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Unveiling the Potential of MnxCos_xS4 Electrocatalyst in Triiodide Reduction
for Dye-sensitized Solar Cells

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 MnxCozxSs-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 MnxCosxSs counter electrode material. The photovoltaic
measurements performed on the dye-sensitized solar cells showed a remarkable improvement in energy
conversion efficiency with the MnxCosxSacounter electrode (8.60 %) compared to the conventional Pt
(8.11 %). Moreover, the MnxCozxSacounter 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 MnCosS, electrocatalyst as
a Pt-free counter electrode for DSSC applications. MnCo0S; is a ternary compound derived from Co3S4 with
one Co atom replaced by Mn. To achieve this, we synthesized a MnxCo0s.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 MnyCosxSscomposite 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 MnxCos.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.
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2.2. Synthesis of MnxCos..Ss counter electrode

A composite material, MnyCo03S4, wWas synthesized by the solvothermal method. In this method, the
precursors Mn(NQOs)2, Co(NOs)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 Q/sq, Sigma-Aldrich) were cleaned with ethanol and ultrasound and then
air dried. A compact TiO- layer was formed by soaking the FTO in a 50 mM titanium (IV) isopropoxide
solution in 2M HCI at 70°C for 30 minutes and sintering at 500°C for 30 minutes. A transparent TiO» paste
(particle size: 18-20 nm, DN -EP03, Dyenamo) was doctor bladed the compact TiO. layer. After the
transparent TiO, layer was air dried for 30 minutes, the electrodes were sintered in an oven at different
temperatures: 125°C for 5 minutes, 325°C for 10 minutes, 425°C for 15 minutes, and 500°C for 30 minutes.
Once the electrodes were cooled to 70°C, a light-scattering TiO; layer (particle size: 150-250 nm, Greatcell
Solar WER2-0O, Sigma-Aldrich) was doctor bladed over the transparent TiO- 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 TiO;
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 500°C for 30 minutes.

To construct the dye-sensitized solar cell, an MPN-based iodine/iodide redox electrolyte (DN-ODO3
S104, Dyenamo) was applied to the dye-loaded TiO, photoanode and the CE (either Pt or Mn«Co03.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 Crossheam 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 -AEOQ1).
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 Mn.Co0s3.Sa electrocatalyst

Figure 1 shows the XRD patterns of MnxCo3xSa. 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 MnxCos..xS4 are very similar to those of CosSs, 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 MnCo,S..
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Figure 1: X-ray diffraction pattern of a thin film of Mn«Cos.xSs0n 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 Mn,Co3.xSs 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 Co?*, respectively, while the weaker peaks at 777.6
and 792.8 eV are associated with Co%*[10]. The presence of Co** 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 Mn?* 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 MnyCo3+Sa4 electrocatalyst.
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Uniformly grown Mn,Cos.xSs 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 Mn,Co3zxSs composite, which confirms the
presence of elements Mn, Co and S in the prepared material.

1 500pm

3 500pum 1 500pm
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 Mn,Cos..Ss electrocatalyst

To investigate the photovoltaic and electrochemical performances of an electrocatalyst, dye-
sensitized solar cells were constructed using Mn,Co3xSs and Pt as counter electrodes. The
photovoltaic measurements were performed under the standard solar conditions AM 1.5 and an
illuminance of 1000 W/cm?. 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 MnyCosxSs 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/cm? for the MnxCo3xS4 cell and 15.87 mA/cm? for the Pt control device. This higher Jsc
indicates better electrocatalytic activity of the Mn,Cos,S: 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 (Rtig, ). The intersection of the graph with the x-axis indicates the series resistance of the
device (Rs). It is worth noting that the MnyCo0s4Ss cell has a lower series resistance (19.2 Q)
compared to Pt (22.6 Q), indicating better contact between Mn,Co03,Ssand FTO. In addition, the Rct
of the Mn\CosxSacell 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 (Jo), is
indirectly proportional to the charge transfer resistance Rct and can be expressed as
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RT
Io = PR
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 Mn,Cos«S4 provides an explanation for the improved Jsc in the DSSCs compared to Pt.

Table
Photovoltaic parameters comparison between DSSCs with MnxCo3zxSa composites and Pt counter electrodes.

PCE Jsc Rs Rer Rrio,
DSSCs (%) Voc(V) (MA/cm?) FF Q) Q) @
MnxC03.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
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Figure 4. () 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 MnxCo3xS4 were successfully synthesized by a one-pot
solvothermal method. The electrocatalytic activity of MnxCos.xS. proved to be excellent and exceeded that of
Pt, as further measurements showed. In particular, the dye-sensitized solar cell with MnsCos.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 MnxCo0s.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 MnyCo03xSs 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 MnyCo3xS4 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 MnxCo0sxSs composites to further improve their performance in DSSCs and ultimately
advance the field of renewable energy.
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. Cyneiimenona, E. Tamenos, Manukc I1. banansii, b. banraes

Bosirpika ce3iMTall KyH 0aTtapesuiapbl YIIIH TPHOAUATEPAi TOTHIKCHI3AAHY
ke3inge MnxC03.xS4 3J1eKTPOKATATU3ATOPBIHBIH dJI€YeTiH alry

KpiMOaT emec jkoHE JKOFapbl THIMJi, KypaMblHJIa IUIATUHACHI JKOK KapCBIJIEKTPOITHI jKacay OOSFBIIIKA
ce3iMTan KyH OaTapesiiapblHbIH OHIMIUIITIH JKaKCapTyIblH MaHBI3ABl MIiHIETI OOJbIM TaObutambl. by
3epTTeyne 0i3 KapamailblM COJNBOTEPMHUSUIBIK CHHTE3 OJiciH KosimaHa oThIpbin, MnxCo3-xS4 kapcsl
SJIEKTPOATHI COTTI CHHTE3AEMIK. DIIEKTPOKATANn3aTop Tikeiel (rTop nerupieHreH tTutad okcunaimer (FTO)
KarTaJFaH MIBIHBI TOCEHIIKe KOIMaHbuIbl. AmbiHFaH MnxC03xS4 KapChIdIEKTPO ] MaTepHATBIH Tajay YIIiH
PEHTIeHIIK IU(PAKIUAIBIK CHEKTPOCKOIHS, CKAaHEpJeyIli 3JIeKTPOHIBIK MUKPOCKOMUS, SHEPTHSIIbIK,
JIMCTICPCUSIIIBIK PEHTICHIIIK CIIEKTPOCKOIIHS YKOHE PEHTTCHIIK (POTOIEKTPOHIBIK CIHEKTPOCKOIHS CHSKTBI
OpTYpJi cHmarraMma oficTepi MaiianaHBUIABL. bBOSFBINKAa ce3iMTanm KyH OarapesulapblHAA >KYPTri3iireH
(doroanekrpaik emmeynep omerreri Pt (8,11 %) cambicthipranaa MnxCo03xSs ecenTerimn 3JeKTpPOANEH
(8,60 %) kyarThl TypieHAipY THIMIITIriHIH aiftapibikrail jkakcapraHblH KepceTTi. COHBIMEH KaTap,
MnxC03-xSa KapChIRIEKTPObI TaMalla TYPAaKTBUIBIKTEI KOPCETTi, OyJl OHBIH QJI€YeTiH OJaH opi OOSFBIIIKA
cesiMTan KyH OarapesutapbiHaa Pt-re Tuimai jkoHe Oepik Ganmama peTiHze oJeyeTiH olaH api Kepceremi.
Tyracraii anranpma, OIi37iH HOTIKENEpiMi3 KYH OHEPIUACHIH TYpakThl NalganmaHy ymiH Pt-ci3
KOHTPAJICKTPOATHIK MaTepUaIAapAbl OJIaH dpi TaMbITYFa BIKIIAJT eTei.

Kinm co30ep: MnC02S4, ymiTik cyiabphun, coTBOTEPMUSIIBIK CHHTE3, Pt )KOK Kapchl AJIEKTpoaTap, OOSFHIIIKA
ce3iMTal KyH Oarapesiapsbl.
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PackpbiTHe moTeHUHAJ A djeKTpokaTaau3aTopa MnyCo3.xSs B BocCTaHOBJIEHUH
TPUHOAUIOB /1JIsl COTHEYHBIX JIEMEHTOB, CEHCUOWIN3MPOBAHHBIX KPACUTEIEM

Pa3paboTka HETOPOroro M BHICOKOA((HEKTHBHOTO MPOTHBOAJICKTPOIA, HE CONCPIKAIICTO [UIATHHBI, SBISCTCS
BOXHOM 3ajmadeil Uil yJIydlIeHHS XapaKTePUCTUK COJHEYHBIX 3JIEMCHTOB, CCHCHOMIM3HPOBAHHBIX
KpacureneM. B 3ToM uccieoBaHMH MBI YCHEIIHO CHHTE3UPOBAIIM POTUBOANIEKTPO] Ha ocHOBe MNxC03-xS4 ¢
HOMOIIBIO  NPOCTOTO  METOJAa  COJNBBOTEPMUYCCKOTO  CHHTE3a.  ODJIEKTPOKATAIM3aTOp  HAHOCHIN
HENOCPE/ICTBEHHO HA CTEKISIHHYIO TMOJIOKKY C TOKPBITHEM H3 JICTHPOBAHHOTO (TOPOM OKCHZA TUTaHA
(FTO). Mns ananu3a MOMyYeHHOro MaTepHana HpoTUBodIekTpoaa MnxCos-xS4 HCIONB30BAINCH pa3InYHbIC
METO/bl XapaKTepHU3allMH, TaKHe KaK PEHTICHOBCKas AU(PAKIMOHHAS CHEKTPOCKOMHS, CKaHHPYHOIIas
ANIEKTPOHHAS MHKPOCKOIUS, BHEProANCICPCHOHHAs PEHTICHOBCKAas CHEKTPOCKOMMS W PEHTICHOBCKAs
(doTosnekTpoHHas crektpockonus. DoToraJbBaHHMYECKHE HW3MEPEHHS, BBIIOJHCHHBIE HA COJHEYHBIX
AJIEMEHTaX, CCHCHOMIM3HUPOBAHHBIX KpAcHUTENeM, IIOKa3ald 3aMETHOe yiydineHHe 3(GEKTHBHOCTH
npeoOpa3oBaHus JHEPTHU C MPOTHBOANIEKTpomoM MnxCo3xSs (8,60 %) mo cpaBHeHHIO ¢ OOBIMHBIM Pt
(8,11 %). Kpome Toro, mpotiBodiektpox MnxC03xSs MpoIeMOHCTPHPOBAT MPEBOCXOAHYIO CTaGHIBHOCTD,
YTo ere OoJblIe NOMYEPKUBACT €ro MOTEHIHAN B KauecTBe A(Q(GEKTHBHON U JI0ITOBEYHOH anbTepHATUBEI Pt
B COJIHGYHBIX HJIEMEHTaX, CCHCHOMIN3UPOBAHHBIX KpAacHTeNeM. B 1enoM, Hamm pe3ysbTaThl ClIOCOOCTBYIOT
JalbHEHIeMy pa3sBUTUIO MAaTEPUalOB MPOTHBOAICKTPOAOB, HE coaepxkaummx Pt, mis  ycroiuuBoro
HCIOJIb30BaHMUSI COJTHEUHOM SHEPTUH.

Kniouesvie  cnosa: MNC02Ss,  TpoitHO#W  Cyib(uA, CONBBOTEPMANBHBIA CHUHTE3, OECIUIAaTUHOBBIC
MPOTHUBO3JICKTPO/IbI, COTHEUHBIH IEMEHT, CCHCUOMIM3UPOBAHHBIA KPACUTEb.
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