EPJ Web of Conferences 377, 01008 (2026) https://doi.org/10.1051/epjconf/202637701008
IPS 2026

Electrocatalytic Activity of Electrodeposited
Trimetallic Ni-Fe-Sn in Ethanol

Rinda Mulmeyda!, Yusmaniar Yusmaniar?, Afiizal Afrizal?, Arif Rahman? and Setia Budi?

IThe Center for Science Innovation, Arva Building, J1. RP. Soeroso, Jakarta Pusat 10350, Indonesia
?Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Negeri Jakarta,
JI. Rawamangun Muka, Jakarta Timur 13220, Indonesia

Abstract. Although platinum exhibits high electrocatalytic activity toward
the electrooxidation of ethanol, its high cost then susceptibility near
exterminating by CO species have driven the development of non-precious
metal-based electrocatalysts as an alternative. A trimetallic electrocatalyst
containing Nickel (Ni), Iron (Fe), and Tin (Sn) was prepared via an
electrodeposition method and evaluated for the electrooxidation of ethanol.
Electrocatalytic activity for ethanol electro-oxidation (EOR) was evaluated
using CV, LSV, and EIS ina 1 M KOH + 1 M ethanol solution. The Ni-Fe-
Sn electrocatalyst exhibited a lower Tafel slope of 38.42 mV/dec, an small
Rct value of 2.15 Q. Furthermore, the sustained activity over 100 cycles CV
testing indicate good electrocatalytic performance. Thus, this work reveals
the catalytic performance of the new non-noble Ni-Fe-Sn electrocatalysts
towards EOR which may offer innovative concepts to adapt additional
prevailing and novel catalysts at some point.

1 Introduction

Direct Ethanol Fuel Cell (DEFC) is a fuel cell technology that is currently being widely
studied as an alternative environmentally friendly and sustainable energy source, along with
the increasing energy needs and the limitations of fossil fuels that also have an impact on
greenhouse gas emissions. However, DEFC performance still faces major obstacles in the
form of measured kinetics of ethanol oxidation (EOR) reaction involving the cleavage of
C—C bonds to oxidize ethanol to CO, with a complex multi-electron transfer process [1],
thus requiring electrocatalysts with high activity. Platinum (Pt) is commonly used due to its
good activity and stability, but has limitations in the form of high cost and susceptibility to
CO poisoning [2]. Therefore, the development of alternative transition metal-based
electrocatalysts has become a research focus to increase efficiency while reducing costs.
Nickel (Ni) is a potential candidate because it is abundant, inexpensive, and has good
activity in the ethanol oxidation reaction, especially through the electroactive species NNOOH
[1]. However, the performance of pure Ni is still limited and cannot compete with noble
metals, so modification through alloy formation is necessary. Iron (Fe) metal is a promoter
widely used in Ni-based catalysts. Ni-Fe alloy nanoparticles produce a current density of 100
mA-cm—2 in 1.0 M KOH solution containing 1.0 M ethanol at only 1.5 V vs. RHE, far above
the performance of other electrocatalysts in a similar system [3]. However, based on the
report of Martin-Yerga et al. [4] Ni-Fe alloys often inhibit the oxidation of Ni(OH)2/NiOOH,
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thus shifting the initial oxidation potential. Therefore, further development was carried out
by adding a third metal such as tin (Sn) to form a Ni-Fe-Sn trimetallic system. Created
arranged the investigate results of Zhang et al. [5] the accumulation of Sn to the Ni-Fe-Sn
trimetallic alloy was shown to afford supplementary energetic sites and rush electron
handover efficiency, thus suggestively increasing electrocatalytic bustle compared to Ni-Fe
alloys.

The electrodeposition method was chosen because it is a potential method for the
synthesis of various metal alloys with an easy process, short time, low cost and has high
efficiency and has good control of the growth of metal particles combined by only changing
the deposition parameters [6]. Based on this, in this study, Ni-Fe-Sn alloy electrocatalysts
were synthesized by the electrodeposition method and their characteristics and catalytic
performance were studied for ethanol electrooxidation applications.

2 Experimental Procedures

2.1 Synthesis of Ni-Fe-Sn electrocatalyst

The Ni—Fe—Sn rod stayed equipped proceeding copper saucers (30 mm x 10 mm x 0,15 mm)
by a potentiostatic electrodeposition system with an electrolyte containing 0,076 M
NiS04.6H,0, 0,022 M FeS04.7H,0, 0,004 M SnCl, 0,1 M H3BOs3, 0,1 M Na3CsHs07.2H,O
and 0,04 M NaCl. The electrolyte pH rate remained accustomed to 4.0 by adding 0,1 M HCl
explanation. The electrodeposition stood completed at a potential of -1.6 V vs. Ag/AgCl for
20 min. Subsequently electrodeposition, the gotten harvests should remain frequently cleaned
through ethanol and water.

2.2 Electrochemical measurements

Popular this effort, all electrochemical dimensions endured gained in 1 M KOH + 1 M
Ethanol aqueous resolution on a CorrTest CS350 electrochemical workspace at room
temperature. The device involves a three-electrode system with an Ag/AgCl electrode as the
reference electrode, a Pt plate as the hostage electrode and the equipped Ni-Fe-Sn electrode
as the employed electrode. EOR routine was reached by cyclic voltammetry (CV) in the
potential range from 0 to 1 V vs. Ag/AgCl, linear sweep voltammetry (LSV) in the potential
range from 0 to 1 V vs. Ag/AgCl with scan rate 10 mV/s and electrochemical resistivity
spectroscopy (EIS) were measured at 0.65 V from 100 kHz to 0,1 Hz.

3 Result and Discussions

The electrocatalytic movement of Ni-Fe-Sn near ethanol corrosion rejoinder (EOR) was
tested first using cyclic voltammetry. Figure 1a displays the cyclic voltammogram of the Ni-
Fe-Sn electrocatalyst tested in 1 M KOH medium with 1 M ethanol in the 0-1 V vs. Ag/AgCl
range at various scan rate.
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Fig. 1. a) CV voltammogram at various scan rate (100-300 mV/s), b) The comparison of
voltammograms of the 1st cycle with the 100th cycle of Ni-Fe-Sn electrocatalyst

Increasing the scan rate causes a gradual increase in both anodic and cathodic current
densities. Furthermore, the CV curve also exhibits characteristics of electrochemical
irreversibility. Conferring near the described literature [7], the CV profile of an irretrievable
reaction displays numerous different features in its voltammogram associated to a revocable
response. These characteristics include: (i) the frontward peak appears larger and not as much
of distinct than the opposite crowning. This irregularity ascends for the rate of the frontward
rejoinder varies pointedly since the rate of the opposite response. and (ii) the crowning
probable shifts with changes in scan rate. If the reaction is reversible, we would expect the
peak potential to be independent of the scan rate. Based on the results shown in Figure 1a,
it can be concluded that the ethanol oxidation reaction is irreversible on the Ni-Fe-Sn catalyst
surface. In Ni-based systems in alkaline media, this irreversibility is generally related to the
involvement of the Ni(OH)/NiOOH redox couple which functions as an active mediator in
ethanol oxidation, where the formed NiOOH species are immediately consumed during the
catalytic process [4]. Thus, the observed anodic current response is dominated by a
continuous catalytic current which is also followed by an oxygen evolution reaction [3]. This
curve shape also agrees with that reported by Guo et al. [8] where the oxidation current
increases smoothly once the polarization potential reaches the formation potential of NIOOH,
approximately 0.35 V vs. Ag/AgCl. This oxidative current results from the oxidation reaction
of Ni(OH)»/NiOOH followed by the electrooxidation reaction of ethanol. When electron
transfer in Ni(OH)»/NiOOH becomes the rate-determining step (RDS) instead of mass
transfer, the oxidative current will continue to increase linearly [8].

In addition, the Ni-Fe-Sn electrocatalyst synthesized on Cu substrate in this study also
showed good cyclic stability with an increase in oxidation current density as the number of
cycles increased even up to the 100th cycle (Figure 1b). In addition, the Ni-Fe-Sn
electrocatalyst manufactured on the Cu substratum in this study also showed good cyclic
stability by maintaining a fairly constant oxidation current density and even increasing by
~1% with increasing number of cycles up to cycle 100. This result was also reported by Yu
et al. [9], where the ethanol oxidation current density on the Au/NiCo electrocatalyst
increased from cycle 1 to 100 which was associated with the dissolution of surface active
components which increased the roughness and lively shallow area of the catalyst, so that the
number of reactive sites aimed at ethanol electro-oxidation increased and the catalytic
performance improved.
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Fig. 2. Plot of current density vs. square root of scan rate

The relationship between anodic and cathodic current density and the square root of the
examination amount cannister be gotten in Figure 2. Both relationships show good linearity
which confirms that ethanol oxidation on the Ni-Fe-Sn electrocatalyst is influenced by the
diffusion process. In the Ni-based electrocatalyst for alcohol oxidation system, this behavior
indicates that the reaction rate is not only determined by the surface redox process, but also
by the mass transport of reactant species such as ethanol and OH™ ions toward the
electrocatalytic active sites and not by surface adsorption or other kinetic factors [10].
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Fig. 3. a) LSV polarization curve, b) Nyquist plot, and c¢) Bode plot of Ni-Fe-Sn electrocatalyst
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To better understand the electrocatalyst activity for ethanol oxidation reaction, LSV
measurements were also performed. Figure 3a shows the linear sweep voltammetry (LSV)
curve for the studied Ni-Fe-Sn catalyst at 10 mV/s in 1 M KOH+1 M Ethanol solution. Based
on the anode polarization curve in Figure 3a, the electro-oxidation of ethanol starts at an
onset potential of about 0.54 V vs. Ag/AgCl with a fairly high current density reaching
141.78 mA/cm?. The kinetics of ethanol oxidation on the prepared catalyst was evaluated
using a Tafel plot (inset of Figure 3a). The Ni-Fe-Sn electrocatalyst showed a Tafel slope
value of 38.42 mV/dec. This indicates faster catalytic kinetics and better catalytic activity of
the Ni-Fe-Sn electrocatalyst, as it indicates that a reduced overpotential is required to achieve
a advanced existing density.

In addition to electrochemical redox kinetic studies via CV, the use of electrochemical
impedance spectroscopy (EIS) to examine electron transfer kinetics is also an important
approach to understand the electrocatalytic kinetic mechanism of EOR. Figure 3b shows the
Nyquist plot of Ni-Fe-Sn performed in 1 M KOH + 1 M ethanol with a frequency range
between 100 kHz and 0.1 Hz. The Nyquist plot shows the presence of two semicircles and
the inset in Figure 3b provides the corresponding equivalent circuit model. This equivalent
circuit generally follows the Randles circuit model consisting of three main components,
namely Rs, C/Cdl and Rct. However, the slightly depressed semicircle shape indicates non-
ideal capacitance behavior, so the C/Cdl capacitor element must be replaced with a constant
phase element (CPE) to improve the fitting results [11]. The CPE behavior is caused by the
microscopic roughness of the electrocatalyst surface that causes an inhomogeneous
distribution in the solution resistance (Rs) and double layer capacitance (C/Cdl) [11]. The
semicircle on the Nyquist plot at high frequencies can be related to the solution resistance
(Rs) and the surface film impedance (sf) represented by the series Rs(Rsf]|CPEsf) and the
semicircle at lower frequencies can be related to the charge transfer resistance (Rct) at the
electrolyte-electrode interface represented by the series (Rct||CPEdI) [12]. The surface film
impedance in the high-frequency region semicircle is related to the charge transfer process
related to the formation of nickel hydroxide, namely the oxidation of Ni/Ni(OH)> on the
electrode surface, which forms spontaneously as a surface layer [13] on the surface of the
metal catalyst when in contact with the electrolyte in alkaline media. The Rs and Rct values
obtained after modeling the Nyquist plot are 1.43 Q and 2.15 Q, respectively.

Figure 3c¢ displays a Bode phase plot showing a maximum phase angle peak in the mid-
frequency region representing the dominant electrochemical process of the EOR charge
transfer process at the electrode/electrolyte interface [14]. The relatively low maximum phase
angle value (-17.5°) indicates that the system is more dominated by faradaic electrocatalytic
reactions related to charge transfer reactions, surface redox transitions, and ethanol oxidation
that occur at the electrode/electrolyte interface rather than ideal capacitive behavior [15]. In
addition, there are other phase angle peaks in the high-frequency region indicating the
presence of more than one electrochemical process occurring simultaneously, which is likely
related to the formation of oxide/hydroxide layers as explained from the Nyquist plot [8].

4 Conclusions

Ni-Fe-Sn trimetallic electrocatalyst was successfully synthesized on a Cu substrate by
potentiostatic electrodeposition method at a potential of —1.6 V vs. Ag/AgCL
Electrochemical testing showed that the Ni-Fe-Sn electrocatalyst had good activity towards
the ethanol electrooxidation reaction in 1 M KOH + 1 M ethanol medium. This electrode
have good cyclic stability during 100 cycles CV test and the Tafel slope value of 38.42
mV/dec from the LSV test indicated good ethanol electrooxidation kinetics. In addition, the
EIS results showed a relatively small charge transfer resistance value of 2.15 Q, which
supports the electron transfer process during the reaction. Overall, the combination of good
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charge transfer, and high electrocatalytic activity and stability specify that the
electrodeposited Ni-Fe-Sn electrocatalyst has the potential to be further developed as an
anode for ethanol electrooxidation applications.

This publication was subsidized by the Indonesia Legacy Fund for Education (LPDP) on behalf of the
Indonesian Ministry of Higher Education, Science and Technology, and managed under the EQUITY
Sequencer (Contract Number 4308/B3/DT.03.08/2025 and B/284/UN39/HK.07.00/2025).
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