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ABSTRACT: Realizing  the  dehydrogenation  direct  pathway  of
formic  acid  electrooxidation  reaction  (FAOR)  via  sequential
dehydrogenation  steps  is  crucial  for  direct  formic  acid  proton
exchange  membrane  fuel  cells  (DFAPEMFCs).  Herein,  a  two-
dimensional  porous  Pt/Ag@Bi2Te3  electrocatalyst  featuring  a
triple-phase  heterointerface  is  prepared  via  a  visible  light-
induced  strategy.  The  heterointerface  effect  and  metal–support
effect  endow  the  Pt  active  sites  with  local  electron-rich
properties,  thereby  facilitating  attack  on  the  H  atom  of
H–COO–H to  cleave  the  C–H  and  O–H  bonds  and  realize  the
direct  pathway.  The  Pt/Ag@Bi2Te3  demonstrates  remarkable
FAOR  mass  and  specific  activities  of  10.7  A·mgPt

–1  and
45.46  mA·cm–2,  outperforming  commercial  Pt/C  by  factors  of
21.8 and 11.4, respectively. In the practical DFAPEMFC device,
the  Pt/Ag@Bi2Te3  delivers  a  peak  power  density  of  116.2
mW·cm–2,  indicating  its  application  potential.  Density  functional
theory  calculations  further  confirm  the  electron-rich  Pt  active  sites  and  higher  energy  efficiency  for  the  complete
dehydrogenation direct pathway. This study provides a new strategy for preparing highly efficient FAOR catalysts for actual
DFAPEMFCs.
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 1    Introduction
The distinct advantages of a high volumetric energy density (formic
acid: 1.75 kWh·L−1; hydrogen energy: 1.3 kWh·L−1) as well as ease of
storage  and  transportation  make  direct  formic  acid  proton
exchange  membrane  fuel  cells  (DFAPEMFCs)  are  considered  one
of  the  promising  energy  conversion  devices  [1−4].  Moreover,
during the anodic formic acid oxidation reaction (FAOR), a single
molecule of formic acid yields only one molecule of carbon dioxide

(CO2)  that  can  be  electrochemically  reduced,  which  enables  a
sustainable  CO2 cycle  (carbon  neutrality  as  the  strategic  objective)
[5−7].  Generally,  FAOR involves  the transfer  of  two electrons and
two  protons,  and  scientists  typically  consider  it  to  follow  two
reaction  mechanisms  (Scheme  1):  One  is  the  direct  pathway  via
sequential dehydrogenation (HCOOH → *HCOO + H+ + e− → CO2

+ 2H+ + 2e−) and the other is the indirect pathway via dehydration
(HCOOH  →  *CO  +  H2O  →  CO2 +  2H+ +  2e−)  [8−10].  The
abundance  of  continuous  Pt  active  sites  on  larger  Pt-based
nanoparticle  catalysts  facilitates  the  stable  adsorption  of  the
adsorption  intermediate  (*CO),  and  thereby  slows  down  the
kinetics of the direct pathway for FAOR and facilitates the indirect
pathway  [11−13].  Furthermore,  the  *CO  generated  via  the
dehydration  pathway  of  FAOR  can  block  the  active  sites  of  the
electrocatalyst  and  thereby  impede  the  sustained  reaction  process.
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Consequently,  the  operational  efficiency  of  DFAPEMFCs  is
reduced. Therefore, it is of crucial importance to change the FAOR
pathway  from  the  indirect  route  to  the  direct  route  of  sequential
dehydrogenation via the structural design of electrocatalysts, and to
accelerate the reaction kinetics of the direct pathway [14−16].

The  rational  design  of  electrocatalysts  via  interface  engineering
plays  a  vital  role.  The  interfaces  formed  by  two  or  more
components within heterogeneous electrocatalysts are crucial in the
electrocatalytic  process  [17−19].  In  heterostructure  electrocatalysts,
synergistic  effects  at  the  interfaces  between  different  components
considerably  accelerate  reaction  kinetics  by  balancing  the
adsorption/desorption  behavior  of  the  intermediate  reaction
[20, 21].  Moreover,  interface  engineering  can  modulate  the
electronic  structure  of  active  sites  via  electronic  interactions
between  different  components,  thereby  optimizing  the  binding
energy between active sites and intermediate products [22−24]. For
example,  the  synergistic  interaction  between  the  hexagonal  close-
packed  phase  and  the  face-centered  cubic  phase  in  the  Ru–Sn
nanoflower  structure  modulates  the  adsorption  energy  of  H,
weakens  the  binding  energy  of  CO,  and  thereby  accelerates  the
kinetics  of  the  electrooxidation  reaction  [25].  Moreover,  metal-
support  interactions  also  play  a  crucial  role  in  regulating  catalyst
performance.  Specifically,  the  support  modulates  of  the  metal  and
orbital  rehybridization at  the  interface  can effectively  adjust  the  d-
band  centers  of  the  metal  atoms  and  optimize  the  intrinsic
adsorption–desorption properties of electrocatalysts [26, 27].  Two-
dimensional  (2D)  hexagonal  Bi2Te3 semiconductor  nanomaterials
have gained traction owing to their superior electrical conductivity,
high  specific  surface  area,  and  unprecedented  optoelectronic
properties  [28, 29].  However,  studies  aimed  at  achieving  precise
control  over  electronic  structures  and  electrocatalytic  performance
using  synergistic  effects  between  interface  engineering  and
metal–support interactions remain relatively limited, particularly in
the  field  of  advanced  Pt-based  electrocatalysts  designed  for  FAOR
applications.

Herein, we report a Pt/Ag@Bi2Te3 electrocatalyst that co-anchors
Pt  and Ag heteronanoparticles  via  a  visible  light–induced strategy,
which facilitates the coexistence of triple-phase heterointerfaces and
precisely  tunes  the  electronic  structure  and  performance  of  the
primary Pt active sites. Compared with Pt@Bi2Te3, the introduction
of  Ag  further  adjusts  the  d-band  structure  of  Pt  and  thereby
changes the local  coordination environment to optimize HCOOH
adsorption  and  effectively  suppress  *CO  intermediates  formation.
The  prepared  triple-phase  heterointerfaces  catalyst  demonstrates
enhanced FAOR performance.  Its  mass  activity  (MA) and specific
activity  (SA)  are  21.8  times  and  11.4  times  higher  than  those  of
commercial  Pt/C  catalysts,  respectively.  In  addition,  in  practical
DFAPEMFCs,  the  peak  power  density  of  Pt/Ag@Bi2Te3 reaches

116.2  mW·cm−2.  Density  functional  theory  (DFT)  further  reveals
that the introduction of Ag enriches the charge at Pt active sites on
the  Pt/Ag@Bi2Te3 surface  and  thereby  suppresses  the  intrinsic  CO
formation  and  promotes  the  direct  FAOR  pathway  for  complete
dehydrogenation.

 2    Experimental section

 2.1    Materials
Chloroplatinic  acid  (H2PtCl6·6H2O,  99.9%)  was  purchased  from
Aldrich.  Silver nitrate (AgNO3,  AR),  bismuth chloride (BiCl3,  AR),
and  tellurium  oxide  (TeO2,  AR)  were  purchased  from  Macklin.
Polyvinylpyrrolidone  (PVP,  P40)  was  purchased  from  Aldrich.
Sodium  hydroxide  (NaOH,  AR),  ethanol  (99.8%),  ethylene  glycol
(EG,  AR),  formic  acid  (HCOOH,  AR),  and  sulfuric  acid  (H2SO4,
98%, AR) were purchased from Sinopharm Chemical Reagent Co.
Ltd.  (Shanghai,  China).  Pt/C  (20  wt.%  and  60  wt.%)  catalyst  was
obtained  from  Johnson  Matthey.  Vulcan  XC-72  was  got  from
Cabot. H2PtCl6·6H2O and AgNO3 need to be further diluted with a
concentration of 0.01 M.

 2.2    Synthesis of Bi2Te3 seeds
Bi2Te3 nanoplates  were  synthesized  according  to  a  previously
reported method [30]. In detail, 0.4 g of PVP, 0.315 g of BiCl3, 0.24
g of  TeO2,  and 0.5  g  of  NaOH were added to 22.5 mL of  EG and
stirred  at  room  temperature  for  60  min  in  a  45  mL  Teflon-lined
stainless-steel autoclave. The sealed autoclave was heated at 180 °C
for 9 h and cooled to room temperature. The product was washed
three  times  with  ethanol  at  10,000  rpm  for  30  min,  and  the  final
product was dispersed in 30 mL of ethanol.

 2.3    Synthesis of Pt/Ag@Bi2Te3, Pt@Bi2Te3, and Ag@Bi2Te3
The  synthesis  was  performed  via  a  visible  light-assisted  template
method. Specifically, 0.5 mL solution of Bi2Te3 seeds, 0.9 mL 0.01 M
chloroplatinic  acid,  and 0.1  mL 0.01 M AgNO3 were  added into a
culture dish containing 10 mL of EG. Following stirring for 5 min
at  room  temperature,  the  culture  dish  was  placed  in  a  dark  room
and irradiated with a table lamp (tungsten lamp, 40 W) for 2 h. The
product was centrifuged two times at 10,000 rpm with ethanol and
dispersed  in  4  mL  of  ethanol.  The  Pt/Bi2Te3 and  Ag@Bi2Te3 were
synthesized  following  the  same  procedure  for  synthesis  of
Pt/Ag@Bi2Te3 without using AgNO3 and chloroplatinic acid.

 3    Results and discussion

 3.1    Structure characterizations of Pt/Ag@Bi2Te3
Figure 1(a) presents a schematic diagram of the synthesis process of
the  heterostructure  Pt/Ag@Bi2Te3 2D  nanoplate  via  a
straightforward  solvothermal  method  combined  with  the
photochemical  method.  A  Bi2Te3 hexagonal  nanoplate  with  a
thickness of ~ 29.9 nm was prepared using BiCl3 and TeO2 as metal
precursors  (Fig.  S1(a)  in  the  Electronic  Supplementary  Material
(ESM)).  Subsequently,  photogenerated  electrons  were  generated
using  Bi2Te3 as  a  template  under  visible  light  and  successfully
reduced  Pt4+ and  Ag+ heterogeneous  nanoparticles.  The
nanoparticles  were  anchored  on  the  template  surface  to  form  a
triple-phase symbiotic heterogeneous structure composed of Pt, Ag,
and  Bi2Te3.  Transmission  electron  microscopy  (TEM)  and  high-

 

Scheme 1    Mechanism of formic acid electrooxidation.
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angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM)  images  reveal  that  Pt  and  Ag  nanoparticles  are
uniformly  anchored  onto  the  surface  of  Bi2Te3 nanoplates
(Figs.  1(b) and 1(c)).  The  three-dimensional  (3D)  atomic  force
microscopy (AFM) image shows the rough and uneven surface of
Pt/Ag@Bi2Te3,  which  is  further  confirmed by  the  2D AFM image,
with a maximum thickness of ~ 47.7 nm (Figs.  1(d) and 1(e),  and
Fig. S1(b) in the ESM). Owing to the leaching of Bi and Te elements
during  irradiation,  porous  structures  were  form  (Fig.  S2  in  the
ESM),  which  facilitate  mass  transport  and  thereby  enhance  the
electrocatalytic  reaction  performance  [31−33].  The  elemental
mapping in (Fig. 1(e)) indicates that this heterostructure comprises
four  elements:  Pt,  Ag,  Bi,  and  Te.  Inductively  coupled  plasma
optical  emission  spectroscopy  (ICP-OES)  measurements  indicate
that  Pt  and  Ag  contents  in  Pt/Ag@Bi2Te3 are  45.8%  and  4.7%,
respectively (Table S1 in the ESM).

X-ray  diffraction  (XRD)  patterns  exhibit  two  sets  of  diffraction
peaks for Pt@Bi2Te3 without Ag, while Pt/Ag@Bi2Te3 exhibits three
distinct sets of diffraction peaks (Fig. 2(a)). The diffraction peaks at
39.9°,  46.8°,  67.9°,  and 81.6°  correspond to  the  (111),  (200),  (220),
and  (311)  planes  of  face-centered  cubic  (fcc)  Pt,  are  referenced  in
the  standard  PDF  #01-1194,  respectively.  The  diffraction  peaks  at
37.9° and 44.6° correspond to the (111) and (200) crystal planes of
fcc-structured  Ag,  according  to  the  standard  PDF  #03-0921.
Compared with the standard diffraction peaks of Pt and Ag, these
diffraction peaks do not shift, which indicates that Pt and Ag have
not  formed  the  alloy  phase.  The  diffraction  peaks  at  26.3°,  27.7°,
33.4°, 54.2°, 59.0°, 62.36°, and 66.07° correspond attributable to the
(104),  (015),  (018),  (0018),  (0210),  (1115),  and (0210)  facets  of  the
hexagonal  close-packed  (hcp)  structure  Bi2Te3,  respectively.

Moreover,  owing  to  the  leaching  of  Bi  and  Te  elements  during
visible  light  irradiation  progress,  new  Bi2Te3 diffraction  peaks  are
exposed in Pt/Ag@Bi2Te3. XRD results confirm the formation of the
three-phase  heterointerface  in  Pt/Ag@Bi2Te3.  The  average  particle
size  of  nanoparticles  on  Pt/Ag@Bi2Te3 is  ~  4.11  nm  (Fig.  2(b)).
HAADF-STEM  images  (Fig.  2(c))  display  abundant  interfaces  on
the Pt/Ag@Bi2Te3 particles. The Pt/Ag@Bi2Te3 surface exhibits three
distinct  lattice  spacings:  0.226  nm  corresponding  to  the  Pt  (111)
facet,  0.236  nm  attributed  to  the  Ag  (111)  lattice  plane,  and
0.203  nm  corresponding  to  the  Bi2Te3 (0015)  crystal  plane
(Figs. 2(d)−2(h)), which is consistent with the aforementioned XRD
results. Figures  2(d)−2(f) show  the  existence  of  the  triple-phase
interfaces  between  Pt,  Ag,  and  Bi2Te3.  Corresponding  fast  Fourier
transform  (FFT)  images  corroborate  the  formation  of  the  triple-
phase heterointerface, which is consistent with the abovementioned
XRD  results.  Moreover,  abundant  Pt–Pt  homojunction  interfaces
exist  on  the  Pt/Ag@Bi2Te3 surface  (Figs.  2(g) and 2(h)).  The
presence of these abundant interfaces provides abundant active site
regions  and  promotes  intense  electron  transfer  that  optimizes  the
adsorption  energy  of  reactants  and  enhances  the  electrocatalytic
performance  [34, 35].  The  control  sample  of  Pt@Bi2Te3,  with  a
structure  similar  to  that  of  Pt/Ag@Bi2Te3 was  synthesized  without
adding AgNO3 (Fig. S3 in the ESM).

High-resolution  X-ray  photoelectron  spectroscopy  (XPS)  is
employed to further analyze the electronic structural changes in the
catalysts. Figure 3(a) illustrates the Pt 4f spectra of commercial Pt/C,
Pt@Bi2Te3,  and  Pt/Ag@Bi2Te3.  Pt  simultaneously  exhibits  metallic
and  oxidized  states,  with  binding  energies  of  71.36  and  74.81  eV,
which  are  attributed  to  the  4f7/2 and  4f5/2 electron  orbitals  of  Pt0,
respectively.  The  binding  energies  of  72.28  and  75.76  eV

 

Figure 1    Synthesis and structure characterizations of Pt/Ag@Bi2Te3. (a) Schematic illustrating the synthesis of Pt/Ag@Bi2Te3. (b) TEM image, (c) HAADF-STEM image,
(d) and (e) AFM images and the corresponding height profiles, and (f) corresponding elemental mapping images of Pt/Ag@Bi2Te3.
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correspond  to  the  4f7/2 and  4f5/2 orbitals  of  Pt2+,  respectively.
Compared with commercial  Pt/C,  the binding energies  of  Pt  4f  in
Pt@Bi2Te3 and  Pt/Ag@Bi2Te3 exhibit  negative  shifts  of  0.31  and
0.36 eV, respectively. This indicates the presence of strong electron
interactions  between  Pt  and  other  metal  atoms,  which  facilitates
optimization of the Pt 4f electronic structure. The binding energy of
Ag  3d5/2 in  Pt/Ag@Bi2Te3 exhibits  a  positive  shift  when  compared
with  standard  Ag  (Fig.  S4(a)  in  the  ESM)  [36, 37],  which  is  likely
attributed  to  the  lower  electronegativity  of  Ag  (1.93)  relative  to  Pt
(2.28). Ag is an electron donor, which transfers electrons to Pt and
thereby  increases  the  electron  density  of  Pt  while  reducing  its
binding  energy.  The  positive  shift  of  Bi  4f  and  Te  3d  binding
energies  indicates  a  strong  metal–support  interaction  between  Pt
and  the  support  (Figs.  S4(b)  and  S4(c)  in  the  ESM).  In
Pt/Ag@Bi2Te3,  the  positive  shift  of  the  Bi  4f  binding  energy  is
weaker than that in Pt@Bi2Te3, proving that the introduction of Ag
alleviates  the electron donation pressure of  Bi2Te3.  The shift  in the
XPS  valence  band  spectra  (Fig.  3(b))  equally  indicates  that  the
synergistic interaction between the interface and the support causes
the d-band center of  Pt in Pt/Ag@Bi2Te3 to shift  upward toward a
position  closer  to  the  Fermi  level  [38, 39].  This  can  optimize  the
adsorption capacity of the active Pt sites for HCOOH and enhance
proton binding and the subsequent  dehydrogenation process  [40].
The  electronic  and  coordination  structures  of  Pt  atoms  in

Pt@Bi2Te3 and Pt/Ag@Bi2Te3 are further characterized using X-ray
near-edge  absorption  spectroscopy  (XANES)  and  extended  X-ray
absorption  fine  structure  (EXAFS).  The  XANES  spectrum  reveals
that the white line intensity is slightly higher than that of Pt foil but
markedly lower than that of PtO2;  this confirms that the Pt species
in  Pt/Ag@Bi2Te3 and  Pt@Bi2Te3 primarily  exist  in  the  metallic
state (Fig. 3(c)). The EXAFS spectra of Pt@Bi2Te3 and Pt/Ag@Bi2Te3

show scattering peaks at 2.76 and 2.75 Å, respectively, which can be
attributed to Pt–Pt bonds (Figs. 3(d)−3(f) and Fig. S5 in the ESM).
In  addition,  the  coordination  numbers  of  the  Pt–Pt  bond  and
Pt–Ag/Bi/Te  bonds  in  Pt/Ag@Bi2Te3 are  10.8  and  0.9,  respectively
(Table S2 in the ESM), approaching the results for Pt@Bi2Te3. This
confirms the presence of metallic Pt nanoparticles and the existence
of  metal–support  interactions.  Wavelet  analysis  (WT) of  the  Pt  L3

edge EXAFS for Pt/Ag@Bi2Te3 and Pt@Bi2Te3 indicates the presence
of  alloy  bonds  and  metallic  bonds,  which  further  validates  the
bonding  structure  of  the  catalysts  (Figs.  3(g)−3(i)).  The
abovementioned  results  conclusively  demonstrate  that
Pt/Ag@Bi2Te3 is  not a simple physical  mixture.  Instead,  it  achieves
synergistic  effects  between  the  interface  and  the  support  via  the
formation of  a  three-phase  heterointerface,  thereby optimizing the
surface  charge  distribution  of  the  catalyst  and  considerably
enhancing its electrocatalytic performance [41].

 

Figure 2    Structure characterizations of Pt/Ag@Bi2Te3.  (a) XRD patterns of Pt@Bi2Te3,  Pt/Ag@Bi2Te3,  and Bi2Te3.  (b)–(h) The HAADF-STEM images of Pt/Ag@Bi2Te3

(the red dashed lines represent interfaces and the corresponding FFT patterns).
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 3.2    FAOR and performances of Pt/Ag@Bi2Te3
The  FAOR  performances  of  commercial  Pt/C,  Pt@Bi2Te3,  and
Pt/Ag@Bi2Te3 are  evaluated  under  acidic  conditions.  Figure  S6  in
the ESM exhibited the CV curves of all electrocatalysts recorded in
a  N2-saturated  0.5  M  H2SO4 solution.  The  electrochemical  surface
areas  (ECSA)  of  commercial  Pt/C,  Pt@Bi2Te3,  and  Pt/Ag@Bi2Te3

were determined based on the desorption peaks of  Cuupd,  with the
values  of  12.37,  18.25,  and  23.5  m2·gPt

–1,  respectively  (Figs.
S7(a)–S7(d)  in  the  ESM).  Among  these,  Pt/Ag@Bi2Te3 exhibit  the
highest  ECSA  value,  indicating  that  Pt/Ag@Bi2Te3 possesses
additional active sites. The FAOR performances of several catalysts
are  further  evaluated  in  0.5  M  H2SO4 +  3  M  HCOOH  (Figs.  4(a)
and 4(b),  and  Fig.  S7(e)  in  the  ESM).  When  compared  with
Pt/Ag@Bi2Te3 and Pt@Bi2Te3, the cyclic voltammetry (CV) curve of
commercial  Pt/C  exhibits  two  distinct  oxidation  peaks,  revealing
the existence of both direct and indirect paths [42, 43]. In Fig. 4(a)
show that  the oxidation peak of  Pt/Ag@Bi2Te3 appears  at  0.672 V,
which  is  negatively  shifted  by  61  and  335  mV  compared  to
Pt@Bi2Te3 and  commercial  Pt/C,  respectively.  Pt/Ag@Bi2Te3

exhibits the highest MA and SA of 10.7 A·mgPt
–1 and 45.46 mA·cm–2,

respectively.  These  values  were  21.8/11.4  and  2.1/1.7  times  higher
than  those  of  commercial  Pt/C  and  Pt@Bi2Te3,  respectively.
Furthermore,  Ag@Bi2Te3 and  Bi2Te3 show  no  catalytic  activity
toward FAOR (Fig. S8 in the ESM), which confirms that the active
site  for  FAOR  originates  from  Pt.  Pt/Ag@Bi2Te3 exhibited  the

lowest  Tafel  slope  (Fig.  4(c)),  indicating  that  it  has  faster  reaction
kinetics  during  the  FAOR  process  [44−46].  The  MA  of
Pt/Ag@Bi2Te3 is  also  superior  to  most  reported  Pt-based  catalysts
for FAOR (Fig. 4(d) and Table S3 in the ESM).

The current density of Pt/Ag@Bi2Te3 remains higher than that of
commercial Pt/C and Pt/Ag@Bi2Te3 throughout the 3600 s stability
test  at  an  operating  voltage  of  0.4  V  vs.  RHE  (Fig.  4(e)).
Furthermore, following a 3 h stability test, the MA of Pt/Ag@Bi2Te3

remains 23.3 times higher than that of commercial Pt/C (Fig. 4(f)),
demonstrating  its  outstanding  FAOR  stability.  Following  stability
testing,  the particles  on the Pt/Ag@Bi2Te3 did not show significant
aggregation,  and  their  average  particle  size  was  4.33  nm.
Pt/Ag@Bi2Te3 maintains  the  2D  hexagonal  nanoplate  morphology
with  anchored  nanoparticles  while  preserving  the  triple-phase
coexisting  heterostructure,  which  better  demonstrates  its  excellent
structural  and compositional  stability  (Fig.  S9 in the ESM). In situ
CO  antipoisoning  tests  reveals  that  the  MA  of  Pt/Ag@Bi2Te3

decreases by only 22.37%, which is considerably lower than that of
Pt/C  and  Pt@Bi2Te3,  confirming  the  introduction  of  Ag  further
enhancement  CO  tolerance  of  Pt/Ag@Bi2Te3 (Figs.  4(g) and 4(h),
and  Fig.  S10  in  the  ESM)  by  tuning  the  electronic  structure
of Pt [47−49].

 3.3    Mechanism  investigation  and  DFAPEMFCs
performance

 

Figure 3    XPS, XANES, and EXAFS. (a) XPS spectra of Pt 4f.  (b) XPS valence-band spectra. (c) Pt L3-edge XANES spectra. (d) FT-EXAFS spectra. Pt L3-edge EXAFS
fitting of (e) Pt/Ag@Bi2Te3 and (f) Pt@Bi2Te3. WTs of EXAFS spectra for (g) Pt/Ag@Bi2Te3, (h) Pt@Bi2Te3, and (i) Pt foil.
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In  situ attenuated  total  reflection  surface-enhanced  infrared
absorption  spectroscopy  (ATR-SEIRAS)  is  performed  on
Pt/Ag@Bi2Te3, Pt@Bi2Te3, and commercial Pt/C to further elucidate
the  mechanism  and  reaction  pathways  of  FAOR.  As  shown  in
Figs.  5(a)−5(c),  an  *HCOO  signal  detected  at  1730  cm–1 indicates
that  the  reaction  proceeds  via  the  formate  pathway.  The  signal  at
1650  cm–1 is  attributed  to  water  formation.  The  banded  signal  at
~  2350  cm–1 originates  from  the  stretching  vibration  of  CO2

produced by  formic  acid  oxidation.  Meanwhile,  the  banded signal
at  ~  2050  cm–1 indicates  the  formation  of  *CO  [50−52].  During
formic acid oxidation,  Pt@Bi2Te3 exhibits  weaker COL signals  than
commercial  Pt/C,  while  no  *CO  is  detected  on  Pt/Ag@Bi2Te3

(Figs.  5(d)−5(f)).  Furthermore, in  situ real-time  spectroscopy  (Fig.
S11  in  the  ESM)  reveals  the  emission  of  CO2 stretching  vibration
signals  at  low potentials,  with  signal  intensity  exhibiting  a  positive
correlation with the oxidation potential. The CO2 signal intensity of
Pt/Ag@Bi2Te3 is  considerably  higher  than  that  of  Pt@Bi2Te3 and
commercial  Pt/C  catalysts,  which  comprehensively  demonstrates
that  the  triple-phase  heterostructure  Pt/Ag@Bi2Te3,  which  is
characterized  by  interfacial  effects,  porous  structure,  and  strong
charge  interactions,  exhibits  faster  FAOR  kinetics.  The
abovementioned  analysis  indicates  that  Pt/Ag@Bi2Te3 not  only
accomplished  formic  acid  oxidation  in  acidic  media  but  also
achieved  a  2e– complete  dehydrogenation  pathway  (HCOOH  →
*HCOO  +  H+ +  e– →  CO2 +  2e– +  2H+),  thereby  avoiding  the
adsorption of toxic intermediate products (Fig. 5(g)) [53−55]. This

is partly attributed to the synergistic effect between the triple-phase
heterogeneous  interface  and  the  support  regulates  the  bonding
selectivity of Pt atoms toward formic acid oxidation intermediates.
Moreover, The introducement of Ag further enhances the ability of
Pt to bind protons while suppressing the formation and adsorption
of  *CO [56, 57],  thereby  enabling  the  continuous  electrooxidation
process of formic acid dehydrogenation.

Compared  with  the  three-electrode  system,  testing  using  a
practical  fuel  cell  better  represents  industrial  applications  [58, 59].
Therefore,  we  use  Pt/Ag@Bi2Te3 as  the  anode catalyst  in  an actual
DFAPEMFC device  and evaluated its  power density.  As shown in
Fig.  5(h),  Pt/Ag@Bi2Te3 achieves  a  peak  power  density  of  116.2
mW·cm–2 at a current density of 335 mA·cm–2,  which is 2.27 times
higher  than  that  of  commercial  Pt/C  (51.1  mW·cm–2 at  118
mA·cm–2).  The DFAPEMFC performance of Pt/Ag@Bi2Te3 is close
to that of the reported catalysts (Table S4 in the ESM). This suggests
that  Pt/Ag@Bi2Te3 is  a  strong  candidate  for  being  the  anode
electrocatalyst in practical DFAPEMFCs.

 3.4    DFT calculations
To gain insights  into the mechanism of  Pt/Ag@Bi2Te3 triple-phase
heterostructures  in  FAOR,  we  investigate  their  reaction
thermodynamics  in  both  direct  and  indirect  pathways  by
performing  DFT  calculations  (Fig.  6).  The  model  of  the  Pt  (111),
Pt@Bi2Te3,  and  Pt/Ag@Bi2Te3 in  shown  in  Fig.  S12  in  the  ESM.

 

Figure 4    FAOR performance evaluation of Pt/Ag@Bi2Te3 and other counterparts. (a) Forward-scan CV curves of different catalysts in 0.5 M H2SO4 + 3 M HCOOH at a
scan rate of 50 mV·s−1. (b) MA and SA of different catalysts for FAOR. (c) Tafel plots of different catalysts. (d) FAOR MA comparison of Pt/Ag@Bi2Te3 and other reported
Pt-based catalysts. (e) Current–time test of commercial Pt/C and different catalysts in 0.5 M H2SO4 + 3 M HCOOH. (f) Current–time test curves of Pt/Ag@Bi2Te3 and
commercial Pt/C. (g) In situ CO test experiment. (h) Normalized MA before and after flowing CO gas into the electrolyte.
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Compared with  Pt  (111)  and Pt@Bi2Te3,  the  total  density  of  states
near the Fermi level is  enhanced on Pt/Ag@Bi2Te3 (Fig.  S13 in the
ESM),  which  enables  the  active  site  Pt  to  provide  additional
electrons  and  facilitate  the  activation  and  subsequent
dehydrogenation  of  HCOOH.  The  projected  partial  density  of
states  (PDOS)  of  Pt@Bi2Te3 reveals  excellent  energy  alignment
between  the  Pt  5d  orbital  and  the  Bi  6p  and  Te  5p  orbitals
(Fig. 6(a)), indicating p–d hybridization between Pt and the support
[60].  Pt/Ag@Bi2Te3 demonstrates  a  similar  trend  (Fig.  6(b)).
Furthermore,  the  Ag  4d  orbital  and  Pt  5d  band  considerably
overlap,  indicating  strong  d–d  orbital  hybridization  between  Ag
and  Pt.  Bader  charge  analysis  (Fig.  6(c))  confirms  that  apart  from
the  carrier  transferring  electrons  to  Pt,  Ag  becomes  an  electron
donor,  which  supplies  electrons  to  the  Pt  active  sites  on  the
Pt/Ag@Bi2Te3 surface,  which  is  consistent  with  the  XPS  analysis.
This  property  promotes  the  binding  of  Pt  with  protons  in  formic
acid,  thereby  enabling  complete  dehydrogenation  during  the
electrooxidation  of  formic  acid  [16].  FAOR  generally  follows  the
direct  pathway  of  sequential  dehydrogenation  (*HCOOH  →
*HCOO  →  CO2)  and  the  indirect  pathway  of  dehydration
(*HCOOH  →  *COOH  →  *CO  →  CO2). Figure  6(d) and  Figs.  S14
and S15  in  the  ESM illustrate  the  adsorption  models  for  Pt  (111),
Pt@Bi2Te3,  and  Pt/Ag@Bi2Te3 in  direct  and  indirect  pathways,
respectively.  Compared  with  Pt  (111)  and  Pt@Bi2Te3,  the  direct

pathway  for  Pt/Ag@Bi2Te3 does  not  encounter  a  considerable
energy  barrier  (Figs.  6(e)−6(g)),  indicating  the  more  convenient
nature  of  the  reaction.  The  energy  barrier  difference  of  the  rate-
determining  step  (RDS)  between  the  direct  and  indirect  pathways
for  Pt/Ag@Bi2Te3 is  more  pronounced  than  that  observed  for  Pt
(111)  and  Pt@Bi2Te3.  This  indicates  that  Pt/Ag@Bi2Te3 can
effectively  suppress  CO  formation  and  thereby  enable  the  direct
pathway to dominate [61]. The RDS energy barriers for both direct
and  indirect  pathways  on  Pt  (111)  and  Pt@Bi2Te3 are  relatively
close,  indicating  that  both  pathways  can  readily  occur  on  their
surfaces  which is  also  consistent  with in  situ ATR-SEIRAS results.
In addition, compared with Pt (111) and Pt@Bi2Te3, the C–H bond
cleavage  energy  barrier  for  Pt/Ag@Bi2Te3 in  the  direct  pathway  is
dramatically  decreased.  Experiments  and  DFT  calculations
collectively  confirm  that  the  synergistic  effect  between  the  Ag-
introduced  triple-phase  heterointerface  and  the  support  promotes
electron enrichment at Pt sites. This facilitates the attack of Pt active
sites on protons of HCOOH, effectively suppressing the formation
of  intrinsic  CO  and  boosting  the  direct  FAOR  pathway  for
complete dehydrogenation.

 4    Conclusions
In summary, 2D Pt/Ag@Bi2Te3 hybrid featuring a porous structure

 

Figure 5    In situ ATR-SEIRAS with the potential ranging from 0.1 to 1.1 V vs. RHE of ((a) and (d)) Pt/Ag@Bi2Te3, ((b) and (e)) Pt@Bi2Te3, and ((c) and (f)) commercial
Pt/C. (g) Schematic of the FAOR process of Pt/Ag@Bi2Te3. (h) Polarization plots of Pt/Ag@Bi2Te3 and commercial Pt/C.
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and  a  triple-phase  heterointerface  was  successfully  prepared  via  a
visible  light-induced  strategy.  Pt/Ag@Bi2Te3 demonstrated
considerably enhanced activity and stability for FAOR with intrinsic
CO  resistance,  achieving  MA  of  21.8  and  2.1  times  higher  than
those  of  commercial  Pt/C and a  comparable  sample  of  Pt@Bi2Te3.
In  practical  DFAPEMFC  tests,  the  Pt/Ag@Bi2Te3 achieved  a  peak
power  density  far  more  than  that  of  commercial  Pt/C.  The
complete  dehydrogenation  direct  pathway  was  revealed  by in  situ
ATR-SEIRAS.  The  heterointerface  effect  and  metal–support  effect
in Pt/Ag@Bi2Te3 hybrid were conformed by XPS and EXAFS. DFT
calculations  further  revealed  electron  enrichment  at  Pt  sites  and
energy-favorable direct pathway of FAOR over Pt/Ag@Bi2Te3. This
study  provided  a  novel  strategy  for  the  development  of  highly
efficient  anode  catalysts  that  would  be  suitable  for  DFAPEMFCs
and provided insights into the FAOR mechanism via the complete
dehydrogenation direct pathway.

 Electronic  Supplementary  Material: Supplementary  material
(characterization,  additional  data,  and  kinetic  modeling  code)  is
available  in  the  online  version  of  this  article  at https://doi.org/

10.26599/NR.2026.94907061.
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