Macedonian Journal of Chemistry and Chemical Engineering, Vol. 42, No. 1, pp. xx—xx (2023)

MICCA9 - ISSN 1857-5552

e-ISSN 1857-5625
Received: May 4, 2023 DOI: 10.20450/mjcce.2023.2702
Accepted: May 15, 2023 Original scientific paper

INFLUENCE OF ELECTRODEPOSITION REGIME AND Sn:Pd RATIOS
IN Sn-Pd ELECTROCATALYSTS ON ETHANOL OXIDATION REACTION

Jelena D. Lovi¢"*, Nebojsa D. Nikoli¢!, Predrag M. Zivkovi¢?, Silvana B. Dimitrijevié?,
Maja Stevanovié¢*

'Department of Electrochemistry, Institute of Chemistry, Technology and Metallurgy,
University of Belgrade, Njegoseva 12, Belgrade, Serbia
2Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, Belgrade, Serbia
3Mining and Metallurgy Institute, Zeleni bulevar 35, Bor, Serbia
*Innovation Centre of the Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia

“jelena.lovic@ihtm.bg.ac.rs; ORCID iD: 0000-0001-5956-8571

A series of bimetallic Sn-Pd catalysts were prepared by a template-free two step electrodeposition
method. According to this method, Sn was electrodeposited firstly in potentiostatic or galvanostatic re-
gime on Cu electrodes in the form of dendrites, then Pd was galvanostatically electrodeposited in the sec-
ond step on the electrode with the electrodeposited Sn dendrites. The produced Sn-Pd electrocatalysts
were compared with an electrocatalyst obtained by Pd electrodeposition on a bare Cu electrode. The mor-
phological and elemental analysis of Sn-Pd and Pd electrocatalysts was performed by means of scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) techniques. The dendrites
of various shapes and degree of branching were obtained by Sn deposition depending on
electrodeposition regime, while Pd was electrodeposited in a form of compact Pd islands on both Sn
dendrites and the Cu electrode. Cyclic voltammetry (CV) was applied for the electrochemical examina-
tion of Sn-Pd and Pd catalysts towards the ethanol oxidation reaction (EOR) in the alkaline solution. The
electrocatalyst Sngs-Pdo4 with an atomic ratio of 60 at.% Sn-40 at.% Pd showed higher oxidation effi-
ciency and better tolerance towards intermediate species in EOR than the other examined electrocatalysts
. It was shown that the lower fraction of Pd, relative to Sn, was crucial to achieving optimal synergy of Sn
with Pd thus contributing to enhanced electrochemical behavior regarding EOR.
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BJIMJAHUE HA PEXKUMOT HA EJIEKTPOJAEIIO3UIINJATA U HA OJJHOCHUTE HA Sn:Pd
BO Sn-Pd-EJIEKTPOKATAJIM3ATOPUTE BP3 OKCUJAIIMJATA HA ETAHOJIOT

Cepuja Ha OMMETAJIHM KaTaJlM3aTOPH CO Pas3iIM4HU oJHOocH Ha Sn:Pd Oea moaroTBeHu co METONOT
HA JIBOCTEIICHA CJIICKTPOCIIO3UIINja 0e3 KOPUCTEHE Ma0IOHCKH TpoToKoi. Cropen 0BOj METOI, IIPBO Sn
BO (opMa Ha AEHAPUTH Oellle HAaHECeH EJEKTPOXEMHCKHM BO MOTEHLHOCTATCKH HJIM TaJIBAHOCTATCKU
pexuM Bp3 noBpuinHata Ha Cu-enextpoau. [loroa, Bo BroproT yekop, Pd Gemre rajgBaHocTaTcku HaHEeCEH
Ha eJIEKTpojJara Bp3 HaHECEHWTE NCHAPUTH ox Sn. Baka nobuenure Sn:Pd-enekrpokaranusaropu Oea
CIIOpEeNIeHN CO eIIeKTpOKaTalm3aTopu JoOWeHn co HaHecyBame Ha Pd ma umcta Cu emextpopa.
Mopdonomkara u ereMerTapHaTa aHanu3a Ha Sn:Pd u Pd-enexrpokaranmsaropute Oerre HampaBeHa co
MOMOII Ha CKCHHpayka eJleKTpoHcka Mukpockonmja (SEM) u co mnpuMmeHa Ha peHAreHCKa
CHeKTpocKomuja co eneprercka nucrep3uja (EDS). ennputnure co pa3nuaHu GOPMH U Pa3InYeH CTETICH
Ha pasrpaHyBame Oea JOOMEHH cO HaHECYBambe Sn BO 3aBHUCHOCT O] PEXKMMOT Ha €JIEKTPOJCHO3ULHja,
noxeka Pd Gewe HaneceH Bo opma Ha KOMIIAaKTHH OCTPOBH Bp3 AeHApuTHTe o1 Pd u Sn Ha noBpiumHaTa
Ha Cu-enexktponara. Iluknuunara Bontamerpuja (CV) Oemie mNpUMeHETa 3a  EICKTPOXEMUCKOTO
ucnutyBame Ha Sn:Pd u Pd-karanmusaropure BO 0 acmeKT Ha OKCHAalMjaTa Ha €TaHOJOT BO aJKajHa
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cpenuHa. EnexTpokaTamm3aTopoT Snoe-Pdo4 co atomcku ogroc ox 60 % Sn u 40 % Pd mokaka moronema
e(MKacHOCT Ha OKCHJalMja W IOroJieMa ToJEepaHILMja BO OJHOC HAa WHTEPMEIUjapHHUTE CYICTPaTH
OTKOJIKY JIPYTMTe UCIIMTaHU eNeKTpokaTainnzatopu. Ce nokaxa jeka nomain ynen Ha Pd Bo onHoc Ha Sn e
elleH o] Kiy4yHuTe Qakropu 3a 00e30eayBame ONTUMaIHA cuHepruja Ha Sn co Pd, mpu mTo Ha 0BOj
HauuH Oelre 3a0esexaHa 3roJieMeHa eJIeKTPOXEeMUCKa aKTUBHOCT OJHOCHO OKCHJIAIMjaTa Ha €TaHOJIOT.

Kayunu 300poBH: eNeKTpOACIO3NIH]ja; Kallaj; TaJlaInyM; eJIeKTPOKaTaln3aTopy; eJIeKTPOOKCHIAIIH]a

1. INTRODUCTION

The synthesis of bimetallic catalysts is one
of the most widely investigated topics in materials
science.'™* The obtained catalysts are playing a
leading role in the development of green sources of
energy in fuel cells>S, batteries’, sensors®, organic
synthesis’, photocatalysis'®, and other applications.
The commercialization of green sources is ob-
structed by the high costs, relatively slow electron
transfer kinetics, and low stability of the conven-
tional platinum catalysts.> Considerable efforts
have recently been made to develop new catalytic
materials with low costs and high electrochemical
activities, durability, and poison resistance for al-
cohols as sustainable sources of alternative energy.
Currently, many studies have focused on Pd-based
electrocatalysts for various energy-related reac-
tions. In a comprehensive study of ethanol oxida-
tion reactions (EOR) wherein different catalysts
were used, enhancements were founded for Pd-
based catalysts modified with tin. Some of the re-
ported catalysts are: atomically ordered intermetal-
lic Pd-Sn composed of an interconnected nanowire
network structure!!, carbon supported materials,
such as PdSn/C'*'¢, carbon nanofiber-supported
PdSn/CNFs!7, carbon nanotube-supported PdSn'®,
and graphene oxide as support for Pd;Sng4/TiO»-
GO catalyst, which exhibited catalytic activity for
EOR more than 7 times higher in regard to com-
mercial PdSn/C (JM)."

Synthetic methods for the preparation of Pd-
based electrocatalysts are numerous, among them
is electrochemical deposition.>>* This is an effi-
cient method of electrocatalyst production since
general disadvantages, such as the utilization of
expensive organic precursors, the time of synthesis
on the high temperatures, and cleaning protocols,
are omitted. Electrochemical deposition offers un-
limited possibilities to obtain electrocatalysts of
varying shapes and composition.?!’ When Ni was
placed under Pd, the activities of such PdNi cata-
lysts in EOR decreased with respect to the pure Pd
catalysts.”> Unlike Ni, it was shown that Sn as a
sub-layer to Pd increases the activity towards

EOR .26 Nevertheless, electrodeposition provides
the opportunity to develop innovative structure as
was shown in our previous investigations.””?® Var-
ious structures, such as dendrites, needles, and oth-
er disperse (irregular) forms, are very desirable for
electrocatalytic reactions due to their reasonably
large surface area. Ding et al. reported Pd—Sn alloy
nanocrystals in dendrites with plenty of interface
areas and high electroactive sites for EOR.* Due
to the thin nanosheet structures in Pd-Sn nanoden-
drites, fast electron transfer and high utilization
rate of electrocatalyst in EOR can be achieved.
Huang et al. prepared PdSn alloy octopods with
precisely controlled branches by a simple seed-
mediated method.*® The PdSn octopod-like cata-
lysts exhibited enhanced catalytic activity and sta-
bility towards the EOR with respect to commercial
Pd/C by more than 6 times.

In our previous work, it was shown that the
surface morphology of Sn, as the sub-layer in Sn-
Pd electrocatalysts, strongly affects the electrocata-
lytic activity of Sn-Pd electrocatalysts with a con-
stant atomic ratio of 60 at.% Sn-40 at.% Pd in
EOR.? The role of Sn was to contribute Pd to oxi-
dize chemisorbed species formed during the elec-
trooxidation of ethanol by providing adsorbed OH"
species'*!*, thereby enhancing the catalytic per-
formance of the bimetallic catalysts. X-ray photoe-
lectron spectroscopy (XPS) measurements showed
that the presence 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 Sn-Pd electrocatalytic activity during the
EOR.?* However, the enhancement of the electro-
catalyst activity requires adjustment of morpholo-
gy, as well as optimization of composition.!32

This paper aims to compare Sn-Pd
electrocatalysts fabricated by applying constant
(both potentiostatic and galvanostatic) regimes for
an electrodeposition of Sn dendrites as sub-layers.
For further comparison, the Pd electrocatalyst
obtained by the electrodeposition method without
previous Sn electrodeposition was synthesized.
The Sn-Pd electrocatalysts with various atomic
ratios of Sn and Pd were also the subject of this
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investigation. The electrocatalytic activity of the
synthesized electrocatalysts was examined in EOR.

2. EXPERIMENTAL

Cylindrical electrodes of Cu, with a surface
area of 0.25 cm?, were used as a substrate for Sn
and Pd electrodeposition. A Cu working electrode
was prepared as described previously.?* All exper-
iments were performed in three-compartment elec-
trochemical glass cells with a Pt electrode as the
counter and Ag/AgCl/3.5 M KCl (in the further
text, this electrode is denoted as Ag/AgCl) as the
reference electrodes. The electrolytes were pre-
pared with high purity water (Millipore, 18 MQ cm
resistivity), and the chemicals were provided by
Merck. The experiments were conducted at 298 +
0.5 K. A BioLogic SP 200 potentiostat/galvanostat
was employed.

The Sn-Pd electrocatalysts were synthesized
in the following way: in the first step, the Sn elec-
trode, in the form of dendrites, was formed by elec-
trodeposition of Sn on Cu electrodes from de-
aerated solution containing 20 g/l SnCl, x 2H,O in
250 g/l NaOH at a cathodic potential of —1800 mV
vs. Ag/AgCl or at a current density of -3 mA cm™.
After the finished electrodeposition process, the
formed Sn electrodes were rinsed and transferred to
the electrochemical cell containing de-aerated 1 M
NH4CI and 0.01 M PdCl,. The electrodeposition of
Pd (the second step) was performed galvanostatical-
ly at a current density of -5 mA cm2.3* The elec-
trodes obtained by electrodeposition of Sn at —3 mA
cm 2 or at —1800 mV vs. Ag/AgCl with 400 mC and
Pd electrodeposited galvanostatically with 267 mC
were denoted as Sn(s ma em 2-Pd and Sn¢ 1500 mv)-Pd,
respectively. In such a way, the bimetallic compo-
sition with an atomic ratio of 60 at.% Sn-40 at.%
Pd was accomplished. For the sake of comparison,
Pd was electrodeposited on Cu using the same
electrochemical procedure with the amount of
electricity corresponding to that of the bimetallic
electrode.

The next set of electrodes was obtained by
varying the ratios of Sn and Pd in the Sn-Pd
electrocatalysts. In this set, Sn was electro-
deposited at —1800 mV vs. Ag/AgCl with 200,
400, 600, and 900 mC, while the amount of
electricity for Pd electrodeposition at -5 mA c¢cm™
was kept constant (600 mC). The Sn-Pd electro-
catalysts with the following Sn:Pd atomic ratios,
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0.25:0.75, 0.4:0.6, 0.5:0.5, and 0.6:0.4, are
obtained in this way, and they are denoted as
Sno.25-Pdo 75, Sno4-Pdo.s, Sno s-Pdo s, and Sng ¢-Pdo 4.

After preparation, the electrocatalysts were
rinsed with water and transferred into a cell con-
taining 1 M NaOH with 1 M ethanol. EOR were
examined using CV by scanning the potential start-
ing from —800 to 200 mV at a rate of 50 mV s™! or
by varying the scan rate from 2 mV s™! to 200 mV
s!. In chronoamperometric measurements, the po-
tential was stepped from —800 to —400 mV. The
reaction currents obtained in electrochemical ex-
periments were normalized to the mass amount of
Pd metal in the catalysts.

The morphology and elemental analysis of
Sn, Pd, and Sn-Pd deposits obtained by various
electrochemical deposition processes were charac-
terized by scanning electron microscopy (SEM).
The following models were used: JEOL JSM-
6610LV and JEOL JSM-IT300LV, and both mod-
els were equipped with an energy-dispersive X-ray
spectrometer (EDS) (Oxford Instruments INCA)
attached to the scanning electron microscope and
Aztec software.

3. RESULTS AND DISCUSSION
3.1. Influence of a regime of the electrodeposition

Figure 1 shows typical morphology and EDS
spectrum of Sn electrodeposited galvanostatically on
a Cu electrode at a current density of -3 mA cm™
with 400 mC. This current density was 1.5 times
larger than the limiting diffusion current density
for this alkaline Sn solution.’” The two
dimensional (2D) branchy dendrites (Figs. 1a and
1b) with branches in a form of prisms (Figs. 1c¢ and
d) were mostly obtained by electrodeposition at
this current density. EDS analysis of the obtained
dendrites (Fig. 1e) confirmed a formation of pure
Sn by this electrodeposition process.

In the next step, Sn dendrites electro-
deposited on a Cu electrode represented the
cathode for Pd electrodeposition and the formation
of an Sn-Pd electrocatalyst. Pd was electrodeposited
galvanostatically at a current density of -5 mA cm™
with 267 mC, whereby the electrocatalyst with an
atomic ratio of 60 at% Sn—40 at.% Pd was
obtained. The morphology and the EDS spectrum
of the produced Sn-Pd electrocatalyst is shown in
Figure 2.
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Fig. 1. The morphology and energy-dispersive X-ray spectrum (EDS) of Sn dendrites electrodeposited galvanostatically at a current
density of -3 mA cm? from a solution containing 20 g/l SnCl>-2H20 in 250 g/l NaOH: a) and b) macro-morphology,
¢) and d) prismatic branches of the dendrites, and e) EDS spectrum
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Fig. 2. The morphology and EDS spectrum of the Sn-Pd electrocatalyst: a) and b) macro-morphology and ¢) EDS spectrum.
Pd was electrodeposited galvanostatically at a current density of =5 mA cm2 on previously galvanostatically synthetized Sn
dendrites.

It is obvious from Figure 2a and 2b that a
partial coverage of Sn dendrites was achieved by
Pd electrodeposition. The main reason for this is
the current density distribution effect®, rather than
a lower amount of the electricity used for Pd
electrodeposition than that used for Sn electro-
deposition. Namely, as a consequence of the
current density distribution at the growing surface
area, current lines are primarily concentrated at the
higher parts of the electrode surface area, causing a
preferential electrodeposition and growth of Pd on
Sn dendrites relative to the rest of the electrode
surface. Electrodeposition of Pd on Sn dendrites
was confirmed by EDS analysis (Fig. 2c¢).

The chronopotentiometry analysis performed
at a current density of -3 mA cm showed that the
largest part of the -electrochemical deposition
process at this current density corresponded to the
chronopotentiometry response from about —1800
mV vs. Ag/AgCl?® Following this fact, the
galvanostatically produced electrocatalyst is
compared with that obtained by a potentiostatic
electrodeposition of Sn as a sub-layer on a Cu
electrode at a cathodic potential of —1800 mV vs.
Ag/AgCl with 400 mC. Electrodeposition of Pd
was performed under the same conditions as for
the galvanostatically synthesized electrocatalyst (j
= -5 mA cm?; Q = 267 mC), whereby an atomic
ratio of 60 at.% Sn-40 at.% Pd was kept.
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Figure 3 shows the morphology and EDS
spectrum of Sn electrodeposited on a Cu electrode

SEI 20KV
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at a cathodic potential of —1800 mV vs. Ag/AgCl
with 400 mC.

©)

Fig. 3. The morphology and EDS spectrum of Sn dendrites electrodeposited potentiostatically at a cathodic potential of —1800 mV
vs. Ag/AgCl from a solution containing 20 g/l SnCl2-2H-20 in 250 g/l NaOH: a) macro morphology, b) branches of the dendrites, and
¢) EDS spectrum

The intertwined network of highly-branched
fern-like dendrites was obtained. Morphology of the
dendrites differed from those obtained galvano-
statically. Some of them had the stem-like shape (Fig.
3a). The very tiny branches were obtained under
these conditions of electrodeposition (Fig. 3b).
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Analysis of EDS spectrum (Fig. 3c) confirms the
formation of pure Sn.

The morphology and EDS spectrum obtained
by Pd electrodeposition at a current density of =5 mA
cm? on the potentiostatically electrodeposited Sn
dendrites with 267 mC are shown in Figure 4.

©)

Fig. 4. The morphology and EDS spectrum of the Sn-Pd electrocatalyst: a) and b) macro morphology and ¢) EDS spectrum.
Pd was electrodeposited galvanostatically at a current density of —5 mA c¢m 2 on previously potentiostatically synthetized Sn dendrites

The partial coverage of Sn dendrites by
electrodeposited Pd was also obtained for this
electrocatalyst. The compact Pd islands are easy
noticeable from Figure 4b. EDS analysis
confirmed electrodeposition of Pd on Sn (Fig. 4c¢).
The synthetized bimetallic electrocatalysts with the
corresponding morphologies (Figs. 2 and 4) are
denoted as Sn(s ma em 5-Pd and Sniise0 mv)-Pd, re-
spectively. The electrocatalytic performances of
these bimetallic catalysts were evaluated by elec-
trooxidation of ethanol. Typical CVs for EOR on
Snes ma cmfz)-Pd and Snigoo mv)-Pd are shown in
Figure 5. Ethanol electrooxidation exhibited two
well-defined current peaks, with the first at ~ 200
mV on the forward scan and the second at ~ —400
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mV on the reverse scan. The explanation of this
behavior is the following: carbonaceous species
formed from ethanol adsorption on the catalyst
surface were oxidized in the presence of adsorbed
OH species, resulting in the current increase until
Pd oxide (inactive for EOR) is formed. This leads to
a current peak in the forward scan.**3 In the re-
verse scan, the increase of EOR current coincides
with a reduction of Pd oxide when Pd sites are being
released and active. The current maximum in the
reverse scan is due to an oxidation of the carbona-
ceous species that are not completely oxidized in the
forward scan.* According to Figure 5, the lower
activity of Sn(;3 ma cm 2)-Pd catalyst with the gal-
vanostatically obtained Sn, compared to the Snisoo
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mv)-Pd catalyst with the potentiostatically prepared
Sn, can be explained due to lower utilization of Pd
on the dendrites with the branches of prismatic
shape (Fig. 1) compared to the intertwined network
of highly-branched fern-like dendrites (Fig. 3). It
can be rationalized that morphological properties
of Sn contribute and determine Pd’s electrochemi-
cal behavior in EOR.

JtMNaOH + 1M C,H,OH ---8n .. .-Pd

80 Jv=50mV s’ Sn(-1soo mV)-Pd

60

40

j/mAmg’

20

—8:30 I —660 —4I00 I —2I00 0 200
E/ mV (Ag/AgCl)

Fig. 5. Cyclic voltammograms (CVs) of Snc3 ma cm 2)-Pd and
Sn(1800 mv)-Pd electrocatalysts in 1 M NaOH + 1 M C2HsOH
solution recorded at v =50 mV s~

The lower initial potential (Ei,), as well as
the lower peak potential (E,), signify that the elec-
trocatalyst is more favorable for use in EOR and
exhibits better tolerance towards the intermediate

species.!® The carbonaceous intermediated species
can be well removed from the catalyst surface,
which results in reactivation of the Pd active sites.
It is found that the Sn(isoo mv)-Pd catalyst has the
more negative Ei, and E, values by approximately
30 mV compared to Sni; ma om 5-Pd, signifying
higher oxidation efficiency for EOR. It seems that
adsorbed OH™ species are more easily formed on
the Sn(.1800 mv)-Pd catalyst due to more branchy Sn
dendrite morphology.

Since Sn has no catalytic activity in the po-
tential range of EOR?, the electrooxidation of eth-
anol on the Sn-Pd catalysts is mainly attributed to
the electrocatalysis of the Pd component. Conse-
quently, Pd as the main catalyst was further ana-
lyzed. Figure 6 shows the morphology (Fig. 6a and
b) and the EDS spectrum (Fig. 6¢) of Pd obtained
by galvanostatic electrodeposition on a Cu
electrode at a current density of -5 mA cm? with
267 mC. The partial coverage of a Cu electrode by
electrodeposited Pd islands is clearly visible from
Figures 6a and 6b. Electrodeposition of Pd on Cu
was confirmed by EDS analysis (Fig. 6¢).

The electrochemical behavior of Pd
electrodeposited on Cu in the EOR is shown in
Figure 7. The shape of CV of EOR obtained for
electrodeposition of Pd on Cu differs in respect to
the one acquired for the EOR on polycrystalline
Pd.*® Therefore, the electrochemical response of Pd
in EOR was strongly influenced by Cu substrate as
a catalyst support.?

M spectrum 56
Pd
Cu

©)

Fig. 6. The morphology and EDS spectrum of Pd electrodeposited galvanostatically at a current density of -5 mA ¢cm™ from 1 M
NH4Cl and 0.01 M PdCl2: a) and b) macro-morphology and ¢) EDS spectrum
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Fig. 7. CV of a Pd electrocatalyst in | M NaOH + 1 M
C2HsOH solution recorded at v =50 mV s~

Cyclic voltammetry is the most extensively
used technique for achieving qualitative data about
electrochemical reactions.!”!3337 Agide from the
CV technique, square wave voltammetry is an

—2mVs'
12043) 5mvs’
8 —20mvs'
. —g’m ---50m\/s"]
—100mV s
1004 —..150mV s’
s ——200mVs'

—8|00 -600 -400 -200 0 200
E / mV (Ag/AgCl)

often-used technique for kinetics and analytical
investigations due to the improved voltametric
characteristics compared to CV.3® Certainly, since
the current peaks for EOR are well expressed
(Figs. 5 and 7), EOR was investigated by CV in
terms of mass transport properties. The influence of
various potential scan rates on the electrochemical
behavior of the Pd (Fig. 8a) and Sn(is00 mv)-Pd (Fig.
8b) electrocatalysts in EOR was examined.
According to Figure 8, an increase in the current
density of forward peaks is shown with an increase
in scan rate for both investigated -electrodes.
Moreover, the forward peak potential is shifted in
the positive direction. Linear dependency of the
peak current density versus the square root of the
scan rate was observed for the potential scan rates
from 2 to 200 mV s7!, while for v > 200 mV s,
deviation from linearity was noticed. Therefore,
linear dependency j, vs. v** confirmed that the EOR
on the Pd and Snciseo mv)-Pd electrocatalysts was

controlled by the diffusion process.'”3
—2mvs’
120 - b) smvs'
120 —20mVs’
4 o — —80mVs’
i —100mVs’
E® — . 150mVs
Zea —200mVs’

10

2 4 6 8 10 12 14 16
»3 1 (mv S.|)n5

—SIOO -600 -400 —2IOO 0 200
E / mV (Ag/AgCl)

Fig. 8. CVs of (a) Pd and (b) Sn(-1500 mv)-Pd electrocatalysts in 1 M NaOH + 1 M C2HsOH solution recorded
atv=2,5,20, 50,100, 150, and 200 mV s™'. Inset: dependency of j, from %

A further examination of  Sn-Pd
electrocatalysts on electrocatalytic activity in
ethanol oxidation was performed through analysis
of various atomic ratios of Sn and Pd in
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electrocatalysts produced with potentiostatically
electrodeposited Sn at —1800 mV vs. Ag/AgCl as
the sub-layer. Varios atomic ratios of Sn and Pd
were attained by varying of the amount of the
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electricity used for Sn electrodeposition. Since
during a potentiostatic regime of the
electrodeposition the real current density remains
constant,”! the morphology of electrodeposited
metals is only dependent on a cathodic potential
applied for an electrodeposition process not on the
amount of the passed electricity. For that reason,
additional morphological analysis of Sn and Sn-Pd
electrocatalysts was not performed.

3.2. Effect of Sn deposited charge for constant
potential

Figure 9 illustrates CVs for EOR on Sn-Pd
electrocatalysts with constant Pd loading versus
different amounts of Sn loading. The purpose of
this part was to find out the optimum amount of Sn
which accomplished the highest electrocatalytic
activity towards EOR among various Sn-Pd
electrocatalysts. The following Sn-Pd ratios were
analyzed: 0.25:0.75, 0.4:0.6, 0.5:0.5, and 0.6:0.4.
In the forward scan, the current densities reach a
maximum at —0.23 V for Sng¢-Pdos and Sngs-Pdos
and at —0.19 V for Sno4-Pdos and Sng2s-Pdo.7s
electrocatalysts. Among the CVs of the
investigated Sn-Pd catalysts for the EOR, the most
active one was found to be Sng¢-Pdo.4, with the cur-
rent densities of the forward peak being 1.3, 1.75,
and 2.6 times higher than those for Sngs-Pdos,
Sng.4-Pdos, and Sng2s-Pdo 75, respectively (Fig. 9).

1M NaOH +1 M C,H,OH

v=50mVs’
100
snozspdc 75
804 —~ -~ snOzdeo.a
_Snospdo.5
609 == Snospdm

—8I00 . —6I00 l —4I00 l —2I00 l 0 l 200
E/mV (Ag/AgCl)

Fig. 9. CVs of Sno.25-Pdo.75, Sno.4-Pdo.6, Sno.s-Pdo.s, and
Sno.6-Pdo4 electrocatalysts in 1 M NaOH + 1 M C:HsOH
solution recorded at v =50 mV s

The ratio of jr (the peaking current density of
the forward scan)/j, (the peaking current density of
the backward scan) is applied to evaluate the anti-
poisoning ability of catalysts.!® The obtained val-
ues of ji/jy are 1.10, 1.20, 1.28, and 1.50 for Sngs-

Pdo.75, Snos4-Pdos, Snos-Pdos, and Sno¢-Pdos, re-
spectively, as illustrated in Figure 10. Therefore,
Snge-Pdos4 exhibited the highest anti-poisoning
ability. The excellent electrochemical activity of
the Snge-Pdo4 catalyst should be derived from the
bi-functional mechanism of the Sn-Pd catalyst and
the presence of Sn, which absorb OH™ and partici-
pate in the removal of the carbonaceous species
produced during the oxidation of ethanol and time-
ly release of the active sites of Pd, leading to the
enhancement of the overall ethanol oxidation ki-
netics. The established electrochemical perfor-
mances of Snge-Pdos4 can be rationalized over the
optimum amount of Sn and Pd, which provide bet-
ter utilization of Pd as illustrated in Figure 9.

Fig. 10. Dependencies of ji/jb from the fraction of Sn in Sn-Pd
catalysts (data derived from Fig. 9)

4. CONCLUSIONS

This work investigated the bimetallic Sn-Pd
electrocatalysts synthesized by means of a two-step
template-free electrodeposition method and their
electrocatalytic activity in EOR. A comparison was
made with an electrolytically produced Pd electro-
catalyst. Depending on the electrodeposition condi-
tions, various forms of Sn dendrites were obtained.
Subsequently, Sn was used as a sub-layer for Pd
electrodeposition, and it was shown that Pd partial-
ly covered Sn. Concerning electrocatalytic behav-
ior, it was determined that different morphological
characteristics of Sn contribute to and affect Pd
electrochemical behavior in EOR. Examination of
mass transport properties revealed that the EOR
are the diffusion-controlled processes on Sn-Pd
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and Pd electrocatalysts. By varying the amount of
Sn loading prepared in the potentiostatic regime
and keeping a constant Pd loading, a series of Sn-
Pd electrocatalysts with various ratios of Sn and Pd
were synthesized, and among them, Sngs-Pdo4 was
determined to be the most active and poison-
tolerant catalyst in EOR. It was pointed out that
optimization of composition and morphology as-
sures well synergy of Sn with Pd towards EOR.
Based on the presented results, better electrochem-
ical properties can be fulfilled with a lower fraction
of Pd compared to Sn, which also reduces the cost
of bimetallic Sn-Pd catalysts and opens new per-
spectives for possible practical applications.
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