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Abstract

SnCoNi catalysts were synthesized via electrodeposition, with and without citric
acid, to assess their ethanol electrooxidation performance. The additive-free
catalyst exhibited superior properties, including lower charge transfer resistance
and a smaller Tafel slope compared to the citric acid-modified catalyst.
Chronoamperometry testing further revealed better electrochemical stability for
the additive-free catalyst, with less current loss over time. Cyclic voltammetry
confirmed the enhanced ethanol oxidation activity with a relatively high current
density. The improved performance is attributed to better mass transport, active
site exposure, and the synergistic effects of Sn, Co, and Ni in the additive-free
catalyst, making it more efficient for ethanol electrooxidation. These findings
suggest that the additive-free catalyst exhibits more favorable properties for
ethanol electrooxidation compared to its citric acid-modified counterpart.

License.
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1. Introduction

Alcohol fuel cells are a promising, clean, and powerful
alternative to fossil fuels [1]. As a direct fuel for fuel cells,
ethanol has a higher theoretical mass-energy density than
methanol (8.0 vs. 6.1 kWh/kg) [2], offering better storage
security and lower production and handling costs.
Additionally, ethanol is more economical than methanol
because it can be produced on a large scale from the
agricultural sector and has lower toxicity [2—-3].

In a direct ethanol fuel cell (DEFC), the anode reaction
is the ethanol oxidation reaction (EOR), which involves the
transfer of 12 electrons for the complete oxidization of
ethanol into CO: [4]. However, its slow kinetics and
imperfect oxidations are problematic, thus reducing the
current density and inhibiting the application of DEFC. The
overall oxidation of ethanol is given below [5].

C2Hs0 + 3H20 — CO; + 6H* + 6e° (1)
30, + 12H* + 12" — 6H,0 (2)

Electrocatalysts that are known to have good efficiency
for EOR are noble metal-based materials such as Pt, Pd,
and Au, which exhibit exceptional catalytic activity [6].

However, some disadvantages of these metals for DEFC
applications are their relatively high prices. Additionally,
they are susceptible to poisoning from intermediate
species generated during the reaction. Consequently, it is
essential to develop strategies to mitigate these issues [7].

Electrocatalysts based on transition metal materials
have been extensively developed. Ni is a highly proposed
transitional metal because of its advantages as an
electrocatalyst, including good electrocatalyst activity and
stability, as well as its high degree of alloying with other
metals [8]. A previous study has demonstrated that CoNi
alloys exhibit superior catalytic efficiency for alcohol
electrooxidation compared to pure nickel [9]. In another
study, the modification of Pt with Sn and SnNi improved
ethanol and carbon monoxide electro-oxidation [10]. The
incorporation of Co and Sn into the Ni grid can improve the
stability of the element [11]. This approach leverages the
synergistic effects among nickel, cobalt, and tin, as well as
the trimetallic properties of SnCoNi, to produce
electrocatalysts with enhanced activity and efficiency.

In ethanol electrooxidation, the catalyst additives are
widely used to enhance catalytic activity and stability and
modify the particle structure as desired [12]. Common
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catalyst additives for support materials like carbon-based
materials, metal oxides, hydroxides, carbides, and sulfides.
Consider research found the addition of metal oxides, like
TiO2, in a catalyst can improve stability during EOR [13].
Citric acid is one of the additives used to protect substrates
from corrosion by creating a protective layer that can
reduce the corrosion rate of electrodes and substrates
[14]. However, the formation of unwanted by-products,
the risk of environmental hazards, and increased
production costs hinder its use for large-scale production
[15].

The electrodeposition method is considered one of the
most suitable methods for preparing metal and alloy
catalysts. This is because the electrocatalyst obtained
through electrodeposition has good electrical conductivity
and cost-effectiveness, and the catalyst morphology can
be adjusted effectively to obtain an electrode structure
with the desired active site exposure [16—-17].

In this study, SnCoNi catalysts were prepared using
electrodeposition methods, both with and without the
addition of citric acid. The purpose of this research is to
develop an additive-free SnCoNi catalyst with high catalytic
activity for the electrooxidation of ethanol by comparing
its performance to that of a citric acid-modified
counterpart.

2. Materials and Method
2.1 Synthesis of SnCoNi electrocatalyst

SnCoNi electrocatalyst was prepared using NiSO4.6H20,
C0S04.7H20, and SnClz by the electrodeposition method of
the potentiostat technique in a three-electrode system.
SnCoNi was made with the addition of citric acid compared
to SnCoNi without citric acid and tested to see its effect on
the properties and characteristics of the resulting catalyst.
The copper wire substrate was prepared before being
washed using technical ethanol and distilled water.

The process of preparing a SnCoNi catalyst by
electrodeposition on a copper wire substrate is as follows:
the electrodeposition process is carried out in a three-
electrode system with copper wire as the working
electrode, Pt as the counter electrode, and Ag/AgCl as the
reference electrode inserted into the electrodeposition
cell. The electrolytes were made as much as 25 mL
consisting of 0.07 M NiS04.6H20, 0.02 M CoS04.7H>0, 0.01
M SnCl;, 0.04 M, H3BO3, and 0.1 M HSOa.
Electrodeposition was performed at room temperature at
a potential of -1.4 V vs. Ag/AgCl for 600 s. Under the same
conditions, prepared citric acid was added to the
electrolyte for comparison.

2.2 Characterization

The crystallographic structure of samples was
investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and energy dispersive X-ray (EDX) was
performed to analyze the morphological characteristics
and microstructure of catalysts. The particle size
distributions were determined by measuring the particle
using image tool software.

2.3 Electrochemical test

Electrochemical measurements were performed in a
standard three-electrode electrochemical cell using an
electrochemical workstation, with Pt and Ag/AgCl used as
the counter electrode and reference electrode,
respectively. The copper wire substrate covered with the
electrodeposited film served as the working electrode.

Electrochemical impedance spectroscopy (EIS) analysis
was used to determine the electron transfer resistance
(Rct) of samples. EIS analysis was measured at a frequency
of 100 kHz-0.1 Hz in a 0.5 M KClI solution. Cyclic
voltammetry (cv) and chronoamperometry
measurements were performed to investigate the activity
and stability of samples for EOR. CV analysis was
conducted in a 0.5 M NaOH and 1 M ethanol solution. The
potential used is between -750 mV and 750 mV at a scan
rate of 100 mV/s. Linear sweep voltammetry (LSV) curves
were measured at a scan rate of 100 mV/s. The stability
tests of samples were performed for EOR with a constant
voltage of 0.3 V vs. Ag/AgCl for 3,600 s.

3. Results and Discussion
3.1 Characterization

The XRD patterns of SnCoNi samples synthesized with
citric acid (CA) and without citric acid (WCA) are presented
in Fig. 1. The sample prepared in the presence of citric acid
sample (black line) exhibits sharper and more intense
peaks compared to the without citric acid sample (red
line), indicating a higher degree of crystallinity [18]. The
addition of citric acid appears to facilitate improved
crystallization. By comparing the diffraction peaks with
standard reference patterns for SnCoNi (COD-152-4151),
Tin (COD-900-8571), Cobalt (COD-901-1625), and Nickel
(COD-901-3034), the phases present in each sample can be
identified.
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Figure 1. XRD patterns of SnCoNi and the Crystal Open Database
patterns for Ni, Co, Sn and SnCoN:i alloy.

The citric acid sample aligns predominantly with the
SnCoNi standard, suggesting the formation of a well-
defined SnCoNi phase. In contrast, the sample synthesized
without citric acid exhibits additional or shifted peaks,
suggesting the presence of new crystalline phases or
impurities due to the absence of citric acid during synthesis
[19].

Figure 2 illustrates the distinct morphologies of SnCoNi
catalysts synthesized with and without citric acid. The SEM
image of the catalyst prepared with citric acid shows a
well-organized, fishbone-like structure, characterized by a
central spine with regularly spaced branches. This
morphology results from citric acid acting as a complexing
agent, controlling metal ion deposition and promoting
anisotropic growth that leads to a more defined structure.
In contrast, the catalyst synthesized without citric acid
exhibits a more compact, cauliflower-like morphology. The
absence of citric acid leads to a less controlled deposition
process, resulting in aggregated and irregular structures
with a rougher surface [20].

Figure 2. SEM and size distribution of (a) SnCoNi with citric acid,
(b) SnCoNi without citric acid.

Figure 3. EDX spectrum of SnCoNi (a) with citric acid and (b)
without citric acid.
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These morphological differences are likely to influence
the catalytic performance in ethanol electrooxidation. The
fishbone-like structure, with its regular and elongated
features, might offer fewer active sites but could facilitate
efficient electron transfer along the well-defined pathways
[21]. On the other hand, the cauliflower-like morphology,
with its rough and irregular surface, might provide a higher
density of exposed active sites and potentially more
surface defects, which could enhance catalytic activity.

The EDX spectrum in Fig. 3 confirmed the presence of
elements Sn, Co, and Ni. The elemental ratio of SnCoNi
samples is presented in Table 1.

Table 1. Ratio wt% of SnCoNi samples.

wt%
Sample
Sn Co Ni
SnCoNi with citric acid 79.20% 10.50% 16.60%
SnCoNi without citric
51.46% 27.42% 21.12%

acid

3.2 Electrochemical performance of electrocatalyst
towards EOR

The electrocatalyst in the DEFC system provides a
surface on which the electrooxidation of ethanol occurs at
lower activation energy and a higher rate. Lower activation
energy significantly reduces the energy consumed during
the breaking and formation of reactant and product bonds,
and a higher reaction rate minimizes the time required for
the reaction to occur [22]. In the DEFC system, CO; is the
expected product. The CO: released during the production
and oxidation process of ethanol can be utilized by
biomass-producing plants, thus completing CO:
production and making DEFC harmless to the environment

[1].
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Figure 4. Nyquist plot of SnCoNi with citric acid and without citric
acid.

To properly investigate the electrocatalytic activity of
SnCoNi for EOR, it was evaluated with EIS. EIS analysis is
used to determine charge resistance transfer Rct [23]. Rctis
the resistance to the transfer of ions from a solvated ionic
state in the electrolyte across the electrode interface into
the electrode, which causes the activation polarization
[24]. The value of Rctis represented by a semicircle-shaped
Nyquist plot [25]. Figure 5 shows the Nyquist plot of the
SnCoNi samples.
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Figure 5. (a) LSV curves of SnCoNi samples (b) corresponding Tafel
plots.

Figure 4 shows the Nyquist plot of the SnCoNi samples.
SnCoNi without citric acid has an R«t of 11.85 Q which is
smaller than SnCoNi with citric acid which has an Rct value
of 19.12 Q shown in Table 2. The smaller Rt value indicates
the best electron transfer capability at the interface
between the electrode and the electrolyte [4]. This is
because SnCoNi without adding citric acid are more tightly
distributed. In contrast, SnCoNi with added citric acid
exhibits a much higher Rt due to its low activity. The larger
semicircle diameter in the higher frequency region
corresponds to Rctof SnCoNi without citric acid confirming
better interfacial charge transfer ability [26].
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Table 2. Solution resistance (Rs) and charge transfer resistance
(Ret) from Nyquist plot.

Sample Rs Rct
SnCoNi With Citric Acid 4190 19.12 Q
SnCoNi Without Citric Acid 3.320 11.85Q

The LSV curves in Fig. 5a show the onset potential of
EOR on the prepared catalyst. The LSV curve shows that
SnCoNi without citric acid shows a lower onset potential
compared to SnCoNi with citric acid. The lower onset
potential indicates a significant enhancement in EOR [27].
In Fig. 5b, the Tafel slopes for SnCoNi with and without
citric acid are 158 mV/dec and 118 mV/dec, respectively.
The SnCoNi without citric acid exhibits the smallest Tafel
slope, indicating that it is a more active catalyst, as a
smaller overpotential is required to achieve a higher
current density [28].

Table 3. Comparison of current densities on metal-based
catalysts.

Catalyst Electrolyte  j(mA.cm?) Ref
. 1MKOH+1
Pt-NiO/C
/ M Ethanol 115 [29]
. . 1MKOH+1
NiPd/Ti
/ M Ethanol 2.5 [30]
Pd/Sn03- 0.5 M NaOH +
TiO2/CNT 1 M Ethanol 1.48 [31]
. 0.1 M KOH +
CoNi
0.1 M Ethanol 3.14 [23]
SnCoNi 0.5 M NaOH + 3.11 This
1 M ethanol study

To further investigate the electrochemical properties of
trimetallic SnCoNi, EOR analysis was conducted using
chronoamperometry technique. The detailed results,
highlighting the catalysts performance and stability over
time, are presented in Fig 6.
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Figure 6. Chronoamperometry curves of SnCoNi electrocatalyst.

The electrochemical stability of the SnCoNi
electrocatalyst was evaluated using the
chronoamperometry technique by applying a potential of
0.3 V vs. Ag/AgCl for 3,600 s. The SnCoNi with citric acid
shows a significant current loss compared to SnCoNi
without citric acid, exhibiting much better electrocatalytic
stability of the synthesized SnCoNi due to the synergetic
effect of Ni, Co, and Sn metals.
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Figure 7. CV curves of SnCoNi (a) with citric acid, (b) without citric
acid, and (c) curves with highest peak intensity.
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Furthermore, to evaluate the electrochemical
performance of the as-synthesized catalysts towards EOR,
CV tests were conducted. Figure 7 shows the CV diagrams
of the SnCoNi electrocatalyst in 0.5 M NaOH and 1.0 M
ethanol solutions. The CV results produce a current density
during the forward scan (jf) of SnCoNi with citric acid and
without citric acid, respectively, at 2.09 mA/cm? and 3.11
mA/cm?2. Comparison of current densities on metal-based
catalysts is shown in Table 3.

The CV plotillustrates the relationship between current
density and potential, measured against a reference
electrode. When ethanol is present in the electrolyte
solution, an increase in current density can be observed,
which indicates the occurrence of ethanol electrooxidation
[32].

CV analysis showed a decrease in current density along
with the addition of cycles in both SnCoNi with and without
citric acid. The SnCoNi catalyst without citric acid exhibits
resistance to EOR ability at 50% of the initial activity, and
SnCoNi with citric acid exhibits stability to EOR 30% after
100 cycles, which confirms better stability for the catalyst
without the addition of an additive [23]. The observed
phenomenon indicates a consistent decline in current over
successive CV cycles. This observation implies that carbon
monoxide poisoning may be affecting the catalyst surface
or that structural damage is occurring due to the
aggregation or distortion of the CoNi catalyst [33].

SnCoNi without citric acid presents defined oxidation
peaks with greater current density. Both citric acid and low
pH conditions can contribute to catalyst poisoning [34].
Intermediates formed during ethanol oxidation may
adsorb strongly onto the catalyst surface, blocking active
sites and reducing overall activity. This phenomenon can
be exacerbated in environments with high acidity or
improper catalyst formulations involving citric acid [35].

Table 4. The ratio of ju/jr SnCoNi electrocatalysts.

j(mA.cm)
SnCoNi - -
Jf Jo Jolji
With Citric Acid 2.09 3.85 1.84
Wlthgut Citric 311 581 0.90
Acid

The ratio between the current density of backward and
forward scans (jb/js) can indicate the performance of the
electrocatalyst. The smaller ratio of ju/jr exhibited better
performance of the electrocatalyst in facilitating the
ethanol electrooxidation process [36]. Based on Table 4,
SnCoNi without citric acid has the lowest jb/js value, which
indicates the potential for COags poisoning tolerance
compared to SnCoNi with citric acid.

4. Conclusion

The study demonstrates that the additive-free SnCoNi
catalyst exhibits superior properties in electrochemical
tests. Without citric acid, SnCoNi shows greater current
density and stability in ethanol oxidation, as indicated by
CV results. The absence of a catalyst additive likely
enhances CV activity. In LSV tests, SnCoNi without citric
acid has a lower onset potential and a smaller Tafel slope
(118 mV/dec) compared to the citric acid-modified catalyst
(158 mV/dec), indicating higher activity due to lower
overpotential. Nyquist plots reveal that SnCoNi without
citric acid has the smallest charge transfer resistance,
reflecting superior electron transfer at the electrode-
electrolyte interface. Chronoamperometric tests confirm
that it maintains better electrocatalytic stability over 3,600
seconds, attributed to the synergistic effects of Ni, Co, and
Sn. Overall, EIS, LSV, CV, and chronoamperometry results
consistently indicate that SnCoNi without citric acid
outperforms its citric acid-containing counterpart.
Scanning electron microscopy (SEM) imaging further
reveals morphological differences likely linked to this
improved electrochemical performance.
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