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Abstract

The development of Direct Ethanol Fuel Cell (DEFC) has attracted much attention,
as alternative energy sources due to its various advantages. However, among its
various advantages, DEFC has several problems, such as the kinetics of the ethanol
oxidation reaction. Transition metal-based catalysts such as nickel and tin are
considered as potential catalysts for DEFC due to their oxophilic properties that can
improve catalytic activity. In this study, the effect of saccharin on SnNi bimetallic
alloy catalyst synthesized by electrodeposition method on copper wire substrate
was investigated. SnNi samples were characterized by several techniques, including
X-ray diffraction, Scanning electron microscopy, and energi dispersive X-ray
spectrocopy. Saccharin addition had a significant effect on the morphology,
crystallite size, and composition of the catalyst. The presence of saccharin causes
the formation of more uniform particles and has a smaller size. The sample with the
addition of saccharin had a smaller charge transfer resistance value 4.82 Q, lower
tafel slope by 115 mV/dec, and show higher ji/js ratio by 0.55. Furthermore, as the
current density decreases, the SnNi catalyst with saccharin has a slow decrease rate

and higher stability than the SnNi catalyst without saccharin.
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1. Introduction

Due to the scarcity of fossil fuels and the impact of
greenhouse gas emissions, there is a growing necessity and
demand for environmentally friendly alternative providers
of renewable energy sources. Among the promising
renewable energy technologies, high-efficiency energy
conversion devices such as direct ethanol fuel cells (DEFCs)
have attracted considerable attention and are being widely
developed due to their numerous advantages, they have
low toxicity, high energy conversion efficiency, high power
density and also have easy storage and handling [1]

Compared to other alcohol-fuel cells, such as methanol,
DEFCs are preferred due to their low toxicity and also their
abundant availability, as they are easily reproduced from
agricultural waste or biomass [1-3]. Furthermore, ethanol
possesses a higher energy density (8.00 kWh kg?) than
methanol (6.10 kWh kg?) [2, 4]. This indicates that a
greater quantity of energy can be derived from ethanol

relative to methanol, thereby reducing fuel consumption.
DEFCs are capable of generating 12 electrons, which is
twice the number generated by methanol oxidation in
DMFC, which is 6 electrons for each complete oxidation
reaction of alcohol to carbon dioxide [1-5]. However, the
commercial utilization of DEFCs remains constrained by its
low efficiency in converting chemical energy into electrical
energy. This is attributed to the higher molecular
complexity of ethanol in comparison to methanol, so
DEFCs requires additional steps to break the C-C bond in a
complete oxidation reaction [6]. Therefore, much research
is still required to enhance the efficiency per mole of
ethanol used in DEFCs.

One of the important components in DEFC is the
electrode, which serves as the site for electrochemical
reactions involved in the conversion of chemical fuel
energy into electricity [7]. Therefore, the utilization of
electrode materials, designated as electrocatalysts, with
high catalytic activity is required to enhance the reaction
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efficiency. To date, platinum (Pt) has been the most used
element for ethanol oxidation reactions due to its high
activity and relatively good stability [8]. However, its use as
a catalyst is constrained by several factors, including its
high cost and the Pt catalyst surface, which is susceptible
to the poisoning of the CO intermediate during the
reaction process, which decreases its catalytic activity and
inhibits the reaction [9,10]. Therefore, various studies are
still being conducted to identify potential materials that
could replace noble metal-based catalysts, such as Pt. One
promising avenue is the development of transition metal-
based catalysts.

Nickel (Ni) is one of the transition metals that is
abundant on earth and has low cost [11]. Compared with
other non-noble metals, most Ni-based electrocatalysts
show relatively high activity in the ethanol oxidation
reaction [12]. Ni-based catalysts enable efficient ethanol
oxidation reactions due to their high conductivity, thermal
stability, and good electrical properties [13]. Nickel,
especially in the oxidation state of Ni(lll) as NiOOH, are
highly electroactive during ethanol oxidation, which can
improve the reaction efficiency [14,15]. However, alloying
Ni with other metals produces synergistic effects that
often result in superior catalytic performance compared to
pure Ni [16—-18].

Tin (Sn) can form useful alloys with many metals,
including Ni [19]. Based on previous studies, SnNi alloys as
catalysts have shown better stability compared to Ni/C,
which could be due to the beneficial effects of Sn [20]. Sn
is known to have higher oxophilicity, so the addition of Sn
improves the oxophilic nature of the catalyst surface and
reduces the poisoning of CO intermediates on the catalyst
active sites [21,22]. Based on previous studies, discrete
SnNi nanoparticles have been reported as stable
electrocatalysts for methanol oxidation [23].

In addition to the composition of the catalyst, the
morphology and size of the catalyst can also significantly
affect its catalytic activity [19]. Increasing the surface area
of deposited Ni-based electrocatalysts, either by reducing
their size or increasing the number of nanoparticles by
modifying their morphology, is known to improve the
ethanol oxidation reaction [14]. The use of saccharin is
known to be effective in improving the microstructure and
smoothing the surface of the deposited material [24]. The
addition of saccharin can increase the cathodic
overpotential with an electrochemical system that
increases the nucleation rate during deposition, thereby
smoothing the grains and reducing the internal stress in
some metal alloys, such as ZnNi and CoNi [25,26].

There are several techniques in the synthesis of SnNi
alloys, but the synthesis of SnNi alloy nanoparticles by the

electrodeposition method and its application for the
ethanol oxidation reaction is still rarely reported.
Electrodeposition is one of the potential methods for the
synthesis of various metal alloys because the process is
simple, inexpensive, and has high efficiency and good
control over the growth of alloyed metal particles [27]. In
this paper, we have developed a SnNi nanoparticle alloy
catalyst synthesized by the electrodeposition method and
reported the effect of the presence of saccharin in the
synthesis process on the morphological structure of the
catalyst on its catalytic activity.

2. Materials and Method
2.1 Materials

Chemicals used for sample preparation and
electrochemical measurement were nickel sulfate
hexahydrate (NiSO4.6H20) (Merck), Stannous Chloride
(SnCl2) (Merck), copper wire, boric acid (HsBOs3) (Merck),
ethanol (C:HsOH), Sodium Hydroxide (NaOH) (Merck),
saccharin and aquadest. All chemicals were used as
received without further purification.

2.2 Synthesis of SnNi electrocatalyst

Catalyst SnNi  were synthesized using the
electrodeposition method. The SnNi catalyst was
synthesized with and without the addition of saccharin to
investigate its effect on the properties and characteristics
of the resulting catalyst. The inclusion of saccharin during
the synthesis process was hypothesized to influence the
morphology, crystallinity, and catalytic performance of the
SnNi alloy.

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. A precursor solution was prepared by
dissolving 0.09 M NiSO4.6H20, 0.01 M SnCl2, 0.50 M H3BOs3,
and 0.10 M H2S0a. As a comparison, saccharin was added
to the solution, to investigate the effect of saccharin on
electrolyte solution. The deposition was carried out with
electrodeposition method for 10 minutes on copper
substrate with a potential of -1.40 V vs Ag/AgCl at room
temperature. Before electrodeposition, the substrate was
polished mechanically using sandpaper and washed with
aquadest and ethanol. The obtained deposit was rinsed
with distilled water and dried.

2.3 Characterization

The deposited samples were subjected to various
analytical techniques for characterization. X-ray diffraction
(XRD) was employed to identify the crystal phases present
in the samples. Scanning electron microscopy (SEM) was
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employed to analyze the surface morphology of the
samples. Energy-dispersive X-ray spectroscopy (EDX) was
used to determine the composition of the samples
deposited on the copper wire.

2.4 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 was
used to determine the electron transfer resistance (Rct) of
samples. EIS analysis was measured at a frequency of 0.1
Hz — 100 kHz in 0.5M KClI solution. Cyclic voltammetry (CV)
and Chronoamperometry (CA) measurements were
performed to investigate the activity and stability of
samples for ethanol electrooxidation. CV analysis was
performed in 1 M NaOH and 0.1 M ethanol solution. The
potential used is between —750 mV to 750 mV at a scan
rate of 50 mV/s, starting from anodic current. Linear sweep
voltammetry (LSV) curves were measured at a scan rate of
50 mV/s. The stability tests of samples were performed for
ethanol electrooxidation with a constant potential of 0.3V
vs Ag/AgCl for 120 minutes, utilizing a reaction vessel with
a volume of 25 mL.

3. Results and Discussion
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Figure 1. XRD diffraction pattern of SnNi alloy catalyst.

Both types of synthesized samples were characterized
by the X-ray diffractometer. Figure 1 shows the diffraction
pattern of the SnNi alloy catalyst. The diffraction patterns
show peaks at 20 43.50°, 50.58°, 74.29°, 90.05°, and
95.28° corresponding to miller index of (111), (200), (400),
(220), (311), and (222) respectively confirm the formation
of single-phase SnNi alloy. The observed XRD pattern
varies only in the peak position due to a slight shift. this is
related to the difference in SnNi alloy composition of the
two samples synthesized with and without saccharin
addition. The crystallite size of the catalyst is computed
using the Debye-Scherrer formula. The crystallite size of
the SnNi with and without saccharin were found to be
27.30 and 28.26 nm, respectively.

Figure 2. SEM images of electrodeposition SnNi (a) absence
saccharin and (b) presence saccharin.

The crystallite size show that the SnNi catalyst
electrodeposited from the electrolyte containing saccharin
has a smaller size than that synthesized without the
addition of saccharin. The calculation results show that the
SnNi catalyst electrodeposited from the electrolyte
containing saccharin has a smaller size than that
synthesized without the addition of saccharin. These
results indicate that the presence of saccharin addition
slows down the growth phase during SnNi deposition,
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despite the high nucleation rate indicated by the small
crystal size [26].

The morphology of the SnNi absence and presence of
saccharin  thin  film  synthesized through the
electrodeposition method is shown in Fig. 2. According to
the results, adding saccharin affects the morphology of the
deposit. The morphology obtained is shaped like an oval
circle and pointed on some particles. But in Fig. 2b the
particle distribution is more uniform. This is due to the
presence of saccharin in the electrolyte used. Saccharin is
an additive that can repair the grain structure and enhance
the quality of the deposited film, obtaining smoother,
more compact, and brighter deposits [28]. This align with
the results of research by Uhm et. al. [29], which
demonstrated a decrease in surface roughness on Ni
deposits along with the addition of saccharin

concentration. The addition of saccharin as an additive to
the electrolyte solution can improve the movement of
electrons and electrical conductivity in the structure which
will shift the reduction potential of metal ions to a higher
one, resulting in a higher nucleation rate and has an effect
on grain refinement [29,30].

Figure 3. EDX spectrum of SnNi (a) absence saccharin, (b)
presence saccharin.

EDX spectrum of SnNi with the presence saccharin and
SnNi absence saccharin are shown in Fig. 3. EDX spectrum
confirm the presence of Sn and Ni elements synthesized on
copper wire substrates. The composition of Sn and Ni in
the absence of saccharin and presence saccharin during
deposition on copper wire are shown in Table 1. These EDX
results verify that the synthesis of SnNi thin films with
saccharin and SnNi thin films without saccharin has been
formed on the substrate.

Table 1. Elemental composition (wt%) of SnNi in EDX
Elemental weight%

Sample
P Sn Ni
SnNi absence saccharin 78.19% 21.81%
SnNi presence saccharin 85.56% 14.44%

The presence of saccharin in the solution can inhibit
precipitation due to its adsorption effect. The presence of
saccharin tends to lower the Ni content and promote more
anomalous behavior to a relatively small degree [31]. The
EDX results of both samples show a greater percentage of
Sn because Sn has a more positive standard reduction
potential value, it can undergo reduction and be deposited
at a potential of -1.40 V.

Table 2. The R, and R values measured using EIS technique.

Sample Rs Ret
SnNi without saccharin 3.680Q 15.77 Q
SnNi with saccharin 3430 4820

The Electrochemical Impedance Spectroscopy (EIS)
measurements in 0.50 M KCI electrolyte with a frequency
range of 100 kHz to 0.10 Hz. Aiming to determine the
impedance of the system. The results are presented in a
Nyquist plot which depicts the R« and solution resistance
(Rs) values forming a semi-circle. This shape indicates the
Rt and the nature of the electrode interface [27]. The
Nyquist plot of SnNi with saccharin and without saccharin
is shown in Fig. 4, and the specific result of EIS has shows
in Table 2.
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Figure 4. Nyquist Plot for SnNi with added saccharin and without
saccharin.

The smallest values of R« shown in the samples with
and without saccharin are 4.82 kHz and 15.77 kHz. The
result of Rs in sample SnNi with and without saccharin are
3.44 Q and 3.68 Q. In these results, it was found that the
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sample with saccharin has a smaller Rc value. A high Rct
value indicates slow electron kinetics and high resistance
to electrochemical reactions. In addition, the morphology
of the sample also affects the impedance value produced
because a more conductive or smoother surface can
reduce the charge transfer resistance [32].
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Figure 5. Tafel Slope of SnNi catalyst with and without the
addition of saccharin.

LSV plots are used to study electron transfer reaction
kinetics and parameters, such as overpotential, onset
potential and catalyst tafel slope [33]. Tafel slope is a
parameter commonly used to assess the rate and
mechanism of electrocatalytic reactions. In simple terms,
the Tafel slope states the number of mV needed to
increase the current 10 times, with units of mV/dec [34].
Therefore, a low Tafel slope value is an indication of the
presence of an active catalyst due to the excess potential
required to achieve a higher current density is smaller [34].
The presence of overpotential in an electrocatalytic cell
indicates that the cell requires more energy than predicted
by thermodynamics to drive a reaction [33]. Based on the
results shown in Fig. 5, the tafel slope value for the SnNi
catalyst with the addition of saccharin is lower than that
without the addition of saccharin, namely 115 mV/dec and
128 mV/dec respectively.

The activity and stability of SnNi catalysts without
saccharin and with saccharin were also investigated by CA
method conducted at constant potential at -0.20 V for
7200 s as shown in Fig. 6. The current-time transient
presented in Fig. 6 shows that SnNi catalyst without
saccharin has higher initial catalyst activity than SnNi with
saccharin. The current density decreased quickly at first
due to the accumulation of strong reaction intermediates
adsorbed on the surface-active sites. Then, the current
density decreased gradually and reached a pseudosteady
state [22]. However, as the current density decreases, the

SnNi catalyst with saccharin has a slow decrease rate and
higher stability than the SnNi catalyst without saccharin.
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Figure 6. CA curves (relationship of current vs. time) for 7200 s of
SnNi with added saccharin and without saccharin.

In CA curves, a slower decrease represents the
catalyst's ability to maintain its activity and structure over
time, which is the main characteristic of a stable catalyst.
In addition, the presence of saccharin on the catalyst can
influence the slower decrease in current density. Because
it can act as a barrier or stabilizing agent on the surface of
the catalyst, which helps protect the catalyst from
contaminants or substances that can damage the structure
of the resulting catalyst [35].

Figure 7 shows the CV measurement results of the SnNi
electrocatalyst for the activity of the ethanol oxidation
reaction. Conventional CV measurements are carried out
with a three-electrode cell configuration, consisting of a
working electrode, counter electrode and reference
electrode. This technique measures the current response
to a potential sweeping potential applied to a sample via a
working electrode [36].

In Fig. 7a, the voltammogram of CV results for the SnNi
catalyst without the addition of saccharin is presented
which shows asymmetric peak results (lpa/lpc # 1) in the
cathodic and anodic potentials. This indicates irreversibility
in electron transfer [37]. Meanwhile, the CV test results for
the SnNi catalyst with the addition of saccharin which can
be seen in Fig. 7b show symmetric peaks of cathodic
potential and anodic potential (lpa/lpc = 1). This indicates
reversible electron transfer for this catalyst [38].
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FFure 7. CV plots of SnNi electrocatalyst (a) without saccharin, (b)
with saccharin for ethanol electrooxidation, (c) CV plots at the
maximum peak of both the catalysts.

Electrochemically reversible reactions often result in
rapid electron transfer between the species and the
electrode, whereas electron transfer in irreversible
reactions is slower [39]. The addition of saccharin to the
SnNi catalyst acts as a smoothing agent and stress reliever
which drastically affects the morphology, internal stress,
hardness, microstructure and crystal structure of the

material being made and allows electrons to be
electrochemically reversible [28,40].

This also shows that the SnNi catalyst with the addition
of saccharin has the potential to increase the electron
transfer rate at the electrode which will also increase its
catalytic performance. Table 3 shows the ji/j» ratio that
determined from the CV curves that show higher If/Ib ratio
from SnNi catalyst with saccharin than without saccharin,
suggesting a better catalytic tolerance to carbonaceous
species for the SnNi catalyst with saccharin addition [41].

Table 3. Dependence of the backward scan peak current
(jv)/forward scan peak current (jy) ratio determined from the CV
curves

) i (mA.cm™) o
SnNi - ! - Jjljo
Jb Js
without saccharin 2.63 1.02 0.38
with saccharin 1.78 0.98 0.55

4. Conclusion

SnNi alloy electrocatalyst were succesfully synthesized
through the electrodeposition method. The SnNi catalyst
sample synthesized with the addition of saccharin showed
better catalytic activity compared to the SnNi
electrocatalyst without the addition of saccharin.
Saccharin addition had a significant effect on the
morphology, crystallite size, and composition of the
catalyst. The presence of saccharin causes the formation of
more uniform particles and has a smaller size. The sample
with the addition of saccharin had a smaller Rc: value 4.82
Q, lower tafel slope by 115 mV/dec, and show higher j/j»
ratio by 0.55. However, as the current density decreases,
the SnNi catalyst with saccharin has a slow decrease rate
and higher stability.
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