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Effectively Regulating Electrooxidation of Formic Acid over
Bimetallic PtCo Alloys via the Integration of Theory and Experiment

Zhikeng Zheng, Bin Liu, Jiaxiang Qiu, Shaojun Xu, Yuchen Wang, Man Zhang, Ke Li, Zhongti Sun,
Ziang Li, Yangyang Wan,* C. Richard A. Catlow,* and Kai Yan*

1. INTRODUCTION
Due to its exceptional qualities including high fuel safety,
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crossover flux through the Nafion membrane (2.03 x 10® mol

cm s), direct formic acid fuel cells (DFAFCs) have emerged

as a critical component in renewable energy.° At present, Pt
catalysts continue to stand out as one of the most effective
electrocatalysts for formic acid oxidation (FAO), playing a
crucial role in the advancement of efficient and stable
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pathway (HCOOH - CO + 2H* + 2e7) and the indirect

2
pathway (HCOOH - CO* + H,O - CO, + 2H* + 2¢7).5 1

In the indirect pathway, formic acid generates adsorbed CO
intermediates through dehydration, necessitating further
oxidation of these adsorbed CO species into CO- at a higher
potential (~0.8 V vs RHE).*? These CO intermediates attach
strongly to Pt sites at a lower potential (~0.4 V vs RHE),

of CO; through the dehydrogenation step, bypassing the
formation of CO intermediates. Despite their expense and
susceptibility to catalyst poisoning, Pt catalysts remain essential
due to their elevated catalytic activity and distinctive electronic
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high activity, durability, and cost-effectiveness for FAO.'81°

The dehydration pathway requires neighboring Pt sites to
proceed, and it motivates efforts to prevent excessive Pt site
aggregation as an effective approach to enhance FAO
performance and counteract CO intermediate formation.?%?*
This end is often achieved through the incorporation of other

elements to create bimetallic or trimetallic catalysts.?>?* With

the support of various advanced catalyst synthesis strategies
available today, it is feasible to construct Pt-based alloys with
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leading to a reduction in active sites where Pt is functional and
a notable suppression of FAO activity at lower potentials.3%*
In contrast, the direct pathway involves the direct production

ABSTRACT: Challenges in directly regulating the reaction pathways in the

electrooxidation of formic acid have hindered widespread applications in direct "Q. 3 e

formic acid fuel cells (DFAFCs). Hence, we report directly tuning the reaction . g;g e
pathway of formic acid oxidation (FAO) to avoid CO poisoning over the P W 293
bimetallic PtCo alloys. The PtCo alloys are fabricated by using a facile one-step R v 3 =a

microwave method, avoiding the use of organic solvents and minimizing

environmental pollution. The Pt;Co; alloy displays a specific surface area of 17.58 2 | s - 9 »
m? g and exhibits a 121-fold increase in mass activity (1.18 A mger’) compared %~ (PtCo! N g owect P

to its counterpart Pt (<0.01 A mgy?). It also far outperforms Pt,Co, (0.09 A . A =

mgeY) and Pt,Co; (0.95 A mgyY) alloys. In situ attenuated total reflection o\ sz, c—é%%
infrared spectra further confirm that the bimetallic PtCo alloys catalyzed FAO ( .«C@ - jj f;;g;}‘ 2 %g
through the direct pathway to CO, formation, suggesting that adding Co plays a o

crucial role in enhancing Pt’s resistance to CO poisoning. Density functional

theory calculations further indicate that the incorporation of Co into the Pt coordination environment is crucial for altering the
formation of transition intermediates, which can form a more stable bond with the HCOO intermediate, which is formed by
breaking the O-H bond. Specifically, on the Pt;Co; alloy with 50% Co incorporation, the free ener%y for HCOO* formation is
significantly lower (-0.296 eV) compared to that of COOH* (0.028 eV). This trend is reversed when compared with pure Pt

$0.196 eV for HCOO* and -0.190 eV for COOH*), therebY promoting FAO via a direct pathway. This work provides a reference
or the rational development of high-efficiency Pt-based alloy electrocatalysts.
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Figure 1. Materials synthesis and phase identification. (a) Synthesis of bimetallic PtCo alloys through the microwave strategy. (b) XRD patterns of
Pt and PtCo alloys with different molar ratios. (c) Enlarged XRD patterns in the range of 30° to 60°.

stable structural and energetic characteristics, such as filling
vacancies resulting from the removal of certain Pt atoms with
Ni or Co atoms, which minimally disrupt the original Pt crystal
structure.?* Previous studies on FAO systems have demon-
strated that the introduction of guest metals (e.g., Sn, Bi, Cu)
into Pt-based alloys can optimize the Gibbs free energy change
of the FAO process, promoting the selectivity of the direct
pathway by favoring the initial dehydrogenation of HCOOH
through O-H bond cleavage to form HCOO* 2526 Therefore,
to achieve stable adsorption of HCOO* species, Co, with its
strong binding affinity to oxygen species, emerges as a potential
target element to enhance the performance of Pt-based
alloys.?” In addition, incorporating Co into the Pt lattice will
basically not destroy the stability of the original crystal
structure, facilitating research into the regulatory effects of
PtCo alloys on reaction pathways. Moreover, the introduction
of Co, which is cost-effective and readily available, reduces the
usage of precious metals, benefiting subsequent in-depth
studies.?® Thus, constructing a research system including
PtCo alloys promises an accurate and efficient investigation of
the regulation of the formic acid oxidation reaction pathways
by bimetallic Pt-based catalysts.

In this context, we have successfully synthesized PtCo alloys
with adjustable proportions using a one-step microwave
synthesis method, thereby enabling the efficient tuning of the
direct FAO pathway. X-ray diffractometry (XRD), X-ray
photoelectron spectroscopy (XPS), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM), and X-ray absorption fine structure (XAFS)
confirmed the successful fabrication of bimetallic PtCo alloys
with varying element ratios. Electrochemical investigations
employing cyclic voltammetry (CV), linear sweep voltammetry
(LSV), and chronoamperometry (CA) demonstrated the
superior activity of Pt;Co; alloy (with a 1:1 ratio) over that
of Pt, and the catalyst’s performance exhibited a volcanic trend.
Furthermore, from the perspective of gas products and
reaction intermediates, gas chromatography and in situ
attenuated total reflection infrared spectroscopy (ATR-IR)

provided compelling evidence that the direct pathway
facilitated FAO on the Pt;Co; alloy. Density functional theory
(DFT) calculations were then employed to simulate the free
energy diagram of PtCo alloys with varying element ratios for
FAO. The results indicated that the introduction of Co atoms
into the Pt lattice directly alters the free energy of HCOO*

and COOH* intermediates in the FAO process. The FAO
performance exhibited a volcanic plot behavior with increasing
Co content, confirming that the Pt;Co; alloy possessed the
optimal FAQ activity. To the best of our knowledge, this has
not been reported previously. This work provided valuable
insights into the rational design of electrocatalysts and the
effective regulation of FAO.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. A series of PtCo
alloys with varying ratios was systematically synthesized. An
overview of the facile one-step microwave synthesis method
employed for PtCo alloys fabrication is provided in Figure 1a.
This technique offered the distinctive advantage of circum-
venting the need for organic solvents and eliminating
secondary contamination. The synthesis process involved the
initial grinding and subsequent transfer of platinum(Il)
acetylacetonate (Pt(acac),) and cobalt(ll) acetylacetonate
(Co(acac),) precursors with varying molar proportions to a
microwave reactor. Through controlled microwave energy
input, the precursors underwent decomposition and fusion,
resulting in the creation of bimetallic PtCo alloys. Con-
firmation of the Pt and Co proportions in each sample was
achieved via inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis, attesting to the precision of
the synthesis method and its potential for diverse alloy
synthesis (Figure S1). The structural assessment of the
obtained PtCo alloys was conducted using XRD. The XRD
patterns of the PtCo alloys are shown in Figure 1b. The
diffraction peaks were situated between the characteristic peaks
of standard Pt (No. 70-2057) and Co (No. 89-4307),
signifying the successful integration of Co into the Pt face-


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c06198/suppl_file/cs4c06198_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06198?fig=fig1&ref=pdf

800(nm)

pprs

Counts < = : : , N :
. W
Co
: @ y’ ’
0' ;

200 400(nm)

Counts
Pt
Co

400(nm

Figure 2. Morphology and microstructure characterization. (a) HAADF-STEM image and corresponding line scanning profiles and (b) HRTEM
image and corresponding lattice view of PtsCoz alloy, along with (c) and (d) for Pt1Coz alloy and (e) and (f) for Pt:Cos alloy.
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Figure 3. XAFS characterization results. XANES spectra of the normalized (a) Co K-edge and (b) Pt Ls-edge. (c) Fourier transforms of the k2-
weighted Co K-edge of the extended X-ray absorption fine structure (EXAFS) spectra of PtCo alloys, Co foil, and CoO. (d) Fourier transforms of
the Pt Ls-edge of the EXAFS spectra of PtCo alloys and Pt foil. () WT EXAFS plots of the Pt1Coz alloy and Pt foil.

centered cubic (FCC) lattice. This observation confirmed the Particularly, by evaluating the (111) plane peak position from
effective synthesis of PtCo alloys.?>*® Notably, as the Co the magnified XRD patterns (Figure 1c), the interplanar
content gradually increased, deviations in peak positions and spacing d value of the (111) plane for Pt, Pt;Co;, Pt:Coy, and
reduced peak intensities were evident. These findings indicated Pt;Cos alloys were determined as 0.226, 0.223, 0.220, and

a decreased crystallinity and a reduction in particle size. 0.216 nm, respectively. The elemental chemical states of the
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Figure 4. Electrocatalytic performance for FAO. (a) CV tests of FAO on Pt, PtsCos, PtiCos, PtiCos and Co in Ar-saturated 0.5 M H2SO4 + 0.5 M
formic acid at a scanning rate of 50 mV s-%. (b) Pt mass-normalized curves of LSV toward FAQ of catalysts with different Pt/Co proportions. (c) Pt
mass-normalized activity of catalysts calculated at 0.60 and 0.95 V vs RHE. (d) Comparison of mass activity for Pt1Coz alloy with those reported
FAOQ catalysts. (e) Ratio of the current densities of the j1 and j2 peaks during the forward scan obtained from (a). (f) CA curves evaluated at 0.60 VV
vs RHE for 180 min. (g) Diagram comparison of the exchange electrical current density (jo) and the turnover frequency (TOF). (h) Volcanic trend

of FAO activities plotted as a function of the Co atomic content.

catalysts were then characterized by using XPS. Figure S2
shows the high-resolution XPS spectra of the Pt 4f for Pt;Co:
alloy and Pt, and Co 2p for Pt;Co, alloy. Clearly, the peak
areas corresponding to the zerovalent states of Pt and Co were
significantly larger, indicating that both elements predom-
inantly existed in the metallic state (Pt° and Co®). This
observation was consistent with the alloy phase identified by
XRD. Compared to the binding energy of Pt® 47, in pure Pt
(71.36 eV), the binding energy of Pt° 4f, in the Pt;Co; alloy
(71.15 eV) shifted to a lower value by 0.21 eV, indicating
significant electronic interactions between Pt and Co due to
the formation of the PtCo alloy structure, which resulted in
changes in the electronic configuration.

Subsequently, the morphological and microstructural
characteristics of the PtCo alloys were scrutinized through
HAADF-STEM and high-resolution TEM (HRTEM). In
Figure 2a,c,e, images of three PtCo alloys with distinct

proportions reveal irregular bulk morphologies possessing
particle sizes of approximately 1 um. Select positions
(indicated by red lines) were chosen for Pt and Co line
intensity distribution analysis. For instance, in the case of
Pt;Cos (Figure 2a), the positions of Pt’s valleys and peaks
closely aligned with those of Co, exhibiting nearly identical
trends in their variations. The metal contents were found to be
highly consistent with the feed ratio, corroborating the results
obtained from ICP-OES analysis and effectively showcasing
the composition of the Pt;Co; alloy. Similar confirmations
were also observed for Pt;Co; and Pt;Cos alloys. Moreover,
EDS images (Figure S3a,c) showcased uniform distributions of
both Pt and Co elements across PtCo alloys with differing
metal ratios. The microstructural insight into PtCo alloys was
further gleaned from HRTEM and selected area electron
diffraction (SAED) images. From Figure 2b,d,f, the d value of
the (111) plane decreased (0.223, 0.220, and 0.216 nm) with
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ascending Co content, corroborating the XRD findings.
Notably, the brighter diffraction rings in Figure S3d-f
corresponded to the crystal planes of (111) and (200), aligned
with the two highest-intensity characteristic peaks in the XRD
pattern. These observations collectively validated the successful
synthesis of PtCo alloys with distinct ratios using the one-step
microwave technique.

To further understand the structure and coordination
information on PtCo alloys, XAFS tests were conducted.
The Co K-edge X-ray absorption near edge structure
(XANES) spectra of PtCo alloys with different proportions
and Co-based species as references are shown in Figure 3a.
Three different PtCo alloys displayed the absorption edge
position and white line peak intensity between those of
standard Co foil and CoO, especially the white line peak
positions were closer to that of Co foil. Specifically, the
formation of alloy structure can be identified from four
different features, denoted as i, i, iii and iv.3-*> Compared with
the Co foil, features iii and iv exhibited lower energy shifts,
attributed to the expansion of unit cell parameters, indicating
the participation of Co in a bimetallic phase, alloying with Pt
possessing a larger atomic radius. Moreover, features i and ii
corresponded to the transitions from 1s orbital to 3d, 4s, and
4p hybridized orbitals. Consequently, the observed decrease in
feature i and increase in feature ii indicated a reorganization in

hybridization, a process heavily influenced by the presence of

alloying. XANES spectra of PtCo alloys at the Pt Ls-edge are
presented in Figure 3b, alongside the Pt foil for comparison.

Notably, the white lines of the catalysts displayed a rightward
shift compared to the Pt foil, indicating that the Pt species no
longer existed as separate Pt metal but some alloy species.
Additionally, the slightly decreased white line intensity
suggested that the average electron density of the Pt atoms
in PtCo alloys was higher than that in Pt foil. Therefore, it can
be inferred that Pt bonds with Co, which is relatively less
electronegative. Combined with the fact shown in Figure 3a
that the white line intensity of the bimetallic catalysts at Co K-
edge was slightly higher than that of Co foil, which indicates an
electron deficiency, it is evident that Pt has been alloyed with
Co and a significant electron transfer occurred.

The bonding of Pt and Co atoms in alloy samples can be
more directly demonstrated by extended X-ray absorption fine
structure (EXAFS) spectroscopy. The corresponding R-space
curve of the Fourier-transformed k?-weighted Co K-edge
EXAFS spectrum of three experimental samples in Figure 3c
provided strong evidence for alloying between Co and Pt that
Co-Co coordination was presented with peaks at 2.1 A and
shoulder peaks attributed to the Co-Pt path were detected at
a longer radial distance of 2.7 A.333 In addition, the Pt Ls-
edge EXAFS spectrum of PtCo alloys (Figure 3d) revealed a
lower peak position (Pt-Co at 2.3°A) shifting to a shorter
radial distance by ~0.3 A compared with that in Pt foil (Pt-Pt
at 2.6 A), which was related to the formation of a bimetallic
bond. To investigate the coordination conditions of Pt centers,
wavelet transform (WT) analysis providing radial distance and
K-space resolution was performed. As shown in Figure 3e
(Pt1Co; alloy as an example), the maximum intensity position
of Pt;Co; alloy (7.4 A1) was significantly different from that
caused by the Pt-Pt coordination in Pt foil (10.8 A1), which
corresponded directly to the Pt-Co coordination in Pt;Co;
alloy, since the value in K-space is positively correlated with the
weight of the atomic pair.® Similarly, the Co WT contour plot

agreement with the EXAFS spectrum. The valence state of
the Co atom was close to 0, and the peak intensity distribution
showed a tendency to extend to the larger K value (~10.5
A1), corresponding to the Co-Pt coordination. Based on the
above XAFS analysis results, it was concluded that Pt-Co
direct coordination was formed in the prepared PtCo samples
of different proportions, which further proved the typical alloy
structure.

2.2. Electrochemical Evaluation for FAO. A preliminary
assessment of the FAO activities across a series of PtCo alloys
with varying ratios, along with pure Pt and Co, was conducted
through CV measurements in an Ar-saturated 0.5 M H,SO4
solution containing 0.5 M formic acid (Figures 4a and S5a).
The catalytic activities were notably influenced by the
introduction of Co. Unlike the PtCo alloys and Pt, no FAO
activity was observed on Co, underscoring the indispensability
of Pt for the FAO process in this system (Figure S5b).
Calculation of the Coulombic charge encompassing hydrogen
desorption and adsorption regions (Figure S6) enabled
determination of the electrochemical active surface area
(ECSA). Specifically, the Pt;Co; alloy exhibited an ECSA of
17.58 m? g1, surpassing Pt (0.62 m? g1), Pt;Cos (2.74 nigY),
and Pt;Cos (13.64 m? g™%), which indicated that the Pt;Co;
alloy possessed a greater number of reactive sites. In
the mass-normalized LSV curves (Figure 4b,c), it was observed

that the Pt;Co, alloy exhibited a mass activity of 1.18 Amg !

Pt
at 0.95 V vs reversible hydrogen electrode (RHE), representing
a 121-fold increase compared to Pt (<0.01 A mg ). This

of the Pt;Co; alloy (Figure S4) also displayed a high
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indicating that the introduction of Co indeed enhanced FAO

activity. This modification not only significantly improved the
catalytic performance but also effectively reduced the usage of
the precious metal. Noteworthy, the FAO activity of Pt;Cos

alloy exhibited a slight decline in contrast to Pt;Co; alloy,

indicating that an excess of Co content instead led to a

decrease in catalytic performance. Importantly, the Pt;Co:

alloy, which possessed FAO performance matching the current
mainstream research, was synthesized using a one-step

microwave method (Figure 4d).6*-% Compared with the
complex methods reported for synthesizing various Pt-based
catalysts suitable for FAO, the facile one-step microwave

method avoided the use of organic solvents, minimizing

environmental pollution.

As mentioned previously, FAO commonly followed two
oxidation pathways, closely tied to characteristic features in the
CV curve (Figure S7, taking Pt;Co; alloy as an exam-
ple).384647 The current densities corresponding to the
shoulder (j1) and top (j2) peaks during the forward scan and
the reverse peak (js) are tabulated in Table S1. The direct
pathway involved the cleavage of C-H and O-H bonds,
leading to the direct oxidation of formic acid to CO,, whose
process occurred efficiently throughout the forward scan stage
(0.5-1.0 V vs RHE), contributing to ji and j.. The indirect
Bathway involved the dehydration step stemming from the

reaking of C-O and C-H bonds, which also contributed b
j1 and jo. More specifically, the formation of adsorbed CO*
intermediates in the indirect pathway occurred at a lower
potential (0.5-0.7 V vs RHE), and these intermediates were
further oxidized to CO; at higher potentials (0.9-1.0 V vs
RHE) by hydroxy!l groups formed on the catalyst surface, only
corresponding to j.. Therefore, the ratio of j; to j» can
indirectly reflect the contribution rate of the indirect pathway
in the FAO process. In Figure 4e, an increase in turn in the ja/
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Figure 5. Reaction pathway studies. Production of Hz and CO2 during FAO at 0.60 V vs RHE on (a) Pt1Co: alloy and (b) Pt measured by gas
chromatography. Potential-resolved in situ ATR-IR spectra for FAO on the (c) PtzCoz alloy and (d) Pt. Time-resolved in situ ATR-IR spectra for

FAO on (e) Pt1Coz alloy and (f) Pt during the CA test at 0.60 V vs RHE.

jo ratio for Pt (0.51), Pt3Co; (0.55), and Pt;Co; (0.66) was
illustrated, indicating that with the gradual introduction of Co,
the indirect pathway gradually lost its dominance, suggesting
the progressive shift toward the direct pathway. However, the
J/j2 ratio of Pt;Cos (0.65), demonstrating minimal change in
comparison to Pt;Cos, indicated that introducing Co ina 1:1
ratio can enhance FAO through the direct pathway. Since the
tightly adsorbed CO* on the catalyst surface was oxidized at
high potentials, releasing the active sites, j3 was mainly
influenced by the direct pathway process. Therefore, the ji/js
ratio denoted resistance to CO* poisoning at low potentials. A
substantial rise in the ji/js ratio for Pt (0.31), Pt3Co (0.49),
and Pt;Co; (0.65) suggested that the FAO process on Pt;Co;
alloy faced less inhibition from CO*, enabling continued

utilization of surface-active sites (Table S1). The ji/js ratio of
Pt;Cosz (0.65) did not significantly increase, indicating that the
resistance to CO* poisoning for both Pt;Co; and Pt;Coz was
essentially similar, implying that introducing more Co no
longer contributed to an increased resistance to CO*
poisoning. CO-stripping was further employed to forcefully
evaluate the anti-CO properties of the PtCo alloys (Figure S8).
Compared with Pt, the oxidation peak potential of Pt;Coy,
Pt;Co4, and Pt;Cos alloys with preabsorbed CO had a negative
shift of about 12, 40, and 40 mV, respectively, which implied a
better CO-resistance of Pt;Co; and Pt;Cos alloys during FAO,
indicating excellent durability. Durability measured by the CA
technique was evaluated at 0.60 V vs RHE (Figure 4f). The
Pt;Cos alloy exhibited a current density significantly higher
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Figure 6. Calculation results for constructing the theoretical structure. (a) Schematic diagram of electrochemical FAQ via direct (red line) and
indirect pathways (green line) on Pt(111) surface. (b) Most stable adsorption structures of HCOO (HCOO*) and COOH (COOH*) on Pt(111)
surface. Blue, red, gray, and white balls represent Pt, O, C, and H atoms, respectively. Gibbs free energy diagrams of the direct and indirect
pathways on the surfaces of (c) Pt, (d) PtsCox, (e) PtiCos, and (f) Pt:Cos, respectively. (g) Magnitudes of Gibbs free energy of the two sequential

dehydrogenation steps during the direct pathway on Pt(111) surfaces of Pt, PtsCo1, Pt1Co1, and Pt1Cos, respectively. (h) Trend of Gibbs free
energy change values for the rate-determining step (RDS) in indirect and direct pathways. The vertical axis represents the change values that need

to be overcome in the RDS. (AGcoon+ — AGHcoo+) indicates the en)ergy difference between adsorbed COOH* and HCOO*. Positive (negative)

values indicate the preferential stabilization of HCOO* (COOH
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potential for high long-term stability toward FAO. Moreover,
PtsCo; and Pt;Cos alloys also showed a relatively stable

current density after 60 min, indicating that Co introduction in
alloy structures effectively promoted durable FAO. To further
demonstrate the long-term stability and durability advantages
of the optimal Pt;Co; alloy under continuous operation, we
performed 5 CA cycle tests and extended the constant
potential reaction time (Figure S9). The results showed that
in each 2 h cycle, the current density stabilized within the first
30 min. In the 10 h long-term test, the current density
consistently remained around 17 mA cm, further proving the
stability and durability of the alloy structure.

Tafel slopes derived from LSV are depicted in Figure S10.
All four catalysts maintained a strong linearity within the lower
potential range. Notably, the slope values of the Pt;Co; and
Pt:Cos alloys (277 and 278 mV dec™, respectively) were
significantly lower than those of the other two samples,
associated with their higher activity resulting from better
resistance to poisoning. Furthermore, the Pt;Co; alloy

- | h
B R S e
approximately 8 times more pronounced than that of Pt (0.26
mA mg, ). The turnover frequency (TOF), a crucial
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parameter for electrocatalytic efficiency, revealed that Pt;Co;
alloy outperformed the other samples with a TOF value of 8.26
st (red bar chart in Figure 4g), signifying superior FAO
performance.”® The specific activity for each catalyst,
determined through ECSA, was presented in Figure 4h.

Notably, the ECSA-normalized FAO activity of Pt;Co; stood
at 3.97 mA cm=2at 0.95 V vs RHE, surpassing Pt (1.48 mA
cm™?). Moreover, a conspicuous volcano trend in experimental
FAO activity was evident with an increase in Co content.

2.3. Electrocatalytic FAO Pathway Discussion. In order to
elucidate the reaction pathway of the FAO process on the
Pt:Co; alloy, gas products of FAO were analyzed using gas
chromatography during the CA process illustrated in Figure 4f
(characteristic product peaks shown in Figure S11). In the
direct pathway, a formic acid molecule was stripped of two
protons and two electrons near the working electrode, resulting
in the conversion of formic acid to CO, which then evolved
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from the acidic solution, while the protons in solution and the
electrons transferred through the external circuit combine near
the counter-electrode to evolve as H,. Therefore, at lower
potentials, the equimolar production of H; and CO; indicated
dominance of the direct pathway, realizing the direct
conversion of formic acid to CO; in the contribution of
Faraday current, accompanied by the generation of H2.%%-5! As
depicted in Figure 5a, after substituting the test results of gas
samples into the standard curve (Figure S12), the calculated
gas production of H, and CO; at 0.60 V vs RHE on Pt;Co;
alloy remained almost equal over reaction time of 10, 30, 60,
120, and 180 min, respectively. For instance, after 10 min, the
yields of H, and CO, were 11.21 and 13.64 umol, respectively.
The consistent production of H, and CO; continued as the
reaction time was extended to 180 min, reaching approximately
130 umol for both gases. The calculation results of the
Faradaic efficiency (Figure S13) demonstrated that the
contribution of the reaction current for simultaneously

generating CO; and H; consistently exceeded 80% and then
stabilized at ~90%. These findings confirmed that the FAO
process on the Pt;Co; alloy occurred predominantly through
the direct pathway of the dehydrogenation at a low potential.
On the contrary, as demonstrated in Figure 5b, the H2 and
CO; yields on pure Pt varied significantly. H, was virtually
absent within the first 10 min of FAQO on Pt, and after 180 min,

only 1.13 umol of Hz and 7.02 umol of CO2 were generated.
This substantial discrepancy confirmed that Pt catalysts were

significantly inhibited by CO*, leading to a suppressed
dehydrogenation and reduced FAO activity. Notably, the
total gas yield of Pt;Co; alloy is 259.41 umol, which is much
higher than that of pure Pt (8.16 umol). This reinforced the
notion that the Pt;Co; alloy effectively enhanced the FAO
process, in agreement with the results of electrochemical tests.
The introduction of Co augmented the active area of the
Pt;Cos alloy, resulting in improved FAO activity primarily
through the direct pathway.

To further validate the reaction pathway at the molecular
level during FAO, in situ ATR-IR measurements were
performed via electrochemical and spectroscopic methods.
Typically, during the FAO process on Pt surfaces, the presence
of linearly adsorbed CO intermediates (CO.) is easily
observed, indicating that the process proceeds via an indirect
oxidation pathway.>?% In contrast, the Pt;Co; alloy exhibited
no distinct peak associated with COL. In Figure 5c, a peak at
~2340 cm™* on Pt;Co; alloy corresponded to the adsorption
of CO; at a potential of 0.15 V vs RHE. As the potential
increased to 1.2 V vs RHE, spectra collected at 0.15 V intervals
revealed the exclusive production of CO; on Pt;Co; alloy.
Conversely, the Pt surface, used as a control, clearly exhibited
COL (~2050 cm™) at 0.15 V vs RHE, originating from the
breaking of C-O and C-H bonds in the indirect pathway
(Figure 5d). Additionally, the intensity of the CO, peak on
Pt,Co; alloy was markedly higher than that on Pt within the
0-1.2 V vs RHE potential range, underscoring the robust
activity of Pt1Co; alloy. Correspondingly, time-resolved spectra
collected at 0.60 V vs RHE in Figure 5e,f affirmed an upward
trend in CO, production over time on Pt;Co; alloy. In
contrast, FAO on Pt occurred via the indirect path involving
CO intermediates, a behavior not observed on the Pt;Co;
alloy. Through the introduction of Co, the successful synthesis
of PtCo alloys facilitated the direct oxidation of formic acid to
CO,, effectively mitigating the CO intermediate poisoning
effect on the catalyst surface during FAO.

To gain deeper insights into the catalytic activity of PtCo
alloys, DFT calculations were conducted to investigate the
reaction energetics of FAO via both direct and indirect
pathways. We initiated our investigation by conducting
theoretical computations of electrochemical FAQO on a pure
Pt surface. As noted, prior studies have delineated two distinct
pathways for FAQ: the direct and indirect pathways, illustrated
in Figure 6a.265%5 In the direct pathway, the O-H bond was
activated, and the reaction proceeded via the intermediate
HCOO*. Conversely, the indirect pathway involved a CO*
intermediate formed via formic acid dehydration, with the
pivotal intermediate being the adsorbed carboxylate
(COOH*) species. The most stable configurations of adsorbed
HCOO* and COOH* on the Pt(111) surface are illustrated in
Figure 6b, while Figure 6c¢ presented the calculated free energy
(AGR of FAO on the Pt(111) surface via both pathways (see
Table S2 for specific values). Our calculations revealed that the
dehydrogenation of formic acid to yield COOH* was
energetically more favorable than the formation of HCOO*.
Specifically, the AG values for generating HCOO* and
COOH* were 0.196 and -0.190 eV, respectively. Further-
more, the formation of CO* from COOH* dehydration was
exothermic, with an AG variation of -0.875 eV. Consequently,
electrochemical FAO on a pure Pt surface was poised due to
CO adsorption, potentially leading to Pt poisoning due to the
high additional energy required for further oxidation of CO
(0.873 eV). These results are well matched with the
experimental findings.

To circumvent CO formation during FAO, it was necessary
to modulate the HCOO* and COOH* intermediates. Our
study extended to FAO on PtCo surfaces with varying Co
concentrations (25, 50, and 75%), as detailed in Figures S14
and S15 (termed Pt;Cos, Pt;Cos, and Pt;Cos based on the
atomic proportion of elements). As shown in Figure 6d,
introducing 25% Co resulted in a decrease in the formation
energy of HCOO*, with a AG of 0.037 eV. Although the AG
for HCOO* formation was higher than that of COOH*, the
direct pathway was bolstered, in contrast to the pure Pt surface.
With the Co concentration escalating to 50 and 75% (Figure
6e,f), the free energy levels of HCOO* and COOH* were
reversed. Specifically, the formation of HCOO* became more
energetically favorable than that of COOH*, indicating that
the direct pathway dominated the FAO process, and the
formation of CO* was significantly suppressed on the two
surfaces. This demonstrated that the first dehydrogenation step
was critical, determining whether the reaction proceeded via a
direct or indirect pathway. When the FAO process on the
catalyst surface followed the direct pathway, the reaction
performance was significantly enhanced. Furthermore, when
the direct pathway was dominant (e.g., in Pt;Co; and Pt;Cos),
the second dehydrogenation step, converting HCOO* to COp,
influenced the performance (Figure 6g). Our findings
indicated that the AG for the release of CO, from HCOO*
increased from 0.104 eV (Pt:Co;) to 0.136 eV (Pt:Cos),
suggesting that excessive Co concentrations may impede FAO
efficiency through the second dehydrogenation step. There-
fore, we found that the introduction of Co was able to
modulate the intermediates. Table S2 gives the AG values for
different species on the surfaces involved in the DFT
calculation. The results for Co correspond to Figure S16,
indicating that the further increase in the Co content made the
direct pathway associated with HCOO* more favorable.
However, it also displayed that the energy barrier for
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converting HCOO* to CO; via the direct pathway will
increase to 0.190 eV, further limiting FAO performance.
The trend elucidated above was effectively encapsulated by a
volcano curve, where the transformation pathway of formic
acid was governed by the competition between HCOO and
the COOH intermediate adsorption. This competition was
quantified by the free energy difference (AGcoon* -
AGhcoo+) between these species. As depicted in Figure 6h,
the change in AG of the rate-determining step correlated
closely with (AGcoon* — AGhcoo+): a negative value
indicated the dominance of the indirect pathway, potentially
leading to CO*-induced catalyst poisoning, with the further
oxidation of CO* acting as the rate-determining step; a
positive value signified the prevalence of the direct pathway,

which can easily circumvent catalyst deactivation caused by the
indirect pathway, making the second dehydrogenation step of
FAO become the rate-determining step. Therefore, considering
the trends within the two regions dominated by the indirect
and direct pathways, the optimal Co concentration can be
found between 25 and 75%, potentially around 50%, which
would be beneficial for achieving better FAO activity. These
findings were consistent with the electrochemical test results,
further confirming that PtCo alloys exhibited excellent
resistance to CO poisoning and effectively regulated FAO to
achieve high performance.

3. CONCLUSIONS

This study rationally designed and constructed a bimetallic
PtCo alloy capable of effectively modulating the reaction
pathways of FAO. A facile green microwave synthesis strategy
was employed to synthesize tunable bimetallic PtCo alloys.
Pt:Co; alloy, with a 1:1 ratio, exhibited the superior catalytic

activity (0.72 Amg, *at0.60 VvsRHEand 1.18 Amg, ' &
0.95 V vs RHE), outperforming counterpart Pt by over a

hundredfold and exceeding Pt3Co; and Pt;Cos, while also
demonstrating excellent kinetic properties and stability over a 3
h period. Importantly, this performance enhancement was
attributed to the heightened selectivity of the direct pathway
for FAO on the PtCo alloy, effectively mitigating CO
intermediate poisoning on the catalyst surface. The results
validated by gas chromatography and in situ ATR-IR
spectroscopy provided strong evidence that formic acid was

oxidized to CO; via the breaking of the O-H and C-H bonds
at lower potentials on Pt;Co, alloy catalyst. DFT calculations

showed that introducing a Co content of 50% to form the
Pt1Co; alloy resulted in an enhanced preference for FAO
through the direct pathway, avoiding the formation of CO
poisoning. The two dehydrogenation steps in the system,

characterized by AG changes of -0.296 and 0.104 eV,
respectively, positioned the activity of the Pt;Cos alloy near

the top of the volcano plot behavior for FAO, further
underscoring the crucial role of Co in promoting the preferred
reaction mechanism. This study provides valuable insights into
the rational design of bimetallic Pt-based alloys, showcasing the
potential for effectively regulating the FAO reaction process.

4, METHODS

4.1. Preparation of Catalysts. Given the simplicity of the
one-step microwave method and the tendency of metal
compounds with organic ligands to lose their ligands during
the heating process, this procedure, conducted under a
reducing atmosphere, allows different metals to mix in various

proportions to form an alloy. Therefore, five different samples
(Pt, Pt;Co4, Pt1Cos, PtiCos, and Co) with different proportion
of elements were synthesized through a one-step microwave-
assisted process using only Pt(acac), and Co(acac), as
precursors, blended in specific proportions. The quantity of
Pt(acac), used for each sample was as follows: 243.3, 182.5,
121.6, 60.8, and 0 mg, respectively. Correspondingly, the
amount of Co(acac), employed was 0, 39.8, 79.5, 119.3, and
159.1 mg. In the preparation of the catalyst, the corresponding
amounts of Pt(acac),; and Co(acac), were thoroughly mixed in
a mortar. The resultant mixture was transferred to a porcelain
boat and subjected to microwave heating in a quartz tube
under a Hi/Ar atmosphere. The microwave power was
controlled at 280 W, and the powder mixture was heated to
200 °C over approximately 15 min, followed by a holding time
of 1 h. Subsequently, the microwave power was adjusted to
1300 W for a rapid heating process to reach 400 °C in 2 min,
and retention at this temperature for 0.5 h. After the holding
period, the sample was cooled to room temperature over 9 h.
The primary component of the resulting products was PtCo
alloys (or pure Pt and Co) with varying Pt and Co contents.

4.2. Electrochemical Measurements. Electrochemical
experiments were conducted using a three-electrode electro-
chemical cell. Working electrodes were prepared by dropping 5
uL of catalyst-containing inks onto 5 mm diameter glassy
carbon electrodes. The catalyst inks were formulated by mixing
the catalysts with 0.05 wt % Nafion dissolved in isopropanol (4
mg of catalyst per mL). The glassy carbon electrode (0.196
cm2) works as the working electrode, while Pt-wire as
counter-electrode and saturated calomel electrode (SCE) as
the reference electrode. In a typical working electrode
preparation process, an ink containing 0.02 mg of the sample
is dropped and dried on a glassy carbon electrode. All
electrochemical experiments were performed at room temper-
ature in an Ar-saturated 0.5 M H,SO, solution (with or
without 0.5 M formic acid). More details are provided in the
Supporting Information.

| ASSOCIATED CONTENT

“ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.4c06198.

Experimental details including chemicals, character-
izations, electrochemical measurements and computa-
tional methods, and additional graphs of results (PDF)

I AUTHOR INFORMATION

Corresponding Authors

Yangyang Wan - School of Materials Science and Engineering,
Jiangsu University, Zhenjiang 212013, China;
Email: yangyang.wan@ujs.edu.cn

C. Richard A. Catlow - School of Chemistry, Cardiff
University, Cardiff CF10 3AT, U.K.; UK Catalysis Hub,
Research Complex at Harwell, Rutherford Appleton
Laboratory, Oxfordshire OX11 OFA, U.K.; Department of
Chemistry, University College London, London WC1H 0AJ,
U.K.; @ orcid.org/0000-0002-1341-1541;
Email: c.r.a.catlow@ucl.ac.uk

Kai Yan - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation
Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c06198/suppl_file/cs4c06198_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.4c06198?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c06198/suppl_file/cs4c06198_si_001.pdf
mailto:yangyang.wan@ujs.edu.cn
https://orcid.org/0000-0002-1341-1541
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Kai%2BYan%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://orcid.org/0000-0002-1341-1541

China; @ orcid.org/0000-0001-9001-6337;
Email: yank9@mail.sysu.edu.cn

Authors

Zhikeng Zheng - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation
Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,
China

Bin Liu - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation
Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,
China

Jiaxiang Qiu - School of Materials Science and Engineering,
Jiangsu University, Zhenjiang 212013, China

Shaojun Xu - Department of Chemical Engineering, University
of Manchester, Manchester M13 9PL, U.K.; School of
Chemistry, Cardiff University, Cardiff CF10 3AT, U.K.; UK
Catalysis Hub, Research Complex at Harwell, Rutherford
Appleton Laboratory, Oxfordshire OX11 OFA, U.K;;

orcid.org/0000-0002-8026-8714

Yuchen Wang - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation
Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,
China

Man Zhang - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation
Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,
China

Ke Li - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation
Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,
China

Zhongti Sun - School of Materials Science and Engineering,
Jiangsu University, Zhenjiang 212013, China; @ orcid.org/
0000-0002-4754-6583

Ziang Li - Guangdong Provincial Key Laboratory of
Environmental Pollution Control and Remediation

Technology, School of Environmental Science and
Engineering, Sun Yat-sen University, Guangzhou 510275,
China

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (22078374, 22378434, and 22209061),
and Start-up Fund for Senior Talents in Jiangsu University
(21JDGO060). The theoretical calculations were supported by
Hefei advanced computing center. The UK Catalysis Hub is
kindly thanked for the resources and support provided via our

membership of the UK Catalysis Hub Consortium and funded
by EPSRC grant (EP/R026939/1, EP/R027129/1).

B REFERENCES

(1) Sordakis, K.; Tang, C.; Vogt, L. K.; Junge, H.; Dyson, P. J,;
Beller, M.; Laurenczy, G. Homogeneous catalysis for sustainable
hydrogen storage in formic acid and alcohols. Chem. Rev. 2018, 118,
372-433.

(2) Chen, H.; Dong, F.; Minteer, S. D. The progress and outlook of
bioelectrocatalysis for the production of chemicals, fuels and

materials. Nat. Catal. 2020, 3, 225-244.

(3) Sharma, R. K.; Yadav, S.; Dutta, S.; Kale, H. B.; Warkad, I. R.;
Zboril, R.; Varma, R. S.; Gawande, M. B. Silver nanomaterials:
synthesis and (electro/photo) catalytic applications. Chem. Soc. Rev.
2021, 50, 11293-11380.

(4) Luo, H.; Yu, P;; Li, G; Yan, K. Topological quantum materials
for energy conversion and storage. Nat. Rev. Phys. 2022, 4, 611-624.

(5) Kang, Y.; Qi, L.; Li, M.; Diaz, R. E.; Su, D.; Adzic, R. R.; Stach,

Li, J,; Murray C.B. H|gh|y active PtsPb and core-shell Pt:Pb—Pt
glgeggocatalysts for formic acid oxidation. ACS Nano 2012, 6, 2818-

(6) Liu, M.; Zhang, S.; Zhang, Z.; Liu, Z.; Liu, K.; Gao, C. Sulfite
modification of platinum nanoparticles modulates electrocatalytic
formic acid oxidation activity. Green Chem. 2020, 22, 5838-5844.

(7) Chen, X.; Granda-Marulanda, L. P.; McCrum, I. T.; Koper, M.
T. M. How palladium inhibits CO poisoning during electrocatalytic
formic acid oxidation and carbon dioxide reduction. Nat. Commun.
2022, 13, No. 38.

(8) Adams, B. D.; Asmussen, R. M.; Ostrom, C. K.; Chen, A.
Synthesis and comparative study of nanoporous palladium-based
bimetallic catalysts for formic acid oxidation. J. Phys. Chem. C 2014,
118, 29903-29910.

(9) Betts, A.; Briega-Martos, V.; Cuesta, A.; Herrero, E. Adsorbed
formate is the last common intermediate in the dual-path mechanism
of the electrooxidation of formic acid. ACS Catal. 2020, 10, 8120-
8130.

(10) Klinkova, A.; De Luna, P.; Sargent, E. H.; Kumacheva, E.;
Cherepanov, P. V. Enhanced electrocatalytic performance of
palladium nanoparticles with high energy surfaces in formic acid
oxidation. J. Mater. Chem. A 2017, 5, 11582-11585.

(11) Chen, Y. X.; Heinen, M.; Jusys, Z.; Behm, R. J. Kinetics and
mechanism of the electrooxidation of formic acid—spectroelectro-
chemical studies in a flow cell. Angew. Chem., Int. Ed. 2006, 45, 981~
985.

(12) Huang, K.; Crooks, R. M. Enhanced electrocatalytic activity of
Cu-modified, high-index single Pt NPs for formic acid oxidation.
Chem. Sci. 2022, 13, 12479-12490.

(13) Atkinson, R. W., IlI; St John, S.; Dyck, O.; Unocic, K. A;;
Unocic, R. R.; Burke, C. S.; Cisco, J. W.; Rice, C. A.; Zawodzinski, T.
A., Jr.; Papandrew, A. B. Supportless, bismuth-modified palladium
nanotubes with improved activity and stability for formic acid
oxidation. ACS Catal. 2015, 5, 5154-5163.

(14) Huang, L.; Zheng, C. Y.; Shen, B.; Mirkin, C. A. High-index-
facet metal-alloy nanoparticles as fuel cell electrocatalysts. Adv. Mater.
2020, 32, No. 2002849.

(15) Karatok, M.; Ngan, H. T.; Jia, X.; O’Connor, C. R,
Boscoboinik, J. A.; Stacchiola, D. J.; Sautet, P.; Madix, R. J. Achieving
ultra-high selectivity to hydrogen production from formic acid on
Pd-Ag alloys. J. Am. Chem. Soc. 2023, 145, 5114-5124.

(16) Niu, Z.; Wan, Y.; Li, X.; Zhang, M.; Liu, B.; Chen, Z.; Lu, G,;
Yan, K. In-situ regulation of formic acid oxidation via elastic strains. J.
Catal. 2020, 389, 631-635.

(17) Gralec, B.; Lewera, A. Catalytic activity of unsupported Pd-Pt
nanoalloys with low Pt content towards formic acid oxidation. Appl.
Catal., B 2016, 192, 304-310.

(18) Li, S.; Wang, G.; Lv, H.; Lin, Z.; Liang, J.; Liu, X.; Wang, Y .-G,;
Huang, Y.; Wang, G.; Li, Q. Constructing gradient orbital coupling to
induce reactive metal-support interaction in Pt-carbide electro-


https://orcid.org/0000-0001-9001-6337
mailto:yank9@mail.sysu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Zhikeng%2BZheng%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Yuchen%2BWang%22&field2=AllField&text2&publication&accessType=allContent&Earliest&ref=pdf
https://orcid.org/0000-0002-4754-6583
https://orcid.org/0000-0002-4754-6583
https://doi.org/10.1021/acs.chemrev.7b00182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0408-2
https://doi.org/10.1038/s41929-019-0408-2
https://doi.org/10.1038/s41929-019-0408-2
https://doi.org/10.1039/D0CS00912A
https://doi.org/10.1039/D0CS00912A
https://doi.org/10.1038/s42254-022-00477-9
https://doi.org/10.1038/s42254-022-00477-9
https://doi.org/10.1021/nn3003373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3003373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0GC02171G
https://doi.org/10.1039/D0GC02171G
https://doi.org/10.1039/D0GC02171G
https://doi.org/10.1038/s41467-021-27793-5
https://doi.org/10.1038/s41467-021-27793-5
https://doi.org/10.1021/jp5095273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5095273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00791?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TA00902J
https://doi.org/10.1039/C7TA00902J
https://doi.org/10.1039/C7TA00902J
https://doi.org/10.1002/anie.200502172
https://doi.org/10.1002/anie.200502172
https://doi.org/10.1002/anie.200502172
https://doi.org/10.1039/D2SC03433F
https://doi.org/10.1039/D2SC03433F
https://doi.org/10.1021/acscatal.5b01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202002849
https://doi.org/10.1002/adma.202002849
https://doi.org/10.1021/jacs.2c11323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2020.07.004
https://doi.org/10.1016/j.apcatb.2016.03.073
https://doi.org/10.1016/j.apcatb.2016.03.073
https://doi.org/10.1021/jacs.4c00618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c00618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://orcid.org/0000-0001-9001-6337
https://orcid.org/0000-0002-8026-8714
https://orcid.org/0000-0002-4754-6583

catalysts for efficient methanol oxidation. J. Am. Chem. Soc. 2024, 146,
17659-17668.

(19) Yang, T.; Hou, S.; Xing, J.; Liu, C.; Ge, J.; Xing, W. Formic acid
electro-oxidation: Mechanism and electrocatalysts design. Nano Res.
2023, 16, 3607-3621.

(20) Wei, Z.; Jorda-Faus, P.; Chico-Mesa, L.; Cai, J.; Chen, Y.-X,;
Rodes, A.; Feliu, J. M.; Herrero, E. Formic acid oxidation on different
coverages of Bismuth-modified Pt(100): A detailed voltammetric and
FTIR study. J. Catal. 2023, 426, 61-70.

(21) Chen, Q.-S.; Zhou, Z.; Vidal-Iglesias, F. J.; Solla-Gullén, J.;
Feliu, J. M.; Sun, S. Significantly enhancing catalytic activity of
tetrahexahedral Pt nanocrystals by Bi adatom decoration. J. Am. Chem.
Soc. 2011, 133, 12930-12933.

(22) Marcinkowski, M. D.; Liu, J.; Murphy, C. J.; Liriano, M. L,;
Wasio, N. A.; Lucci, F. R.; Flytzani-Stephanopoulos, M.; Sykes, E. C.
H. Selective formic acid dehydrogenation on Pt-Cu single-atom alloys.
ACS Catal. 2017, 7, 413-420.

(23) Shen, T.; Chen, S.; Wang, S.; Huang, X.; Song, M.; Zhao, X;
Hu, J.; Wang, D. Optimizing dual-intermediates adsorption on Rh-
based intermetallics for formic acid electrooxidation. Appl. Catal., B
2023, 333, No. 122766.

(24) Tahmasebi, S.; Jahangiri, S.; Mosey, N.; Jerkiewicz, G.;
Baranton, S.; Coutanceau, C.; Furuya, Y.; Ohma, A. Oxidation and
corrosion of platinum-nickel and platinum-cobalt nanoparticles n
an aqueous acidic medium. ACS Appl. Energy Mater. 2019, 2, 7019-
7035.

(25) Sharma, R.; Gyergyek, S.; Andersen, S. M. Critical thinking on
baseline corrections for electrochemical surface area (ECSA)
determination of Pt/C through H-adsorption/H-desorption regions
of a cyclic voltammogram. Appl. Catal., B 2022, 311, No. 121351.

(26) Luo, S.; Chen, W.; Cheng, Y.; Song, X.; Wu, Q.; Li, L.; Wu, X;;
Wu, T.; Li, M.; Yang, Q.; et al. Trimetallic synergy in intermetallic
PtSnBi nanoplates boosts formic acid oxidation. Adv. Mater. 2019, 31,
No. 1903683.

(27) Narskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.;
Kitchin, J. R.; Bligaard, T.; Jonsson, H. Origin of the overpotential for
oxygen reduction at a fuel-cell cathode. J. Phys. Chem. B 2004, 108,
17886-17892.

(28) Li, S.; Hao, X.; Abudula, A.; Guan, G. Nanostructured Co-
based bifunctional electrocatalysts for energy conversion and storage:
current status and perspectives. J. Mater. Chem. A 2019, 7, 18674-
18707.

(29) Akinola, J.; Barth, I.; Goldsmith, B. R.; Singh, N. Electro-
catalytic hydrogenation of phenol on platinum-cobalt alloys. J. Catal.
2024, 430, No. 115331.

(30) Li, Z.; Niu, W.; Yang, Z.; Zaman, N.; Samarakoon, W.; Wang,
M.; Kara, A.; Lucero, M.; Vyas, M. V.; Cao, H.; et al. Stabilizing
atomic Pt with trapped interstitial F in alloyed PtCo nanosheets for
high-performance zinc-air batteries. Energy Environ. Sci. 2020, 13,
884-895.

(31) Jiang, F.; Zhu, F.; Yang, F.; Yan, X.; Wu, A.; Luo, L.; Li, X;;
Zhang, J. Comparative investigation on the activity degradation
mechanism of Pt/C and PtCo/C electrocatalysts in PEMFCs during
the accelerate degradation process characterized by an in situ X-ray
absorption fine structure. ACS Catal. 2020, 10, 604-612.

(32) Wang, X.; Li, N.; Pfefferle, L. D.; Haller, G. L. Pt-Co bimetallic
catalyst supported on single walled carbon nanotube: XAS and
aqueous phase reforming activity studies. Catal. Today 2009, 146,
160-165.

(33) Yang, W.; Cheng, P.; Li, Z.; Lin, Y.; Li, M.; Zi, J.; Shi, H.; Li,
G.; Lian, Z.; Li, H. Tuning the cobalt-platinum alloy regulating
single-atom platinum for highly efficient hydrogen evolution reaction.
Adv. Funct. Mater. 2022, 32, No. 2205920.

(34) He, Y.; Guo, H.; Hwang, S.; Yang, X.; He, Z.; Braaten, J.;
Karakalos, S.; Shan, W.; Wang, M.; Zhou, H.; et al. Single cobalt sites
dispersed in hierarchically porous nanofiber networks for durable and
high-power PGM-free cathodes in fuel cells. Adv. Mater. 2020, 32,
No. 2003577.

(35) Zhang, H.; An, P.; Zhou, W.; Guan, B. Y.; Zhang, P.; Dong, J.;
Lou, X. W. Dynamic traction of lattice-confined platinum atoms into
mesoporous carbon matrix for hydrogen evolution reaction. Sci. Adv.
2018, 4, No. eaa06657.

(36) Wang, Y.; Jiang, X.; Fu, G.; Li, Y.; Tang, Y.; Lee, J.-M.; Tang, Y.
CusPt dodecahedra with low-Pt content: Facile synthesis and
outstanding formic acid electrooxidation. ACS Appl. Mater. Interf.
2019, 11, 34869-34877.

(37) Jiang, X,; Fu, G.; Wu, X,; Liu, Y.; Zhang, M.; Sun, D.; Xu, L.;
Tang, Y. Ultrathin AgPt alloy nanowires as a high-performance
electrocatalyst for formic acid oxidation. Nano Res. 2018, 11, 499-
510.

(38) Chen, S.; Su, H.; Wang, Y.; Wu, W.; Zeng, J. Size-controlled
synthesis of platinum-copper hierarchical trigonal bipyramid nano-
frames. Angew. Chem., Int. Ed. 2015, 54, 108-113.

(39) Ji, X.; Lee, K. T.; Holden, R.; Zhang, L.; Zhang, J.; Botton, G.
A.; Couillard, M.; Nazar, L. F. Nanocrystalline intermetallics on
mesoporous carbon for direct formic acid fuel cell anodes. Nat. Chem.
2010, 2, 286-293.

(40) Xia, B. Y.; Wu, H. B.; Yan, Y.; Lou, X. W.; Wang, X. Ultrathin
and ultralong single-crystal platinum nanowire assemblies with highly
stable electrocatalytic activity. J. Am. Chem. Soc. 2013, 135, 9480-
9485.

(41) Huang, X.; Zhao, Z.; Fan, J.; Tan, Y.; Zheng, N. Amine-assisted
synthesis of concave polyhedral platinum nanocrystals having {411}
high-index facets. J. Am. Chem. Soc. 2011, 133, 4718-4721.

(42) Yan, X.; Hu, X.; Fu, G.; Xu, L.; Lee, J.-M.; Tang, Y. Facile
synthesis of porous PdsPt half-shells with rich “active sites” as efficient
catalysts for formic acid oxidation. Small 2018, 14, No. 1703940.

(43) Zhang, Y.; Qiao, M.; Huang, Y.; Zou, Y.; Liu, Z.; Tao, L.; Li, Y;
Dong, C.-L.; Wang, S. In situ exfoliation and Pt deposition of
antimonene for formic acid oxidation via a predominant dehydrogen-
ation pathway. Research 2020, 2020, No. 5487237, DOI: 10.34133/
2020/5487237.

(44) Luan, C.; Zhou, Q.; Wang, Y.; Xiao, Y.; Dai, X.; Huang, X;
Zhang, X. A general strategy assisted with dual reductants and dual
protecting agents for preparing Pt-based alloys with high-index facets
and excellent electrocatalytic performance. Small 2017, 13, No.
1702617.

(45) Xu, H.; Yan, B.; Li, S.; Wang, J.; Wang, C.; Guo, J.; Du, Y.
Facile construction of N-doped graphene supported hollow PtAg
nanodendrites as highly efficient electrocatalysts toward formic acid
oxidation reaction. ACS Sustainable Chem. Eng. 2018, 6, 609-617.

(46) Okamoto, H.; Kon, W.; Mukouyama, Y. Five current peaks in
voltammograms for oxidations of formic acid, formaldehyde, and
methanol on platinum. J. Phys. Chem. B 2005, 109, 15659-15666.

(47) Zhang, B.-W.; Jiang, Y.; Ren, J.; Qu, X.; Xu, G.; Sun, S. PtBi
intermetallic and PtBi intermetallic with the Bi-rich surface supported
on porous graphitic carbon towards HCOOH electro-oxidation.
Electrochim. Acta 2015, 162, 254-262.

(48) Moniri, S.; Van Cleve, T.; Linic, S. Pitfalls and best practices in
measurements of the electrochemical surface area of platinum-based
nanostructured electro-catalysts. J. Catal. 2017, 345, 1-10.

(49) Chen, T.; Chen, J.; Wu, J.; Song, W.; Hu, S.; Feng, X.; Chen,
Z.; Yuan, E.; Ji, W.; Au, C.-T. Atomic-layer-deposition derived Pt
subnano clusters on the (110) facet of hexagonal Al2O3 plates:
Efficient for formic acid decomposition and water gas shift. ACS
Catal. 2023, 13, 887-901.

(50) Liu, Y.; Fu, F.; Salmon, L.; Espuche, B.; Moya, S.; Berlande, M.,;
Pozzo, J.-L.; Hamon, J.-R.; Astruc, D. Facile MOF support
improvement in synergy with light acceleration for efficient
nanoalloy-catalyzed Hz production from formic acid. ACS Appl.
Mater. Interf. 2023, 15, 23343-23352.

(51) Yu, Z,; Yang, Y.; Yang, S.; Zheng, J.; Hao, X.; Wei, G.; Bai, H,;
Abudula, A.; Guan, G. Selective dehydrogenation of aqueous formic
acid over multifunctional y-MozN catalysts at a temperature lower
than 100 °C. Appl. Catal., B 2022, 313, No. 121445,

(52) Xu, Q.; Pobelov, I. V.; Wandlowski, T.; Kuzume, A. ATR-
SEIRAS study of formic acid adsorption and oxidation on Rh


https://doi.org/10.1021/jacs.4c00618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-022-4319-1
https://doi.org/10.1007/s12274-022-4319-1
https://doi.org/10.1016/j.jcat.2023.06.038
https://doi.org/10.1016/j.jcat.2023.06.038
https://doi.org/10.1016/j.jcat.2023.06.038
https://doi.org/10.1021/ja2042029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2042029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02772?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2023.122766
https://doi.org/10.1016/j.apcatb.2023.122766
https://doi.org/10.1021/acsaem.9b00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2022.121351
https://doi.org/10.1016/j.apcatb.2022.121351
https://doi.org/10.1016/j.apcatb.2022.121351
https://doi.org/10.1016/j.apcatb.2022.121351
https://doi.org/10.1002/adma.201903683
https://doi.org/10.1002/adma.201903683
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TA04949E
https://doi.org/10.1039/C9TA04949E
https://doi.org/10.1039/C9TA04949E
https://doi.org/10.1016/j.jcat.2024.115331
https://doi.org/10.1016/j.jcat.2024.115331
https://doi.org/10.1039/C9EE02657F
https://doi.org/10.1039/C9EE02657F
https://doi.org/10.1039/C9EE02657F
https://doi.org/10.1021/acscatal.9b04598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b04598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cattod.2009.02.010
https://doi.org/10.1016/j.cattod.2009.02.010
https://doi.org/10.1016/j.cattod.2009.02.010
https://doi.org/10.1002/adfm.202205920
https://doi.org/10.1002/adfm.202205920
https://doi.org/10.1002/adma.202003577
https://doi.org/10.1002/adma.202003577
https://doi.org/10.1002/adma.202003577
https://doi.org/10.1126/sciadv.aao6657
https://doi.org/10.1126/sciadv.aao6657
https://doi.org/10.1021/acsami.9b09153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b09153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-017-1658-4
https://doi.org/10.1007/s12274-017-1658-4
https://doi.org/10.1002/anie.201408399
https://doi.org/10.1002/anie.201408399
https://doi.org/10.1002/anie.201408399
https://doi.org/10.1038/nchem.553
https://doi.org/10.1038/nchem.553
https://doi.org/10.1021/ja402955t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402955t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402955t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1117528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1117528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1117528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201703940
https://doi.org/10.1002/smll.201703940
https://doi.org/10.1002/smll.201703940
https://doi.org/10.34133/2020/5487237
https://doi.org/10.34133/2020/5487237
https://doi.org/10.34133/2020/5487237
https://doi.org/10.34133/2020/5487237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.34133/2020/5487237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.201702617
https://doi.org/10.1002/smll.201702617
https://doi.org/10.1002/smll.201702617
https://doi.org/10.1021/acssuschemeng.7b02935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b02935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b02935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0516036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0516036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0516036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2014.09.159
https://doi.org/10.1016/j.electacta.2014.09.159
https://doi.org/10.1016/j.electacta.2014.09.159
https://doi.org/10.1016/j.jcat.2016.11.018
https://doi.org/10.1016/j.jcat.2016.11.018
https://doi.org/10.1016/j.jcat.2016.11.018
https://doi.org/10.1021/acscatal.2c04784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c03684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c03684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c03684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2022.121445
https://doi.org/10.1016/j.apcatb.2022.121445
https://doi.org/10.1016/j.apcatb.2022.121445
https://doi.org/10.1016/j.jelechem.2016.09.049
https://doi.org/10.1016/j.jelechem.2016.09.049

modified Au(111-25nm) film electrodes in 0.1M H2SOs4. J.
Electroanal. Chem. 2017, 793, 70-76.

(53) Tripkovi¢, D. V., M|I05eV|c D. L,; Stevanovic, S. I.; Popovic, K.
D.; Jovanavic, V. M.; Lopes P.P,FB D Martins, P.; Stamen ovic, V.
R.; Strm_cmk_ D. De5|gn of advanced thin-film catalysts for
electrooxidation of formic acid. ACS Catal. 2024, 14, 2380-2387.

(54) Gao, W.; Keith, J. A.; Anton, J.; Jacob, T. Theoretical
elucidation of the competitive electro-oxidation mechanisms of formic
acid on Pt(111). J. Am. Chem. Soc. 2010, 132, 18377-18385.

(55) Ferre-Vilaplana, A.; Perales-Rondén, J. V.; Buso-Rogero, C,;
Feliu, J. M.; Herrero, E. Formic acid oxidation on platinum
electrodes: a detailed mechanism supported by experiments and
calculations on well-defined surfaces. J. Mater. Chem. A 2017, 5,
21773-21784.


https://doi.org/10.1016/j.jelechem.2016.09.049
https://doi.org/10.1021/acscatal.3c05520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c05520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1083317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1083317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1083317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TA07116G
https://doi.org/10.1039/C7TA07116G
https://doi.org/10.1039/C7TA07116G

