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Unveiling the Potential of MnxCo3.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 MnxCosxS4-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 MnxCos.xSscounter electrode (8.60 %) compared to the. conventional Pt
(8.11 %). Moreover, the MnxCosxSacounter 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 ¢ontinues 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 MnCo3S,4 electrocatalyst as
a Pt-free counter electrode for DSSC applications. MnCo,S; is a ternary compound derived from CosSs 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 Mny€o3.«S4+/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 MnxCosSscomposite 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.«S4 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 Mn.Cos..S4counter electrode
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A composite material, MnyCo3.xS4, was synthesized by the solvothermal method. In this method, the
precursors Mn(NOs3),, Co(NOs),, 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 €/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 WER2-0, 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 mMs‘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 1odine/iodide redox electrolyte (DN-ODO03
S104, Dyenamo) was applied to the dye-loaded TiO: photoanode and the CE (either Pt or MnxCo3.xS4) was
placed on top. The two electrodes were separatedswith 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 -AEO1).
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.Cos..Syelectrocatalyst

Figure leshows the XRD patterns of Mn,Cos..Ss. In addition to the prominent peaks originating from
the ETO 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 MnCo3.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 MnCo,S..
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Figure 1: X-ray diffraction pattern of a thin film of MnxCos.xSson 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 MngCo3%S4 composites shows
distinct peaks attributable to Mn, Co, and S, confirming the presence of theseselements 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 V) and Mn2p1/2 (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 at162.3 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.<S4 electrocatalyst.
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Uniformly grown MnsCo;3.«S4 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«S4 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 Mn,Co3.4S4 coated FTO electrode showing magnifications of 5000 (left) and
40000 (right). Bottom: EDS mapping of the electrocatalyst.

3.2. Photovoltaic and electrochémical performance of MnCos..Sy electrocatalyst

To investigate the photovoltaic and electrochemical performances of an electrocatalyst, dye-
sensitized solar cells were® constructed using Mn,Cos..Ss 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,Mn.Co3xSs 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 MnsCo3.Ss cell and 15.87 mA/cm? for the Pt control device. This higher Jsc
indicates /better clectrocatalytic activity of the MnsCos..Ss 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 (Rcrt), 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 MnyCos.«Ss cell has a lower series resistance (19.2 Q)
compared to Pt (22.6 Q), indicating better contact between MnxCo3.xS4 and FTO. In addition, the Rer
of the Mn,CosxSscell 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 (J,), is
indirectly proportional to the charge transfer resistance Rer and can be expressed as
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lo = nFRcr’
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 MnCos.«S4 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.

PCE Tsc Rs Ber Rrip,
D FF . :
SS5Cs (%) Vo) | (mAem?) © ) )
MnyCo3.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. (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 MnxCos.xSs were successfully synthesized by a one-pot
solvothermal method. The electrocatalytic activity of MnyxCo3.x<S4 proved to be excellent and exceeded that of
Pt, as further measurements showed. In particular, the dye-sensitized solar cell with MnsCo3.«S4 composites
as the counter electrode achieved ancefficiency of 8.60 %, slightly outperforming the DSSC with Pt counter
electrode (PCE: 8.11 %). These results highlight the potential of MnxCo3.4Ss composites as a promising
alternative to Pt for DSSC counter clectrodes 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 scalablefapproach/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 stccessful implementation of MnxCos.«S4 composites as Pt-free counter electrodes not only
solves the preblem 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 Mn,Cos.xSs4 composites to further improve their performance in DSSCs and ultimately
advancethe field of renewable energy.
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Bosirpika ce3iMmTald KyH 0arapesuiapbl YUIiH TPHOAUATEPAi TOTHIKCHI3AAHY
Ke3inae MnxCo3xSs 3JIEKTPOKATAJIN3ATOPbIHBIH JJICYETiH alry

Kpimbar €mec jkoHe KOFapbl THIMII, KypaMblHIA IJIATHHACHI XOK KapCBIJIEKTPOATHI Kacay OOSFBILIKA
cesiMTan KYH, OarapesyiapblHbIH OHIMIUIIIH JKaKcapTyAblH MaHbI3Ibl MiHAeTi Oonbln TaObutangsl. by
3eprTeyae, 013 KapamaibIM COJBOTEPMHSUIBIK CHHTE3 OfiCiH Koimana oTbIpsin, MnxCo3-xS4 Kkapchl
JNIEKTPONTHI CITTI CHHTE3IEdIK. DJIeKTpoKaTanu3arop Tikened ¢rop nerupienrer turan okcuaimer (FTO)
KalTaJlFaH [IBHBI TOCEHINKe KOAMaHbuIIbl. AnbiHFaH MnxCo3-xS4 KapCchIdIIEKTPO MaTepHaIIBIH Taliay YIIiH
PEHTTeHOIK _ANPaKIMSUIBIK  CHEKTPOCKONHS, CKAaHEepJICYIIl SJIEeKTPOHIBIK MUKPOCKOIUS, JHEPTHSIIBIK
IUCHEPCYSUTBIK PEHTIeHIK CIEKTPOCKONUS JKOHE PEHTIeHMAIK (DOTOIEKTPOHIBIK CIIEKTPOCKOIHS CHSKTHI
OpTYpIl cumaTrama oficTepi MadmamaHbUIABL. bBosSFRINIKAa ce3iMTanm KyH OaTapesuapblHIa SKYPTi3iireH
¢dotodnextprik emmeynep oxerreri Pt (8,11 %) cambicTeipranga MnxCosxS4 ecenTerim >IeKTpoAneH
(8,60 %) KyarTel TYpiIeHAIpY THIMIUITIHIH aWTapibIKTail skakcapraHbIH kepceTTi. COHBIMEH Karap,
MnxCo3-xS4 KapchIIEKTPOABI TaMallla TYPAKTBUIBIKTHI KOPCETTi, Oy OHBIH QJIEYeTiH OJaH opi OOSFBIIKA
ce3iMTan KyH OarapesutapblHga Pt-re TwiMai skoHe Oepik Oamama peTiHIAE oNeyeTiH olaH opi KepceTeni.
Tyracraii amrannma, Oi3MiH HOTIDKENEpiMi3 KYH OSHEPrMsCBIH TYpakThl maiinanany ymiH Pt-ci3
KOHTPAJIEKTPOTHIK MaTepHAILAap bl OJJaH 3pi AaMBITyFa BIKIAJT STEe/i.

Kinm co30ep: MnCo2S4, ymitik cyiabhul, COTBOTEPMHSUIBIK CHHTE3, Pt )KOK KapChl JIEKTpOATap, OOSFHIIIKA
ce3iMTal KyH Oarapesuiapsl.
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PackpbITHe MOoTeHIIUAJIA dIeKTPoKkaTanu3aTopa MnyCo3.xS4 B BOCCTAHOBJIEHUHU
TPUIOANAO0B IJIS COJTHEYHBIX 3JIEMEHTOB, CEHCUOMITU3UPOBAHHBIX KpacuTejIeM

Pa3paboTka HEZOPOroro U BbICOKO3((PEKTUBHOIO MPOTUBOAIIEKTPO/IA, HE COJEPIKAIIETO IUIATHHBI, SBIIACTCS
BOKHOM 3ajmadeil /Uil yJIydlICHHS XapaKTepPUCTHK COJHEYHBIX SIIEMEHTOB, CCHCHOMIN3HMPOBAHHBIX
KpacuTesieM. B 9ToM mcciie0BaHIH MBI YCHEIITHO CHHTE3HPOBAIIM HPOTUBOAIEKTPO] Ha 0ocHOBe MnxCo3-xS4 ¢
[OMOLIBI  MPOCTOTO  METOJAa  CONBBOTEPMUYECKOrO  CHHTE3a.  JJIEKTPOKATAIH3aTOp  HAHOCHIN
HEMOCPE/ICTBCHHO Ha CTEK/SIHHYIO IMOJIONKKY C MOKPBITHEM U3 JICTHPOBAaHHOTO (TOpOM OKCHzAa THUTaHA
(FTO). Ins aHanu3a MOJIydeHHOro MaTepuana NpoTUBONIEKTpota MnxCo3-xS4 HCIONB30BAUCh Pa3INUHbIC
METOJbl XapaKTepU3alluK, TaKHe KaK PEHTIeHOBCKas AU(QPaAKIMOHHAS CIIEKTPOCKONHMS, CKaHUPYIOIIask
JJIEKTPOHHAS MUKPOCKOMNHMS, JHEProJHCIEPCHOHHAs PEHTICHOBCKas CIEKTPOCKONUS M PEHTTCHOBCKAs
(doToanekTpoHHas crekTpockonus. PoToralbBaHMYECKHE W3MEPEHHs, BBINOJHEHHBIE HA COJHCYHBIX
3JIEMEHTaX, CCHCHOWIM3UPOBAHHBIX KpAacUTeNIeM, IOKa3ald 3aMeTHOe YiydlleHue 3(QeKTHBHOCTH
peoOpa3oBaHus SHEPIHU € MPOTHBOAEKTponoM MnxCosxSs4 (8,60 %) mo cpaBHeHHIO ¢ OOBIMHBIM, Pt
(8,11 %). Kpome Toro, mporuBoanekTpox MnxCo3xS4 mpoeMOHCTPHPOBAI MIPEBOCXOAHYIO CTAOMILHOCTS,
9TO emre OOJIbINe ITOJISPKUBACT €ro MOTeHNHal B kKadecTBe 3(P(HEKTUBHON U JONTOBEYHON ANbTepHATUBEI Pt
B COJIHEUHBIX 3JIEMEHTAX, CEHCHOWIM3UPOBAHHBIX KpacuTeneM. B memom, Hamu pe3ynbIaThl CIOCOOCTBYIOT
JalbHeilIeMy pa3BUTUIO MaTEPUAIOB IPOTHBOICKTPOAOB, HE coAepxkammx Pt, s | ycrolumBoro
HCIOJIb30BAHUS COJIHEUHOH SHEPIUH.

Kniouesvie cnoea: MnCozS4,  TpoitHONH  cynbhuI, CONBBOTEPMANbHBI  CHHTE3,  OECIUIaTUHOBBIC
HPOTHUBOBJIEKTPO/IbI, COJHEYHBII JIEMEHT, CCHCUOMIN3UPOBAHHBIA KpacUTeb.
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