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Abstract: This work presents the catalysts of Pt-Bi shells on Au nanoparticle cores and Pt overlayers
on the Pt-Bi shells toward formic acid oxidation (FAO). Pt and Bi were co-deposited on Au nanoparti-
cles (Au NP) via the irreversible adsorption method using a mixed precursor solution of Pt and Bi ions,
and the amount of the co-deposits was controlled with the repetition of the deposition cycle. Rinsing
of the co-adsorbed ionic layers of Pt and Bi with a H,SOj4 solution selectively removed the Bi ions to
leave Pt-rich and Bi-lean (<0.4 atomic %) co-deposits on Au NP (Pt-Bi/Au NP), conceptually similar
to de-alloying. Additional Pt was deposited over Pt-Bi/Au NPs (Pt/Pt-Bi/ Au NPs) to manipulate
further the physicochemical properties of Pt-Bi/ Au NPs. Transmission electron microscopy revealed
the core—shell structures of Pt-Bi/Au NPs and Pt/Pt-Bi/ Au NPs, whose shell thickness ranged from
roughly four to six atomic layers. Moreover, the low crystallinity of the Pt-containing shells was
confirmed with X-ray diffraction. Electrochemical studies showed that the surfaces of Pt-Bi/Au NPs
were characterized by low hydrogen adsorption abilities, which increased after the deposition of
additional Pt. Durability tests were carried out with 1000 voltammetric cycles between —0.26 and
0.4V (versus Ag/AgCl) in a solution of 1.0 M HCOOH + 0.1 M H3SOj4. The initial averaged FAO
performance on Pt-Bi/Au NPs and Pt/Pt-Bi/Au NPs (0.11 £ 0.01 A/mg, normalized to the catalyst
weight) was higher than that of a commercial Pt nanoparticle catalyst (Pt NP, 0.023 A/mg) by a factor
of ~5, mainly due to enhancement of dehydrogenation and suppression of dehydration. The catalytic
activity of Pt/Pt-Bi/Au NP (0.04 £ 0.01 A/mg) in the 1000th cycle was greater than that of Pt-Bi/Au
NP (0.026 4 0.003 A/mg) and that of Pt NP (0.006 A/mg). The reason for the higher durability was
suggested to be the low mobility of surface Pt atoms on the investigated catalysts.

Keywords: core-shell; Pt; Bi; Au; formic acid

1. Introduction

Recent technical developments in the conversion of CO, to formic acid have di-
rected the attention of researchers toward the development of direct formic acid fuel cells
(DFAFCs) for portable devices and power sources at off-grid locations [1-15].

The most intensively investigated electrochemical catalysts for formic acid oxidation
(FAQO) are Pt- and Pd-based ones [16-28]. FAO takes place on such metal surfaces in a dual
path mechanism [29-33]: a dehydrogenation path to directly oxidize formic acid to CO,
and H* to produce two electrons (HCOOH — CO, + 2H" + 2¢) and a dehydration path to
dissociate formic acid to poisonous CO (HCOOH — H,O + CO), which is electrochemically
oxidized to CO, (CO + H;O — CO; + 2H* + 2e) at a high potential. Therefore, the
development of more efficient FAO electrochemical catalysts has been focused on the
suppression of dehydration and enhancement of dehydrogenation. The general way to
achieve this specific goal is to manipulate the physicochemical properties of Pt or Pd metals
by alloying with other secondary metals such as Ni, Au, Bi, Pb, As and Sb [34-44] or by
attaching secondary metals on their surfaces [45-56].
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One of the typical examples is bi-metallic catalysts of Pt and Au, which are highly
selective to the dehydrogenation path of FAO [57-75]. The FAO efficiencies of the dehydro-
genation path on Pt-Au alloys have been reported to increase significantly. For example,
a Pty Auge nanoparticle catalyst [70] and de-alloyed Aug27Cug 0Pty 03 nanoporous cata-
lyst [73] demonstrated two orders of magnitude greater activity than a commercial Pt
catalyst in terms of Pt mass. On the other hand, Pt deposits on Au were found to enhance
FAO. Specifically, when the fractions of Pt deposits were small (~0.2 in coverage) and the
deposit sizes were less than 10 nm, the dehydrogenation path was promoted, with the inhi-
bition of poison formation [57]. On the other hand, Pt flecks (or discrete Pt deposits) on Au
nanoparticles were more active toward FAO than Pt shells on Au nanoparticle cores, and
the FAO activity of Pt flecks increased as the size of the Au nanoparticles decreased [58,62].
Furthermore, the FAO oxidation efficiency on Pt deposits on Au was demonstrated to
depend strongly on the shapes and coverage of the Pt deposits [76]. The enhancement of
FAO on Pt-Au catalysts was interpreted in terms of an ensemble effect or electronic effect.

Modification of Pt surfaces with Bi is also known to enhance FAO performance. When
Pt nanoparticles and Pt deposits on Au nanoparticles were modified with Bi using the
irreversible adsorption method, for instance, the FAO activities were demonstrated to be
enhanced by factor of 5 [71]. An additional FAO path (named the “oxidized surface path”)
on the Bi-modified Pt surface was reported to be operational at a potential higher than that
of dehydrogenation [77]. On the other hand, a DFAFC stack of 35 membrane electrode
assemblies yielding a power of 300 W was realized with a mass production of Bi-modified
Pt nanoparticles [78]. From this particular point of view, the modification of Pt surfaces
with Bi would be a certain advance toward practical DFAFCs.

The durability of an electrochemical catalyst for FAO is another critical issue, especially
regarding the commercialization of DFAFCs. Dispersed Pt in Au, especially at the levels
of a few atomic %, demonstrated high FAO performance and slow decay rates attributed
to the slow loss of Pt [73], robustness of Pt ensembles [65] or movement of Pt to larger
domains [72]. Recently, our group reported that Pt overlayers additionally deposited
on Bi-modified Pt surfaces retarded the oxidative removal of Bi to increase not only the
catalytic durability but also the performance [77]. However, a direct comparison of the
published stabilities for FAO is practically impossible due to the absence of a unified
evaluation protocol.

This work presents Pt-Bi co-deposit shells on Au nanoparticle cores toward high FAO
performance and long durability. The Pt-Bi shells were produced via co-deposition of Pt
and Bi using the irreversible adsorption method [79]. The presence of Bi enhanced the
irreversible adsorption of Pt on Au during the co-adsorption of Pt and Bi, and the following
rinsing step removed most of the co-adsorbed Bi to leave thick Pt-rich and Bi-lean shells.
The surfaces of such Pt-Bi shells were highly active and durable toward FAO. Furthermore,
the additional deposition of Pt over the Pt-Bi shells on the Au nanoparticle cores further
improved the catalytic durability. The observed unique catalytic behavior of the Pt-Bi
co-deposit shells on Au nanoparticle cores is discussed in contrast to thin and discrete Pt
deposits (without Bi) on Au [71].

2. Results and Discussion
2.1. Structural Analysis

Figure 1 demonstrates the particle size variations of Pt-Bi/Au NPs and Pt/Pt-Bi/Au
NPs as a function of the number of co-deposition cycles. The average particle sizes were
extracted using the particle size distributions measured with TEM (Figure S1). The particle
sizes of Pt-Bi/ Au NPs certainly increase as the co-deposition cycle is repeated. For instance,
the particle size of a plain Au NP (4.2 £ 1.7 nm) increases to 6.7 &+ 2.2 nm after the fifth
co-deposition cycle, i.e., the size of Pt-Bi(5)/ Au NP. This specific size increment of ~2.5 nm
roughly corresponds to the thickness of four or five atomic layers on the Au NP, which is
more or less similar to that of Pt-Bi co-deposits on a Au disk (six to seven layers) prepared
using an identical procedure of co-deposition but with rinsing with water [79]. On the
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other hand, the sequential deposition of Pt over Pt-Bi co-deposits further increases the
particle sizes. Specifically, the thickness of the additional Pt layer on Pt/Pt-Bi(1)/ Au NP
corresponds to three atomic layers approximately, while that on Pt/Pt-Bi(5) Au NP is
slightly less than two layers. Thus, the thickness of Pt-containing layers on Pt/Pt-Bi/Au
NPs spans roughly from four to six atomic layers.
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Figure 1. Particle sizes of Pt-Bi/Au NPs and Pt/Pt-Bi/Au NPs as a function of the number of
co-deposition cycles. A scale for the thickness of Pt-Bi co-deposits is juxtaposed at the right axis
in the unit of atomic layer. Typical TEM images of Pt-Bi/Au NPs and Pt/ Pt-Bi/ Au NPs and their
particle size distributions are presented in Figure S1, Supporting Information.

Figure 2 presents STEM measurements of Pt-Bi(3)/ Au NP and Pt/Pt-Bi(3)/Au NP.
Figure 2a illustrates the elemental mapping images of Pt and Au in Pt-Bi(3)/Au NP, clearly
revealing that the mapping area of Pt is larger than that of Au. In the line profile of Pt-
Bi(3)/Au NP (Figure 2b), furthermore, Pt is consistently observable at the surface of Au.
However, no detection of Bi indicates that the Bi amount in Pt-Bi co-deposits would be
below the detection limit of EDS (see below for detailed discussions). Likewise, the STEM
features of Pt/Pt-Bi(3)/ Au NP are similar to those of Pt-Bi(3)/Au NP, i.e., the larger Pt area
than the Au area in the elemental maps (Figure 2c) and the existence of Pt on the surface
of Au in the line profile (Figure 2d). Thus, the core—shell structures of Pt-Bi/Au NPs and
Pt/Pt-Bi/ Au NPs are verified.

Figure 3 compares the XRD patterns of Au NP, Pt-Bi(3)/Au NP, Pt/Pt-Bi(3)/ Au NP
and Pt/C. A comparison of the diffraction peaks of Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/Au
NP with those of Au NP and Pt/C (the respective reference materials for Au and Pt)
immediately indicates that there are two components for Au and Pt. For instance, the
asymmetric peak at 38.3° of Pt-Bi(3)/ Au NP clearly consists of one component at 38.2° for
Au(111) and another one at 39.8° for Pt(111). However, the peaks for Pt are not so sharp,
implying that the Pt-Bi and Pt/Pt-Bi shells are poorly crystallized despite comparable
amounts of Pt and Au (see below). XRD peaks for Bi are not present either. Estimation of
the sizes using the peak widths without de-convolution reveals that the particle sizes at the
right-hand side of Figure 3 are fairly consistent with those in Figure 1.
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Figure 2. STEM results of Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/Au NP. (a) and (c) are respective elemental mappings of
Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/ Au NP; (b) and (d) are respective line profiles of Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/Au NP.
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Figure 3. XRD patterns of Au NP, Pt-Bi(3)/Au NP, Pt/Pt-Bi(3)/ Au NP and 60% Pt/C. Au NP and
60% Pt/C are employed as reference materials. The figures at the right-hand side are the particle
sizes estimated using the peak widths without de-convolution.
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2.2. Compositional Analysis

Figure 4a represents the variations in the Pt/ Au and Bi/Au atomic ratios of Pt-Bi/Au
NPs and Pt/Pt-Bi/ Au NPs obtained using ICP-AES. The dotted lines for Pt-Bi/Au NPs
demonstrate that as the co-deposition cycle is repeated, the ratio of Pt/Au increases
rapidly while that of Bi/Au practically remains constant. The atomic ratios of Bi to Pt,
ie., ((Bi/Au)/(Pt/Au)), are less than 0.004 for all the Pt-Bi/Au NPs, significantly low
considering that the Bi amount in Pt-Bi co-deposits on the Au disk (Pt-Bi/Au disk) was
in the range of 0.1~0.2 of Pt [79]. The only difference in the preparation of Pt-Bi/Au
NP in this work and the Pt-Bi/Au disk in our previous work is in the rinsing medium
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used immediately after the co-adsorption of Pt and Bi precursor ions (i.e., 0.5 M H,SO4
solution in this work versus water in the previous work). To scrutinize the role of the
rinsing medium, the Pt/Au and Bi/Au ratios of two different Pt-Bi(1)/Au NPs rinsed,
respectively, with water and 0.5 M H;SOy solution are compared. The Pt/Au and Bi/Au
ratios are found to be ~0.24 and ~0.04 for the water rinse and ~0.3 and ~0.002 for the H,SOy4
solution rinse, suggesting that water removes the adsorbed Pt precursor ions moderately,
while H,SOy solution eliminates the adsorbed Bi precursor ions significantly (see Figure
52, Supporting Information). In the case of a Pt ionic layer on Au NP formed in 1 mM
solution of Pt without Bi (i.e., Pt/ Au NP), meanwhile, the Pt/ Au ratio is ~0.2 regardless
of the rinsing medium, implying that the amount of adsorbed Pt ions on Au NP, without
co-adsorbed Bi ions, is irrelevant to the rinsing medium. Furthermore, the higher Pt/ Au
ratio (~0.3) of Pt-Bi(1)/ Au NP after the H,SO, solution rinse than that (~0.2) of Pt(1)/Au
NP suggests that the Bi ions in the precursor solution enhance the adsorption of Pt ions
during co-deposition [79]. Therefore, the H,SO4 solution rinse step causes the selective
removal of the Bi ions from the mixed ionic layers on Au NPs, and the following chemical
reduction step leaves thick Pt layers containing Bi at a trace level (<~0.4 atomic %). The Bi
at such trace levels in Pt-Bi deposits is certainly measurable with ICP-AES (the detection
limit for Bi is 50 ppm weight [80]), but not detectable with EDS and XRD (the normal
detection limits are a few %). The selective removal of Bi from the co-adsorbed ionic layers
of Pt and Bi would be conceptually similar to the de-alloying of Pt-M (e.g.,, M = Ag, Cu)
alloys to produce Pt-rich layers [81-83]. Despite the extremely low contents of Bi in Pt-Bi
deposits, this work is focused on H,SO4-rinsed Pt-Bi/ Au NPs because their observed
FAO efficiencies are superior, as presented below. On the other hand, the solid lines in
Figure 4a indicate that the sequential deposition of Pt over Pt-Bi/Au NPs increases the
Pt/ Au ratio with the fairly constant Bi/ Au ratios. The Pt/ Au ratio ranges from ~0.3 for
Pt-Bi(1)/Au NP to ~1.3 for Pt/Pt-Bi(5)/ Au NP, indicating that the deposited amount of Pt
is quite significant.
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Figure 4. (a) Pt/Au and Bi/Au atomic ratios of Pt-Bi/ Au NPs and Pt/Pt-Bi/Au NPs measured using ICP-AES as a function
of the number of co-deposition cycles. (b) Typical XPS Pt, Au and Bi spectra of Pt-Bi(2)/Au NP.

Figure 4b compares typical XPS spectra of Pt and Bi in Pt-Bi(2)/Au NP. The Au 4f
peaks at 84.0 and 87.7 eV are intense and sharp enough to indicate that the Au NP is
metallic, while the Pt 4f peaks at 71.1 and 74.4 eV are broad, implying that the Pt in Pt-
Bi co-deposits is a mixture of metal and oxide. A semi-quantitative XPS analysis of Pt
reveals that the variations in the Pt/ Au atomic ratios in Pt-Bi/Au NPs and Pt/Pt-Bi/Au
NPs (not shown here) are similar to those presented in Figure 4a. However, the peaks
for Bi are hardly discernible, suggesting that the amount of Bi in Pt-Bi(2)/ Au NP is only
slightly above the detection limit of XPS (theoretically suggested one is 0.3 atomic % in a Pt
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matrix [84]). Thus, the existence of Bi in Pt-Bi co-deposits is confirmed; however, a further
quantitative analysis of Bi would be meaningless because the quantitative analysis limit is
generally higher than the qualitative detection limit.

The structural and compositional results presented so far clearly evidence that the
Pt-Bi/ Au NPs prepared via the rinse step with a HySO4 solution are the Pt-Bi co-deposit
shells covering Au NP cores and that Pt/Pt-Bi/ Au NPs are the Pt-Bi/ Au NPs wrapped
with additional Pt shells. The Pt-Bi co-deposit shells are rich in Pt but lean in Bi at trace
levels (<0.4%), and the Pt-containing shells are poorly crystallized.

2.3. Electrochemical Behavior

Figure 5a compares the voltammograms of plain Au NP, Pt-Bi(3)/Au NP and Pt/Pt-
Bi(3)/Au NP in 0.1 M Hp50, solution. In the thin solid line voltammogram of Au NP,
oxidation of Au and carbon initiates at ~0.8 V in the positive-going scan, and the cor-
responding reduction peaks appear at ~0.9 and ~0.3 V in the reverse scan. The Pt-Bi
co-deposits on Au NP modify the voltammogram to the dotted line one. Specifically, the
presence of the co-deposits lowers the surface oxidation onset potential to ~0.4 V, and an
additional reduction current peak ascribable to the reduction in co-deposit oxides emerges
at ~0.4 V. A distinctive Bi oxidation peak (normally at ~0.6 V [71,85]) is not discernible,
coherently supporting that the Bi amount is quite low. On the other hand, the decreased
reduction charge of Au oxide indicates that most of the Au surface is covered with the
co-deposits. The subsequent deposition of Pt on Pt/Pt-Bi/Au NP further fortifies the
features of Pt, as denoted in the voltammogram by the thick solid line. In particular, the
charge in the hydrogen region increases significantly (the inset of Figure 5a).
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Figure 5. Electrochemical behavior of Pt-Bi/Au NPs and Pt/Pt-Bi/Au NPs. (a) Cyclic voltammograms of Au NP, Pt-
Bi(3)/Au NP and Pt/Pt-Bi(3)/ Au NP in 0.1 M H,SO,4 with scan rate of 10 mV/s. (b) The fractions of covered Au surfaces of
Pt-Bi/ Au NPs and Pt/Pt-Bi/ Au NPs as a function of the number of co-deposition cycles. (c¢) The hydrogen coverage of
Pt-Bi/ Au NPs and Pt/Pt-Bi/Au NPs as a function of the number of co-deposition cycles.

Figure 5b displays the fraction of the Au surface covered by co-deposits as a function
of the number of co-deposition cycles. The fraction of covered Au surface was estimated
using a ratio of the Au oxide reduction charge of a Pt-Bi/ Au NP or Pt/Pt-Bi/Au NP to that
of the plain Au NP. Figure 5b reveals that the fraction of covered Au surface of Pt-Bi/Au
NP increases from ~0.7 to ~0.9 as the co-deposition cycle is repeated. After the subsequent
deposition of Pt, the further increases in fraction support the notion that additionally
deposited Pt resides simultaneously on the pre-existing co-deposits and the uncovered
Au surfaces (most likely in small spaces between the co-deposits). On the other hand, the
hydrogen coverage of Pt-Bi/Au NP (Figure 5c) certainly increases as the co-deposition
cycle is repeated; moreover, the subsequent deposition of Pt on Pt-Bi/Au NPs increases the
hydrogen coverage significantly. Despite a qualitative similarity between the variations
in hydrogen coverage and the Pt/ Au ratios, the hydrogen coverage of Pt-Bi/Au NPs and
Pt/Pt-Bi/ Au NPs is worth discussing quantitatively in detail. For instance, the fraction of
the covered Au surface of Pt-Bi(3)/Au NP is ~0.8, which would be the value of hydrogen
coverage if the hydrogen adsorption stoichiometry is 1, neglecting the influence of Bi to
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Pt in hydrogen adsorption (due to a trace level amount of Bi). However, the observed
hydrogen coverage is ~0.3, suggesting that the hydrogen adsorption stoichiometry of
Pt-Bi(3)/Au NP is apparently ~0.4 (=~ 0.3/0.8). The hydrogen adsorption stoichiometries
of Pt-Bi/Au NPs, estimated in this way, range from 0.2 to 0.5, while those of Pt/Pt-
Bi/Au NPs span from 0.6 to 1.0. Deviation in the hydrogen adsorption stoichiometry of
Pt from the conventionally accepted value of 1 was demonstrated on Pt deposit model
catalysts on Au, whose shapes and populations were controlled [86]. Specifically, the
hydrogen adsorption stoichiometry on the atomically rough stepped surfaces of cone-
shaped Pt deposits on the Au disk was reported to be 0.5. It is possible that the severe
removal of Bi during H,SOy solution rinse may give rise to the development of poorly
crystallized Pt-Bi deposits of quite rough surfaces in atomic scale, resulting in poorly
coordinated surface Pt atoms, reducing the hydrogen adsorption stoichiometry. The
subsequent deposition of Pt on Pt-Bi(3)/Au NP increases the hydrogen coverage from ~0.3
to ~0.7 (Figure 5c). The particular increment of 0.4 would not indicate an increase in the
number of surface Pt atoms; rather, the subsequently deposited Pt on the rough surfaces
would increase the coordination number of the surface Pt atoms to raise the hydrogen
adsorption stoichiometry. In the aspect of hydrogen adsorption, therefore, the surfaces of
Pt-Bi/ Au NPs are quite distinctive, even though such rough surfaces of the Pt-Bi shells
are not yet visually accessible. Recalling that the irreversible adsorption of Pt does not
occur on plain Pt NP [77], the subsequent deposition of Pt on Pt-Bi/ Au NPs via irreversible
adsorption is indirect evidence of the uniqueness of the poorly crystallized Pt-Bi shell
surfaces having poorly coordinated Pt atoms.

2.4. FAO Behavior

Figure 6a compares the FAO behaviors of Pt NP, Pt/Au NP, Pt-Bi(3)/Au NP and
Pt/Pt-Bi(3)/ Au NP. The thin line voltammogram of Pt NP demonstrates the typical FAO
paths of dehydration and dehydrogenation. Specifically, the oxidation peaks at ~0.4 and
~0.9 V in the positive-going scan denote the currents of dehydrogenation and poison
oxidation from dehydration, respectively; in the following reverse scan, the current leading
edge near 0.7 V indicates the activation of dehydrogenation on the poison-free Pt NP
surface. In the dashed line voltammogram of Pt/ Au NP, Pt deposits (or ensembles) on Au
enhance the dehydrogenation path and simultaneously suppress the dehydration path [85]
to increase the FAO current. The dotted line voltammogram of Pt-Bi(3)/ Au NP differs from
the previous ones. In the positive-going scan, there is a huge and broad oxidation peak
at ~1.0 V, consisting of an FAO peak in the dehydrogenation path (below ~0.7 V) and an
FAO peak in the oxidized surface path (typically in the potential range of 0.4-1.2 V) [77]. In
the following reverse potential excursion, the FAO current leading edge at ~0.9 V reveals
the activation of the dehydrogenation path on the Pt-Bi shells. The FAO behavior of Pt-
Bi(3)/Au NP is quite distinct in three aspects. The first one is that the FAO current on
Pt-Bi(3)/ Au NP below 0.7 V (mostly via the dehydrogenation path) is much higher than
those of Pt NP and Pt/ Au NP, supporting more efficient dehydrogenation on Pt-Bi(3)/Au
NP. The second aspect is the steep current rise in the negative-going scan on Pt-Bi/Au NP.
The current profiles of the dehydrogenation path on the Pt-Bi/Au disk (Pt-Bi co-deposits
on Au disk) [79] and Bi/Pt NP (Bi-modified Pt NP) [77] in the negative-going scan are
bell-shaped peaks with the enhancement of FAO. Indeed, the current leading edge is a
characteristic of plain Pt NP, implying that the Pt-Bi co-deposits are apparently Pt-like in
this particular point of view. The third aspect is the huge peak via the oxidized surface
path at ~1.0 V in the positive-going scan. The activation of the oxidized surface path is
quite a distinctive feature of Pt surfaces modified by significant amounts of Bi more than
0.2 in coverage [71] or Pt overlayers on Bi-modified Pt NP [77]; in fact, the oxidized surface
path is not operational at all on plain Pt surfaces. Due to the trace amount of Bi in the Pt-Bi
shells, the poorly crystallized surfaces of Pt-Bi shells are likely responsible for such a huge
FAO current of the oxidized surface path. Thus, the rough surfaces of the Pt-Bi co-deposits,
characterized by low hydrogen adsorption stoichiometries, promote the FAO paths of
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dehydrogenation and oxidized surface with simultaneous suppression of the dehydration
path. On the other hand, the thick solid line voltammogram of Pt/Pt-Bi(3)/Au NP in
Figure 6a is similar to that of Pt-Bi(3)/Au NP in shape. However, the FAO currents of
the dehydrogenation and oxidized surface paths in the positive-going scan are slightly
lower than those of Pt-Bi(3)/Au NP, while the potential of the current leading edge in
the negative-going scan shifts to ~0.7 V. Additional deposition of Pt certainly reduces the
density of the poorly coordinated Pt atoms on the Pt-Bi surfaces but significantly sustains
the unique FAO features of the Pt-Bi surfaces.
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Figure 6. FAO behavior Pt-Bi/Au NPs and Pt/Pt-Bi/Au NPs in 1.0 M HCOOH + 0.1 M H,SOy4. (a) FAO cyclic voltammo-
grams of Pt NP, Pt/Au NP, Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/Au NP. FAO cyclic voltammograms of (b) Pt-Bi(x)/Au NPs
(x=1,3,5),and (c) Pt/Pt-Bi(x)/Au NP (x =1, 3, 5). Scan rate: 10 mV/s.

Figure 6b shows the typical FAO behaviors of Pt-Bi/Au NPs to demonstrate a depen-
dency on the number of co-deposition cycles. The dotted line current profile of Pt-Bi(1)/Au
NP seriously differs from those of Pt-Bi(3)/Au NP and Pt-Bi(5)/Au NP, both of which
are very similar to each other. On Pt-Bi(1)/Au NP, the FAO currents via the paths of
dehydrogenation and oxidized surface, including the current leading edge, are not yet fully
developed; however, an additional deposition of Pt, i.e., Pt/Pt-Bi(1)/ Au NP, results in a
voltammogram similar to that of Pt-Bi(3)/Au NP but smaller in current (Figure 6¢). Thus,
the observation of the FAO features described in conjunction with Figure 6a would need a
critical amount of Pt, at least more than a Pt/ Au ratio of 0.5 (Figure 4a).

Figure 6 clearly supports a correlation of the FAO enhancement of Pt-Bi/Au NPs
and Pt/Pt-Bi/Au NPs to the poorly crystallized Pt-Bi shells. Three causes for the catalytic
improvements associated with the Pt-Bi shells are conceivable: the interaction between Pt
and Au, the influence of Bi to Pt, and the poorly coordinated surface Pt atoms. First, the
Pt-Au systems of alloys or modified surfaces have been known to enhance FAO via the
ensemble and/or electronic effects [60,62,63,65,67-70,72-75]. However, the Pt-Bi shells in
this work are too thick, so the surface Pt atoms cannot interact with the Au NP cores. On
the other hand, the modification of Pt with Bi was reported to be boosted significantly when
the amount of Bi was high [40,85,87]. For example, in the cases of Bi-modified Pt surfaces,
the lower limit of Bi was 0.2 in coverage [85]; in the cases of the alloy, substantial catalytic
improvements were observed when the Bi content was from ~30% to ~150% [40,87-89]. In
this work, the Bi amount (<0.4%) in the Pt-Bi shells is too low to modify the surrounding Pt,
so a role of Bi should be disregarded regarding FAO enhancement. The only possible option
would be the poorly coordinated surface Pt atoms, featured by low hydrogen adsorption
stoichiometries. Some aggregates of a few poorly coordinated Pt atoms on the rough
surfaces of the poorly crystalized Pt-Bi shell may play the role of Pt ensembles, similar
to the Pt atoms dispersed in an inert Au matrix [63,70]. The sequential deposition of Pt
onto the Pt-Bi shells does not remove such aggregates completely, thus sustaining the high
FAQ performance.

One may argue that the observations in this work may be inconsistent with the
superior FAO performance of Pt flecks to Pt shells [58,62]. The difference in Pt deposition
methods may be important in understanding this inconsistency. In this work, the Pt-Bi
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shells were produced after the removal of Bi from the mixed ionic layers of Pt and Bi,
while, in the cited literature, the Pt flecks or shells were formed via hydrogen reduction.
The latter method is a sort of building-up process, which would result in Pt deposits of
a quite different structure from the suggested structure in this work. We believe that the
differences in Pt structures would lead to the inconsistency in FAO performance.

2.5. Current Decays in Various FAO Catalysts

Figure 7 compares the current decays of Pt NP, Pt/ Au NP, Bi/Pt NPs and Pt/Bi/Pt
NPs in FAO. Specifically, the presented currents in Figure 7 are the maximum FAO currents
observed during a voltammetric cycle between —0.26 and 0.4 V in 1.0 M HCOOH + 0.1 M
H,50;. The FAO voltammograms of the 1st and 1000th cycles of the investigated catalysts
are presented in Figure S3, Supporting Information. The choice of 0.4 V as the upper scan
limit is for two reasons [71,78]: only the dehydrogenation route is to active below 0.4V,
and the oxidative removal of Bi in Bi-modified Pt, if any, is anticipated to be minimal.

0.2

0.2 0.2

(a) ® PUPL-Bi(3)/Au NP A PtNP (b) Pt-Bi/Au NPs (¢) Pt/Pt-Bi/Au NPs
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Figure 7. Durability tests of Pt-Bi/Au NPs and Pt/Pt-Bi/Au NPs. (a) FAO current variations of Pt NP, Pt/Au NP, Pt-
Bi(3)/Au NP and Pt/Pt-Bi(3)/Au NP in 1.0 M HCOOH + 0.1 M H,5Oy as a function of the numbers of voltammetric cycles
between —0.26 and 0.4 V. Comparison of the FAO currents of (b) Pt-Bi/Au NPs and (c) Pt/Pt-Bi/Au NPs during the 1st,

500th and 1000th cycles.

Figure 7a demonstrates the FAO current variations as a function of the number of
voltammetric cycles. The general FAO current decay pattern shows a fast decline during
the first one hundred cycles, followed by a slow decrease. However, the currents in the 1st
and 1000th cycles depend significantly on the types of catalysts. The FAO currents in the
1st and 1000th cycles clearly prove that Pt/Pt-Bi(3)/ Au NP is the most desirable catalyst
among the catalysts presented in Figure 7a. Specifically, the initial and final currents of
Pt/Pt-Bi(3)/ Au NP are 0.113 and 0.054 A/mg, respectively, which are higher roughly by
the factors of 5 and 9 than those of Pt NP (0.023 and 0.006 A/mg). The FAO current of
Pt-Bi(3)/ Au NP declines slightly faster from the initial value of 0.105 A/mg to the final one
of 0.029 A/mg (but still higher by the factor of 5 than that of Pt NP). Therefore, the FAO
current decay on Pt-Bi(3)/Au NP would be related to the decrease in the density of poorly
coordinated Pt atoms during the continuous FAO cycles, most likely due to movement of
Pt atoms. Then, the Pt overlayer on Pt-Bi(3)/Au NP, although decreasing the density of the
poorly coordinated Pt atoms, is likely to prohibit the movement of Pt atoms to reduce the
decay rate or to maintain higher FAO performance.

This FAO decay behavior of Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/ Au NP should be dis-
tinguished from that of Bi-modified Pt catalysts. As explained previously, the Bi-rich
Pt-Bi(3)/ Au NP prepared using a water rinse contrasts the Bi-lean Pt-Bi(3)/Au NP pro-
duced using a HySOj4 rinse. On a Bi-rich Pt-Bi/ Au NP, the FAO decays rapidly from 0.088
to 0.010 A/mg, although not shown here. On the other hand, Pt/Bi/Pt NP, i.e., with an ad-
ditionally deposited Pt overlayer on Bi-modified Pt NP, is worthy of comparison [77]. The
FAO current on Pt/Bi/Pt NP declined from 0.048 to 0.024 A/mg in 0.5 M HCOOH + 0.1 M
H,S0; solution, proving that Pt/Bi/Pt NP was inferior to Pt-Bi(3)/Au NP and Pt/Pt-
Bi(3)/Au NP, although certainly superior to Pt NP and Bi/Pt NP. The fast FAO current
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decay behavior of Bi-rich Pt-Bi(3)/Au NP and Pt/Bi/Pt NP was certainly ascribed to the
removal of Bi during the current decay measurements, which is not the case for Pt-Bi(3)/Au
NP and Pt/Pt-Bi(3)/ Au NP. In fact, XPS measurements after the 1000th cycle reveal that
the initial amounts of Bi in Pt-Bi/ Au NPs and Pt/Pt-Bi/ Au NPs are conserved.

Figure 7b,c summarize the FAO current variations of Pt-Bi/Au NPs and Pt/Pt-Bi/Au
NPs. As demonstrated in Figure 7b, the FAO currents of Pt-Bi/Au NPs in the first cycle
are similar to each other within experimental uncertainties, regardless of the number of
co-deposition cycles, and the rather wide deviations denote a difficulty in the control of
the Pt-Bi/ Au NPs in a precise manner. The FAO currents in the 500th voltammetric scan
decrease to the level of ~0.04 A/mg, and those in the 1000th cycle become fairly constant at
a value of 0.027 A/mg on average. In particular, the small deviations in the 1000th cycle
certainly indicate that, during the FAO cycling, the surfaces of Pt-Bi/Au NPs converge to a
certain state regardless of the number of co-deposition cycles. On the other hand, the FAO
currents of Pt/Pt-Bi/ Au NPs (Figure 7c) in the first cycle are also relatively similar to each
other and comparable to those of Pt-Bi/Au NPs; moreover, the uncertainties are relatively
smaller, supporting the idea that the surfaces of Pt/Pt-Bi/ Au NPs are more controllable.
The FAO currents in the 1000th cycle become 0.042 A /mg on average, higher than those of
Pt-Bi/Au NPs (0.026 A/mg) and much better than that of Pt NP by a factor of 7.

The significance of this work is a demonstration of the FAO enhancement and long
durability on the Pt surfaces of poorly coordinated Pt atoms. The research directions for
FAQO Pt-based catalysts has been electronic and /or geometrical modifications of Pt surfaces
by alloying with or deposition of a second element (e.g., Au or Bi). In this work, however,
Bi-lean (thus Pt-like) Pt-Bi co-deposit shells on Au NP cores, significantly effective and
durable for FAO, are developed with the selective removal of Bi from the mixed layers of
co-adsorbed Pt and Bi ions, conceptually identical to de-alloying. An additional deposition
of Pt on such Pt-Bi shells also provides a way to increase the catalytic durability. In this
regard, Pt-Bi/ Au NPs and Pt/Pt-Bi/ Au NPs are unique.

3. Materials and Methods
3.1. Nanoparticles

Au nanoparticles on Vulcan XC-72R (Au NP) were synthesized using the citrate
method [59]. The specific procedure was as follows: (1) preparation of a mixed solution
of HAuCly and citrate by dissolving ~0.19 g of HAuCly-3H,0 (>49.0%, Sigma Aldrich, St.
Louis, MO, USA) and 0.3 g of NazCgH507-2H,O (>98%, Sigma Aldrich, St.Louis, MO, USA)
in ~2 L of water; (2) chemical reduction of the Au precursor ions by slow addition of a 10 mL
of 0.066 M NaBH4 (>98.5%, Sigma Aldrich, St. Louis, MO, USA) solution with vigorous
stirring until the color of the solution changed to red; (3) loading of Au nanoparticles on
carbon supports by mixing a solution of dispersed Vulcan XC-72R (Carbot International,
Boston, MA, USA) with the solution of Au nanoparticles, followed by vigorous stirring for
20 h; and (4) sequential operations of filtering, washing and drying of the Au NP.

A commercial Pt nanoparticle on Vulcan XC-72R (Pt NP) employed for an FAO refer-
ence was Pt nanoparticles on a carbon black support (HiSPEC2000, Alfa Aesar, Haverhill,
MA, USA). The loaded amount of Pt on the carbon support was ~10 wt %, and the average
particle size was 2.08 £ 0.05 nm. Moreover, another Pt nanoparticle on Vulcan XC-72R
(Pt/C) (HiSPEC9000, Alfa Aesar, Haverhill, MA, USA), with the loaded Pt amount of 60%,
was used as a reference for X-ray diffraction analysis.

3.2. Co-Deposition of Pt and Bi Using Irreversible Adsorption

Co-deposition of Pt and Bi on Au NP was achieved solely using the irreversible
adsorption method [71]. The precursor solution for co-deposition was a solution of 1.0 mM
KyPtCly (98%, Sigma Aldrich, St. Louis, MO, USA) + 2.5 mM BiyO3 (99.999%, Sigma
Aldrich, St. Louis, MO, USA) in 0.50 M H,SOy4 (95~97%, Alfa Aesar, Haverhill, MA, USA).
One co-deposition cycle consisted of the following operations in sequence: (1) addition
of 0.1 g of Au NP into the precursor solution of 20 mL with vigorous stirring for 3 h;
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(2) removal of the supernatant precursor solution after settling down the catalyst powder
for 1 min; (3) rinsing of the settled catalyst powder with 0.50 M HySO, several times to
ensure complete removal of Pt2* and Bi®* ions in solution phase; (4) chemical reduction of
the irreversibly adsorbed Pt and Bi precursor ions on Au NP by adding 20 mL of 0.019 M
NaBH} solution with stirring for 30 min; (5) filtering and drying of the catalyst powder. The
co-deposition cycle was repeated to control the amount of the Pt-Bi co-deposits on Au NP,
denoted Pt-Bi(x)/Au NP (x is the number of co-deposition cycles). Sequential deposition
of Pt onto Pt-Bi(x)/ Au NP was carried out in the same way as in the co-deposition cycle
using a 1 mM K,PtCly + 0.50 M HSOy solution. The Pt-Bi(x) Au NP with additional Pt
deposits is designated Pt/Pt-Bi(x)/Au NP.

Moreover, Au NP with Pt deposits (Pt/ Au NP) was prepared as in the above irreversible
adsorption protocol but with the use of a precursor solution of 1 mM K,PtCly + 0.50 M H,SO4.

3.3. Electrochemical Measurements

Electrochemical measurements were carried out in a conventional three-electrode
system. Working electrodes were dried slurries (20 uL) of catalysts spread on a glassy
carbon electrode. Each slurry was a mixture of a catalyst powder (0.5 wt %), 5% nafion
solution (1 wt %, Wako) and water. A homemade Ag/AgCl electrode ([C17] =1.0 M) and a
Pt gauze were employed for the reference electrode and the counter electrode, respectively.
All experiments were carried out in a rotating disk electrode configuration with a rotation
speed of 1000 rpm at a scan rate of 10 mV/s.

The surface areas of Au NP were estimated coulometrically. The reduction charges
of surface Au oxides formed during anodic scan up to 1.38 V at 10 mV /s (Qay) in 0.1 M
H,S0, solution were converted to the surface areas of Au NP with a conversion factor of
400 uC-cm~2 [71]. On the other hand, the charges in the hydrogen region (Qy) of Pt-Bi/Au
NPs and Pt/Pt-Bi/ Au NPs were also utilized to estimate the amounts of Pt available for
hydrogen adsorption. The hydrogen charges were also normalized to the surface areas of
Au NP, so that the hydrogen coverage ((Qn /210 uC-cm~2)/(Qan/400 uC-cm™2)) reported
in this work is equivalent to the number ratio of Pt atoms available for hydrogen adsorption
to the surface Au atoms. On the other hand, the surface area of Pt NP was estimated using
hydrogen stripping charge. The measured surface areas of Au NP and Pt NP were 42 and
108 m? /g, respectively.

The lifetimes of the studied catalysts were measured using the protocol employed
in our previous work [77]. Continuous voltammetric cycles of 1000 times in the potential
range between —0.26 V and 0.4 V were carried out in the solution of 1.0 M HCOOH + 0.1 M
H,S0O,4 with a rotation speed of 1000 rpm at a scan rate of 10 mV/s. In the voltammogram
recorded in each cycle, the maximum FAO current was plotted against the number of
cycles. The measured voltammetric currents were normalized to the catalyst weights (see
Figure S4 and related discussions, Supporting Information).

A particular aspect should be addressed here in comparison of the current density of
Pt NP with the current densities of modified Au NPs. The particle size of Pt NP (~2.1 nm) is
smaller than that of Au NP (~4.2 nm) so that the measured surface area of Pt NP (108 m?/ g)
is higher than that of Au NP (42 m?/g) by a factor of 2.5 (108 m?/g/42 m?/g) under the
condition of an identical metal loading (10 wt %). To compare the FAO current densities
of Pt NP with those of modified Au NPs on the basis of the same particle size [71], the
measured current density values of Pt NP should be divided by 2.5 for the Pt nanoparticles
to be comparable hypothetically to Au nanoparticles in size. The reported current density
values of Pt NP in this work are the ones obtained by dividing the normalized current
densities of Pt NP by 2.5.

3.4. Characterization

Particle size measurements were performed using a transmission electron microscope
(TEM, Tecnai G2 F30 S-TWIN, Hillsboro, MA, USA). The structural and chemical analyses
of a few selected catalysts were performed using a scanning TEM (STEM, Jeol ARM200F,
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Tokyo, Japan) with an electron probe corrector. Annular dark field (ADF)-STEM analyses
were carried out with a probe current of ~20 pA, condenser aperture of 30 um and a
camera length of 6 cm at an accelerating voltage of 200 kV. The STEM-energy dispersive
spectroscopy (EDS) analysis was utilized with an EDAX detector (SDD type 80T, Abingdon,
UK) and analysis software (AZtecTEM, Oxford, Abingdon, UK).

X-ray diffraction (XRD) was performed using an instrument (MiniFlex II, Rigaku,
Austin, TX, USA) with Cu Ka radiation (k = 1.5406 A). The scanning rate was 4° /min (20),
and the 26 range was 10-80°.

The amounts of deposited Pt and Bi were determined semi-quantitatively using induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray photoelectron
spectroscopy (XPS). For ICP-AES measurements, the investigated catalysts were completely
dissolved in an aqua regia solution for 10 h. The solutions, after proper treatments, were
injected into an ICP-AES instrument (Optima 7300DV; PerkinElmer, Waltham, MA, USA) to
determine the concentrations of Pt, Bi and Au. For XPS measurements, an XPS instrument
(KAlpha* XPS spectrometer, Thermo Scientific, Waltham, MA, USA) was operated with a
monochromatic Al-Ka X-ray beam (1486.7 eV) and with a hemisphere energy analyzer with
a pass energy of 50.0 eV. The peak area ratios of Pt to Au were converted to corresponding
atomic ratios using the sensitivity factors of 1.9 and 1.75 for Au and Pt, respectively [90].
Because the Bi amount was close to the detection limit, further quantitative analysis was
not carried out.

4. Conclusions

The FAO enhancement and long durability of Pt-Bi/Au NPs and Pt/Pt-Bi/ Au NPs
are demonstrated in this work. Pt-Bi/ Au NPs are Pt-Bi co-deposit shells on Au NP cores;
in particular, the shells are thick Pt layers of a few nanometers, with low amounts of Bi and
low crystallinities. Aggregates of a few poorly coordinated Pt atoms on the rough surfaces
of poorly crystalized Pt-Bi shells, featuring low hydrogen adsorption stoichiometries, are
suggested to play a critical role in FAO enhancement. Additional deposition of Pt on such
Pt-Bi shells, i.e., Pt/Pt-Bi/ Au NPs, sustains the improved FAO activities and maintains the
FAO efficiencies for longer periods. The FAO performance of the investigated catalysts is
generally higher by factor of 5 in the first cycle and 6 in the 1000th FAO cycle than those of
Pt NP.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ catal11091049 /51, Figure S1: Size distributions of Pt-Bi(x)/Au NPs and Pt/ Pt-Bi(x)/Au NPs.
(a) Typical TEM images of Au NP, Pt-Bi(1)/Au NP and Pt/Pt-Bi(1)/ Au NP. Particle size distributions
of (b) Pt-Bi(x)/Au NPs and (c) Pt/Pt-Bi(x) / Au NPs estimated by measuring more than 100 particles in
TEM. In (b) and (c), x is the number of co-deposition cycles of Pt and Bi. Figure S2: Illustration of the
effects of rinsing mediums in the rinsing step after co-adsorption of Pt and Bi on Au NP. The numbers
of Bi and Pt ions in this figure do not represent the quantitative results in the main text. Figure S3:
Typical FAO cyclic voltammograms of Pt NP, Pt/Au NP, Pt-Bi(3)/Au NP and Pt/Pt-Bi(3)/ Au NP
observed for durability tests in 1.0 M HCOOH + 0.1 M H,SOy: (a) in the 1st cycle and (b) the 1000th
cycle. Scan rate: 10 mV/s., Figure S4: The H/CO ratio of Pt-Bi/Au NPs and Pt/Pt-Bi/ Au NPs.
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