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Thin-film Pd catalysts with low metal loadings (55 and 110 g cm) were obtained by electrodeposition
from a surfactant-free green electrolyte on glassy carbon (GC) electrode. Pd/GC catalysts were modified
by addition of various amounts of Bi via irreversible adsorption. The catalysts were characterized by
atomic force microscopy (AFM) and then studied in methanol oxidation reaction (MOR) and ethanol
oxidation reaction (EOR) in alkaline solution. Electrochemical tests shown that the modification of the
appropriate amount of Bi on Pd/GC catalyst enhance activity toward MOR and EOR up to about 2-3
times compared to unmodified catalysts. Besides surface Bi coverage (Osi) of 0.6 increase durability and
provides more poisoning tolerant Pd/GC electrode in both studied reactions. The improvement of
electrochemical performances of Bi modified Pd/GC catalysts is attributed to the third body effect and
the bifunctional mechanism.

Keywords: Electrodeposition; Palladium; Bismuth adsorption; Alcohol oxidation; Atomic force
microscopy.

1. INTRODUCTION

Nanometer-sized particles (NPs) are of increasing importance because of their excellent
properties that were noticed in electrocatalysis [1, 2]. Among various noble metal NPs, Pd NPs were
successfully applied in electrooxidation of liquid fuels [3, 4], electrochemical sensors [5, 6], hydrogen
production and storage [7], pharmaceuticals degradation [8]. The catalytic activity of Pd NPs is
determined by their shape, size and surface morphology [2, 9, 10]. In addition, dispersion and high
surface area of Pd NPs are substantial factors in creation of high performance Pd-based electrocatalyst
[10].

There are numerous research groups that has presented different synthetic methods of
nanostructured Pd and Pd based materials. Feasible routes for the creations of Pd NPs imply the reduction
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of simple metal salts such as PdClI. [11]. Besides Pd can be deposited from the bath complexes like
HoPdCls, Pd(NOs)2, Pd(NHs)2(NOz)2, Pd(NH3)2Br. [12]. The other studies were focused on the
decomposition of organometallic compounds [13, 14]. Systematical examination of the electrochemical
deposition of Pd metallic NPs on Au(111) substrate using an aqueous acidic palladium chloride solution,
from the aspect of the applied overpotential and deposition time on nucleation, growth, size and
morphology of Pd NPs was presented [15]. The structural characterization of the deposited Pd NPs by
means of high-resolution field emission gun-scanning electron microscopy revealed that the
electrochemical nucleation occurred randomly on Au substrate and highly dispersed small nuclei or
nanoclusters grew independently by the direct reduction of [PdCl4] ions towards the complete coverage
of the substrate. Most of the synthetic methods utilize reducing agent, solvent or surfactant in order to
control the shape, morphology, dispersity of NPs onto the surfaces of the supports. To avoid demanding
experimental conditions such as ultra-high vacuum, several hours of stirring or use of high temperatures,
consequently excluding heating or cleaning treatment and presence of organic contaminants in the
catalyst, electrodeposition has been demonstrated as promising approach. In particular electrodeposition
from a surfactant-free green electrolyte has been in increasing interest [15-17]. The presence of
surfactants not only make the synthetic procedure complicated but also release toxic chemicals to the
environment. However, electrodeposition from surfactant-free green electrolyte can fulfilled several
green chemistry principles (less toxic precursors in water or same environmentally benign solvents,
using the least number of reagents and as few synthetic steps as possible also minimising the quantities
of generated by-products and waste).

Several studies have dealt with Bi as a plausible Pd surface modifier for the oxidation of alcohols.
PdBI/C electrocatalysts with different Pd:Bi atomic ratios were prepared by borohydride reduction
method [18]. It was shown that the addition of small quantities of Bi (5 at.%) to Pd/C electrocatalyst
enhance the performance for EOR in alkaline medium. PdBi nanowires obtained by thermal
decomposition method in the oil phase were tested in methanol and formic acid oxidation [19]. Their
results indicated that PdBi NW/XC-72 exhibits better performance for formic acid oxidation than
commercial Pd/C but no catalytic activity toward methanol oxidation. PdBi / GC catalyst synthesized by
a colloidal route was tested toward the glycerol oxidation reaction as a function of catalyst composition
and electrode potential [20]. The Pd0.9Bi0.1/C catalyst displays a higher activity and the onset potential
of bimetallic catalyst is shifted by ca. 0.2 V toward lower potentials in comparison with the Pd/C. They
concluded that modification of Pd surface by Bi besides the improvement of the activity of glycerol
oxidation also affect the composition of chemisorbed species and further the selectivity of catalysts as
was proven by High performance liquid chromatography (HPLC) analysis after chronoamperometry
experiments at different potentials.

Besides the formation of PdBi alloys using different methods [18-20], one simple way to produce
bimetallic surfaces is the irreversible adsorption of adatoms on the Pd surface. When a Pd electrode is
immersed into an acidic solution containing Bi»Os, a spontaneous adsorption process of Bi*® ions occurs.
Considering the adsorption mechanism, it was suggested that the adsorption process of bismuth species
on electrode surface occurred via the ionization of adsorbed hydrogen species with subsequent formation
of hydroxyl and bismuth adsorbed species [21]. The improvement of the catalytic properties of Pd
surfaces caused by the deposition of irreversible adsorbed Bi was found on the oxidation of ethanol [22],
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aldehydes [21], glycerol [23]. Cai et al. studied the catalytic activity of Pd/C surfaces modified by
irreversible adsorption of Bi in ethanol electrochemical oxidation [22]. Electrochemical measurements
show that Pd-Bi/C (20:1) catalyst enhance activity toward ethanol EOR up to about 2.4 times
compared to Pd/C catalyst. Besides increased activity, the modification of the appropriate amount
of Bion Pd/C catalyst displays excellent durability and anti-poisoning ability. So far the influence
of irreversible adsorption of Bi on Pd in MOR is still missing.

The object of this work is the preparation of Pd/GC catalysts with low metal loadings by
electrodeposition from a surfactant-free green electrolyte. The obtained Pd thin-film catalysts were
modify via irreversible adsorption of Bi. The catalytic activity and durability of Bi-modified Pd
electrodes on methanol and ethanol electro-oxidation in alkaline medium was investigated. The
participating roles of Pd and Bi was examined from the aspect of different Pd metal loadings and Bi
surface coverages.

2. EXPERIMENTAL

All experiments were carried out with a VoltaLab PGZ 402 (Radiometer Analytical, Lyon,
France) at room temperature in three compartment electrochemical glass cells with Pt wire as the counter
electrode and saturated calomel electrode (SCE) as the reference electrode. A mirror-like polished GC
rotating disk electrode (d = 5 mm) prepared as described elsewhere [24] served as working electrode.
All the solutions used were prepared with high-purity UV water (Millipore, 18.2 MQ cm resistivity) and
p.a.-grade chemicals (Merck). The electrolytes were purged with purified nitrogen prior to each
experiment.

The palladium electrodeposition on GC electrode was performed from the bath containing 0.05
M PdCl; + 2 MNH4CI at a constant current density of -10 mA c¢cm? and RPM = 1000 [25]. The
electrodeposition process was performed for 10 s and 20 s and the calculated metal loadings were 55 and
110 pg cm?, respectively. Unmodified Pd electrode with lower metal loading was denoted as Pd-1/GC,
while Pd-2/GC corresponded to the electrode that consisted higher metal loading. The Bi modified Pd
electrodes were prepared by immersion of the Pd /GC electrode in non-deaerated 0.1 M H2SO4 solution
containing 10 M Bi,Os at open circuit potential (ocp) for a certain time. The obtained electrodes were
labeled as xBi @)Pd/GC, where x refer to Bi surface coverage.

The surface morphology was investigated by AFM with NanoScope 3D (Veeco, USA)
microscope operated in taping mode under ambient conditions. Etched silicon probes with spring
constant 20 — 80 Nm™* were used. Before morphological examinations of thin-film Pd catalysts, glassy
carbon substrate was prepared as previously explained [24]. Image analysis was done by Nanoscope
image processing software. The particle diameter of modified and unmodified catalysts was determined
from AFM image profile line analysis on the surface area of 2.5 x 2.5 um?. Surface roughness (RMS)
was determined on the surface area of 10 x 10 um?.



Int. J. Electrochem. Sci., Vol. 15, 2020 3764
3. RESULTS AND DISCUSSION

3.1 Catalyst characterization

The surface morphology studies were based on AFM investigations. Figure 1 demonstrate typical
three-dimensional (3D) images of modified and unmodified catalysts on GC surface. AFM image for
Pd-1/GC was presented in Fig. 1a. The obtained values of the Pd particles diameter was ~ 90 nm and the
structure was composed of spherical shaped agglomerates with uniform size of 185 nm. AFM image for
Pd-2/GC catalyst (Fig. 1b) indicated particle diameter ~ 150 nm while the size of agglomerates was ~
600 nm. Taking into account Bi modified Pd/GC catalysts it can be noticed that particle size increased
with Bi coverage and because of that two modified electrodes are chosen for illustration. According to
Fig. 1c the estimated particle diameter for Pd-1/GC catalyst modified with Bi for the time of 30 s was ~
110 nm and the size of agglomerates was ~ 330 nm. Considering Pd-2/GC catalyst when the modification
with Bi lasted 60 s, the size of particles was ~ 190 nm without formation of agglomerates.

Figure 1. AFM 3D analysis (a) Pd-1/GC (2.5 x 2.5 x 0.6 um); (b) Pd-2/GC (2.5 x 2.5 x 0.7 um); (c) Pd-
1/GC catalyst modified with Bi for 30 s 2.5 x 2.5 x 1 um; (d) Pd-2/GC catalyst modified with Bi
for the time of 60 s (2.5 x 2.5 x 0.5 um)
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3.2 Electrochemical activity of the catalysts

After the deposition of thin layer of Pd, the modification with Bi at ocp was performed as was
described in Experimental section. The resulting electrodes were then rinsed with pure water and
transferred to the electrochemical cell containing 0.1 M H2SOs solution for the electrochemical
characterization and determination of Bi surface coverage (Fig. 2). The electrochemical response of
electrodeposited Pd is in accordance with that obtained at quasi-hemispherical palladium islands onto
highly oriented pyrolytic graphite [16]. When Bi is adsorbed on the electrode surface the H adsorption
region decreases. The charge involved in the hydrogen desorption process from the Pd surface was
determined, and the Bi coverage was calculated [23, 26]. Regarding this electrochemical measurements,
for the time of 30 s surface coverage 0gi = 0.2 was calculated while for duration of 60 s 6gi = 0.6 was
achieved.
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Figure 2. CVs obtained for the Pd/GC catalyst (dash-dot line), 0.2Bi@Pd/GC (solid line) and
0.6Bi@Pd/GC (dash line) in 0.1 M H2SO4 at v =50 mV s,

The CVs of thin-film Pd and Bi modified Pd electrocatalysts in 1 M NaOH solution at 50 mV s™!
were presented in Fig. 3. The behavior of Pd was firstly described and analyzed in order to quantify
electrocatalytic activity. Namely, hydrogen adsorption/desorption peaks were shown in the potential
range from —1050 to —600 mV [27]. followed by palladium oxide formation region. In the backward
scan, palladium oxide was reduced in a broad peak appearing from —200 to =500 mV [28]. The charge
under the of peak PdO reduction was used to calculate the electrochemical active surface area (ECSA)
value of Pd-based electrocatalysts after subtracting the double layer charge and assuming 420 uC cm2
for the reduction of one monolayer of PdO on the electrocatalyst surface [29, 30]. The calculated ECSA
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were given in Table 1. Pd deposits were characterized by the value of specific surface area (SA) in m?
gedal, as the ratio of electrochemical active surface area and mass of deposited metal (table 1).
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Figure 3. CVs obtained for the Pd/GC catalysts (dash line) and 0.6Bi@Pd/GC (solid line) in 1 M NaOH
atv=50mV st

Table 1. Parameters that characterize the active surface area of thin-film Pd catalysts

ECSA / cm? mass / Upd SA / m? gpgt
Pd-1/GC 0.6 10.8 5.6
Pd-2/GC | 0.88 21.6 4.0

In order to estimate the average size of Pd particles in the electrodeposited layer, the next

equation was used, assuming that the particles are spherical shape [31, 32].
6mpd

pECSA

d is the diameter of palladium particles; mpq, mass of electrodeposited palladium; p, density of
metallic palladium. The average diameter of Pd particles in the thin layer of catalyst was 95 nm for Pd-
1/GC and 138 nm for Pd-2/GC. The obtained values of the Pd particles diameter were in accordance
with AFM analysis (Fig. 1a, b). Bera et al. studied the kinetics process and growth mechanism of the
electrodeposited Pd nanocrystals (NCs) on stainless steel substrate from aqueous solution of 2 mM PdCl;
+ 0.1 M HCI at potential of 0.3 V vs. Ag/AgCl at room temperature [33]. The results of this study
indicated that the electrodeposition process involved an instantaneous nucleation and subsequent growth
and the electrodeposited palladium particles consisted of a number of nanocrytallites according to the
SEM analysis. The surface morphology of the electrodeposited Pd particles was uneven on account of
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the preferential growth of obtained nanocrystallites in certain crystallographic directions. Also X-ray
photoelectron spectroscopy (XPS) study indicated the metallic Pd based on the presence of Pd(3d5/2)
and Pd(3d3/2) peaks at binding energy of 335.9 and 341.2 eV, respectively [34].

As it was observed, the adsorbed Bi suppress the hydrogen adsorption region and at more positive
potentials a redox couple due to the Bi redox process was noticed (Fig. 3). In the backward scan, a sharp
reduction current peak is notable. This peak is attributed to the reduction of the surface oxides, including
bismuth oxides [21] formed during the forward scan, suggesting that bismuth redox process in Bi-
modified Pd catalyst is related to the palladium redox process [22, 35].

3.3. Electrocatalytic performances of thin-film Pd catalysts modified with Bi in methanol and ethanol
oxidation reaction in alkaline solution

The electrocatalytic activity of thin-film Pd catalysts modified with Bi was evaluated by
electrooxidation of methanol and ethanol and compared with unmodified Pd/GC electrodes (Figs. 4, 5).
The MOR and EOR mechanism on Pd [28, 36] propose that the carbonaceous intermediates can be
strongly adsorbed on the Pd surface. During MOR, the intermediates are methanol-dehydrogenization
products such as COag, While in EOR the intermediates are ethanol-dehydrogenization products such as
(CH3CO)ag [37].
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Figure 4. CVs obtained in 1 M CH3OH + 1 M NaOH with Pd/GC catalysts (dash-dot line),
0.2Bi@Pd/GC (dash line) and 0.6Bi@Pd/GC (solid line) at v =50 mV s,

The Pd begins to adsorb OH" species in the region of hydrogen adsorption [38], and strongly
adsorbed carbonaceous species can be oxidized, causing the increase of current density. The formation
of the oxide layer lead to the decrease in the electrocatalytic activity. In the reverse scan the electrode
reactivates once the oxide is removed from the Pd surface and reaction currents increase. The peak on
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the reverse scan is caused by the oxidation of the incompletely oxidized carbonaceous species, formed
during the dissociative adsorption of methanol or ethanol on the Pd in the forward scan [29, 39].
Although the voltammetric profiles were similar, the different onset potentials and peak current values
could be attributed to different kinetics of the examined oxidation reactions on Pd/GC. Table 2
summarized the values for the reaction onset potentials as well the ratio of the forward peak current
density (jpr) and the backward peak current density (jpb), jpf/jpb, @S the parameter of the poisoning
tolerance to the carbonaceous species for Pd catalysts. The higher ratio of jp/jpn imply the more efficient
oxidation reaction on the catalyst.
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Figure 5. CVs obtained in 1 M C;HsOH + 1 M NaOH with Pd/GC catalysts (dash-dot line),
0.2Bi@Pd/GC (dash line) and 0.6Bi@Pd/GC (solid line) at v =50 mV s™.

Table 2. Electrochemical data for MOR and EOR

MOR EOR
Eonset / mV Jot/job Eonset / mV Jot/Job
Pd-1/GC -500 2 -600 1.3
Pd-2/GC -500 2.2 -600 1.2
0.2Bi@Pd-1/GC -550 2.15 -700 1.4
0.6Bi@Pd-1/GC -550 2.3 -700 1.5
0.2Bi@Pd-2/GC -550 2.35 -700 1.3
0.6Bi@Pd-2/GC -550 2.5 -700 14

Thin-film Pd catalysts showed higher poisoning tolerance for MOR in regard to the result
obtained for EOR implying that the intermediates of methanol oxidation such as COaq can be oxidized
more easily than the intermediates of ethanol oxidation such as (CH3CO)a.s. Based on HPLC
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measurements, in alkaline solution acetaldehyde tend to form aldol condensation products in small
percentage, which might adsorb onto the electrode surface thus blocking it [40]. The present results
concerning MOR and EOR obtained on Pd/GC electrodes are consistent with carbon-supported Pd
electrocatalyst [41], also with multi-walled carbon nanotube supported Pd nanocatalyst [37]. Thin film
Pd catalysts have lower activity towards MOR than EOR, what is in accordance with the reaction
mechanism of alcohols oxidation. Namely, the breaking of the a-carbon bonded hydrogen is assumed to
be the rate determining step for ethanol oxidation on Pd what was proven by Fourier-transform infrared
spectroscopy (FTIR) measurements [42], as well as for methanol oxidation [43]. Since the C-H bond at
the a-site in methanol is stronger than in ethanol [44], it is rational to assume that activity towards MOR
should be lower than EOR. Therefore from the kinetic point of view MOR is less active than EOR at
Pd/GC electrodes in alkaline solution, but the poisoning tolerance of MOR is higher.

According to the results presented in Table 2, the onset potential of Bi modified Pd electrodes
was lower than that of the unmodified for 50 mV concerning MOR and 100 mV for EOR. The most
active and poisoning tolerant catalyst among studied was 0.6Bi@Pd-2/GC for MOR, while for EOR it
was 0.6Bi@Pd-1/GC. The improvement of Bi modified Pd electrode in regard to unmodified Pd can be
explained by tree main factors: the change in the electronic properties of the metal substrate, ensemble
or third body effect originating from the selective blockage of a particular adsorption site or through
bifunctional action [45]. From XPS studies, no matter if Bi was of spontaneously adsorbed or under
potential deposited it was concluded that Bi favors the adsorption of OH species, either on its surface or
on adjacent noble metal sites [22, 46]. The promotional effect of Bi was obtained on PdBi /C and
increased activity was attributed to the enhancement of OH species adsorption on Pd sites adjacent to
Bi, which facilitates the oxidative removal of intermediates formed on ethanol electro-oxidation [18].
Cai et al. reveal that the incorporation of Bi into the Pd catalysts modifies the electronic properties of Pd
and promotes the formation of oxygen-containing species on Pd surface participating in the oxidation of
COaq according to the bifunctional mechanism, which is beneficial to the enhancement of ethanol
electro-oxidation [22]. Bifunctional mechanism of action on PdBi nanostructured thin film was used to
explain the enhancement of catalytic properties for ethanol oxidation [47]. In addition, introduction of
Bi to tetrahexahedral (THH) Pd NCs increased the activity towards EOR based on electronic effect since
the presence of Bi results in a broader and higher current peak in regard to undecorated Pd NCs [26]. In
order to determine which of the factor induced by the presence of Bi on the Pd/GC surface influence
upon activity of investigated modified electrodes in alcohol oxidation, effect of Bi coverage was studied.
According to the obtained results given in Figs. 4, 5, the current densities for MOR and EOR increase
with increasing Bi surface coverage. Nevertheless, when higher coverages are reached (8g;i > 0.6), the
currents show a small decrease, being higher than on the unmodified Pd surface. Wang et al. published
that with an optimum Bi coverage of 0.68 activity enhancements of almost 3 times were observed for
the Bi-modified THH Pd NCs in regard to unmodified THH Pd NCs in ethanol oxidation reaction [26].
Therefore, with high Bi surface coverages a decline of the activity was determined indicating that free
Pd atoms are necessary to oxidize methanol or ethanol. It has been proposed that at least three contiguous
free Pt sites are required for CO formation [48] and in line with that finding it is reasonable to assume
that the irreversible adsorbed Bi plays a third body role diminishing the poisoning of the Pd sites that
will then be free for alcohol oxidation. Alongside the enhancement of reaction current densities with
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increasing Bi surface coverage, the onset potential of MOR and EOR is independent on Bi surface
coverage (Table 2) indicating that a bifunctional catalytic mechanism is valid [49]. The obtained
experimental results show that the presence of Bi on the Pd surface stand to two effects for enhancing
the alcohol oxidation on Pd/GC. Therefore, the combination of third body and bifunctional effect is
responsible for the electrocatalytic improvement of thin-film Pd catalysts modified with Bi in MOR and
EOR in alkaline solution.

Figures 6 and 7 show the CVs normalized by the mass of Pd of the unmodified Pd/GC electrodes
(Figs 6a and 7a) and of two most active Bi modified electrodes for MOR and EOR (Figs 6b and 7b).
Clear differences in terms of peak oxidation currents can be observed comparing the results presented
in Figs. 6 and 7. Thus for MOR the difference in jor between 0.6Bi@Pd-1/GC and 0.6Bi@Pd-2/GC is ~
15% when the currents were normalized to SA (Fig. 6b) but when the reaction currents were normalized
to ECSA enlargement of ~ 2 times in peak current on 0.6Bi@Pd-2/GC in respect to 0.6Bi@Pd-1/GC
was noticed (Fig. 4). On the other side taking into account EOR (Fig.7b) the enhancement of ~ 2.2 times
on 0.6Bi@Pd-1/GC in respect to 0.6Bi@Pd-2/GC was designated when the currents were normalized to
SA or ~ 1.6 times when the reaction currents were normalized to ECSA (Fig. 5). Similar trend in
difference of activity concerning peak reaction currents normalized to the total amount of Pd or the
electroactive surface area can be notice between unmodified electrodes considering MOR and EOR.
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Figure 6. CVs obtained in 1 M NaOH with 1 M CH3zOH on Pd/GC (a) and on 0.6Bi@Pd-1/GC catalysts
(solid line) and 0.6Bi@Pd-2/GC (dash line) (b) at v=50 mV s,
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Figure 7. CVs obtained in 1 M NaOH with 1 M C2HsOH on Pd/GC (a) and on 0.6Bi@Pd-1/GC catalysts
(solid line) and 0.6Bi@Pd-2/GC (dash line) (b) at v=50 mV s,

Comparison of the electrochemical properties from studies of different research groups is
sometimes hardly because of different experimental conditions meaning different concentrations of the
reactants or supporting electrolyte, various scan rates and rotation rates etc. However, similar activity of
MOR and EOR was obtained at Pd supported on highly porous 3D-Graphene nanosheets [50]. Neto et
al. reported peak current densities of ~ 60 A g* for EOR at PdBi / C electrocatalysts, which is lower than
in our measurements because of discrepancy in scan rate [18]. Concerning EOR similar peak current
density of ~8 mA cm was obtained on THH Pd NCs modified by Bi adatoms measured in 0.1 M NaOH
containing 0.1 M ethanol [26]. Twice larger peak current density compared to our results (~ 1400 A g?)
was reported at ultrathin PdBi nanowires towards ethanol electrooxidation [51] and almost one order of
magnitude higher activity on Pd-Bi / C catalyst in regard to this study but at higher ambient temperature
which enhances the EOR rate [21]. Other electrochemical properties such as onset potential of the
reaction and poisoning tolerance obtained on similar electrocatalysts were collected in Table 3.
Analyzing the parameters presented in Tables 2 and 3, it can be concluded that the obtained values are
comparable with the published results.

Chronoamperometry was used to study catalysts poisoning in MOR and EOR. The current
density - time response of investigated electrodes were recorded at a polarization potential of - 400 mV
for 1800 s, as shown in Fig. 8. For all catalysts, there is an initial stage in which the current densities fall
rapidly. It should be attributed to the accumulations of poisonous carbonaceous intermediates on the
catalyst surface. After that, the currents drop slowly and the electrode reactions reach the pseudo-steady
state. It can be notice that most active catalysts in alcohols oxidation showed the highest pseudo-steady
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state currents. So the current density of 0.6Bi@Pd-2/GC catalyst in MOR after 1800 s keeps at value
which is 5 times higher than that of Pd-2/GC catalyst (Fig. 8b). Regarding EOR, the current density of
0.6Bi@Pd-1/GC catalyst after 1800 s keeps at value which is 3 times higher than that of Pd-1/GC catalyst
(Fig. 8c). The catalyst, which exhibits the highest poisoning tolerance and that is 0.6Bi@Pd-2/GC in
MOR (Table 2) was also found to be the most stable one in the CA measurements. Apparently addition
of Bi enhances the catalytic durability of the Pd/GC catalysts.

Table 3. Electrochemical properties of various catalysts with Bi in MOR and EOR

Catalyst Electrolyte Onset potential Jot ! Job Reference
(mV vs. RHE)
PdesoBiso / C IMKOH+1M 350 mV 1.7 [52]
C,HsOH
THH Pd NCs (Bi = 0.1MKOH+0.1M ~ 400 mV ~15 [26]
068) C2HsOH
PdBi IMKOH+1M ~ 400 mV 1.13 [53]
C,HsOH
PtBi NPs IMKOH+1M 750 mV 7 [54]
CHsOH
Pt,Bi 1IMKOH+1M ~ 700 mV 2 [55]
CHsOH
Pt/ 1tO (Bi=0.3) 0.5MH2S0:+1M ~560 mV 1.2 [56]
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Figure 8. Chronoamperometric curves recorded at - 400 mV (vs. SCE) for 1800 s with Pd/GC and
xBi@Pd/GC catalysts for methanol (a, b) and ethanol (c, d) in 1 M NaOH.
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4. CONCLUSION

Thin-film Pd catalysts with low metal loadings (55 and 110 pg cm) were obtained by
electrodeposition on CG electrode from a surfactant-free green electrolyte. Surface of Pd electrode is
modified by irreversibly adsorbed Bi as fast and easy to do method. The catalysts were characterized by
AFM spectroscopy and demonstrated that the nanoparticle clusters was formed from the agglomeration
of single crystal particles. The presented electrochemical tests shown that the modification with the
appropriate amount of Bi on thin-film Pd catalysts enhance activity toward MOR and EOR up to about
2-3 times compared to unmodified catalysts. Several excellent properties of thin-film Pd catalysts
modified with Bi such as high poisoning tolerance and durability were also established. It was concluded
that the combination of third body and bifunctional effect is responsible for the electrocatalytic
improvement of thin-film Pd catalysts modified with Bi in examined reactions of alcohol oxidation in
alkaline solution. Electrochemical investigations of such modified electrodes signify how to direct
research in order to develop an efficient catalyst.
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