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Abstract: Sn-Pd electrocatalysts with a constant atomic ratio of 60 at.% Sn‒40 at.% Pd suitable for 
potential application in direct ethanol fuel cells were synthesized using a novel two-step electro-
deposition method. First, Sn was electrodeposited in various forms of dendrites, from spear-like 
and needle-like to individual fern-like dendrites to a network of intertwined fern-like dendrites, by 
varying the cathodic potential and then performing electrodeposition of Pd at a constant current 
density in the second step. A morphological and elemental analysis of Sn and Sn-Pd electrocata-
lysts was performed using scanning electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDS) and X-ray photoelectron spectroscopy (XPS) techniques, while the size of Sn den-
drites was analyzed using the particle size distribution (PSD) method. Cyclic voltammetry (CV) 
and chronoamperometry were applied in order to study the catalytic behavior of Sn-Pd electrocat-
alysts in the ethanol oxidation reaction (EOR), while CO stripping was used to estimate the anti-
poisoning capability of the electrocatalysts. The Sn surface morphology of the sub-layer was highly 
correlated with the electrocatalytic activity of the examined Sn-Pd electrocatalysts. The high activ-
ity it presented towards the EOR showed the suitability of the Sn-Pd electrocatalyst constructed 
from individual fern-like Sn dendrites as a sub-layer. Compared to Pd alone, this Sn-Pd catalyst 
showed more than 3 times higher activity and improved EOR kinetics. This enhancement in the 
catalytic activity of the Sn-Pd electrocatalysts is attributed to both the morphological characteristics 
of Sn as a sub-layer and the bifunctional effect. 

Keywords: electrodeposition; tin; dendrites; Sn-Pd electrocatalysts; SEM; EDS; PSD; XPS; ethanol 
oxidation reaction 
 

1. Introduction 
Direct alcohol fuel cells (DAFCs) represent a category of environmentally friendly 

energy resources suitable for the development and design of devices that turn the 
chemical energy of fuel into electrical energy via electrochemical oxidation [1–5]. Among 
various DAFCs, direct ethanol fuel cells (DEFCs) are regarded as promising candidates 
for both mobile and stationary applications [1,6–8]. DEFCs have received attention be-
cause of their low toxicity, high energy conversion efficiency, high power density and 
easy storage and handling. 
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Pd displays an initial high activity for the ethanol oxidation reaction (EOR) and can 
be used instead of Pt in DEFCs [1,2,4]. However, Pd deactivation has been subject to cat-
alyst surface poisoning by carbonaceous and other species. Optimization of the activity 
and stability of the catalyst is of crucial interest. A common strategy for enhancing the 
electrochemical performances of Pd-based catalysts is the addition of a second metal, 
such as Au [9,10], Ag [11], Pt [12], Ni [13], Zn [14], Nb [15] or metal oxides [16,17]. Among 
the various bimetallic materials, PdSn catalysts have been shown to be a good choice of 
material to promote the oxidation of ethanol as they are more efficient, stable and less 
expensive [18–21]. Pinheiro et al. [19] prepared PdSn nanoparticles via the chemical re-
duction method using sodium borohydride and evaluated their electrocatalytic activity 
for the EOR. Sn-containing catalysts with reduced noble metal loading showed an en-
hanced EOR mass activity three times greater than that of Pd/C. The improvement of 
PdSn catalysts is associated with the presence of oxophilic Sn species and appropriate 
electrocatalyst structures with a high number of vacancies and defects [19]. A series of 
carbon-supported PdSn binary alloyed catalysts synthetized using a modified polyol 
method were tested in the EOR, revealing that the optimum Sn content in PdSn is 14% 
[21]. Cao et al. presented a facile one-step oil bath method to synthesize alloyed PdSn 
nanoparticles with a mass activity more than 2 times higher than that of pure Pd nano-
particles concerning the EOR [18]. PdSn nanocatalysts supported on carbon prepared 
using a chemical reduction method with the aid of ethylene glycol as a reductant showed 
higher electrochemical activity and better stability during the EOR in an alkaline envi-
ronment than the commercial Pd/C (JM) nanocatalyst, demonstrating the PdSn 
nanostructures’ potential as electrocatalysts for practical applications [20].  

The benefit of Sn- or Pd-based electrocatalysts for the EOR is described to be due to 
the presence of oxophilic Sn, which promotes water activation at lower potentials than 
Pd, providing oxygen-containing species (OHad), so that the action of Sn is discussed in 
terms of the bifunctional mechanism [20–23]. When the alloy structure is formed, the in-
fluence of Sn in bimetallic catalysts is explained through the electronic effect since Sn 
modifies and enhances Pd’s electronic structure by donating an electron to Pd sites and 
subsequently weakening the adsorption of carbonaceous species [21,23,24].  

The morphologies of nanomaterials have a key role in the improvement in the elec-
trocatalytic properties. A number of Pd-based nanocatalysts with different morphologies 
have been synthesized in previous studies, such as nanoparticles [19,25] nanorods [26], 
nanowires [27] and nanodots [28]. Synthesis of nanocatalysts with branched structures 
demonstrates an effort to improve their electrochemical performances during the EOR. 
By controlling the number and distribution of branches in PdSn alloy nanodendrites, it 
was possible to create octopod-like catalysts such as Pd72Sn28, which exhibited 6.7 times 
higher specific activity than the commercial Pd/C [29]. The influence of Sn’s morphology 
on the electrochemical behavior of PdSn catalysts in the EOR have barely been studied 
[30]. The branched SnO2 nanowire electrodes were applied as support for Pd deposition, 
thus creating Pd catalyst layers over the SnO2 nanowire surface. The obtained branched 
bimetallic electrocatalyst showed improved electrochemical ethanol oxidation reaction 
kinetics compared to the normal one due to the increase in the electroactive surface area. 

Electrodeposition is a popular approach to electrocatalyst synthesis [31–33]. By 
means of electrochemical deposition, particles of various shapes grow directly from the 
substrate without the need for further treatment. The morphologies of metal or alloy 
deposits can be easily regulated by the choice of parameters and regimes of the electro-
deposition [31,34]. In our previous work, it was shown that Sn’s morphology and struc-
ture depends on the electrolysis conditions, which can produce Sn dendrites of various 
shapes and degrees of ramification [35]. In addition, all types of Sn dendritic particles had 
nanostructural characteristics [35]. 

The present work aimed to investigate the activity of Sn-Pd catalysts with a constant 
atomic ratio of 60% Sn–40% Pd for the EOR. Sn nanostructured deposits in the form of 
various dendrites obtained by applying different cathodic potentials were modified with 
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Pd with the intention of explaining the importance of Sn’s morphology as a sub-layer in 
creating Sn-Pd electrocatalysts for the EOR. The electrochemical behavior of Sn-Pd elec-
trocatalysts was compared to that of Pd alone. 

2. Materials and Methods 
All electrochemical measurements were conducted in a standard three-electrode cell 

using BioLogic SP 200 potentiostat/galvanostat. Sn-Pd electrocatalysts were prepared 
using a two-step electrodeposition process. In the first step, Sn was electrodeposited po-
tentiostatically on cylindrical electrodes of Cu, with a surface area of 0.25 cm2, from an 
electrolyte containing 20 g/L SnCl2 × 2H2O in 250 g/L NaOH, using the following cathodic 
potentials: −1183, −1200, −1400, −1600 and −1800 mV vs. Ag/AgCl/3.5 M KCl (the type of 
reference electrode is omitted in the remainder of the paper, being denoted as Ag/AgCl in 
figures). In the second step, Sn electrodes prepared under these electrodeposition condi-
tions served as electrodes for Pd electrodeposition. The electrodeposition of Pd was per-
formed galvanostatically with an electrolyte containing 1 M NH4Cl and 0.01 M PdCl2 at a 
current density of −5 mA cm−2 [13]. Additionally, Pd was electrodeposited on the cylin-
drical Cu electrode at the same current density. 

The electrodeposition of Sn and Pd was performed with 400 mC and 267 mC of 
electricity, respectively. All electrodepositions were performed at room temperature. A 
platinum electrode served as the counter electrode, and, as already stated, Ag/AgCl/3.5 
M KCl was used as the reference electrode.  

The activity of working electrodes was investigated in an electrolyte containing 1 M 
NaOH with 1 M ethanol. The electrolytes were prepared with high-purity water (Milli-
pore 18MΩ cm resistivity) and the analytical-grade chemicals provided by Merck. The 
ethanol oxidation reaction (EOR) was examined using cycling voltammetry (CV) by 
scanning the potential starting from −800 to 200 mV at a rate of 50 mV s–1. The third cycle 
for all the electrodes was presented. In chronoamperometric measurements, the potential 
was increased from −800 to −400 mV. COads stripping voltammetry was used for deter-
mination of the electrochemically active surface area (ECSA). The electrode was placed 
into the cell, and pure CO was bubbled through the electrolyte for 15 min while keeping 
the electrode potential at −0.90 V. Then, the electrolyte was purged by N2 for 30 min to 
eliminate dissolved CO. After that, COads was oxidized in an anodic scan at 50 mV s−1. 
The electrochemically active surface area of Pd was calculated assuming 0.420 mC cm−2 
for the COads monolayer [29]. The current recorded in electrochemical tests was nor-
malized to the mass amount of Pd metal in catalysts (0.146 mg). In the case of Cu and Sn, 
the results are given as the current. Before the electrochemical measurements, the elec-
trolyte was de-oxygenated by bubbling N2 for 20 min.  

The morphology and elemental analysis of Sn and Sn-Pd electrodeposits were ex-
amined by the scanning electron microscopy (SEM) technique using models JEOL 
JSM-6610LV and JOEL JSM-IT300LV, equipped with an energy-dispersive X-ray spec-
troscopy (EDS) Oxford Instruments X-MAXN attached to the scanning electron micro-
scope and AZtec version 3.1 software. The specifications of SEM and EDS analysis were 
acceleration voltage 20 keV, spot size 60, probe current 2 nA, WD 10 mm, in high vacuum 
mode using a back-scattered electron and secondary detector and elemental mapping 
analysis. 

The particle size distribution (PSD) of Sn particles obtained after removing Sn den-
drites from Cu electrodes after the completion of the electrodeposition processes was 
determined using the MALVERN Instruments MASTERSIZER 2000 device. 

Chemical bonds and atomic percentages were obtained by X-ray photoelectron 
spectroscopy (XPS) using SPECS Systems with an XP50M X-ray source and PHOIBOS 
100/150 analyzer. The X-ray source was AlKα (1486.74 eV) at 12.5 kV and 32 mA, with the 
chamber pressure kept at 9 × 10−9 mbar. Peak positions were referred to as C1s at 284.5 eV 
and analyzed with CasaXPS software. 
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3. Results 
3.1. Characterization of Sn, and Sn-Pd Electrodeposits 

Figure 1 shows the morphologies and the corresponding EDS spectra of Sn deposits 
electrodeposited at various cathodic potentials (E) with 400 mC: −1200 mV (Figure 1a,b), 
−1400 mV (Figure 1c,d), −1600 mV (Figure 1e,f) and −1800 mV (Figure 1g,h) of electricity. 
Depending on the cathodic potential applied, various forms of dendrites were obtained, 
including: spear-like and needle-like (E = −1200 mV; Figure 1a), individual fern-like (E = 
−1400 mV; Figure 1c), and a network of intertwined highly branched dendrites of the 
fern-like shape (E = −1600 mV and E = −1800 mV; Figure 1e and Figure 1g, respectively). 
The Sn needles were oriented by placing the tips towards the bulk of the electrolyte, 
while the other types of dendrites were positioned parallel and very close to the cathode 
surface area. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 
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Figure 1. The secondary electron image (SEI) of morphologies and the corresponding EDS spectra 
of Sn deposits electrodeposited at cathodic potentials of (a) and (b) −1200 mV, (c) and (d) −1400 mV, 
(e) and (f) −1600 mV and (g) and (h) −1800 mV. 

In spite of the various shapes and degrees of ramification of the produced dendrites, 
all dendritic forms were formed under the conditions of a diffusion-controlled electro-
deposition process. The general theory of disperse deposit formation [36] established by 
Diggle, Despić and Bockris [37] and later upgraded by Popov et al. [36,38] can success-
fully explain the formation of all dendrites shown in Figure 1. The basis of these theories 
is the formation of the spherical diffusion layer, a type of local diffusion field, around the 
tip of the surface irregularity formed in the initial stage of electrodeposition. These sur-
face irregularities represent dendrite precursors whose growth, depending on the ca-
thodic potential applied, results in the formation of various dendrite shapes. The tips of 
precursors as well as the dendrites formed from them grow under the activation control, 
while the electrodeposition process occurs simultaneously on the rest of the cathode 
surface area under the diffusion control. A detailed analysis of the formation of all 
demonstrated shapes of dendrites under different electrodeposition conditions is given 
in our previous investigation [35].  

EDS analysis confirmed electrodeposition of Sn on Cu electrodes (Figure 1b,d,f,h). 
Figure 2 shows the particle size distribution (PSD) curves obtained for the Sn parti-

cles (dendrites) produced at the various cathodic potentials. 

 
Figure 2. The particle size distribution (PSD) curves obtained for the Sn dendrites of various shapes 
electrodeposited at cathodic potentials of −1200, −1400, −1600 and −1800 mV. 

The relatively uniform distribution of particle size was obtained for the particles 
produced at cathodic potentials of −1400, −1600 and −1800 mV, at which the individual 
fern-like dendrites (Figure 1c) and the intertwined network highly branched dendrites 
(Figure 1e,g) were obtained. The relatively non-uniform distribution of the particles ob-
tained at a cathodic potential of −1200 mV can be attributed to the formation of two types 
of dendritic particles at this cathodic potential: the needle-like and the spear-like den-
drites [35]. It can be seen from Figure 2 that particle size decreased with increasing ca-
thodic potential, which is in accordance with the basic nucleation law. According to this 
law, the nucleation rate depends on the cathodic potential, as follows [38]: 







−= 2

2
1 exp

E
KKJ  (1)
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where J is the nucleation rate, K1 and K2 are constant independent of the cathodic poten-
tial applied, and E is the cathodic potential. Following Equation (1), it is clear that the 
nucleation rate increases with an increase in the cathodic potential, causing the formation 
of a larger number of smaller particles at larger cathodic potentials.  

In our case, this means that the number of dendrite precursors formed in the initial 
stage of electrodeposition increased with increasing cathodic potential. As a result of this, 
a larger number of the smaller fern-like dendrites were formed at −1800 and −1600 mV 
than at −1400 mV, simultaneously increasing the probability of their networking at higher 
cathodic potentials. Hence, it follows that the number of dendrite precursors, and hence, 
the number of dendrites, decreased in the order −1800 > −1600 > −1400 > −1200 mV, while 
the size of dendrites had opposite trend. The influence of the applied cathodic potential 
on the dendrite shape and size is enhanced by the growth of a dendrite from one nuclea-
tion center in more directions at −1600 and −1800 mV [35], and this characteristic of den-
dritic growth strongly contributes to the formation of intertwined dendritic networks at 
these cathodic potentials. 

In the next step, the Sn dendrites obtained under various cathodic potentials were 
used as cathodes for the electrodeposition of Pd. This was achieved by obtaining bime-
tallic Sn-Pd electrocatalysts suitable for the electrochemical oxidation of ethanol. Figure 3 
shows the morphologies and corresponding EDS spectra obtained by Pd electrodeposi-
tion at a current density of −5 mA cm−2 with 267 mC of electricity on the Sn dendrites 
shown in Figure 1. At first sight, it could be noticed that Sn dendrites were only partially 
covered by electrodeposited Pd. This partial coverage can be explained by the current 
density distribution effect [38] occurring during the Pd electrodeposition process. 
Namely, the Sn electrodes with dendritic morphology can be denoted as the electrodes 
with a very developed surface area. During the Pd electrodeposition process, due to the 
current density distribution effect, current lines are concentrated at the higher parts of the 
electrode surface, causing electrodeposition of Pd primarily on the dendrites rather than 
on the rest of the electrode surface. Regarding the fact that only partial coverage of the Sn 
dendrites was achieved, it is clear that the electrodeposited islands of Pd on Sn represent 
microelectrodes situated on the Sn macroelectrode. 

  

 

 
(a) (b) (c) 

  

 

 
(d) (e) (f) 
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(g) (h) (i) 

  

 

 
 

(j) (k) (l) 

Figure 3. The secondary electron image (SEI) of morphologies and the corresponding EDS spectra 
of Sn-Pd electrocatalysts obtained by electrodeposition of Pd on the Sn dendrites electrodeposited 
at the cathodic potentials of (a–c) −1200 mV, (d–f) −1400 mV, (g–i) −1600 mV and (j–l) −1800 mV. Pd 
was electrodeposited at a current density of −5 mA cm−2. 

EDS analysis of the obtained deposits confirmed electrodeposition of Pd on Sn elec-
trodes (Figure 3c,f,i,l). 

To prove the partial coverage of Sn by electrodeposited Pd, mapping of all elements 
of the Sn-Pd electrocatalysts was performed, and the obtained results are shown in Fig-
ure 4. 

  
(a) (b) 
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(c) (d) 

Figure 4. Element mapping by EDS showing the spatial distribution of Sn-Pd electrocatalysts ob-
tained by electrodeposition of Pd on the Sn dendrites electrodeposited at cathodic potentials of (a) 
−1200 mV, (b) −1400 mV, (c) −1600 mV, and (d) −1800 mV. Pd was electrodeposited at a current 
density of −5 mA cm−2. 

3.2. Effect of Morphology of Sn Dendrite used as a Sub-Layer on Electrocatalytic Activity of Sn-Pd 
Electrocatalysts 

The electrocatalysts synthesized via the electrodeposition route through two steps 
are denoted as Sn1-Pd, Sn2-Pd, Sn3-Pd and Sn4-Pd for Sn electrodeposited at −1200 mV, 
−1400 mV, −1600 mV and −1800 mV, respectively. The bimetallic composition with an 
atomic ratio of 60 at. % Sn–40 at. % Pd was constant, and the prepared electrocatalysts 
were tested for the EOR, as was presented in Figure 5a. 

  
(a) (b) 

Figure 5. (a) CVs of Sn1-Pd, Sn2-Pd, Sn3-Pd and Sn4-Pd catalysts in 1 M NaOH +1 M C2H5OH so-
lution recorded at v = 50 mV s−1, and (b) CO stripping on Sn1-Pd, Sn2-Pd, Sn3-Pd and Sn4-Pd cat-
alysts in 1 M NaOH solution recorded at v = 50 mV s−1. 

All investigated Sn-Pd catalysts showed two anodic peaks for the EOR at ~−200 mV 
in the forward scan and at −350 mV in the backward scan. The peak observed in the 
forward scan can be ascribed to the oxidation of chemisorbed species coming from eth-
anol adsorption on the surface of the catalyst in the presence of adsorbed OH- species 
[9,13,15]. At more positive potentials, the reaction current drops because of Pd oxidation 
and a diminution of the number of surface active sites [39]. The peak in the backward 
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scan is a consequence of the oxidation of carbonaceous species that are not completely 
oxidized in the forward scan.  

 Among the CVs at the investigated Sn-Pd catalysts for the EOR , the most active one 
was found to be Sn2-Pd produced by Sn electrodeposition at −1400 mV, with the current 
densities of the forward peak being 1.9, 2 and 2.5 times higher than those for Sn3-Pd, 
Sn4-Pd and Sn1-Pd, respectively (Figure 5a). The ratio of the forward peak current den-
sity (jf) and the backward peak current density (jb), jf/jb, serves to establish the poisoning 
tolerance of Pd catalysts to carbonaceous species [24,40] in terms of the efficiency of the 
oxidation of the EOR achieved at the higher ratio of jf/jb. The obtained values for jf/jb are 
1.8, 1.6, 1.5, 1.2 for Sn2-Pd, Sn3-Pd, Sn4-Pd and Sn1-Pd, respectively. Among the inves-
tigated Sn-Pd catalysts, the most poison-tolerant was Sn2-Pd. At the same time, a nega-
tively shifted onset potential of ∼50 mV was observed on Sn2-Pd in comparison to the 
other Sn-Pd catalysts, indicating that Sn2-Pd is more favorable for use in the EOR. CO 
stripping was used to evaluate the antipoisoning capability of the electrocatalyst surfac-
es, and the obtained results are presented in Figure 5b. According to CO stripping 
measurements, Sn2-Pd exhibited the lowest onset potential and current peak potential, 
indicating the highest antipoisoning capability among all investigated bimetallic elec-
trocatalysts.  

In order to investigate the stability of Sn-Pd electrocatalysts during the EOR, 
chronoamperometric measurements were performed at E = −400 mV, as shown in Figure 
6. The dependencies of the current density with time decreased rapidly at the very be-
ginning due to the accumulation of strongly adsorbed reaction intermediates on the 
surface active sites [39]. Subsequently, the current density gradually declined with time 
and reached a pseudosteady state. After 20 min, the activity of the EOR in terms of the 
current density followed the order Sn2-Pd > Sn3-Pd > Sn4-Pd > Sn1-Pd, which is in 
agreement with the results obtained for the CV measurements (Figure 5a). In particular, 
the Sn2-Pd electrocatalyst had a ~2 times higher current density than the other investi-
gated Sn-Pd electrodes after the 20 min reaction. Comparing the initial and final states of 
the electrocatalysts in terms of chronoamperometric measurements (Figure 6), the cur-
rent lost for the Sn1-Pd, Sn2-Pd, Sn3-Pd and Sn4-Pd electrocatalysts was 5.3, 4.4, 4.9 and 
5.1 times, respectively. It was shown that Sn2-Pd still exhibited the slowest decay and 
consequently the highest stability among the investigated catalysts. 

 
Figure 6. Chronoamperograms of Sn1-Pd, Sn2-Pd, Sn3-Pd and Sn4-Pd electrocatalysts in 1 M 
NaOH +1 M C2H5OH solution recorded at E = −400 mV. 

Among the Sn-Pd electrocatalysts with the constant atomic ratio of 60 at.% Sn‒40 
at.% Pd that were the subject of this investigation, Sn2-Pd was selected for the surface 
chemical composition and the oxidation state of elements analyses by X-ray photoelec-
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tron spectroscopy (XPS). Figure 7a shows the XPS survey spectrum of Sn2-Pd obtained 
for binding energies between 1000 and 0 eV. As expected, it shows the presence of Cu 
and O as substrate constituents and Sn, Pd and O resulting from the electrodeposition 
process. Additionally, traces of C originating from the adsorbed carbon impurities and Cl 
originating most likely from the electrodepositing solutions were identified. Atomic 
percentages obtained from the survey spectrum clearly indicated that the surface com-
position of Sn and Pd has a 60:40 ratio. Figure 7b shows the high-resolution XPS spec-
trum of Sn 3d, with a characteristic doublet originating from Sn 3d 3/2 and Sn 3d 5/2, each 
deconvoluted into two peaks. Peaks located at 495.3 eV and 486.8 eV can be assigned to 
Sn4+, originating from the SnO2 oxide, while the two peaks located at 493.7 eV and 485.2 
eV are attributed to metallic Sn0. Sn is mostly oxidized by atmospheric air, with a small 
amount remaining in the metallic state [18,20,27,41–43]. Figure 7c shows the 
high-resolution spectrum of Pd 3d. A characteristic doublet consisting of Pd 3d 3/2 and 
Pd 3d 5/2 lines, each deconvoluted into two components, can be seen. Components at 
340.8 eV and 335.5 eV are assigned to Pd0, while the other two at 341.5 eV and 336.5 eV 
correspond to Pd2+ and can be attributed to PdO, originating from Pd oxidized in the air. 
All Pd 3d peaks show an upshift of approximately 0.5 eV, which indicates that the pres-
ence of Sn affects the electronic state of Pd by reducing the adsorption strength of the 
reaction intermediates on Pd, which has a positive effect on its electrocatalytic activity 
during the EOR [18,20,27,41–43]. 

 
(a) 

  
(b) (c) 
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Figure 7. The XPS spectra of the Sn2-Pd electrocatalyst: (a) the survey spectrum, (b) high-resolution 
spectrum of Sn 3d and (c) high-resolution spectrum of Pd 3d. 

4. Discussion 
From Figure 5a, it is obvious that the surface morphology of Sn, when used as a 

sub-layer, correlates with the electrocatalytic activity of the examined Sn-Pd electrocata-
lysts. The highest activity during the EOR showed the Sn-Pd electrocatalyst was obtained 
by Pd electrodeposition on Sn dendrites produced at a cathodic potential of −1400 mV 
(Sn2-Pd; Figure 5a), at which individual fern-like dendrites were formed. The higher ac-
tivity of this electrocatalyst relative to all other electrocatalysts (Sn1-Pd, Sn3-Pd and 
Sn4-Pd) can be explained by morphological analysis of Sn dendrites produced at various 
cathodic potentials. The individual non-branching dendrites with spear-like and nee-
dle-like shapes were formed at a cathodic potential of −1200 mV, and no significant in-
crease in the initial electrode surface area was seen. On the other hand, the high nuclea-
tion rate and dendritic growth from one nucleation center in more directions led to net-
working of the dendrites during electrodeposition at the cathodic potentials of −1600 and 
−1800 mV; thus, the appearance of the produced Sn electrodes approached that of com-
pact massive Sn.  

 To prove this statement, the obtained Sn-Pd electrocatalysts were compared with 
that obtained by Sn electrodeposition at a cathodic potential of −1183 mV, corresponding 
to the very beginning of the electrodeposition process [35]. The granular non-dendritic 
electrodeposit was obtained at this cathodic potential (Figure 8a,b). EDS analysis con-
firmed the formation of pure Sn by this electrodeposition process (Figure 8c). The mor-
phology and corresponding EDS spectrum of the Sn-Pd electrocatalyst obtained by Pd 
electrodeposition on an as-prepared Sn electrode are shown in Figure 8d–f, while the 
mapping of elements of this electrocatalyst is shown in Figure 8g. Similar to the electro-
deposition processes at the higher cathodic potentials, the partial coverage of Sn by elec-
trodeposited Pd was achieved. Please note that the compact Pd islands, which were very 
similar to each other, were obtained by the electrodeposition processes at −1183 and 
−1800 mV.  

 

 

 

 
 

 
(a) (b) (c) 
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(d) (e) (f) 

 

  

(g)   

Figure 8. The secondary electron image (SEI) of morphologies and EDS spectra of Sn and Sn-Pd 
deposits obtained by the electrodeposition processes: (a–c) Sn; E = −1183 mV; (d–f) Sn-Pd; (g) ele-
ment mapping with spatial distribution of elements obtained for SEI image of Sn-Pd deposit. Pd 
was electrodeposited at a current density of −5 mA cm−2 on the Sn electrode shown under (a) and 
(b). 

The bimetallic Sn-Pd electrocatalyst formed by the two-step electrochemical method 
with Sn electrodeposited at −1183mV is denoted as Sn5-Pd and was also examined in the 
EOR, as shown in Figure 9a. CO stripping for this electrocatalyst was also carried out, 
and the obtained result is shown in Figure 9b. For the sake of comparison, the Sn2-Pd 
electrocatalyst with the highest electrocatalytic activity is also included in Figure 9.  

 
 

(a) (b) 
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Figure 9. (a) CVs of Sn2-Pd and Sn5-Pd electrocatalyst in 1 M NaOH +1 M C2H5OH solution rec-
orded at v = 50 mV s−1, and (b) CO stripping on Sn2-Pd and Sn5-Pd electrocatalysts in 1 M NaOH 
solution recorded at v = 50 mV s−1. 

Comparing the CVs from Figures 5a and 9a, it is obvious that the electrocatalyst 
constructed from the granular non-dendritic Sn deposit (Sn5-Pd) showed the lowest 
electrocatalytic activity. This clearly proves that the morphology of Sn as a sub-layer has 
a crucial role in the electrocatalytic performances of Sn-Pd electrocatalysts. The individ-
ual fern-like dendrites produced at −1400 mV (Sn2-Pd) probably provide more Pd active 
sites accessible to the EOR than the Sn dendrites produced at the other cathodic poten-
tials. In this way, better utilization of Pd on the Sn2-Pd electrocatalyst than on any of the 
other types of electrocatalysts is enabled. In order to measure the intrinsic activities of the 
investigated electrocatalysts, a CO stripping test (Figures 5b and 9b) was used to evaluate 
the electrochemically active surface area (ECSA). The calculated ECSA for Sn1-Pd, 
Sn2-Pd, Sn3-Pd, Sn4-Pd and Sn5-Pd was 41.4 m2 gPd−1, 65.2 m2 gPd−1, 46 m2 gPd−1, 44.6 m2 
gPd−1 and 34.5 m2 gPd−1, respectively, which indicates that the Sn2-Pd catalyst exhibited 
the highest ECSA among the synthesized catalysts. The normalized forward peak current 
densities by ECSAs for Sn1-Pd, Sn2-Pd, Sn3-Pd, Sn4-Pd and Sn5-Pd were found to be 0.17 
mA cm−2, 0.27 mA cm−2, 0.20 mA cm−2, 0.18 mA cm−2 and 0.155 mA cm−2, respectively. 
Sn2-Pd still exhibited the highest specific current density. 

In previously published papers [20,21,29], the content of Sn in Pd-Sn electrocatalysts 
was varied and discussed in view of the surface activity in the EOR, showing better 
electrocatalytic performances with higher contents of Pd in bimetallic catalysts. For the 
first time, in this study, an influence of the surface morphology of Sn as a sub-layer in the 
Sn-Pd system was examined, and correlations among Sn surface morphology, utilization 
of Pd and the electrocatalytic activities of bimetallic Sn-Pd electrocatalysts in the EOR 
have been established. Nevertheless, in the examined bimetallic catalysts, Pd (40%) cov-
ered Sn (60%) and the content of Pd was reduced, thereby lowering the cost of electro-
catalysts, which is important for possible practical application. 

The electrochemical behavior concerning the EOR obtained for the Sn2-Pd electro-
catalyst was also compared with Pd electrocatalysts obtained by electrodeposition of Pd 
on the Cu substrate (Figure 10a). The completely different shapes of the CVs can be seen 
in Figure 10a. The presence of Sn in the electrocatalyst resulted in a shift in the onset po-
tential to more negative potentials of approximately 200 mV compared to Pd, improving 
the kinetics of the EOR. The current maximum of Sn2-Pd is 3.5 times higher than that of 
Pd alone, and it appears at a lower potential for more than 100 mV, indicating higher 
oxidation efficiency for intermediate species adsorbed on the bimetallic catalyst. 
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Figure 10. (a) CVs of Sn2-Pd and Pd in 1 M NaOH +1 M C2H5OH solution, and (b) CVs of Pd and Sn 
(in inset) in 1 M NaOH +1 M C2H5OH solution and Cu in 1 M NaOH. All CVs were recorded at v = 
50 mV s−1. 

Additionally, it is clear that the features of CV for the EOR are strongly influenced 
by the Cu substrate used as a catalyst support. In order to explain the obtained features of 
CV for the EOR on a Pd electrode, additional experiments were performed and are pre-
sented in Figure 10b. The CV of the Cu electrode in the solution without ethanol over-
lapped with the CV of the Pd electrode in the presence of ethanol in the solution, show-
ing that the Cu substrate affected Pd activity, and as a consequence, during the forward 
scan, one broad oxidation peak can be seen, while in the backward scan, no oxidation 
current is observed. Instead, two reduction peaks at −300 mV and −420 mV are formed 
due to the reduction in carbon containing-species, facilitated by the Cu surface oxides 
[44]. Electrodeposited Sn is inactive for the EOR in the investigated potential region, as 
shown in the inset of Figure 10b. Therefore, metallic Sn does not contribute individually 
to the EOR. Nevertheless, in Sn-Pd electrocatalysts, Sn promotes the formation of OHad 
and enhances the EOR activity by removing the carbonaceous intermediates adsorbed on 
Pd sites [19,20]. Therefore, the enhancement in the catalytic activity of the Sn-Pd electro-
catalysts compared to that of Pd alone can be attributed to Sn’s morphological charac-
teristics and bifunctional effect. 

The activity achieved for Sn2-Pd in the EOR is higher than that seen for commercial 
Pd1-Sn0.5/C [41] but comparable to that obtained on hierarchical PdSn alloy nanosheet 
dendrites [45], followed by Pd-impregnated normal SnO2 nanowire [30] and a PdSn 
electrocatalyst supported on activated biocarbon [46]. In addition, a comparison of the 
EOR performances obtained on deposited Sn-Pd electrocatalysts with other literature 
data, such as those for commercial Pd/C [3,19,28] or synthesized Pd nanocatalysts 
[18,20,47] and PdSn nanocatalysts [24–26,29,41], depicted lower activity. For that reason, 
some improvement should be considered, such as the fabrication of Pd nanoparticles 
over Sn or the addition of metal oxides. 

5. Conclusions 
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This work provides a novel procedure for the preparation of Sn-Pd electrocatalysts 
by a two-step electrodeposition processes. Electrodeposition of Sn at different cathodic 
potentials was followed by electrodeposition of Pd at a constant current density, keeping 
the constant atomic ratio of 60 at. % Sn–40 at. % Pd. Depending on the applied cathodic 
potential, various forms of Sn dendrites were formed, including: needle-like, spear-like 
and fern-like dendrites and a network of intertwined dendrites of the fern-like shape. 
Partial coverage of the Sn dendrites was achieved by Pd electrodeposition. 

A strong correlation between the morphology of the Sn dendrites as a sub-layer and 
the electrocatalytic activity of Sn-Pd electrocatalysts towards the ethanol oxidation reac-
tion (EOR) was established. The largest electrocatalytic activity was shown by the Sn-Pd 
electrocatalyst constructed from the individual fern-like Sn dendrites, clearly indicating 
that the type of dendrite and degree of its branching also play important roles in the 
electrocatalytic activity of the electrocatalysts. Additionally, this dendrite type provided 
the largest electrochemical active surface area of Pd. This conclusion was derived by a 
comparison of the electrocatalytic activity of the electrocatalysts with those obtained on 
Pd electrodeposited on the Cu electrode without Sn as a sub-layer and Sn-Pd electrocat-
alysts synthesized by electrodeposition of Pd on a non-dendritic granular Sn deposit. 
Aside from the morphological contribution of Sn as a sub-layer to the electrocatalytic ac-
tivity, the improvement in the electrocatalytic performances of Sn-Pd electrocatalysts is 
also attributed to the bifunctional effect. 
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