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ABSTRACT

Formic acid oxidation (FAQ) is a typical anode reaction in fuel cells that can be facilitated by modulating its direct and indirect
reaction pathways. Herein, PtAu bimetallic nanoparticles loaded onto Co and N co-doping carbon nanoframes (CoNC NFs) were
designed to improve the selectivity of the direct reaction pathway for efficient FAO. Based on these subtle nanomaterials, the
influences of elemental composition and carbon-support materials on the two pathways of FAO were investigated in detail. The
results of fuel cell tests verified that the appropriate amount of Au in PtAu/CoNC can promote a direct reaction pathway for FAO,
which is crucial for enhancing the oxidation efficiency of formic acid. In particular, the obtained PtAu/CoNC with an optimal Pt/Au
atomic ratio of 1:1 (PtAu/CoNC-3) manifests the best catalytic performance among the analogous obtained Pt-based electrocatalysts.
The FAO mass activity of the PtAu/CoNC-3 sample reached 0.88 A-mge: ', which is 26.0 times higher than that of Pt/C. The results
of first-principles calculation and CO stripping jointly demonstrate that the CO adsorption of PtAu/CoNC is considerably lower than
that of Pt/CoNC and PtAu/C, which indicates that the synergistic effect of Pt, Au, and CoNC NFs is critical for the resistance of
Pt to CO poisoning. This work is of great significance for a deeper understanding of the oxidation mechanism of formic acid and
provides a feasible and promising strategy for enhancing the catalytic performance of the catalyst by improving the direct reaction
pathway for FAQO.
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mechanism of direct and indirect pathways. The direct pathway

1 Introduction
is the direct oxidation of formic acid to generate CO,, whereas

With the depletion of fossil energy and increasing severity of
environmental pollution, the development of sustainable energy
conversion technologies such as fuel cells has attracted abundant
research attention [1]. Among various fuel cells, direct formic
acid fuel cells (DFAFCs) have been recognized as promising
future energy devices with low toxicity, high energy density, and
low crossover flux of fuels through the Nafion membrane [2, 3].
Thus far, Pt catalysts have played an irreplaceable role in
catalyzing the formic acid oxidation (FAO) reaction, which
determines the efficiency and stability of DFAFCs [4-6]. However,
the scarce reserves and high prices of Pt largely limit its
widespread applications in industrial production. Therefore,
improving the utilization of Pt and enhancing its catalytic
efficiency toward FAO are essential.

Adequate understanding of the mechanism of Pt-catalyzed
FAO, which modulates the reaction pathway to obtain high
current density, can effectively enhance the catalytic efficiency
of Pt. Generally, the reaction of this FAO follows a dual-path

the indirect pathway includes the oxidation of formic acid to
intermediate CO (CO.4;) and the subsequent oxidation of COads
to final CO: at high potential. These pathways are referred to as
dehydrogenation and dehydration reactions, respectively [7].
In a typical catalysis process, CO.ds derived from formic acid
dehydration can strongly adhere to and poison the electrode
surface, thus reducing the amount of free Pt available for the
direct pathway. In this case, the direct pathway is inhibited,
and the catalyst activity is significantly reduced [8]. For this
reason, there is an urgent need to limit the indirect oxidation
pathway of formic acid, reduce the adsorption of COuds,
and substantially facilitate the catalytic efficiency of the Pt
catalyst.

In addition, the incorporation of other elements compounded
with Pt beneficial for improving the catalytic efficiency of the
Pt. This is because the introduction of other elements can reduce
the dose of Pt and enhance its electrocatalytic performance by
utilizing the geometric and electronic effects [9-12]. Among
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the series of Pt-based electrocatalysts, PtAu is particularly
prominent because Au can improve the energy band structure
of Pt and has a good synergistic effect with this element [13].
Moreover, the presence of Au can enhance the stability of Pt
and prevent its easy dissolution in the catalytic reaction [11].
In recent years, extensive efforts have been devoted to enhance
the electrocatalytic performance of PtAu catalysts by controlling
their particle sizes, morphologies, and compositions [14-18].
For example, nanoporous PtAu alloys with low Pt content
have been synthesized based on the dealloying strategy, and
the mass activity of as-prepared PtAu is up to 113 times that
of Pt/C [19]. Similarly, a surfactant-free and ultrasound-assisted
method was used to prepare a PtAu/C system that exhibits
excellent FAO activity of 14.5 A-mgp' [20]. However, the
mechanism inherent in the PtAu-catalyzed FAO reaction
remains under debate; thus, further research and discussion are
needed to provide a better understanding of this mechanism.

Moreover, the loading of metal nanoparticles (NPs) on suitable
support materials has proved to be a feasible option for enhancing
the FAO performance of Pt-based catalysts [20, 21]. Several
common carbon materials such as carbon nanotubes, carbon
nanofibers, graphene, and metal organic framework (MOF)
derivatives are considered to be ideal support materials owing
to their high specific surface area, high stability, and strong
electrical conductivity [15, 22]. Recently, heteroatom-doped
MOF derivatives have attracted abundant attention in the
electrocatalytic field, particularly co-doping that consists of
both transition metal and nonmetallic elements. Such products
facilitate the formation of metal-(nonmetallic). active sites
and thus improve the catalytic activity of the catalyst [23]. For
example, the Pt:Cos@N-C nanorod array catalyst prepared by
Ren et al. through carbonization of the precursor ZIF-67 has
shown good electrocatalytic activity and long-term stability
for electrochemical reactions [24]. However, little research is
available on the application of heteroatom co-doped MOF
derivatives as catalytic support material for FAO reactions in
acidic solutions.

Inspired by this, we herein successfully design and synthesize
a series of supported PtAu catalysts with designated Pt/Au ratios
including PtAu loaded onto Co and N co-doped MOEF-derived
carbon-containing nanoframes (CoNC NFs). The morphology,
structure, and catalytic performance of the PtAu/CoNC are
characterized and discussed in detail. More importantly, the
PtAu/CoNC samples are used as a model system to reveal the
effect of different Au contents on the two oxidation pathways
of FAO. We determine that a Pt/Au ratio of 1:1 with the support
of CoNC NFs enables the optimal FAO catalytic performance
to be obtained compared with the performances of as-prepared
PtAu/C and PtAuCo/C.

2 Experimental

21 Preparation of ZIF-67

In this study, 5 mmol of cobalt nitrate hexahydrate
(Co(NO:3)2:6H,0) and 40 mmol of 2-methylimidazole (CsHeN2)
were dissolved in 100 mL of anhydrous methanol; these
solutions were labeled as A and B, respectively. After stirring
for 10 min, solution A was quickly poured into solution B. The
color of the solution changed from blue to dark purple, and
then the reaction continued at room temperature (RT) for 24 h.
After the reaction was completed, the purple precipitate was
collected by centrifugation, washed with anhydrous methanol,
and dried under a vacuum at 70 °C overnight to obtain the
purple ZIF-67 powder.
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2.2 Preparation of CoONC NFs

To prepare the CONC NFs, 200 mg of ZIF-67 was placed in a
plasma-enhanced chemical vapor deposition, and the tube
was evacuated with Ar gas. After heating from RT to 350 °C
and maintaining the temperature for 1 h, the temperature was
further raised to the next target temperature of 600 °C at a
heating rate of 2 °C-min~". After the temperature was held for
2 h, the furnace was naturally cooled to RT, and the black
powder product was treated in a 0.5 M H,SO, solution for
6 h. The obtained CoNC NFs samples were collected by
centrifugation, washed with deionized water, and then dried
at 70 °C.

2.3 Synthesis of PtAu/CoNC, PtAu/C, and PtAuCo/C

For the product synthesis, x mL of aqueous K;PtCls (5 mM),
1 mL of aqueous ascorbic acid (100 mM), and 3 mg of CoNC
NFs powder were added to 30 mL of ethanol. Then, y mL of
aqueous NaBH, (25 mM) was added drop by drop, and the
mixed solution was subjected to continuous mechanical stirring
and an ultrasonic bath to ensure a smooth reaction. After 15 min,
zmL of aqueous HAuClL-4H,O (5 mM) was also added drop by
drop. After 15 min of thorough reaction, the black products
were washed with ethanol and were dried in a vacuum oven
at 70 °C for 24 h. For Pt/CoNC and PtAu/ CoNC-1, -2, and -3,
the values of x-y-z were 1-1-0, 1-1-0.25, 1-1-0.5, and 1-1-1,
respectively. The same method was used to synthesize the
series of PtAu/C samples by replacing the CONC NFs with
Vulcan XC 72R carbon black. For the PtAuCo/C, the value of
x-y-z was 1-1-1, and the Co precursors (CoCl-6H.O, 5 mM)
were added together with Pt precursors.

2.4 Materials characterization

The morphologies and crystal structures of the prepared
samples were characterized by focused ion beam scanning
electron microscopy (FIB-SEM; Auriga, Zeiss) and transmission
electron microscopy (TEM; Talos F200S, FEI, and JEM-2200FS,
JEOL, at Zhengzhou University and University of Science and
Technology Beijing, respectively). The scanning transmission
electron microscopy (STEM) images and the elemental mapping
images were obtained by double spherical aberration corrected
analytical field emission TEM (JEM-ARM300F) combined
with high-angle annular dark-field (HAADF) techniques.
The chemical compositions of the samples were investigated
by using SEM with energy dispersive spectroscopy (EDS) and
inductively coupled plasma mass spectrometry (ICP-MS;
NWR-213). The crystallographic information was characterized
by employing a powder X-ray diffractometer (XRD; Empyrean,
Malvern Panalytical) with Cu Ka. The electronic structures
and the phase compositions of the samples were obtained via
X-ray absorption near edge structure (XANES) with the BL11B
beamline at the Shanghai Synchrotron Radiation Facility, X-ray
photoelectron spectroscopy (XPS; AXIS Supra), and laser Raman
spectrometry (532 nm, Renishaw).

2.5 Electrochemical measurement

The electrochemical data were measured using a classical
three-electrode system of CHI660E electrochemical workstation
(Chenhua Instruments, Shanghai, China) at RT. A glassy carbon
electrode (3 mm in diameter), a saturated calomel electrode
(SCE), and a Pt wire were used as working, reference, and
counter electrodes, respectively. To obtain the homogeneous
catalyst ink by sonification, 4 mg of catalyst powder was
dissolved in 4 mL of ethanol. According to the composition
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ratio of Pt, the corresponding volume of catalyst inks were taken
to cover the working electrode surface evenly with the same
loading density of about 10 uge-cm™. After the electrode surface
was thoroughly dried, 5 pL of the Nafion membrane solution
(5 wt.%) was dropped onto the working electrode and was dried
overnight. Prior to the electrocatalytic test, all electrolytes were
ventilated with N for 30 min to remove the O interference.

2.6 First-principles calculation

The first-principles calculations were conducted using the
Vienna ab initio simulation package (VASP) [25] with projector-
augmented wave (PAW) potentials [26, 27] and Perdew-Burke-
Ernzerh of generalized gradient approximation (PBE-GGA) [28]
for the exchange-correlation functionals. To simulate CO
adsorption onto the small clusters deposited on the substrate,
a periodic slab model was adopted for the monolayer graphene
substrate with a 5 x 3 rectangle supercell. For the nanostructure
model, we used an 8 x 8 graphene (CoNC) rhombic supercell
to match the 7 x 7 metal bi-layer films for reducing the lattice
mismatch within 3%. The thickness of the vacuum layer
was 15 A. all atoms were fully relaxed along the calculated
forces until all of the residual force components were less
than 0.01 eV.

3 Results and discussion

The formation procedure of PtAu loading on Co and N
co-doped carbon nanoframes derived from MOFs is briefly
described in Scheme 1. This process consists mainly of two
steps: preparation of the support material and loading of Pt
and Au. In the first step, as a typical MOF material, ZIF-67 with
well-defined rhombic dodecahedral morphology was fabricated
by applying a hydrothermal method (Fig. S1 in the Electronic
Supplementary Material (ESM)). After carbonization and acid
treatment, CoNC NFs with cubic structures were obtained.
As shown in Fig. S1(c) in the ESM, the size of CONC NFs
was about 177 nm (Fig. S2 in the ESM), although the surface
exhibited slight collapse and shrinkage on owing mainly to
the trend of Co NP aggregation during the carbonization
process [29]. Afterward, the Pt and Au were reduced by different
excess reducing agents and were then deposited on the CoNC
NFs. The composition information of the PtAu/CoNC was
determined by ICP-MS (Table S1 in the ESM). The Pt/Au
atomic ratio was in good agreement with the initial feed ratio,
indicating that the metal precursors were reduced completely
with no resource waste.

The morphological and structural features of the as-prepared
series of PtAu/CoNC samples were characterized by SEM, as
shown in Fig. 1(a) and Fig. S3 in the ESM. The profiles of
samples with different Pt/Au ratios were almost identical,
with all in cubic form exhibiting collapsed surfaces similar to
those of the substrate material CONC NFs. To more effectively
describe and discuss the structural characteristics of the
obtained samples, PtAu/CoNC-3 was taken as a representative
for the detailed analysis. According to the typical SEM image
of PtAu/CoNC-3 in Fig. 1(a), large amounts of NPs were easily
distinguished from the surface of the collapsed cube, which
should belong to Pt or Au. The inset in Fig. 1(a) shows statistical

Carbonization

Ultrasound-assisted
etching i

synthesis

ZIF-67 CoNC NFs PtAu/CoNC

Scheme 1 Schematic illustration of the PtAu/CoNC preparation process.
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Figure 1 Representative (a) SEM image, (b) TEM image and (c)-(e)
HRTEM images of PtAu/CoNC-3. The inset in (a) shows the corresponding
size distribution. (f)-(k) HAADF-STEM image of PtAu/CoNC-3 and the
corresponding element mapping images. All scales are 100 nm.

histograms for the nanoparticle size, further confirming that
the average size of the PtAu/CoNC, at ~ 178 nm, is almost as
same as that of the CONC NFs. As shown in Fig. $4 in the ESM,
the corresponding EDS data of PtAu/CoNC-3 indicate that the
metal contents were very close to the feed ratio. Figure 1(b)
presents a TEM image of a single PtAu/CoNC-3, which shows
that the Pt and Au NPs were uniformly and densely distributed
on the support of the CONC NFs, which is consistent with the
SEM results.

The high-resolution TEM (HRTEM) images shown in
Figs. 1(c)-1(e) reveal more definite and detailed information
of the PtAu/CoNC-3. Figure 1(c) shows partial overlap in the
distribution of metal particles and significant graphitization of
the substrate material (red circles), all of which are beneficial
for accelerating the electron transfer in the catalytic process
and improving the efficiency of the FAO reaction [30].The
different lattice spacings can be measured according to the
HRTEM images in Figs. 1(d) and 1(e), corresponding to the
(200) plane of Pt (0.198 nm) and the (111) and (200) planes
of Au (0.234 and 0.202 nm), respectively [31, 32]. A small
deviation from the standard value was evident, indicating the
presence of some degree of lattice distortion [20, 33]. The
elemental distribution profile was obtained through STEM-EDS
mapping, with the typical results of an individual PtAu/CoNC-3
shown in Figs. 1(f)-1(k). These results reveal that all component
elements were evenly distributed throughout the nanoparticle
with no composition segregation.

The general crystallographic information of the Pt/CoNC
and PtAu/CoNC samples were confirmed by the XRD patterns,
as shown in Figs. 2(a) and 2(b), with the Pt/Au ratio of
PtAu/CoNC-1, -2, -3 given as 4:1, 2:1, and 1:1, respectively.
All obtained products exhibited broad Bragg peaks, indicating
their small particle size, which is consistent with the above
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Figure 2 (a) Full and (b) partial enlargement of XRD spectra for Pt/CoNC and PtAu/CoNC. The dashed lines show the standard diffraction data of
the Pt and Au crystals. (c) Representative Raman spectra of PtAu/CoNC-3 and PtAu/C. (d) Pt Ls-edge XANES spectra of Pt foil, PtAu/CoNC-3, and Pt/C.
(e) Au Ls-edge XANES spectra of Au foil and PtAu/CoNC-3. (f) Co K-edge XANES spectra of Co foil and PtAu/CoNC-3.

morphological results. In Fig. 2(a), the representative diffraction
peaks of Pt/CoNC are shown at 39.7°, 46.2°, 67.4°, and 81.2°,
corresponding to the (111), (200), (220), and (311) planes of
the Pt face-centered cubic (fcc), respectively. With an increase
in Au content, as shown in Fig. 2(b), all diffraction peaks
gradually moved to a smaller angle, and the lattice spacings
became larger because the lattice constant of Au is slightly
larger than that of Pt. In addition, Co peaks were obvious
in the XRD patterns of the CoONC NFs (Fig. S5 in the ESM),
whereas the diffraction peaks of Co could not be distinguished
in the XRD patterns of the Pt/CoNC and PtAu/CoNC samples.
This could be attributed to its low crystallinity after acid
etching.

We then examined the substrate and explored the existence
of carbon in the nanoframe using Raman spectroscopy.
Figure 2(c) shows two dominant Raman peaks at 1,360 and
1,590 cm™ assigned to the D and G bands of graphene,
respectively. In general, the intensity of the D band represents
the degree of disorder and the number of defects in the material,
whereas that of the G band represents the graphitization degree
of the carbon material [34, 35]. According to the calculation,
the intensity ratios (In/Ic) of PtAu/CoNC-3 and PtAu/C are
about 0.99 and 0.93, respectively, suggesting that elemental
co-doping had little effect on the graphitization of carbon
[36, 37]. In addition, compared with PtAu/C, the Raman
spectrum of PtAu/ CoNC showed an extra peak at 677 cm™
corresponding to the characteristic peak of CosO.. This indicates
that part of the Co existed in the form of oxide [38].

To investigate the local electronic structure and coordination
environment of Pt, Au, and Co in the PtAu/CoNC-3, XANES
was employed for characterization [39, 40]. The normalized
white line intensity of the Pt Li-edge in the PtAu/CoNC-3 is
close to that of the Pt/C and higher than that of the Pt foil,
which indicates that Pt** could exist in PtAu/CoNC-3 and
Pt/C (Fig. 2(d)) [41]. In contrast, the normalized white line
intensity of the Au Ls;-edge in the PtAu/CoNC-3 essentially
overlapped the Au foil, suggesting the dominance of Au’ in the
PtAu/CoNC-3, as shown in Fig. 2(e). Figure 2(f) shows that
the white line of Co in the PtAu/CoNC-3 is clearly higher
than that of the Co foil, indicating that the Co atoms in PtAu/
CoNC-3 carry positive charges. As shown in the inset in
Figs. 2(d)-2(f), the energies of Pt, Au, and particularly Co all

shifted from their corresponding metal foils, verifying the
existence of electron interaction [40]. This phenomenon will
be discussed in detail in the XPS analysis.

The full survey scan XPS spectrum in Fig. 3(a) confirms that
the Pt, Ay, Co, N, C, and O elements coexist in the near-surface
of the prepared samples. The high-resolution spectra of Pt 4f
and Au 4f are shown in Figs. 3(b) and 3(c), respectively, both
of which contain two pairs of peaks from the spin-orbital
splitting of 4f7» and 4fs;». The two characteristic peaks of
metallic Pt (Pt°) were located at 71.3 and 74.7 eV, whereas
those of ionic Pt (Pt**) occurred at 72.9 and 76.3 eV [42]. A
comparison between the integrated areas revealed that the
main surface species of Pt in the catalyst is metallic Pt (Pt°).
As shown in Fig. 3(c), the surface species of Au was only
metallic Au (Au®) with characteristic peaks located at 83.9 and
87.6 eV, which is strongly consistent with the XANES results.
Compared with the standard Pt 4f peaks at 70.9 and 74.3 eV,
the surface binding energy (E,) of the metallic Pt in the
PtAu/CoCN-3 positively shifted by 0.4 eV (Fig. 3(b)). This
indicates a down shift in the d-band center of the Pt [43]. On
the contrary, the Es of the Au 4f peaks shift negatively compared
with the standard Au 4f peaks (84.0 and 87.7¢V) (Fig. 3(c)).
Both shifts of the Ey indicate changes in the corresponding
electronic structures, which could be attributed to interaction
among the Pt, Au, and CoNC NFs [44, 45].

The high-resolution spectrum of Co 2p in Fig. 3(d) shows
two characteristic peaks at binding energies of 781.3 and
796.3 eV assigned for Co 2ps» and Co 2pup, respectively, which
can be deconvoluted to Co’ at 781.1 and 796.2 eV and Co*
at 785.2 and 800.9 eV. Of these, the presence of Co** has been
confirmed in the Raman data (677 cm™). Two main types
of N, pyridinic-N (398.7 V) and pyrrolic-N (400.3 eV), are
indicated in the high-resolution spectrum of N 1s in Fig. 3(e).
Interestingly, a comparison of the integrated areas revealed
more pyridinic-N in the sample, which would favor the catalytic
performance [46]. In the high-resolution spectra of C 1s shown
in Fig. 3(f), several characteristic peaks at 284.6, 285.7, and
288.5 eV correspond to C in sp*-hybridized graphitic carbon,
C-0-C and C-N, and O-C=0, respectively [24].

Before investigating the effect of different Au compositions
in the PtAu/CoNC catalysts on catalytic pathway and catalytic
efficiency of FAO, we identified the electrochemically active
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Figure 3 High-resolution XPS spectra of (a) the survey scan spectrum, (b) Pt 4f, (c) Au 4f, (d) Co 2p, (e) N Is, and (f) C 1s peaks in PtAu/CoNC-3.

surface areas (ECSAs) of each catalyst. The cyclic voltammetry
(CV) curves of the catalysts were obtained in an aqueous
solution of 0.5 M H.SOs saturated with N», as summarized in
Fig. S6 in the ESM. The ECSAs were determined on the basis
of the hydrogen desorption region after subtraction of the
double-layer charge [47]. The PtAu/CoNC-3 exhibited a higher
ECSA value among the as-prepared catalysts loaded on CoNC
NFs, indicating better Pt utilization in the PtAu/CoNC-3
catalyst [11].

To gain further insight into the effect of the Au content on
the FAO pathway, the linear sweep voltammetry (LSV) was
measured from —-0.1 V to +1.0 V in the mixed solution of
0.5 M H.SO, and 1 M HCOOH at a scan rate of 50 mV-s™.
As mentioned above, the FAO reaction usually follows two
oxidation pathways:

HCOOH » CO: + 2H" + 2¢” (1)

and

HCOOH - COuds + HXO > CO; + 2H" + 2¢” 2)

where Egs. (1) and (2) represent direct and indirect oxidation
pathways, respectively. These two oxidation pathways correspond
to two pronounced peaks in the LSV curves shown in Fig. 4(a):
the lower potential peak (pI) and the higher potential peak
(pII). The direct oxidation pathway proceeds through the
dehydrogenation reaction, where the C-H and O-H bonds are
broken, and the formic acid is directly oxidized to CO.. This
process is capable of occurring more rapidly and efficiently at
a low potential and corresponds to pI in the LSV curves. The
indirect pathway originated from the dehydration reaction,
where the C-O single bond and the C-H bond are broken, and
formic acid forms the adsorbent CO.ss which will be oxidized
to CO.. This corresponds to plI in the LSV curves. During the
indirect pathway, the CO.ss caused by dehydration will strongly
adsorb onto and poison the catalyst surface, reducing the
number of active sites available for the direct oxidation pathway,
and the direct pathway is inhibited [6, 48, 49]. Figure 4(a) shows
that the indirect oxidation pathway is dominant when the
content of Au is 0 (Pt/CoNC) or lower (PtAu/CoNC-1). As the
Au content increases in PtAu/ CoNC, the Au atoms shield the
Pt form CO poisoning. Then, the direct pathway is gradually
enhanced, and the indirect pathway is therefore weakened.
When the Pt/Au atomic ratio was 1:1 (PtAu/CoNC-3), the
FAO reaction pathway was almost entirely dominated by the

direct oxidation pathway shown in Fig. 4(a). This is attributed
to the presence of Pt and Au in ideal proportions and optimal
cooperation with the co-doped substrate. In this case, the
PtAu/CoNC-3 showed the highest peak current density of
pI (Jp) among the as-prepared samples loaded on the CoNC
NFs; accordingly, the Pt utilization was optimal. The Ji: rapidly
decreased with further increases in Au, which could be
attributed to the excessive Au blocking the active sites of Pt,
resulting in degradation of catalyst activity (Fig. S7 in the
ESM) [50]. The histogram in Fig. 4(b) corresponding to Fig. 4(a)
illustrates the intrinsic catalytic activity of the catalysts after
ECSA- and mass-normalization of J,. As shown in Fig. 4(b),
PtAu/CoNC with different Pt/Au compositions all showed
better FAO activity than Pt/CoNC, indicating that the addition
of Au also improved the utilization of Pt when the substrate
material was CoNC NFs. Among them, the Pt/Au CoNC-3
with a Pt/Au ratio of 1:1 exhibited the best specific activity and
mass activity, which were 25.5 and 25.3 times higher than those
of the Pt/CoNC, respectively. Through the above discussion, we
explored the optimal atomic ratio of Pt and Au co-loading onto
CoNC NFs. Interestingly, we also found that the oxidation
pathways of FAO can be effectively selected by modulating
the Au content, which is significant for improving the catalytic
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Figure 4 Electrochemical measurements of Pt/CoNC and PtAu/CoNC
catalysts in aqueous solutions of 1 M HCOOH and 0.5 M HSO..
(a) Linear sweep voltammetry (LSV) curves normalized by Pt weight.
(b) Corresponding specific activities and mass activities. (c) CO tolerance
(Jot/Jpu). (d) Chronoamperometry curves measured at 0.23 V.
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ability of the Pt-based catalyst.

The peak current density ratio of the two oxidation pathways
(Jo/Jpn) can directly reveal the dominant reaction pathway in
FAO and the tolerance to CO poisoning [51, 52]. As shown in
Fig. 4(c), the values of J,/J,n became larger as the Au content
increased, indicating that the direct oxidation pathway became
more dominant and the resistance to CO poisoning was higher.
This result can more intuitively illustrate that the Au content
can modulate the catalytic oxidation pathways of FAO and
thus the catalytic performance of the catalyst. Moreover, an
appropriate atomic ratio can enhance the collaborative ability
between the atoms of different elements, which is beneficial
for improving the dehydrogenation selectivity of the direct
oxidation pathway of FAO and thus for obtaining high catalytic
activity.

In terms of practical application, the stability of the catalyst
is also a crucial indicator and can be tested in an aqueous
solution of 0.5 M H»SO4 mixed with 1 M HCOOH. As shown
in Fig. 4(d), after 1,000 s, the PtAu/CoNC-3 still had a greater
current density compared with that of the Pt/C. This is because
the direct oxidation pathway is dominant in PtAu/CoNC-3-
catalyzed FAO and does not produce many intermediates
during the reaction, which greatly reduces the chance of catalyst
poisoning. In contrast, the main oxidation pathway of the Pt/C
is indirect oxidation, with a large number of intermediates
adsorbed onto the active sites, leading to the deactivation of
numerous active sites. The difference in stability between the
two catalysts also indicates that modulation of the oxidation
pathways has a significant effect on the practical application of
the catalysts.

To thoroughly explore whether the CoONC NFs substrate
has an influence on the oxidation pathway selection and the
catalytic efficiency of FAQ, the PtAu (Pt:Au = 1:1) and PtAuCo
(Pt:Au:Co = 1:1:1) were loaded on carbon black (Figs. 5(a)
and 5(b)). It is worth mentioning that different from that of
PtAu/CoNC, the particle sizes of the metallic NPs gradually
increased with an increase in the Au content in the PtAu/C
(Fig. S8 in the ESM). This indicates that CONC NFs might
be beneficial for inhibiting the agglomeration and growth of
NPs. Typical LSV curves of FAO catalyzed with Pt/C, PtAu/C,
PtAuCo/C, and PtAu/CoNC-3 are shown in Fig. 5(d). It is
clear that loading the same proportion of Pt/Au on the CONC
NFs and carbon black also had a significant effect on the
oxidation pathway and that the value of Jyi/Jou provided a more
intuitive view of this effect. Figure 5(e) shows that the Jyi/Jou
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values of PtAu/C, PtAuCo/C, and PtAu/CoNC-3 were higher
than that of the Pt/C, which again confirms that the addition
of Au can promote the direct oxidation pathway of FAO.
Furthermore, the Jii/Jou values of PtAu/C (0.78) and PtAuCo/C
(0.92) were comparable, indicating that the Co had little influence
on the preference of the FAO oxidation pathway. In contrast,
the Jpi/Jou value of the PtAu/CoNC was higher than that of the
other three catalysts, particularly that of PtAuCo/C. This suggests
that CoNC NFs but not Co facilitate the preferential selection
of the FAO direct oxidation pathway.

The mass and specific activities shown Fig. 5(f) were obtained
by normalizing the J,i by the mass and the ECSA value,
respectively. The mass activity and specific activity of four
catalysts showed similar tendencies, with PtAu/CoNC having
the largest value, followed by PtAuCo/C, PtAu/C, and finally
Pt/C. This indicates that CONC NFs play a vital role in promoting
the achievement of larger Jyi. The enhancement of direct
oxidation currents by CoNC NFs is attributed mainly to the
co-doping of Co and N, which can have stronger interactions
with Pt and Au and can also produce more lattice distortions
and Co-N;, active sites [24].

To further investigate the CO tolerance of catalysts, a CO
stripping test was conducted in an aqueous solution of 0.5 M
H>SO, saturated with a CO environment. The corresponding
voltammograms of PtAu/C, Pt/CoNC, and PtAu/CoNC-3 are
presented in Fig. 6(a), where the currents in the voltammograms
were normalized to the electrode geometric area. The peak
potentials of the PtAu/CoNC-3, Pt/CoNC, and PtAu/C catalysts
were 0.628, 0.640, and 0.652 V. Moreover, the PtAu/CoNC-3
had the lowest onset potential of a CO stripping peak, which
means that only a lower potential needed to be supplied to the
PtAu/CoNC-3 for oxidation of easily toxic intermediates such
as CO during the catalytic reaction. This is attributed mainly to
the synergistic and electronic effects of the metallic elements
and their interaction with the support material, which can
effectively modulate the electronic structure of Pt and weaken
the adsorption of Pt to CO, thus enhancing the CO tolerance
of the catalyst [22, 53, 54].

To further explore the synergistic effect of Pt and Au atoms
on CO adsorption in the electrocatalytic process, we per-
formed first-principles calculations on the CO adsorptions
on two prototypical systems: small Pt,Au. clusters and PtAu
nanostructures deposited on the CoNC and graphene substrates.
Here, for simplicity, Pts/CoNC, Pt Au/CoNC, and Pt,Au,/C
were considered in our cluster model, and bi-layered Pt and
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Figure 5 Representative SEM images of (a) PtAu/C, (b) PtAuCo/C, and (c) Pt/C. (d) LSV curves of Pt/C, PtAu/C, PtAuCo/C, and PtAu/CoNC-3 catalysts
normalized by the Pt weight in aqueous solutions of 1 M HCOOH and 0.5 M H,SOs.. (e) CO tolerance (Jpi/Jpn). (f) Corresponding specific activities and

mass activities.
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Figure 6 (a) CO stripping voltammograms of different electrodes in 0.5 M H2SO4 with a sweep rate of 50 mV-s™". (b) and (c) First-principles calculation
of binding energy (Ey) for CO binding on PtAu/C, Pt/CoNC, and PtAu/CoNC-3. (b) and (c) show Pt,Aunm clusters and PtAu nanostructures models,

respectively.

PtAu films were selected to mimic the PtAu nanostructures, as
shown in Figs. 6(b) and 6(c), respectively. For both models,
the role of Au and CoNC in reducing the binding strength of
the CO was confirmed. Specifically, as shown in Fig. 6(b), the
E;, of CO on the optimized Pts/CoNC complex was 3.126 eV;
on Pt;Au,/CoNC, however, the E, was significantly reduced to
2.731 eV. Moreover, the calculated Es of the CO on Pt:Au./C,
at 3.216 eV, was larger than that on both Pts/CoNC and
Pt;Au,/CoNC. It is important to note that the same trend was
verified in the nanostructure model shown in Fig. 6(c). Therein,
the calculated E, was 2.095, 1.992, and 2.164 eV when CO
was adsorbed onto the Pt/CoNC, PtAu/CoNC, and PtAu/C
complexes, respectively.

The results of the first-principles calculation and the CO
stripping experiments are in good agreement, indicating that
the adsorption capacity of the three catalysts for CO follows
the order PtAu/CoNC < Pt/CoNC < PtAu/C. A comparison
between Pt/CoNC and PtAu/CoNC revealed that the addition
of Au can weaken the CO adsorption onto Pt, which is consistent
with our expectation. Moreover, the difference between the CO
absorption of PtAu/C and PtAu/CoNC indicates that CoONC
NFs is more beneficial for weakening the CO adsorption than
C, thus alleviating catalyst poisoning. Therefore, we conclude
that Pt, Au, and CoNC NFs have good synergistic effects for
exposing more active sites for the direct oxidation pathway by
weakening the adsorption of CO onto the active site, which
improves the catalytic performance of the Pt.

4 Conclusions

In this work, we discussed in depth the influence of different
Au contents in PtAu/CoNC on the FAO oxidation pathway
and obtained PtAu/CoNC catalyst with excellent catalytic
performance. An increase in the Au content caused the direct
oxidation pathway in FAO to gradually dominate. When the
Pt/Au atomic ratio was 1:1, the FAO catalytic activity of the
PtAu/CoNC sample greatly enhanced up to 26.0 times that
of the Pt/C. Moreover, the PtAu/CoNC showed excellent
performance in CO stripping experiments, with a lower onset
potential of 0.024 V compared with that of PtAu/C confirmed
using first-principles calculation. This excellent performance
is attributed to the synergistic effects of Pt and Au, Co-N; active
site formation by co-doping, graphitized carbon substrate, and
electron transfer between the metals and support material.
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