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In this study, Indium-modified tin (Sn/In) electrodes were fabricated via
electrodeposition using different InCls precursor concentrations (0.01,
0.05 and 0.10) to study their effects on surface morphology, elemental
composition and crystal structure. The prepared electrodes were analysed
using scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), X-ray fluorescence (XRF) and X-ray diffraction.
SEM images showed that the 0.01 M InCls electrode had patchy indium
deposits with incomplete surface coverage, while the 0.05 M setup
created a more uniform and continuous surface morphology. Increasing
the concentration to 0.10 M led to particle clumping and higher surface
roughness. Based on EDX data, the highest surface indium loading
(15.86%) was achieved at 0.05 M, whereas XRF patterns XRF data
showed a steady increase in bulk indium incorporation with higher
precursor concentrations. The XRD patterns revealed that all Sn/In
electrodes retained their tetragonal B-Sn crystal structure, and there was
no other form of indium crystalline present in the sample. These results
confirmed that the concentration of InCls has played a key role in
controlling the structural and compositional characteristics of
electrodeposited Sn/In electrodes. Based on the results obtained, the
electrode modified with 0.05 M InCls offered the best balance between
surface uniformity, indium loading and structural stability, making it a
prospective candidate for subsequent electrochemical ethanol sensing
applications.
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1. INTRODUCTION

Tin is a material that is widely used in electrochemical applications. This is because tin has good electrical
conductivity, chemical stability, low cost and a simple fabrication process [1-2]. From all these properties,
tin is suitable for electrochemical sensors, electrocatalytic systems and energy storage devices [1].
However, unmodified tin has a relatively smooth surface that can limit the number of electrochemically
active sites and reduce overall electrode performance [3].

Surface morphology, elemental composition and crystal structure determine electrode performance by
directly shaping charge transfer and interfacial reactions [4]. Surface modification is widely used to
improve the performance of tin electrodes while maintaining the advantages of the substrate. To understand
how fabrication conditions shape modified metallic and oxide electrodes, accurate structural and
compositional profiling must be deployed [5-6]. A common strategy is to incorporate a secondary metal to
increase the number of active sites and improve electrochemical performance [7]. Indium is well suited for
tin because both metals have compatible properties and can be co-electrodeposited under controlled
conditions [8], [9]. Previous studies have shown that indium can improve surface characteristics without
affecting the structural stability of the tin substrate[10-11].

Compared to other fabrication techniques, electrodeposition provides a straightforward and low-
temperature process that can easily control coating thickness, composition and surface morphology [5],
[12]. Several factors shape the quality of the deposited layer, which are the applied potential, deposition
time, electrolyte composition, temperature and precursor concentration [12-13].It is important to have
precursor concentration because it controls the supply of metal ions to the electrode surface, affecting
nucleation, crystal growth and coating uniformity [12]. Precursor concentration requires a careful balance,
as low concentrations limit ion availability and cause incomplete deposition, whereas excessive amounts
tend to clump particles together and ruin coating uniformity [13-14].

Previous studies on indium electrodeposition have mainly focused on deposition mechanisms,
electrochemical behaviour and process optimisation [8], [15]. In contrast, some studies have examined how
indium precursor concentration influences the combined effects on the surface morphology, elemental
composition and crystal structure of Sn/In electrodes [11]. Understanding this relationship is important to
optimise electrode fabrication parameters and ultimately achieve a highly uniform and stable electrode
surface. In this study, the fabrication of indium-modified tin (Sn/In) composite electrodes was carried out
using a straightforward two-electrode electrodeposition method by varying the concentrations of InCls
precursor. The effect of indium doping concentrations on the surface morphology of the electrode, element
composition and crystal structure was carefully studied using various types of analysis, including SEM,
EDX, XRF and XRD. Based on this research, the electrode fabricated with 0.05 M InCls exhibited the most
uniform surface, which was considered the optimal deposition condition.

2. RESEARCH METHODOLOGY

2.1 Preparation of indium-modified tin (Sn/In) electrodes

In this study, indium-modified tin (Sn/In) electrodes were prepared using a commercial tin (Sn) foil
as the substrate. The foil was cut into rectangular pieces with dimensions of 4.00 cm x 1.00 cm x 0.05 cm.
Before electrodeposition, the Sn substrates were mechanically polished using 1000 — 1200 grit silicon
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carbide (SiC) abrasive paper to remove surface contaminants and the native oxide layer. This pretreatment
produced a clean and uniform surface for subsequent indium deposition. This surface preparation is
commonly used in electrode fabrication to improve adhesion between the substrate and the deposited layer
while providing better deposition quality [2], [16]. The polished substrates were cleaned in acetone using
an ultrasonic bath for 10 min to remove any remaining contaminants. They were then cleaned in absolute
ethanol for another 10 min and allowed to air-dry at room temperature before electrodeposition.

Besides, the cleaned Sn substrates were activated by immersion in 0.5 M sodium hydroxide (NaOH)
solution for 30 — 60 s. This alkaline treatment modifies the surface and increases its suitability for the
subsequent electrodeposition process. Similar surface preparation methods have been reported to improve
surface quality and promote more uniform coatings during metal electrode fabrication [2], [16]. After the
activation process, the substrates were thoroughly rinsed with deionised (DI) water that had been washed
with ethanol and allowed to air-dry.

Next, electrodeposition was carried out using a two-electrode configuration with aqueous indium
chloride (InCls) electrolyte solutions prepared in deionised (DI) water at concentrations of 0.01, 0.05 and
0.10 M. The pre-treated Sn foil was used as the cathode, while a platinum (Pt) plate served as the counter
electrode (anode) (Fig. 1).

DC Power Supply (1.8 V)

Tin (Sn)

i i < Platinum (Pt)
Lectrod i
(Cc;‘[:h(?dcc) electrode (anode)

InCls aqueous solution

€S

450 rpm

Fig. 1. Schematic illustration of the electrodeposition setup for Sn/In composite electrodes.

The deposition process was conducted in a glass electrochemical cell at a constant DC voltage of 1.8
V for 10 min. The electrolyte was continuously stirred at 450 rpm to maintain a uniform ion distribution.
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This stirring condition helps to reduce concentration polarisation and promote more uniform growth of the
indium coating on the Sn electrode surface.

Several electrodeposition parameters affect the quality of the deposited Sn/In layer, including
electrolyte composition, applied voltage, deposition time and mass transport [12-13]. Among these, the
InCls precursor concentration is important because it determines the amount of indium ions available for
deposition, which affects the nucleation process and subsequent coating growth. Therefore, proper control
of the InCls precursor concentration is crucial for achieving a homogeneous Sn/In electrode surface.

After electrodeposition, the Sn/In electrodes were removed from the electrolyte, then rinsed thoroughly
with DI water and ethanol to eliminate residual salts and dried in an oven at 70 °C for about 40 — 45 min.
The prepared electrodes were then characterised using scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray fluorescence (XRF) and X-ray diffraction (XRD). These
techniques were used to examine the effects of InCls concentration on surface morphology, elemental
composition and crystal structure (Fig. 2).

(a) 0.01 M InCls (b) 0.05 M InCls (¢) 0.10 M InCls
Low concentration Intermediate concentration High concentration

O O OO 0O

| Sn substrate | | Sn substrate | | Sn substrate

Fig. 2. Schematic of indium nucleation behaviour at different InCls concentrations.

2.2 Structural and surface characterisation

The surface morphology and microstructure of the prepared Sn/In electrodes were characterised using
field-emission scanning electron microscopy (FESEM, FEI Quanta FEG 650). Images were obtained at
accelerating voltages of 5 — 10 kV to examine surface features, particle distribution, and the morphology
of the electrodeposited indium layer. This technique provides detailed information on the deposited coating
and is widely used to assess the effects of electrodeposition conditions on coating uniformity, particle
distribution and deposit morphology [12], [17].

Surface elemental composition was analysed using energy-dispersive X-ray spectroscopy (EDX)
integrated with the FESEM system. The relative weight percentages of tin (Sn) and indium (In) were
determined from the selected surface regions according to the ASTM E1508-12a standard. EDX provides
localised elemental information and is widely used to assess element incorporation and compositional
changes in electrodeposited metal coatings [9], [11].

The crystal structure and phase composition of the Sn/In electrodes were characterised by X-ray
diffraction (XRD) using a Rigaku Ultima IV diffractometer equipped with Cu Ka radiation (A = 1.5406 A).
Diffraction patterns were compared with reference data from the International Centre for Diffraction Data
(ICDD) database to identify crystalline phases and assess structural changes after indium deposition. XRD
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is widely applied to investigate phase composition and crystallographic characteristics of tin- and indium-
based electrode materials [2], [11].

Bulk elemental composition was further analysed using X-ray fluorescence (XRF) spectroscopy
(Skyray Explorer 5000). The analysis was performed at an excitation voltage of 45.8 kV with an anode
current of 40.16 mA under fixed operating conditions. In this study, XRF was selected to study the overall
elemental composition of the electrodes instead of EDX, which provides only a localised surface analysis
[18].

3. RESULTS AND DISCUSSION

3.1 Surface morphology analysis of electrodeposited Sn/In electrodes

The scanning electron microscopy (SEM) micrographs of the electrodeposited Sn/In electrodes are
presented in Fig. 3. The effect of the InCls precursor concentration on the surface morphology of the
electrodes was examined. The bare Sn substrate, before electrodeposition (Fig. 3(a)), showed a relatively
smooth surface with distinct parallel polishing marks produced during surface preparation. This surface
characteristic provides a useful reference for analysing the surface morphology modification upon the
introduction of indium deposition.

During electrodeposition at 0.01 M InCls (Fig. 3(b)), indium deposits appeared as scattered islands
across the Sn surface, leaving some areas of the substrate exposed. This discontinuous layer suggests that
the low precursor concentration provided insufficient In*" ions for widespread nucleation and growth,
resulting in partial surface coverage. Similar behaviour has been reported for electrodeposited metal
coatings, where limited metal-ion availability can reduce nucleation density and produce non-uniform
deposits [9], [15], [19].

Increasing the InCls concentration to 0.05 M (Fig. 3(c)) produced a different surface morphology. The
deposited layer was more compact and uniformly distributed, with better surface coverage and less particle
agglomeration. This suggests that the intermediate precursor concentration provided sufficient In** ions for
more uniform nucleation while allowing controlled crystal growth. These conditions support the formation
of a continuous coating and are consistent with previous studies showing that suitable electrolyte
composition can improve deposit uniformity by balancing ion transport and surface growth during
electrodeposition [2], [5], [12].

Further increasing the precursor concentration to 0.10 M (Fig. 3(d)) resulted in larger and more
irregular particle clusters on the electrode surface. Instead of improving surface coverage, the higher supply
of In* ions appeared to promote further growth at existing nucleation sites, leading to particle
agglomeration and a rougher surface. This change from a relatively uniform coating to clustered deposits
reflects the change in the balance between nucleation and crystal growth that can occur at higher precursor
concentrations during electrodeposition [9], [12], [17].

Overall, the SEM observations demonstrate that the InCls precursor concentration strongly influences
the morphology of electrodeposited Sn/In electrodes. The 0.01 M electrolyte produced an incomplete and
discontinuous indium coverage, whereas the 0.10 M electrolyte demonstrated particle aggregation that
reduced the coating uniformity. In contrast, the electrode prepared with 0.05 M InCls showed the most
homogeneous surface morphology. Thus, it suggests that this concentration provides the most favourable
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conditions for controlled indium deposition. The elemental and structural analyses presented in the
following sections further support these morphological characteristics.

SR

Fig. 3. SEM images of (a) bare Sn, (b) Sn/In (0.01 M), (c) Sn/In (0.05 M), and (d) Sn/In (0.10 M) electrodes.

3.2 Elemental composition analysis of Sn/In electrodes

The elemental composition of the fabricated electrodes was evaluated using both energy-dispersive X-
ray spectroscopy (EDX) and X-ray fluorescence (XRF). The EDX results summarised in Table 1 provide
information on the elemental composition of the electrode surface, whereas the XRF data in Table 2
represent the bulk composition of the samples. Because these techniques investigate a different region of
the material, their combined use offers a more comprehensive understanding of indium incorporation
following electrodeposition [11], [18].

Table 1. Surface elemental composition (wt.% and at. %) of bare Sn and Sn/In electrodes determined by EDX.

Sample O (wt.%) InWwt.%) SnWwt.%) O (at.%) In(at. %) Sn(at. %)
Bare Sn 2.11 0.00 97.89 13.76 0.00 86.24
Sn/In (0.01 M) 4.73 9.85 85.41 26.87 7.79 65.34
Sn/In (0.05 M) 5.92 15.86 78.23 31.69 11.84 56.48
Sn/In (0.10 M) 8.53 11.98 79.50 40.78 7.98 51.24
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Table 2. Bulk elemental composition of Sn/In electrodes determined by XRF (mean + SD).

Element 0.01 M Sn/In 0.05 M Sn/In 0.10 M Sn/In
Fe (%) 0.29 +£0.02 0.21+0.10 0.21+0.11
Ni (%) 0.05+0.01 0.04 +£0.03 0.04+0.03
Cu (%) 0.17+0.01 0.18 £0.04 0.18 £0.02
Zn (%) 0.03 +£0.01 0.01+0.01 0.23 +£0.40
As (%) 0.00 +0.00 0.00 +0.00 0.00 +0.00
Se (%) 0.00 +0.00 0.00 +0.00 0.00 +0.00
Ag (%) 0.00 +0.00 0.00 +0.00 0.00 +0.00
Cd (%) 0.14+£0.04 0.18 £0.10 0.21 £0.07
In (%) 0.26 £0.05 0.33+0.15 0.36 £ 0.10
Sn (%) 93.62 +0.77 93.02 + 1.90 9249+ 1.14
Sb (%) 0.33+0.16 0.53+£0.49 0.59+0.28
Hg (%) 0.01 +£0.00 0.01 +£0.00 0.01 +0.00
Pb (%) 5.00+£0.49 537+1.19 5.55+0.77
Bi (%) 0.01 £0.01 0.01+0.01 0.01 +£0.01

Data are presented as mean + SD. Measurements were performed in quintuplicate (n = 5) for all samples except the
0.10 M Sn/In electrode (n = 4) due to one invalid measurement.

The EDX spectrum of the bare Sn electrode showed a dominant tin signal with no detectable indium,
confirming the absence of surface modification important to electrodeposition (Fig. 4). Analysis detected a
small amount of oxygen (2.11 wt.%), which comes from the natural oxide layer formed on the tin surface
after air exposure. Metallic tin commonly shows this surface oxidation, which does not mean a significant
bulk oxide phase has formed [20].

Spectrum 2| Spectrum 1

() @ ®

0 1 2 3 4 5 3 7 8 9 10 0 1 2 3 4 5 3 7 8 9 10
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()
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Fig. 4. EDX spectra and elemental composition of (a) bare Sn, (b) 0.01 M Sn/In, (c) 0.05 M Sn/In, and (d)
0.10 M Sn/In electrodes.
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Following electrodeposition, indium was found in all Sn/In electrodes, showing that the process
successfully added indium to the surface. When the InCls precursor concentration rose from 0.01 M to 0.05
M, the surface indium content increased from 9.85 wt.% to 15.86 wt.%. This trend matches the SEM data,
where the 0.05 M electrode showed the most uniform surface coverage. The higher indium loading suggests
that sufficient In** ions drove continuous nucleation and even deposition. Past studies show similar links
between precursor concentration, ion availability, and metal deposition [9], [12].

Interestingly, a precursor concentration of 0.10 M did not raise the surface indium content further.
Instead, the measured indium concentration fell to 11.98 wt.% despite the higher InCls concentration in the
electrolyte. This behavior shows that too many ions alter the deposition process, favoring local particle
growth over uniform coverage. Consequently, indium aggregates in specific regions instead of spreading
evenly. This matches the SEM images, which showed clear particle clustering at the highest concentration,
and agrees with earlier reports on nucleation changes in highly concentrated baths [9], [17].

The oxygen content also climbed progressively after deposition, rising from 2.11 wt.% (bare Sn) to
8.53 wt.% (0.10 M Sn/In). This rise likely stems from the larger surface area of the indium structures, which
offers more sites for air adsorption and oxidation. Since XRD found no oxide phases, the oxygen is likely
due to surface passivation rather than bulk oxide formation [20].

XRF data confirmed that tin remained the main component, making up over 92 wt.% of the total mix.
Unlike the EDX data, the bulk indium content rose slowly from 0.26 + 0.05 wt.% (0.01 M sample) to 0.36
+ 0.10 wt.% (0.10 M sample). Trace amounts of Pb, Sb, Fe, Cu, and Ni were also found, coming from the
original Sn foil. These steady concentrations show that the modification affected only the surface and did
not change the bulk metal substrate.

The different indium levels highlight the different sampling depths of the two tools. EDX measures the
surface, while XRF averages the bulk material [11], [18]. Thus, the higher indium levels in EDX confirm
that indium clustered at the surface layer rather than distributing evenly through the Sn substrate. This
shows that the process modified the surface while preserving the bulk properties of the underlying tin,
supporting later sensing applications.

3.3 Crystal structure and phase evolution of Sn/In electrodes

X-ray diffraction (XRD) was used to study the crystal structure of the bare Sn and electrodeposited
Sn/In electrodes, and Fig. 6 shows the patterns. The bare Sn substrate exhibited characteristic diffraction
peaks at approximately 30.9°, 32.25°, 44.1°, 45.13°, 55.56°, 55.74°, 62.7°, 64.8°, 72.6°, 73.35° and 79.73°
corresponding to the (200), (101), (220), (211), (031), (112), (400), (240), (141) and (321) crystallographic
planes of tetragonal $-Sn (space group I4:/amd, COD 1534488). These results prove that the commercial
Sn foil kept its expected crystalline form before surface modification, which matches past studies on tin-
based metals [21].

Following electrodeposition, all Sn/In electrodes showed diffraction patterns that closely mirrored the
bare Sn substrate. No major peak shifts, broadening, or extra peaks were seen after modification. This
stability proves that the process did not alter the bulk crystal structure of the Sn substrate. This finding
shows that indium depositions stayed mainly at the surface while preserving the structural setup of the B-
Sn matrix. Past work shows similar trends for Sn-based electrodes with low indium levels, where surface
changes occur without hurting the bulk crystal structure [19].

https://doi.org/10.24191/esteem. v22iSeptember.10141 UiTM Press, Universiti Teknologi MARA



106 Mohd Rahim, N.B. et al. /| ESTEEM Academic Journal, Vol. 22, September 2026, 98-111

Analysis also showed a total absence of diffraction peaks for crystalline indium, indium oxide, or Sn—
In compounds across all modified electrodes. This trend matches the EDX and XRF data, which showed
low amounts of surface indium compared to the large Sn substrate. The deposited indium is likely a thin
surface layer or exists in amounts below the XRD detection limit, which prevents distinct crystalline peaks.
[19].

4500 T r T . T ; T
i = i
Bare Sn
4000 — —0.01 Sn/In =
—0.05 Sn/In
I ——0.1 Sn/In i
3500 | =t
3000 =
=
=, L J
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Fig. 6. X-ray diffraction patterns of bare Sn and Sn/In composite electrodes prepared at different indium precursor
concentrations.

Peak overlap between both metals explains the missing indium peaks. The typical In (101) peak appears
near 32.9°, which sits very close to the strong B-Sn (101) peak at 32.25°. Thus, the stronger Sn substrate
signal hides the indium signal, especially when the indium layer is thin or scattered. This point supports the
view that indium acts as a surface modifier rather than a separate crystalline phase [19].

Although the overall shapes stayed similar, the modified electrodes showed small changes in peak
intensity. Specifically, the 0.10 M Sn/In electrode showed a slight drop in (101) and (200) intensity
compared to the 0.05 M sample. The higher surface roughness and particle clustering seen in SEM likely
caused this drop, as rough surfaces lower diffraction intensity by adding structural disorder [19].
Conversely, the modified electrodes gave stronger (101) peaks than the bare Sn substrate. This change
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suggests that indium influenced the direction of crystal growth during electrodeposition, even though the
overall B-Sn crystal structure stayed the same.

Overall, the XRD data demonstrates that changing the InCl; precursor concentration alters the surface
features without changing the crystal structure of the Sn substrate. The retention of the tetragonal B-Sn
phase fits the trends seen in the SEM, EDX, and XRF results. Collectively, these findings indicate that
indium was successfully deposited as a stable surface layer while maintaining the structural integrity of the
underlying Sn electrode, which is an important characteristic for subsequent electrochemical ethanol
sensing applications.

3.4 Correlation between indium concentration, surface morphology, and structural characteristics
of Sn/In electrodes

The combined SEM, EDX, XRF and XRD data clearly prove that the InCl; precursor concentration
determines the structural and compositional features of electrodeposited Sn/In electrodes. Although the
bulk crystal structure of the Sn substrate remained unchanged during the process, variations in precursor
concentration strongly altered indium deposition behaviour, surface morphology, and elemental
distribution. These trends highlight the need to precisely control electrolyte composition to achieve a
uniform, stable electrode [2], [12], [19].

At the lowest concentration of 0.01 M, the limited supply of In3" ions restricted nucleation, causing a
discontinuous indium layer across the Sn surface. This outcome was clearly visible in the SEM images,
which showed isolated deposits and incomplete surface coverage, while the low surface indium content
measured by EDX further supports this finding. The data suggest that low ion availability blocked the
growth of a continuous coating, subsequently leading to a less uniform surface [8], [14]. Past work shows
similar trends for dilute baths, where low metal-ion concentrations suppress nucleation density and lower
coating uniformity [12-13].

Raising the precursor concentration to 0.05 M produced a major improvement in the deposited layer.
A compact and uniform surface was observed via SEM, while EDX data recorded the highest surface
indium content among all tested electrodes. Concurrently, the XRD patterns stayed essentially unchanged,
confirming that indium deposition was strictly confined to the surface without altering the tetragonal B-Sn
crystal structure [11], [19], [21]. The match between these characterisation tools shows that 0.05 M balances
ion availability, nucleation, and crystal growth, thereby allowing indium to spread evenly. Similar trends
have been reported before, where intermediate precursor concentrations actively promoted uniform
deposition and better coating quality [12], [15], [17].

Further increasing the InCl; concentration to 0.10 M altered the deposition behaviour. Instead of
improving surface coverage, the excess In*" ions drove preferential growth at existing nucleation sites,
yielding particle clusters and a rougher surface morphology [7], [12], [17]. This observation fits the lower
surface indium content found by EDX compared to the 0.05 M electrode, despite the slow bulk indium
increase tracked by XRF. The difference between the surface and bulk datasets suggests that extra indium
deposited unevenly rather than spreading uniformly. Such behaviour is commonly linked with a shift from
nucleation-controlled to growth-dominated deposition under high precursor concentrations [12], [17].

Despite different surface shapes and element distributions, the typical diffraction peaks of tetragonal
B-Sn were kept by all modified electrodes, showing no traces of crystalline indium, indium oxide, or Sn—
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In intermetallic phases [11], [19], [21]. This confirms that the process changed the outer surface primarily
while keeping the structural integrity of the Sn substrate. The matching data from EDX and XRF further
validate this conclusion, which shows that indium is concentrated at the surface layer rather than dispersing
through the bulk material [18], [19].

Overall, the results prove that controlling the InCls precursor concentration is essential for shaping the
surface features of electrodeposited Sn/In electrodes. Among the concentrations tested, the electrode made
with 0.05 M InCl; showed the best mix of uniform surface morphology, highest surface indium integration,
and excellent structural stability. These attributes make the 0.05 M Sn/In electrode the most promising
choice for later electrochemical ethanol sensing tests, where a uniform and stable electrode surface is
expected to boost sensing performance.

4. CONCLUSION

This study clearly demonstrated that the InCls precursor concentration strongly influences the structural
and compositional characteristics of electrodeposited Sn/In electrodes. At 0.01 M, incomplete surface
coverage was caused by limited indium availability, while increasing the concentration to 0.10 M actively
promoted particle agglomeration and reduced coating uniformity. In contrast, the electrode prepared with
0.05 M InCls exhibited the most favourable characteristics, including a uniform surface morphology, the
highest surface indium incorporation, and full preservation of the tetragonal $-Sn crystal structure without
the formation of secondary crystalline phases. The combined SEM, EDX, XRF and XRD analyses confirm
that precursor concentration governs indium deposition behaviour while maintaining the structural integrity
of the Sn substrate. These findings demonstrate that optimising the InCls concentration is essential for
producing structurally stable and compositionally uniform Sn/In electrodes. The optimised 0.05 M Sn/In
electrode, therefore, provides a reliable foundation for subsequent electrochemical ethanol sensing studies.
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