZW) is small for these composites, suggesting efficient mass transport of redox species. In contrast, MWCNT exhibits an extremely high RCT of 2293 Ω cm2 (Fig. 5a, inset), confirming its poor catalytic activity and aligning with the earlier CV results.
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Fig. 5. (a) Nyquist plot and (b) Tafel polarization curve of symmetrical dummy cells. The equivalent electrical circuit model used to fit the EIS spectra is also included.

Tafel polarization analysis (Fig. 5b) provides valuable electrochemical insights into the catalytic and mass transport properties of CEs in DSSCs. Two key parameters extracted from the Tafel curves are the exchange current density (j0) and the limiting diffusion current density (Jlim), which serve as indicators of electron transfer kinetics and ionic diffusion behavior, respectively. The exchange current density was determined from the linear portion of the Tafel slope using the relation 
jo = RT/nFRCT                      (3)

Both MnO/NiS and MWCNT@MnO/NiS composites exhibit high exchange current densities of 2.13 and 2.23 mA cm-2, respectively, which slightly exceed that of the Pt electrode (2.06 mA cm-2). These values indicate that the composites possess strong catalytic activity and efficient electron transfer capabilities at the electrode-electrolyte interface. The slight increase in current density for MWCNT@MnO/NiS suggests a modest improvement in electrocatalytic performance compared to MnO/NiS and Pt, as the addition of MWCNTs enhances electrical conductivity and increases the available surface area for redox reactions, but the improvement is incremental because MnO/NiS alone already exhibits high activity36. Additionally, the low charge transfer resistance values observed for both composites further affirms their effective interfacial charge transport.
	The limiting diffusion current density, which reflects the maximum current supported by ion transport in the electrolyte, shows similarly high values for MnO/NiS, MWCNT@MnO/NiS, and Pt. In the context of the Tafel curve, Jlim can be estimated from the intersection of the cathodic branch with the Y-axis (log j), which corresponds to the current density where concentration polarization dominates, and the reaction becomes diffusion limited. This suggests that the diffusion of I- and I3- ions is not hindered by the substitution of Pt with composite electrodes. The comparable Jlim values indicate that both MnO/NiS-based electrodes maintain excellent ionic permeability, which is essential for minimizing concentration polarization and sustaining high photocurrent output. These findings demonstrate that the MnO/NiS and MWCNT@MnO/NiS composites combine efficient catalytic activity with effective ion transport properties. The presence of MnO and Mn3O4 along with NiS and Ni3S4 creates a synergistic structure that offers abundant active sites and robust electrical pathways. When reinforced with MWCNTs, the electrode structure becomes even more favorable for rapid charge and mass transport, which supports the high photovoltaic performance observed in devices utilizing these materials. Photovoltaic performance testing of DSSCs equipped with the prepared CEs (Table 1, Fig. 6a) further supports the electrochemical findings. The device employing the MWCNT@MnO/NiS CE achieved the highest PCE of 9.29%, surpassing that of the reference cell with a Pt electrode (8.54%). The MnO/NiS-based device also demonstrated strong performance, yielding a PCE of 8.66%. In contrast, the device using the MWCNT-only CE exhibited a significantly lower efficiency of 4.17%, consistent with its high charge transfer resistance and poor catalytic activity observed in Tafel and impedance measurements.

Table 1. Photovoltaic performance parameters and charge transfer resistance of DSSCs using different CEs.

	DSSCs
	PCE (%)
	VOC (mV)
	JSC (mA/cm2)
	FF
	RCT (Ω˟cm2)

	MWCNT@MnO/NiS
	9.29±0.40
	0.69±0.01
	18.07±0.78
	0.74±0.00
	0.53

	MnO/NiS
	8.66±0.18
	0.69±0.01
	17.18±0.21
	0.73±0.01
	0.55

	MWCNT
	4.17±0.67
	0.66±0.00
	15.72±1.11
	0.40±0.07
	2293

	Pt
	8.54±0.53
	0.70±0.00
	16.73±1.14
	0.73±0.01
	2.23
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Fig. 6. (a) Current density-voltage characteristics and (b) PCE stability over 240 h of DSSCs with different CEs

	To comprehensively assess the relative performance of the MWCNT@MnO/NiS composite, its photovoltaic efficiency was compared with those of recently reported MWCNT-based binary and ternary metal oxide/ sulfide CEs, as summarized in Table 2. The comparative data clearly demonstrate that the MWCNT@MnO/ NiS composite achieves one of the highest PCEs among the listed systems, with a notable PCE of 9.29%. This result underscores the material’s significant potential as a viable Pt-free alternative in DSSCs. Particularly noteworthy is that the performance of MWCNT@MnO/NiS not only rivals but in some cases surpasses that of more structurally intricate systems, including MoWO4-ZnO@MWCNT37 and MoS2/Ni3S2/MWCNT36. These findings affirm the effectiveness of the MWCNT@MnO/NiS composite design, both in terms of energy conversion efficiency and in the practical simplification of electrode fabrication, which is crucial for scalable and cost-effective solar energy technologies.

Table 2. Photovoltaic performance comparison of binary and ternary composites used as CEs in DSSCs employing the I-/I3- redox couple and N719 dye.

	Counter electrodes
	JSC (mA cm-2)
	VOC (mV)
	FF
	PCE (η, %)
	References

	MnO2-NiO
	0.3
	0.83
	0.84
	0.21
	38

	CuCo2S4@MWCNTs
	8.46
	0.76
	0.49
	3.09
	39

	Ba6Co25S27/MWCNT
	8.41
	0.81
	0.47
	3.20
	40

	Ni3S2/MWCNTs
	6.72
	0.77
	0.72
	3.74
	41

	NiO/MWCNTs
	7.53
	0.71
	0.70
	3.80
	41

	NiCo2S4/MWCNT
	9.02
	0.71
	0.55
	4.14
	42

	ZnO/MWCNTs
	10.20
	0.71
	0.62
	4.57
	43

	CuS/ZrS3/MWCNT
	12.26
	0.72
	0.58
	5.15
	44

	Cu4SnS6/MWCNT
	11.20
	0.74
	0.73
	6.05
	45

	[bookmark: _Hlk202281261]NiCoO2@CNTs fiber
	14.67
	0.64
	0.68
	6.38
	46

	Fe2O3@MWCNT
	13.01
	0.75
	0.73
	7.09
	47

	SH-MWCNTs@NiMoO4
	19.66
	0.72
	0.52
	7.29
	48

	Ni3S2@MWCNTs
	17.25
	0.75
	0.56
	7.48
	49

	MoS2-MoO2/MWCNTs
	15.62
	0.79
	0.62
	7.79
	50

	MoS2/Ni3S2/MWCNTs
	17.92
	0.70
	0.66
	8.27
	36

	ZnCo2S4@MWCNT
	17.99
	0.74
	0.65
	8.55
	14

	CoS2/MWCNTs
	18.01
	0.72
	0.71
	8.85
	51

	ZnCo2O4@NiMoO4/CP
	20.51
	0.76
	0.60
	9.38
	52

	MoWO4-ZnO@MWCNTs
	19.16
	0.78
	0.66
	9.96
	37

	MnO/NiS
	17.18
	0.69
	0.73
	8.66
	This work

	MWCNT@MnO/NiS
	18.07
	0.69
	0.74
	9.29
	This work



The enhanced photovoltaic performance of the MWCNT@MnO/NiS composite is attributed to a synergistic combination of high electrocatalytic activity and improved charge transport. The mixed-phase structure, comprising MnO and Mn3O4 along with NiS and Ni3S4, provides a rich distribution of catalytically active sites, facilitating rapid triiodide reduction at the electrode-electrolyte interface. Simultaneously, the incorporation of MWCNTs enhances electrical conductivity and increases the effective surface area, which promotes efficient charge collection and minimizes resistive losses within the cell.
Stability testing over a 10-day period (240 h, Fig. 6b) revealed no significant degradation in device performance for any of the fabricated cells. The PCE values remained stable throughout the test duration, indicating excellent operational durability of both the MnO/NiS and MWCNT@MnO/NiS CEs. To assess the structural integrity of the CEs after prolonged use, DSSCs were dismantled following 15,840 h of continuous operation. The electrodes were extracted and thoroughly cleaned using acetonitrile and ethanol to remove residual electrolyte and contaminants, followed by drying in a vacuum oven at 60°C overnight to ensure complete solvent removal. SEM analysis showed that the surface morphology of both MnO/NiS and MWCNT@MnO/NiS electrodes remained largely unchanged after long-term operation. No signs of particle agglomeration, delamination, or morphological degradation were observed, confirming excellent structural stability of the composite layers under extended working conditions (Fig. S5). XPS analysis further supported the long-term stability of the CEs by revealing only minor changes in surface chemistry. While a general shift toward higher binding energies was observed for all detected elements, indicating subtle changes in the local chemical environment, possibly due to charge redistribution or interfacial electronic interactions, no major chemical degradation or compositional breakdown was evident (Fig. S6). These shifts suggest limited surface reorganization rather than fundamental material instability. Additionally, a modest decrease in the intensity of the C 1s peak associated with the O–C=O functional group was observed, indicating partial desorption or decomposition of oxygenated carbon species from the MWCNT surface. Conversely, the O 1s peak, attributed to surface hydroxyl groups, oxygenated carbon species, and sulfate groups, showed an increase in intensity. This likely reflects surface oxidation or accumulation of reaction by-products due to prolonged exposure to illumination and ambient conditions during operation. Despite these subtle spectral changes, the core chemical composition and functionality of the composite electrodes were preserved.
Together, the SEM and XPS results provide consistent and complementary evidence that the MnO/NiS and MWCNT@MnO/NiS composite electrodes maintain their structural and chemical integrity after more than 15,000 h of continuous photovoltaic operation. This long-term durability, coupled with high photovoltaic performance, underscores the promise of these materials as stable, cost-effective, and scalable alternatives to conventional Pt-based CE in DSSC applications. 

Conclusion 
A solvothermal synthesis strategy was successfully employed to fabricate binary MnO/NiS and ternary MWCNT@MnO/NiS composite counter electrodes, consisting of mixed phases of MnO, Mn3O4, NiS, and Ni3S4. Comprehensive electrochemical and photovoltaic evaluations demonstrated that both composites exhibit efficient iodide and triiodide redox kinetics, strong electrocatalytic activity, and low charge transfer resistance. Dye-sensitized solar cells incorporating MnO/NiS and MWCNT@MnO/NiS counter electrodes achieved power conversion efficiencies of 8.66% and 9.29%, respectively, both exceeding the performance of the reference Pt electrode at 8.54%. The superior performance of the MWCNT-containing composite is attributed to the synergistic interaction between the catalytically active mixed-phase nanostructure and the high conductivity and surface area provided by multiwalled carbon nanotubes. These results demonstrate that MnO/NiS-based materials are not only efficient and stable but also present a cost-effective alternative to Pt for use in dye-sensitized solar cells. This work provides a practical and scalable approach to developing high-performance, noble-metal-free counter electrodes for next-generation solar energy technologies.
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Figure S1. XPS spectra of the MnO/NiS composite: (a) wide-scan survey spectrum; high-resolution spectra of (b) Ni 2p, (c) S 2p, (d) Mn 2p, and (e) O 1s.
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Figure S2. Plot of peak current density vs. scan rate dependence of MWCNT.
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Figure S3. Plot of peak current density vs. scan rate dependence of MnO/NiS.
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Figure S4. Plot of peak current density vs. scan rate dependence of MWCNT@MnO/NiS
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Figure S5. SEM images of (a) MnO@NiS and (b) MWCNT@MnO/NiS electrodes before and after long-term operation (15,840 hours) showing morphological stability.
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Figure S6. XPS spectra of the MWCNT@MnO/NiS composite after long-term operation (15,840 hours): (a) wide-scan survey spectrum; high-resolution spectra of (b) Ni 2p, (c) S 2p, (d) Mn 2p, (e) O 1s, and (f) C 1s.
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Unveiling the Potential of MnxCo3-xS4 Electrocatalyst in Triiodide Reduction for Dye-sensitized Solar Cells
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	The development of a low-cost and high-efficiency Pt-free counter electrode is an important goal to improve the performance of dye-sensitized solar cells. In this study, we successfully synthesized a MnxCo3-xS4-based counter electrode by a facile solvothermal synthesis technique. The electrocatalyst was directly deposited on a fluorine doped titanium oxide (FTO) coated glass substrate. Various characterization techniques such as X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy were employed to analyze the obtained MnxCo3-xS4 counter electrode material. The photovoltaic measurements performed on the dye-sensitized solar cells showed a remarkable improvement in energy conversion efficiency with the MnxCo3-xS4 counter electrode (8.60 %) compared to the conventional Pt (8.11 %). Moreover, the MnxCo3-xS4 counter electrode exhibited excellent stability, further highlighting its potential as an efficient and durable alternative to Pt in dye-sensitized solar cells. Overall, our results contribute to the further development of Pt-free counter electrode materials for sustainable solar energy applications. 
Keywords: MnCo2S4; ternary sulfide; solvothermal synthesis; Pt-free counter electrodes, dye-sensitized solar cells.

Introduction 
The demand for photovoltaic technology continues to increase as the world's population grows and environmental concerns increase. Among the various types of photovoltaic technologies, dye-sensitized solar cells (DSSCs) have emerged as a promising third-generation solution due to their low cost, high efficiency, and ease of fabrication. These characteristics make DSSCs a potential replacement for expensive silicon-based solar cells [1]. However, the commercialization of DSSCs faces challenges such as relatively low efficiency, poor stability, and non-competitive prices. Another hurdle is the use of platinum (Pt) as a counter electrode in DSSCs, which is problematic due to high cost, limited availability, and stability-related issues [2-4]. Consequently, there is an urgent need to develop low-cost and high-efficiency Pt-free counter electrodes to improve the overall affordability of solar cells [5]. 
Transition metal compounds, especially ternary compounds such as oxides, sulfides, and selenides, have emerged as promising alternatives to Pt due to their excellent electrocatalytic activity, long-term stability, and abundance [6-8]. In this study, we focused on the development of a MnCo3S4 electrocatalyst as a Pt-free counter electrode for DSSC applications. MnCo2S4 is a ternary compound derived from Co3S4 with one Co atom replaced by Mn. To achieve this, we synthesized a MnxCo3-xS4 counter electrode directly on a fluorine-doped titanium oxide (FTO) coated glass substrate using a simple one-step solvothermal method. The resulting MnxCo3-xS4/FTO counter electrode was extensively characterized by various spectroscopic and microscopic techniques and then integrated into a DSSC device to evaluate its performance. 
Remarkably, the DSSC with the MnxCo3-xS4 composite counter electrode achieved a higher efficiency (PCE) of 8.60 % compared to the device with a conventional Pt counter electrode (PCE of 8.11 %). These results demonstrate the potential of MnxCo3-xS4 counter electrodes as a promising alternative to Pt in DSSCs, offering advantages such as lower cost and higher efficiency. With this research, we contribute to the further development of Pt-free counter electrode materials and pave the way for more affordable and sustainable photovoltaic technologies.

2. Experimental
2.1. Materials
Chemicals and materials were obtained from commercial sources and utilized as received, unless specifically stated otherwise.

2.2. Synthesis of MnxCo3-xS4 counter electrode 
A composite material, MnxCo3-xS4, was synthesized by the solvothermal method. In this method, the precursors Mn(NO3)2, Co(NO3)2, and thiourea were dissolved in ethanol in an ultrasonic bath. The resulting solution, together with the FTO glass, was then transferred to a 50-mL stainless steel autoclave lined with Teflon and kept at a temperature of 180°C for 14 hours. The stoichiometric ratio of manganese and cobalt nitrates to thiourea was 1:2:10, respectively. Subsequently, the electrocatalyst-coated FTO substrates were washed with water and ethanol and dried at 70°C for 12 hours in a vacuum oven. 

2.3. Fabrication of dye-sensitized solar cells 
Preparation of the working electrode (WE) included the following steps: First, the FTO glass slides (2.2 mm thick, surface resistivity 7 Ω/sq, Sigma-Aldrich) were cleaned with ethanol and ultrasound and then air dried. A compact TiO2 layer was formed by soaking the FTO in a 50 mM titanium (IV) isopropoxide solution in 2M HCl at 70ºC for 30 minutes and sintering at 500ºC for 30 minutes. A transparent TiO2 paste (particle size: 18-20 nm, DN -EP03, Dyenamo) was doctor bladed the compact TiO2 layer. After the transparent TiO2 layer was air dried for 30 minutes, the electrodes were sintered in an oven at different temperatures: 125ºC for 5 minutes, 325ºC for 10 minutes, 425ºC for 15 minutes, and 500ºC for 30 minutes. Once the electrodes were cooled to 70ºC, a light-scattering TiO2 layer (particle size: 150-250 nm, Greatcell Solar WER2-O, Sigma-Aldrich) was doctor bladed over the transparent TiO2 film and air dried for 1 hour before sintering as described above. After cooling, the electrodes were immersed in a dye solution containing 0.25 mM of ruthenium-based standard dye N719 (Sigma-Aldrich) and 0.75 mM chenodeoxycholic acid (CDCA, Sigma-Aldrich) in an acetonitrile: tert-butanol mixture (1:1) for 24 hours. After loading the dye, the electrodes were rinsed with ethanol to remove unbound dye molecules from the surface of the TiO2 film and then dried. The counter electrode (CE) was prepared using a Pt-based approach. A commercial Pt paste (containing terpineol and hexachloroplatinic acid, Sigma-Aldrich) was doctor bladed onto a clean and dry FTO glass substrate and then sintered at 500ºC for 30 minutes. To construct the dye-sensitized solar cell, an MPN-based iodine/iodide redox electrolyte (DN-OD03 S104, Dyenamo) was applied to the dye-loaded TiO2 photoanode and the CE (either Pt or MnxCo3-xS4) was placed on top. The two electrodes were separated with double-sided adhesive tape. 

2.4. Characterization 
The electrocatalyst was subjected to various characterization techniques to evaluate its properties. X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab system. The structure and morphology were analyzed using a Zeiss Crossbeam 540 scanning electron microscope (SEM). Energy dispersive X-ray spectroscopy (EDS) and NEXSA Thermoscientific X-ray photoelectron spectroscopy (XPS) were used to determine material composition. The photovoltaic analysis of the solar cells was performed using Dyenamo Toolbox (DN -AE01). Electrochemical analysis, on the other hand, was performed in the dark using the IM6 electrochemical station from Zahner Elektrik. The measurements were performed with a bias voltage of -0.72 V, an amplitude of 10 mV and a frequency range of 0.1 - 100000 Hz. The obtained data were further processed and fitted using the EIS Spectrum Analyzer. 

3. Results and Discussion 
3.1. Characterization of MnxCo3-xS4 electrocatalyst 
Figure 1 shows the XRD patterns of MnxCo3-xS4. In addition to the prominent peaks originating from the FTO substrate, specific diffraction peaks can be observed at 32.09°, 36.73°, 48.36°, and 55.83° corresponding to the (311), (400), (511), and (440) crystal planes of Co3S4, respectively (PDF42-1448) [9]. It is noteworthy that the XRD diffraction peaks of MnxCo3-xS4 are very similar to those of Co3S4, indicating the substitution of a single Co atom by Mn and the similarity of crystal structure between the two [10]. Therefore, we can conclude that the doping process led to the formation of MnCo2S4.
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Figure 1: X-ray diffraction pattern of a thin film of MnxCo3-xS4 on an FTO substrate

The elemental composition and valence states were analyzed by X-ray photoelectron spectroscopy, and the corresponding spectra are shown in Figure 2. The full XPS spectrum of the MnxCo3-xS4 composites shows distinct peaks attributable to Mn, Co, and S, confirming the presence of these elements and their corresponding valence states in the sample. It is worth noting that the elements C, N and O are normally present in air. 
The Co 2p spectrum shows two spin-orbit doublet peaks. The dominant peaks at 781.8 and 797.0 eV correspond to the 2p3/2 and 2p1/2 spin-orbit states of Co2+, respectively, while the weaker peaks at 777.6 and 792.8 eV are associated with Co3+ [10]. The presence of Co3+ peaks in the spectrum indicates possible oxidation of the surface when exposed to air. As can be seen in Figure 2, the Mn 2p orbitals show spin splitting leading to two singlet pairs: Mn 2p3/2 (642.8 eV) and Mn 2p1/2 (654.6 eV), which can be attributed to the Mn2+ binding energy [11]. In the S 2p XPS spectra, a satellite peak at 168.7 eV and three peaks representing different sulfur species are observed. The peaks at 162.3 and 163.5 eV correspond to S 2p3/2 and S 2p1/2, respectively. In addition, the peak at 164.6 eV indicates metal-bonded sulfur (S-M) [12].
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Figure 2. XPS spectra of the MnxCo3-xS4 electrocatalyst.

Uniformly grown MnxCo3-xS4 nanoflakes were prepared on the surface of FTO glass by a solvothermal reaction. The resulting electrocatalyst had nanoflakes with an average diameter of about 260 nm and a plate thickness of 36.5 nm, as shown in the upper part of Figure 3. The lower part of Figure 3 shows the spectrum of energy dispersive X-ray spectroscopy of the synthesized MnxCo3-xS4 composite, which confirms the presence of elements Mn, Co and S in the prepared material.
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Figure 3. Top: FE-SEM images of the MnxCo3-xS4 coated FTO electrode showing magnifications of 5000 (left) and 40000 (right). Bottom: EDS mapping of the electrocatalyst.

3.2. Photovoltaic and electrochemical performance of MnxCo3-xS4 electrocatalyst 
To investigate the photovoltaic and electrochemical performances of an electrocatalyst, dye-sensitized solar cells were constructed using MnxCo3-xS4 and Pt as counter electrodes. The photovoltaic measurements were performed under the standard solar conditions AM 1.5 and an illuminance of 1000 W/cm2. The obtained results are summarized in Table. Figure 4a shows the current-voltage (J-V) curve of the solar cells, while Figure 4b presents the Nyquist diagrams. It is worth noting that the MnxCo3-xS4 composite cell has an excellent performance with a power conversion efficiency (PCE) of 8.60 %, slightly exceeding the Pt cell efficiency of 8.11 %. The main factor contributing to the increase in PCE efficiency is the short circuit current (JSC), which was 16.60 mA/cm2 for the MnxCo3-xS4 cell and 15.87 mA/cm2 for the Pt control device. This higher JSC indicates better electrocatalytic activity of the MnxCo3-xS4 electrocatalyst compared to Pt. The electrochemical impedance spectroscopy measurements confirm this result (Fig. 4b). The Nyquist diagrams of the solar cells consist of two semicircles: The smaller arc represents the charge transfer resistance at the interface between the counter electrode and the electrolyte (RCT), while the larger arc corresponds to the charge transfer resistance at the interface between the semiconductor and the electrolyte (.). The intersection of the graph with the x-axis indicates the series resistance of the device (RS). It is worth noting that the MnxCo3-xS4 cell has a lower series resistance (19.2 Ω) compared to Pt (22.6 Ω), indicating better contact between MnxCo3-xS4 and FTO. In addition, the RCT of the MnxCo3-xS4 cell was also lower than that of the Pt solar cell, indicating improved electrocatalytic activity of the novel Pt-free counter electrode and improved electron flow at the counter electrode-electrolyte interface. This electron flow, referred to as the exchange current (J0), is indirectly proportional to the charge transfer resistance RCT and can be expressed as 
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where R is the universal gas constant, T is the absolute temperature, n is the number of electrons involved in the triiodide reduction process, and F is Faraday's constant. The superior electrocatalytic activity of MnxCo3-xS4 provides an explanation for the improved JSC in the DSSCs compared to Pt.
	
Table. Photovoltaic parameters comparison between DSSCs with MnxCo3-xS4 composites and Pt counter electrodes.

	DSSCs
	PCE (%)
	VOC (V)
	JSC (mA/cm2)
	FF
	RS (Ω)
	RCT (Ω)
	RTiO2 (Ω)

	MnxCo3-xS4
	8.60
	0.73
	16.60
	0.71
	19.2
	12.9
	47.9

	Pt
	8.11
	0.73
	15.87
	0.70
	22.6
	13.1
	54.6



[image: ]
Figure 4. (a) Current-voltage curves and (b) Nyquist plots depicting the performance of dye-sensitized solar cells. 

4. Conclusions 
In this study, Pt-free counter electrodes based on MnxCo3-xS4 were successfully synthesized by a one-pot solvothermal method. The electrocatalytic activity of MnxCo3-xS4 proved to be excellent and exceeded that of Pt, as further measurements showed. In particular, the dye-sensitized solar cell with MnxCo3-xS4 composites as the counter electrode achieved an efficiency of 8.60 %, slightly outperforming the DSSC with Pt counter electrode (PCE: 8.11 %). These results highlight the potential of MnxCo3-xS4 composites as a promising alternative to Pt for DSSC counter electrodes due to their improved electrocatalytic performance and cost efficiency. Moreover, this research introduces a novel idea and strategy for fabricating efficient base metal counter electrode materials for DSSCs. The convenient solvothermal method used in this study provides a practical and scalable approach to fabricate MnxCo3-xS4 composites. This technique can potentially be extended to other metal sulfide materials, allowing the development of a broader range of base metal counter electrodes. The successful implementation of MnxCo3-xS4 composites as Pt-free counter electrodes not only solves the problem of scarcity and high cost of Pt but also provides a sustainable and environmentally friendly solution for DSSC technology. Future studies can address the optimization of the composition and morphology of MnxCo3-xS4 composites to further improve their performance in DSSCs and ultimately advance the field of renewable energy. 
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Д. Сүлейменова, Е. Ташенов, Маникс П. Баланэй, Б. Баптаев

Бояғышқа сезімтал күн батареялары үшін триодидтерді тотықсыздану кезінде MnxCo3-xS4 электрокатализаторының әлеуетін ашу

Қымбат емес және жоғары тиімді, құрамында платинасы жоқ қарсыэлектродты жасау бояғышқа сезімтал күн батареяларының өнімділігін жақсартудың маңызды міндеті болып табылады. Бұл зерттеуде біз қарапайым солвотермиялық синтез әдісін қолдана отырып, MnxCo3-xS4 қарсы электродты сәтті синтездедік. Электрокатализатор тікелей фтор легирленген титан оксидімен (FTO) қапталған шыны төсенішке қолданылды. Алынған MnxCo3-xS4 қарсыэлектрод материалын талдау үшін рентгендік дифракциялық спектроскопия, сканерлеуші электрондық микроскопия, энергиялық дисперсиялық рентгендік спектроскопия және рентгендік фотоэлектрондық спектроскопия сияқты әртүрлі сипаттама әдістері пайдаланылды. Бояғышқа сезімтал күн батареяларында жүргізілген фотоэлектрлік өлшеулер әдеттегі Pt (8,11 %) салыстырғанда MnxCo3-xS4 есептегіш электродпен (8,60 %) қуатты түрлендіру тиімділігінің айтарлықтай жақсарғанын көрсетті. Сонымен қатар, MnxCo3-xS4 қарсыэлектроды тамаша тұрақтылықты көрсетті, бұл оның әлеуетін одан әрі бояғышқа сезімтал күн батареяларында Pt-ге тиімді және берік балама ретінде әлеуетін одан әрі көрсетеді. Тұтастай алғанда, біздің нәтижелеріміз күн энергиясын тұрақты пайдалану үшін Pt-сіз контрэлектродтық материалдарды одан әрі дамытуға ықпал етеді. 
Кілт сөздер: MnCo2S4, үштік сульфид, солвотермиялық синтез, Pt жоқ қарсы электродтар, бояғышқа сезімтал күн батареялары.
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Раскрытие потенциала электрокатализатора MnxCo3-xS4 в восстановлении трийодидов для солнечных элементов, сенсибилизированных красителем

Разработка недорогого и высокоэффективного противоэлектрода, не содержащего платины, является важной задачей для улучшения характеристик солнечных элементов, сенсибилизированных красителем. В этом исследовании мы успешно синтезировали противоэлектрод на основе MnxCo3-xS4 с помощью простого метода сольвотермического синтеза. Электрокатализатор наносили непосредственно на стеклянную подложку с покрытием из легированного фтором оксида титана (FTO). Для анализа полученного материала противоэлектрода MnxCo3-xS4 использовались различные методы характеризации, такие как рентгеновская дифракционная спектроскопия, сканирующая электронная микроскопия, энергодисперсионная рентгеновская спектроскопия и рентгеновская фотоэлектронная спектроскопия. Фотогальванические измерения, выполненные на солнечных элементах, сенсибилизированных красителем, показали заметное улучшение эффективности преобразования энергии с противоэлектродом MnxCo3-xS4 (8,60 %) по сравнению с обычным Pt (8,11 %). Кроме того, противоэлектрод MnxCo3-xS4 продемонстрировал превосходную стабильность, что еще больше подчеркивает его потенциал в качестве эффективной и долговечной альтернативы Pt в солнечных элементах, сенсибилизированных красителем. В целом, наши результаты способствуют дальнейшему развитию материалов противоэлектродов, не содержащих Pt, для устойчивого использования солнечной энергии. 
Ключевые слова: MnCo2S4, тройной сульфид, сольвотермальный синтез, бесплатиновые противоэлектроды, солнечный элемент, сенсибилизированный краситель.
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In the past few years, the development of alternative and renewable energy sources has been one of the urgent and most important tasks due to the growing demand of the population for energy. Dye-sensitized solar cells (DSSC) firstly introduced by Grätzel and O'Regan are third generation photovoltaic devices that have distinctive advantages over silicon solar cells, such as low cost of materials used, ease of fabrication and eco-friendliness. 
The development of an alternative counter electrode for dye-sensitized element (DSSC) using a simple and single method is an ad hoc research direction for problem solving used with an expensive Pt-based counter electrode. In this work, a MnCo2S4 counter electrode was developed directly on a fluorine-doped titanium oxide (FTO) coated glass substrate using a one-step and simple hydrothermal method. The MnCo2S4@FTO counter electrode has been characterized by several spectroscopic and microscopic methods and has also been assembled in a DSSC device to evaluate electrode performance.
The DSSC with MnCo2S4 counter electrode produced 97 % comparable efficiency with Pt-based electrode which shows its applicability as an alternative counter electrode owing to its reduced production cost and almost similar photovoltaic efficiency with the reference electrode.
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The population's growing demand for energy has made the development of alternative and renewable energy sources one of the most urgent and important problems of recent years. Dye-sensitized solar cells (DSSCs), originally introduced by Grätzel and O'Regan, represent a third generation of photovoltaic devices that offer unique advantages over silicon solar cells, including low material cost, ease of fabrication, and environmental friendliness. The development of an alternative counter electrode for dye-sensitized solar cells with a simple and straightforward method is an ad hoc research direction for solving problems used with an expensive Pt-based counter electrode. In this work, a FeCo2S4 counter electrode was developed directly on a fluorine-doped titania (FTO) coated glass substrate using a three-step solvothermal method: Preparation of precursor, preparation of cobalt iron oxide and sulfurization process. The FeCo2S4@FTO counter electrode was characterized by various spectroscopic and microscopic methods and incorporated into a DSSC device to evaluate the performance of the electrode. The DSSC with the FeCo2S4 counter electrode achieved an efficiency of 95 %, which is comparable to the Pt-based electrode. This shows that the FeCo2S4 counter electrode is suitable as an alternative counter electrode as it can be produced at a lower cost and has an almost similar photovoltaic efficiency to the reference electrode.
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