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Catalytic activities of Pt thin films electrodeposited onto Bi coated glassy carbon

substrate toward formic acid electrooxidation

J.D. Lovic'*, S.I Stevanovi¢, D.V. Tripkovic, V.M. Jovanovi¢, R.M. Stevanovic,

A.V. Tripkovic and K.Dj. Popovié¢
ICTM - Center for Electrochemistry, University of Belgrade,
Njegoseva 12, P.O.Box 473, 11000 Belgrade, Serbia

Abstract

Formic acid oxidation was studied on platinum-coated bismuth deposits on glassy
carbon substrate. The catalyst was prepared by a two-step process using chronocoulometry,
i.e. controlled amount of Bi was electrodeposited onto glassy carbon followed by
electrodeposition of Pt layer. The amount of Pt was constant while the amount of Bi vary to
correspond the molar ratio of Pt:Bi = 1:0.1 or 1:1'or 1:10. AFM characterization of the
electrode surface indicates that Pt is deposited preferentially on previously formed Bi
particles, but cyclic voltammetry revealed Bileaching meaning that Bi was not completely
occluded by Pt. In order to obtain stable electrode surface, deposits were subjected to
potential cycling up to 1.2 V vs. SCE in supporting electrolyte, prior to use as catalysts for
formic acid oxidation. On this way the electrodes composed of Bi core occluded by Pt and Bi-
oxide surface layers were obtained. The Pt(Bi)/GC electrodes exhibit enhanced
electrocatalytic activity in comparison to Pt/GC for formic acid oxidation which depends on
composition and surface morphology. High currents and onset potential shifted to negative
values indicate a significant increase in direct path what is explained through ensemble effect
induced by Bi-oxide species interrupting Pt domains. Electronic modification of Pt both by
surface and sub-surface Bi can play some role as well. Significantly prolonged potential
cycling in supporting electrolyte of previously stabilized Pt(Bi)/GC electrodes by Bi oxide,
led to considerably lower Bi leaching accompanied by dissolution and redeposition of Pt and
the outcome of this treatment was Pt shell over Bi core. These Pt@Bi/GC catalysts also

exhibit higher activity for HCOOH oxidation in comparison to Pt/GC depending on the
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quantity of Bi remained under Pt shell, but in this case the improvement is induced solely by

electronic effect of under-laying Bi.

Key words: Pt@Bi shell-core structure, electrochemical deposition, formic acid oxidation,

AFM characterization.

1. Introduction

In past decades, the oxidation of small organic molecules such as formic acid and
methanol has been intensively studied, for their potential use as fuels in direct fuel cells [1].
Platinum is considered one of the most efficient catalysts for the oxidation of small organic
molecules. However, it is susceptible to poisoning, due to strongly adsorbed intermediates,
which are formed during the oxidation processes [2,3]. It has also been shown that the
electrocatalytic activity of Pt towards oxidation of small organic molecules can be improved
by modification of its surface with foreign metal adatoms that should minimize the poisoning
effects [4-6]. In particular, bismuth has received significant attention as Pt modifier [7,8], and
different systems such as PtBi intermetallics [9-11], PtBi and Pt,Bi alloys [12,13],
electrochemically co-deposited carbon supported PtBi (PtBi/C) [14] have been proposed as
good catalysts for formic acid oxidation. The beneficial effect of Bi on Pt for this reaction
could be due to change in Pt-Pt distance that favor direct route in formic acid oxidation [9], or
to the formation of surface Bi oxides that participate in oxidation of intermediates [12], or to
electronic effect by lowering the electron density of the 5d orbital, resulting in a considerable
decrease of the CO binding strength to Pt [15,16], or to ensemble effect creating the
appropriate size of Pt domains providing direct oxidation of HCOOH to CO» [13,17].
Depending on the preparation of the catalysts and their resulting surface composition the
contribution of the above effects may vary. Also, it has been reported in the literature that Pt-
Bi electrodes are not stable in the acidic media when the upper potential in cyclic
voltammetry experiments was set to values higher than 0.9 V vs. Ag/AgCl. It was shown that
Bi progressively released the electrode surface and Pt crystalline domains were formed on the
PtBi electrode due to Bi leaching from the matrix and subsequent dissolution generating a Pt
rich surface [18-20].

Among the numerous methods for synthesis of bimetallic catalysts, a new method for
the preparation of noble metal coatings has been proposed whereby the surface layer of a less

precious metal (Ru, Cu, Pb and Ti) is replaced with the noble metal (Pt and Pd) by



spontaneous electroless exchange, upon immersion into a complex solution of Pt or Pd ions
[21-24]. Another way for forming low dimensional systems is electrodeposition of mono or
multilayer metals on different substrates [25-27]. This bimetallic mono and multilayer catalyst
concept has received much attention regarding its possibility to reduce the noble metal
loading and maintain the activity by replacing the under-layer (bulk of the catalyst) with less
noble metal. Also unlike other bimetallic catalysts where the second metal is either in the
form of an adatom or as a surface alloy component, this type of catalyst allows the study of
the electronic effect of second metal under-layer to the noble catalyst over-layer, as the only
operating factor.

In our previous work[28], formic acid oxidation was studied on platinum-bismuth
deposits on glassy carbon substrate obtained by two-step process, comprising deposition of Bi
followed by deposition of Pt. Electrochemical deposition of low loading Pt layer over Bi
deposits on GC electrode resulted in formation of approximately spherical clusters of Bi
covered by Pt. Treatment of as prepared electrode by slow sweep up to 0.8 V vs. SCE leads to
quantitative oxidation of Bi partially occluded by Pt, but in the same time to formation of Bi
oxide, thus creating the surface composed of Pt and Bi-oxide. On this way prepared bimetallic
electrode exhibits significant high activity for the reaction of formic acid oxidation as a result
of well-balanced ensemble effect induced by Bi-oxide species interrupting Pt domains.

The aim of this work was to examine activity for the oxidation of formic acid of
similarly prepared Pt-Bicatalyst, i.e. different amounts of Bi were electrodeposited onto GC
substrate and subsequently coated with same quantity of Pt. Obtained in this way bimetallic
catalysts with different ration of Pt:Bi have been preconditioned electrochemically, in contrast
to our previous work, by the potential cycling in a wider potential range (up to 1.2 V vs. SCE
and with sweep rate of 50 mV s™) in order to explain the importance of surface composition

and. surface morphology for the reaction of formic acid oxidation.

2. Experimental Section

2.1. Electrode Preparation

Prior to each electrochemical experiment, the glassy carbon (GC) disc electrode (5
mm diameter) was mirror polished using Buehler silicon carbide grinding paper (P 2000-P
4000) and 1-0.05 um alumina. The surface was rinsed with high purity water, sonicated for 2-

3 min and rinsed again. Before each deposition experiment, to ensure that the GC surface was



free of deposits, the electrode was checked by cyclic voltammetry in the potential range
-0.25 V= 1.20 V vs. SCE at a scan rate 50 mV s in 0.1 M H,SO,.

Platinum- bismuth deposits on glassy carbon substrate were prepared by a two-step
process as described previously.[28] Briefly, bismuth was deposited onto the substrate from
deaerated 2 mM Bi perchlorate in 0.1 M H,SO, using chronocoulometry at -0.1 V vs. SCE.
The deposition potential was chosen according to quasi-steady-state potentiodynamic curve
presented in Fig. 1(a). Applied deposition potential is in the region before the cathodic peak
while concentration of Bi** ion offers the formation of dense and uniform Bi deposits
according to 3D progressive nucleation and growth mechanism [28,29]. After Bi deposition
the electrode was rinsed and transferred to the electrochemical cell containing deaerated 1
mM H,PtClg solution in 0.1 M H,SO,. The proper amount of Pt was-deposited using
chronocoulometry at -0.1 V vs. SCE corresponding to Pt limiting current plateau in order to
avoid any displacement reaction between Pt and less noble Bi and/or GC substrate, according
to quasi-steady-state potentiodynamic curve presented in Fig 1(b). The amount of Pt was
constant while the amount of Bi varies to correspond the molar ratio of Pt:Bi = 1:0.1 or 1:1 or
1:10. According to molar ratio electrodes were denoted as Pt(Bi01)/GC, Pt(Bil)/GC and
Pt(Bi10)/GC. The deposited charge for Pt correspond to 10.3 pg/cm? in all investigated
samples and for Bi correspond to'1.1 pg cm?, 11.02 ng cmand 110.2 ng cm’?, respectively.
For the sake of comparison Pt/GC electrode was prepared using the same electrochemical

procedure and quantity corresponding to one for bimetallic electrode.

2.2. Electrode Characterization

2.2.1. Electrochemical Characterization

Pt(Bi)/GC electrodes, made as described in previous section, were activated by
cycling potential with scan rate of 50 mV s between hydrogen and oxygen evolution in 0.1
M H,SOy solution 8, 50 and 250 times. In order to avoid Bi redeposition, the electrode was
taken out from solution at 1.2 V vs. SCE.

Formic acid oxidation (0.125 M) was investigated in 0.1 M H,SOy solution after
holding the potential for 2 min at -0.2 V by potentiodynamic (sweep rate 50 mV s) or quasi
steady-state (sweep rate 1 mV s™) measurements. The rotating speed of the disc electrode was
1500 rpm. The results are compared to Pt/GC treated in the same manner.

CO stripping measurements were performed by a pure CO bubbled through the
electrolyte for 20 min while the electrode potential was kept at -0.2 V vs. SCE. After purging

the electrolyte by N, for 30 min to eliminate the dissolved CO, the adsorbed CO was oxidized



in an anodic scan at 50 mV s™'. Two subsequent voltammograms were recorded to verify the
completeness of the CO oxidation. Real surface area of the electrodes used was estimated by
the calculation of the charge from CO,gs stripping voltammograms corrected for background
currents (assuming 420 pC cm™ for the CO monolayer).

All the experiments were performed in standard three-compartment electrochemical
glass cells with Pt wire as the counter electrode and saturated calomel electrode as the
reference electrode at room temperature. The potentials reported in the paper are expressed on
the scale of the saturated calomel electrode (SCE). The electrolytes were prepared with high
purity water (Millipore, 18 MQ cm resistivity) and the p.a. chemicals provided by Merck. The
experiments were conducted at 295 + 0.5 K. A VoltaLab PGZ 402 (Radiometer Analytical,

Lyon, France) was employed.

2.2.2. Elemental Analysis

Structural examination of the catalysts was performed by EDX technique coupled by
scanning electron microscopy using JEOL JSM-6610 (USA) instrument with X-Max (silicon
drift) detector and SATW (super atmospheric thin window) applying 20 keV. The
measurements were performed at 10 different regions of each sample.

An inductively coupled plasma—mass spectroscopy (ICP-MS) was performed to
determine the quantity of Bildeached from Pt(Bi)/GC electrode during electrochemical Bi
oxidation. An Agilent 7500 CE (USA) device was used. The system was calibrated using
standards from AccuStandard and Bi signals were recorded for wavelengths for which no

signal was observed in a pure blank solution.

2.2.3. Surface characterization by Atomic Force Microscopy (AFM)

Surface characterization of the catalysts was performed at room temperature in air by
atomic force microscopy (AFM) using a NanoScope III A (Veeco, USA) device. Pt/GC,
Bi/GC as well as of the bimetallic catalysts only Pt(Bil)/GC electrode was analyzed. The
AFM observations were carried out in the taping mode using NanoProbes silicon nitride
cantilevers with a force constant 0.06 N m™'. Analysis of any surface based on AFM images

was done observing a few different parts of the samples.



3. Results and Discussion

3.1. Catalysts characterization

3.1.1. AFM characterization

AFM characterization was performed for electrochemically deposited Bi alone, Pt
alone and Pt(Bi) (molar ratio 1:1) deposits. AFM image presenting only Bi deposited on GC
(Fig. 2(a)) reveals a structure composed of two different types of agglomerates: Smaller,
spherical shaped agglomerates with pretty uniform size (~ 100 nm) are very well distributed,
covering almost the entire substrate surface. Larger, elliptical shaped agglomerates (~ 400 nm)
consist actually of smaller ones.

Image of electrochemically deposited Pt on GC substrate (Fig. 2(b)) shows a large
difference in nucleation and growth in respect to Bi on a glassy carbon. The result suggests
that Pt has a higher surface mobility compared to Bi since the agglomerates tend to form
larger structures. Unlike the case of pure Bi when the substrate was almost entirely covered
by two differently sized and shaped agglomerates, the morphology of the pure Pt catalyst
deposited onto GC substrate consists of randomly distributed agglomerates mostly of ~ 300
nm. The surface coverage in comparison to the previous sample of Bi is much lower since the
substrate morphology can readily be observed. Like in the case of the prior sample the
agglomerate is composed of smaller particles (~ 60 nm).

The bimetallic catalyst Pt(Bil)/GC (Fig. 2(c)) was produced by sequential deposition
of Bi followed by deposition of Pt. The image of this sample does not show bimodal particle
shape and size distribution. Comparing all three images the density of bimetallic catalyst
particles appears to be between that for the pure Pt (Fig. 2(b)) and pure Bi (Fig. 2(a)) and the
particles resemble those for the pure Pt (Fig. 2(b)). It appears that Pt is being deposited
preferentially on top of Bi crystals forming larger structures (~ 700 nm). Surface diffusion of
highly mobile Pt adatoms may as well contribute to grain growth. Although it is almost
impossible to determine the composition of the agglomerates from an AFM analysis alone, by
comparing structures presented on the image 2(c) with AFM images for pure Bi (2(a)) and Pt
(2(b)) it could be assumed that these agglomerates are most probably Pt@Bi structures
consisting of Bi core surrounded by subsequently deposited Pt. EDX analysis of as-prepared
Pt(Bil1)/GC catalysts (Fig. 2(e)) has confirmed that the particles are composed of both Pt and
Bi with nominal molar ratio of 1:1.

Fig. 2(d) displays AFM image of Pt(Bil)/GC catalyst after 250 potential cycles
between -0.27 V and 1.2 V vs. SCE in 0.1 M H,SOy solution. As it is shown in the image the



size of agglomerates is reduced to ~ 350 nm during the repetitive cycling, most probably due
to dissolution of Bi and possible agglomeration as well as dissolution/redepostion of Pt
nanoparticles. EDX data of the treated electrode (Fig. 2(f)) shows decrease in Bi quantity in
Pt(Bi1)/GC electrode after potential cycling. Nevertheless, the composition obtained by EDX
analysis of the treated Pt(Bil)/GC corresponds qualitatively well to the data obtained by the

ICP-MS measurements.

3.1.2. Electrochemical characterization

Although Pt(B1)/GC catalysts were prepared by deposition of Bi followed by
deposition of Pt, cyclic voltammetry revealed Bi leaching from the electrode surface
indicating that Bi was not completely occluded by Pt. Depending on the quantity of Bi, 3 to 8
cycles are needed in order to reveal the presence of platinum (Fig. 3(a)). These basic
voltammograms resemble the features characteristic for pure Pt in hydrogen
adsorption/desorption region [28], but in the region of oxide formation/reduction the charge
for Pt(Bi1)/GC electrodes is larger. In surface oxide region the formation of larger amount of
surface oxides with enhancement of Bi content and simultaneously increasing of reduction
stripping peak is a consequence of Biredox behavior which is superimposed to Pt oxide
formation/reduction [8]. Larger amount of deposited Bi provides a higher coverage with
oxygenated species while the rate of surface oxide reduction is the same as on Pt/GC
electrode, since there is no shift of the surface oxide reduction peak.

Further potential cycling accompanied by attenuation of Bi dissolution revealed by
decreasing of the charge in oxide formation/reduction region eventually after some 50 cycles
leads to quasi steady state voltammograms (Fig. 3(b)). ICP-MS analysis of the solutions in
which electrodes were treated indicated that depending on the Pt:Bi ratio, 30 + 3% of Bi was
dissolved, thus approximately 70 % of Bi remained in the Pt(Bi) catalysts. Comparing the
Figs: 3(a) and 3(b) it can be noticed that dissolution of Bi from the surface of Pt(Bi)/GC
electrodes does not expose any additional Pt atom to the surface, which was evident from the
similarity in hydrogen region of all investigated electrodes.

However, if the potential cycling is continued for additional 200 cycles, finally steady
state is reached with no sign of Bi redox behavior and CVs for Pt(Bi)/GC electrodes trace that
one for Pt/GC (Fig. 3(c)). ICP-MS analysis of these solutions indicated that during this
expanded electrochemical treatment only additional 15 £ 5 % of Bi leached out leaving at the

end about half of Bi deposited in the catalyst. Thus, while at quasi steady-state the Pt(Bi)/GC



electrodes are composed of Bi core occluded by Pt and Bi-oxide surface layers, prolonged
cycling lastly results in Pt@Bi shell-core structure.

Upon this electrochemical treatment the electrochemical active surface area (EASA)
decreases with an increase in number of cycles but as can be seen from Fig. 4 this decrease is
more pronounced for Pt/GC (Fig. 4(a)) than for Pt(Bil)/GC electrodes (Fig. 4(b)). Such
changing of Pt EASA is attributed to the migration and agglomeration of Pt particles and
particle growth as well as possible dissolution/redeposition of platinum from the surface of
the catalyst. Namely, in-situ STM study of Pt nanoparticles revealed that cycling the potential
to 1.0 V or higher induced Pt dissolution together with coarsening and growth of Pt
nanocrystals [30]. Sugawara and co-workers [31] based on their results.concluded that the
loss in the electrochemically active surface area (EASA) during potential cycling was mainly
due to agglomeration of Pt nanoparticles rather than electrochemical Ostwald ripening process
because despite a significant Pt dissolution when cycled up to-1.4 V vs. RHE, EASA did not
decrease much more than when the potential limit'was 1.0 V. However, severe conditions of
prolonged potential cycling up to 1.4 V vs. RHE led to a significant loss of almost 50% of the
active surface area of Pt [32]. This finding is in very good agreement with the loss of the
nanoparticles EASA from the TEM statistics [33]. The authors concluded that the
predominant degradation mechanism was detachment of whole particles from the support and
their dissolution in the electrolyte even without re-deposition [33]. So, after 50 cycles, Pt/GC
catalyst lost about 35% of its initial active surface area and about one half after 250 cycles.

The loss in electrochemical surface area of Pt(Bil)/GC catalyst is less pronounced
than for Pt/GC, indicating higher stability of Pt particles deposited on Bi and surrounded by
Bi-oxide in'comparison to those supported on GC. However, during prolonged cycling
dissolution of Bi must be followed by dissolution/redeposition of Pt since core-shell structure
was finally obtained. Schematic illustration of successive step of core-shell structure

formation is presented in Fig. 5.

3.2. CQOyqq stripping measurements

Oxidation of pre-adsorbed CO was examined on all investigated electrodes. The
stripping voltammograms, recorded for the electrodes previously treated by 8 cycles from
-0.27 V to 1.2 V in supporting electrolyte after subtraction of the background currents are
given in Fig. 6. As it can be seen, the oxidation of CO,q starts at more negative potential on

pure Pt/GC electrode than on bimetallic catalyst. Regarding bimetallic catalysts, less active



for CO,q electrooxidation are those Pt(Bi10)/GC electrodes with higher content of Bi and Bi-
oxides.

The influence of the electrochemical treatment (8, 50 and 250 cycles) on the oxidation
of pre-adsorbed CO is presented in Fig. 7(a) for Pt/GC and in Fig. 7(b) for Pt(Bi1)/GC
electrodes. The results presented show that the onset potential at Pt/GC is less positive than on
Pt(Bil1)/GC for the same electrode treatment and while Pt(Bil)/GC electrodes show a single
peak for CO,q oxidation, the developing of shoulder at lower potentials at Pt/GC previously
cycled for 50 and 250 times is observed. The more severe treatment resulting in enhanced
COyq oxidation for all of the electrodes. Also, again when Pt(Bi)/GC catalyst contains more Bi
(Bi-oxides), therefore when it is less severely treated it is less active for oxidation of pre-
adsorbed CO. Thus, it appears that quantity of Bi i.e. Bi-oxides strongly influences oxidation
of CO,q, but does not participate in the reaction.

Oxidative removal of CO adsorbed at Pt surfaces follows Langmuir-Hinshelwood
mechanism and it is controlled by number of defects at which catalytically active OH is
formed. [34-36]. Particles migration and coalescence into agglomerates induced by potential
cycling produce defect-like steps and grain boundaries on the surface of coalesced particles
and thus increase number of defects in comparison to smaller single particles. Smaller
particles also have higher CO and oxygen binding energy due to the changed electronic
structure induced by size constraint [36]. Therefore, the origin of the peak multiplicity at
Pt/GC electrode is a consequence of particles aggregation [35,37]. The peak at lower
potentials is associated to CO inter-particle oxidation, meaning the reaction between OH and
CO species adsorbed in two different but close nanoparticles, whereas the peak at higher
potentials is associated to the oxidation on the isolated nanoparticles. On the other hand,
lower number of previous cycle on Pt/GC electrode induce less concentration of surface
defects which are highly active for OH adsorption [38], so the CO stripping peak is positively
shifted with respect to Pt/GC exposed to prolonged cycling .

Since CO does not adsorb at Bi [39], oxidation of CO occurs only on Pt sites. The
sharpness and the symmetry of the CO,q;s stripping peak generally reflects the uniformity of Pt
surface [40]. As already mentioned, the Pt(Bi)/GC electrode with higher quantity of Bi in the
catalyst, thus higher coverage of the surface with Bi oxide has lower activity for the oxidation
of CO,gs and, as can be seen in Fig. 6, lower amount of the adsorbed CO. Most probably this
is because Bi oxide generated during potential cycling blocks sites for CO adsorption and
defect sites and leads to formation of small Pt domains. The higher coverage with the oxide

reduces Pt domains and the reaction is more retarded. During potential cycling, due to Bi
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leaching the coverage by Bi oxide decreases leaving larger Pt domains and most probably
accompanied by particles coalescence and Pt dissolution/redeposition causes such catalyst
surface morphology which facilitates CO,qs oxidation (Fig. 7).

The difference in onset and peak potential of CO,q4 oxidation on Pt/GC and Pt(Bi)/GC
electrodes could be ascribed also to the some electronic modification of Pt surface atoms by
Bi. Namely, sites on the edge of Pt domains, being in contact with Bi phase bind CO,4s and
OH,4s stronger than other Pt sites. This statement is consistent with theoretical DFT
calculations presented in literature [41,42] that are based on different values of lattice
constant. Since Bi possesses larger lattice constant than Pt, Pt overlayer on Biis under a
tensile strain. This results in an increase in d-band center of Pt atoms in-outlayer, leading to
the stronger adsorption of CO and OH on Pt thus, decreases the rate of CO,q oxidation. This
electronic effect has the major role in the activity for CO,q4 oxidation on Pt(Bi)/GC electrode
i.e. the catalyst obtained after 250 potential cycles since no form of Bi should be present on

the surface.

3.3. Formic acid oxidation

3.3.1. Effect of the Bi underlayer thickness and potential cycling on the catalysts activity

Figure 8 shows formic acid oxidation on the examined electrodes previously cycled in
potential range between onset potentials of hydrogen and oxygen evolution for 8 (a), 50 (b)
and 250 (c) times. This potential cycling is electrochemical treatment that determine the
degree of surface reconstruction, the size of electrochemical active area and for the Pt(Bi)/GC
electrodes amount of remaining Bi and Bi oxide.

Before analyzing the results obtained, it is important to recall some characteristics of
polycrystalline Pt in formic acid electrooxidation, considering dual path mechanism.
Dehydrogenation is assigned as the direct path, based on the oxidation of formate [43] and
dehydration, i.e. indirect path, assumes formation of CO,q, both generating CO» as the final
reaction product. At low potentials HCOOH oxidizes through the direct path with the
simultaneous formation of CO,q in indirect — dehydration path. Formation of oxygen-
containing species on Pt (£ > 0.5 V vs. RHE [4]) enables the oxidative removal of CO,q.
Number of neighboring Pt sites on the electrode surface determines the reaction path, so that
the dehydration path needs an ensemble of at least three adjacent Pt atoms, while the

dehydrogenation path is possible on a smaller atomic ensemble [44].
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Analyzing voltammograms presented in Fig. 8 reveals that fewer cycles in supporting
electrolyte on all investigated electrodes provides higher activity for formic acid oxidation.
The polarization curves for electrodeposited bimetallic Pt(Bi)/GC surfaces after 8 cycles in
supporting solution indicate quite different behavior in comparison to Pt/GC. Figure 8(a)
shows that the onset potential for the reaction on Pt(Bi10)/GC and Pt(Bil )/GC electrode is
about 200 mV less positive and on Pt(Bi01)/GC about 150 mV less positive than on Pt/GC .

The most active electrode is Pt(Bil0)/GC. The current rises up to 0.3 V and reaches a
peak about 20 times higher than the peak on Pt/GC. This peak indicates predominant direct
oxidation path of HCOOH to CO,, occurring on Pt sites that are not blocked by the poisoning
CO,q species, while the appearance of poorly defined shoulder on the descending part of the
curve signifies some participation of indirect path in the reaction as well. The currents
recorded in the backward direction are higher, but the difference between forward and
backward scan is not as large as on Pt/GC electrode indicating lower surface poisoning of
bimetallic electrodes [45]. As the quantity of Bi in the catalyst (i.e. Bi oxide on the surface)
decreases, the shoulder transforms into small peak at ~ 0.6 V on Pt(Bil)/GC and Pt(Bi01)/GC
pointing out to increased role of indirect path in the reaction (Fig. 8 (a)).

Increased number of scans in supporting solution leads to decrease in activity for
formic acid oxidation for all investigated electrodes as a consequence of the surface modified
morphology and surface composition (Fig. 8 (b)). The explanation is connected to Bi
dissolution that is consistent with a number of potential cycling of Pt(Bi)/GC electrodes
which decrease the surface oxide content producing larger Pt domains, thus encouraging the
indirect path of formic acid oxidation. Also, increased number of potential scan introduces
higher contribution of low-coordinated Pt atoms which are sites that preferentially adsorb
oxygen-containing species [38,45]. Since oxygen-containing species do not participate in the
oxidation of formate, intermediate in the dehydrogenation pathway, they act as poisoning
species in direct path and decrease the activity of the catalyst.

Oxidation of formic acid on electrodes treated by 250 cycles is displayed in Fig. 8(c).
As already mentioned this treatment in the case of Pt(Bi)/GC electrodes led to formation of
Pt@Bi shell-core structures on GC. This means that all electrodes should have only Pt in
surface layers, yet bimetallic electrodes are again more active for this reaction in comparison
to similarly treated Pt/GC. The reason for enhanced activity in this case could originate only
from the electronic effect of under-laying Bi core, while the different activity between
bimetallic electrodes is the consequence of different thickness of Pt layers over different

quantity of Bi in the core from one electrode to another.
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The Fig. 8 shows that as the number of cycles increases, the features of the
voltammogram progressively change due to the fact that deposited bismuth is gradually
released from the electrode surface leading to a change in the Pt and Bi ratio. Based on this
result, it can be pointed out that Pt(Bi)/GC surfaces treated by lower number of previous
potential cycles are highly active for the HCOOH oxidation because the dehydration branch
of the overall reaction is highly suppressed, which makes the amount of CO,q on the surface
rather low. As a result, the dehydrogenation of HCOOH molecule becomes the predominant
path and the ensemble effect induced by surface oxides is crucial for their high selectivity
toward dehydrogenation path.

This low loading Pt based electrode exhibits activity for the oxidation of formic acid
similar to the activity of bulk Pt,Bi alloy which has been shown to be one of the best Pt-Bi
bimetallic catalysts for the oxidation of formic acid [13]. In addition, the preparation of the
thin layer electrode is much easier than bulk electrodes; and consequently the electrocatalytic
properties of Bi-modified Pt overlayers can be more easily studied. Moreover, the advantage

of these thin layer electrodes is less consumption of noble metals and thus their lower price.

3.3.2. Quasi-steady state measurements

The quasi-steady state measurements for formic acid oxidation at all investigated
electrodes previously cycled 50 times in potential range between -0.27 V and 1.2 V are
presented in Fig. 9. The data obtained under the slow sweep conditions corroborated the
difference in the activities of pure Pt/GC and Pt(Bi)/GC electrodes of different molar ratio
that was found under the potentiodynamic measurements. Comparing the activities of
electrodes investigated at 0.0 V it can be seen that the current densities are enhanced 7 to 25
times at different molar ratio Pt(Bi)/GC electrodes in respect to Pt/GC electrode.

The Tafel slope on Pt(Bi)/GC electrodes is about 120 mV dec’, indicating that the
HCOOH oxidation takes place on surface free of CO,q through dehydrogenation path, i.e. that
first electron transfer is the rate-determining step, meaning that C—H bond cleavage, to form
COOH,, is the slow step and determines the rate of formic acid oxidation on Pt(Bi)/GC
electrodes.

The Tafel slope of about 150 mV dec! obtained during formic acid oxidation on
Pt/GC electrode indicates that CO formed was adsorbed and collected on the surface slowing
down the reaction rate. This means that reaction on this electrode occurs through both paths

i.e. through dehydration and dehydrogenation path.
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4. Conclusion

Platinum coated Bi deposits, Pt(Bi), have been formed on glassy carbon (GC)
electrode by a two-step process, whereby a controlled amount of Bi was electrodeposited onto
the substrate and was subsequently coated with a thin Pt layer. Three different catalysts were
prepared with Pt to Bi molar ratio of 1:0.1, 1:1 and 1:10.

EDX and ICP-MS analysis, AFM and electrochemical characterization revealed that
initially unfinished core-shell structures were formed. Pt(Bi)/GC catalysts are not stable at
potentials beyond 0.4 V vs. Ag/AgCl due to Bi leaching/dissolution from the surface which
occurs through the oxidation of the less-noble metal. Electrochemical treatment by potential
cycling of as prepared electrode leads to quantitative oxidation of Bifrom the unprotected
core forming Bi oxide simultaneously, thus creating shell composed of Pt and Bi-oxide. By
prolonged cycling, the amount of surface oxides diminishes creating finally Pt@Bi shell-core
structure.

These electrodes exhibit enhanced electrocatalytic activity in formic acid oxidation in
comparison to Pt/GC electrode treated on the similar way, both during voltammetric and quasi
steady-state experiments. It was shown that the activity of bimetallic electrodes in formic acid
oxidation depends on surface composition and surface morphology. A gradual increase of
anodic current up to 25 times compared to Pt/GC as well as the shift of the onset potentials up
to 0.2 V to more negative values, observed by increasing Bi content in the catalyst indicates
turnover of the reaction more to direct path (dehydrogenation) caused by of Bi and Bi oxide.
This behavior is'explained primarily by ensemble effect induced by surface Bi oxides
interrupting Pt domains but to some extent could also be attributed to the influence of the
under-lying Bi onto the Pt surface layer, affecting the extent of poison adsorption on the Pt.
Due to the electronic effect of this under-laying Bi, Pt@Bi/GC (shell-core) catalysts with only
Pt in surface layers exhibit somewhat enhanced activity which depends on Pt layer thickness
determined by the quantity of Bi in the core.

In this way by controlling the thickness of Bi and Pt layers using electrochemical
techniques it was possible to improve the electrocatalytical properties of Pt(Bi)/GC in
HCOOH oxidation and to create the low loading Pt based catalyst with the comparable

activity to the bulk metal alloy.
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Figure captions:
Fig. 1: Polarization curve for deposition of Bi onto GC substrate (a) and Pt on GC substrate
(b) in 0.1 M H,SOq solution. Scan rate: 1 mV s
Fig. 2: AFM images of Bi (a), Pt (b), as prepared Pt(Bil) (c) and Pt(Bil) treated 250 cycles
(d) deposits on GC substrate (2x2x1 pm). EDX data for Pt(Bil)/GC electrode before
(e) and after electrochemical treatment (f).
Fig. 3: Cyclic voltammograms of Pt/GC and Pt(Bi)/GC electrodes in 0.1 M H,SO4 recorded
after 8 (a), 50 (b) and 250 (c) cycles. ® = 1500 rpm. Scan rate: 50 mV s
Fig. 4: Comparison of basic voltammograms for Pt/GC (a) and Pt(Bil)/GC electrode (b)
recorded after 8, 50 and 250 cycles in 0.1 M H,SO; solution. ®= 1500 rpm. Scan rate:
50mVs .
Fig. 5: Schematic illustration of the stages in Pt@Bi shell- core electrochemical formation.
Fig. 6: CO stripping voltammograms (first positive going sweeps) recorded at Pt/GC and
Pt(Bi)/GC electrodes previously cycled 8 times.in 0.1 M H,SOy solution, corrected for
background current. ® = 1500 rpm. Scan rate: 50 mV s~
Fig. 7: CO stripping voltammograms (first positive going sweeps) recorded at electrodes
previously cycled 8, 50 and 250 times in 0.1 M H,SOy solution, corrected for
background current: (a) Pt/GC and (b) Pt(Bil)/GC. ® = 1500 rpm. Scan rate: 50 mVs™
Fig. 8: Cyclic voltammograms for-oxidation of 0.125 M HCOOH in 0.1 M H>SO4 recorded on
Pt/GC and Pt(B1)/GC electrodes after 8 (a), 50 (b) and 250 (c) cycles in 0.1 M H,SO4.
o = 1500 rpm. Scan rate: 50 mV s
Fig. 9: Tafel plots for the oxidation of 0.125 M HCOOH in 0.1 M H>SOj solution on Pt/GC
and Pt(B1)/GC electrodes previously cycled 50 times in 0.1 M H,SOy4 solution. ® =
1500 rpm. Scan rate: 1 mV s~
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Highlights:

e Platinum coated Bi deposits on GC electrode prepared by a two-step process.
e Electrochemical treatment creates shell composed of Pt and Bi-oxide.
¢ Pt(Bi)/GC compare to Pt/GC exhibit enhanced activity in formic acid oxidation.

e Improved activity in formic acid oxidation with increasing Bi content.



