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ABSTRACT: Active  oxygen  radicals  (OH*/O*/OOH*)  generated
from  oxygen  evolution  reaction  (OER)  play  a  crucial  role  in
facilitating  the  electrooxidation  of  organic  compounds  into  high
value-added chemicals. However, constructing atomically precise
active  sites  with  a  specific  function  to  catalyze  water-coupled
electrooxidation  reactions  in  a  tandem  system  still  confronts  a
great  challenge.  Herein,  we  propose  a  novel  water-participating
benzyl  alcohol  electrooxidation  tandem  process  by  constructing
homogeneous isolated Fe–Pt dual-atom site catalysts on CoOOH
nanosheet  arrays  (FePt  DAC).  The  Fe  and  Pt  dual  atomic  sites
synergistically  deliver  excellent  benzyl  alcohol  oxidation reaction
activity  with  a  high  current  density  of  1500  mA·cm−2  at  a  low
potential of 1.49 V (vs. reversible hydrogen electrode (RHE)) and
remarkable long-term durability  without  obvious attenuation after
530  h  operation.  In-situ  Fourier-transform  infrared  spectroscopy,  isotopic  tracing  experiment,  and  detailed  theoretical
calculations further reveal the tandem mechanism, in which the  in-situ generated O* species on the Fe site through OER
process serve as key intermediates that bridge the subsequent electrochemical benzyl alcohol oxidation on neighboring Pt
site.  This  coupled  oxidation  mechanism  turns  competitive  OER  process  into  mutual  benefits  and  provides  insights  to
achieve directional transformation of chemical bonds via construction of collaborative dual atomic sites.
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1    Introduction
The “green hydrogen” produced by water electrolysis that is driven
by  renewable  energy  is  the  only  type  of  hydrogen  that  has  the
potential  to  achieve  net  zero  carbon  emissions  throughout  the
entire process from production to consumption [1, 2]. Nevertheless,
the conventional water electrolysis process requires a high working
voltage  (>  1.23  V)  due  to  the  inherently  sluggish  four-electron
transfer of anodic oxygen evolution reaction (OER) [3, 4]. Various
reactive oxygen intermediates (*OH, *O, OOH*) generated during
the  OER  process  are  prone  to  bind  with  protons  in  the  solution,
thus  inhibiting  hydrogen  evolution  and  thus  reducing  Faraday

efficiency  [5].  If  those  active  oxygen  intermediates  that  possess
active  chemical  properties  and  strong  oxidation  ability  [6−10]  are
used as oxygen source to participate in the electrooxidation, it is not
only  expected  to  achieve  green  synthesis  of  value-added  bulk
chemicals  [11−13]  but  also  to  reduce  anodic  oxidation  potential
and  overall  energy  consumption,  facilitating  hydrogen  production
at industrial scale [14, 15]. Among possible OER-substituted anodic
reactions,  alcohols  can  undergo  oxidation  by  these  active  oxygen
species,  yielding  aldehydes  and  acids  [16, 17].  For  example,  the
oxidation  of  benzyl  alcohol  produces  benzoic  acid,  a  valuable  fine
chemical  that  can  be  used  in  the  synthesis  of  fibers,  resins,  and
corrosion-resistant  industries  [18, 19].  However,  water  electrolysis
coupled  benzyl  alcohol  oxidation  reaction  (BAOR)  involves
multiple  steps  of  electron  and  proton  transfer  [20−22].  Precise
synthesis  of  electrocatalyst  is  the  key  to  achieving  high  current
density and targeted conversion of chemical bond.

The  concept  of  single-atom  catalyst  (SAC)  has  sparked  rapid
development  over  a  decade  since  its  proposal  in  2011  [23].
Attributing  to  its  maximum  atomic  utilization,  well-defined  active
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sites  and  unsaturated  coordination  configurations,  SAC  exhibits
significant  foreground in  various  reactions  [24−27].  However,  it  is
difficult  for  SAC to break the linear  relationship between different
intermediates when the reaction involves multiple intermediates or
requires more than one atom, limiting their application in tandem
reactions  [28−30].  For  water-benzyl  alcohol  coupled  oxidation
system,  it  is  essential  for  active  oxygen intermediates  generated by
water  oxidation  to  be  matched  with  the  subsequent  adsorption,
mass transfer,  and oxidation process  of  organic compounds at  the
electrode  interface.  However,  the  optimal  catalytic  sites  for  these
two  processes  may  have  completely  different  properties  [31].
Hence,  dual-atom  site  catalysts  (DACs),  as  one  step  further  in
regulating  SACs,  have  gained  great  attention  in  recent  years
[32−35].  The  introduction  of  another  metal  atom  into  the  active
moiety of SACs, thus forming DACs, could help DACs inherit the
high  atomic  utilization,  atomic  dispersity,  and  selectivity  of  SACs
and  also  break  the  inherent  limitation  of  the  linear  relationship
[36−40]. These DACs catalysts offer more active sites to absorb and
bind  with  the  intermediates,  tuning  the  binding  mode  via  O-,  C-,
and N-binding sites,  which give priority to fulfill  complex reaction
paths [41−44]. Yet, there is currently relatively little research on the
use of DACs for water-coupled electrooxidation reactions.

Herein,  we  synthesized  a  DAC  with  atomically  Fe  and  Pt
homogeneously  distributed  on  the  CoOOH  nanosheets  (FePt
DAC)  through  an  electrochemical  deposition  strategy.  The  FePt
DAC  exhibited  excellent  benzyl  alcohol  electrooxidation  activity
with  high  current  density  (100  mA·cm−2 at  1.28  V  vs.  reversible
hydrogen  electrode  (RHE)  and  1500  mA·cm−2 at  1.49  V  vs.  RHE)
and  nearly  100%  conversion  to  benzoic  acid.  Moreover,  stability
assessment over 500 h also implied a highly robust catalyst. In-situ
spectrum  and  isotope-labeled  method  indicated  the  presence  of
oxygen  radicals  and  the  participation  of  H2O  in  the  formation  of
ultimate  product.  Detailed  density  functional  theoretical  (DFT)
calculations  further  unveiled  the  tandem mechanism,  showing the

active  O*  radicals  that  are  generated  on  the  Fe  site  bridge  OER
process  and  the  oxidation  of  benzyl  alcohol.  Specifically,  the  Fe
atoms in the CoOOH lattice facilitate water oxidation, resulting in
active  O*  radicals  to  oxidize  the  benzyl  alcohol  that  was  adsorbed
on the adjacent Pt  atoms,  eventually  generating benzoic acid.  This
work  provided  a  new  approach  for  the  development  of  water
electrolysis  coupled  oxidation  and  outlook  to  achieve  the
electrocatalytic  oxidation  of  organics  without  external  oxygen
source  through  devising  efficiently  catalytic  dual  atomic  sites  to
fulfil the industrial-scale production. 

2    Results and discussion
 

2.1    Synthetic process and structure characterization of the
FePt DAC
The  CoOOH  nanosheet  was  fabricated  on  nickel  foam  (NF)  via
electrodeposition in  a  standard three-electrode system followed by
electroactivation  (Figs.  S1(a),  S1(b),  and  S2(a)  in  the  Electronic
Supplementary Material (ESM)). Then, atomically dispersed Fe and
Pt were successively loaded onto CoOOH substrate through a two-
step electrodeposition strategy to obtain the final catalyst FePt DAC
(Fig.  1(a)).  After  incorporating  Fe  and  Pt,  the  hierarchical
nanosheet  arrays  were  well-retained  without  phase  transition  or
perceptible morphological changes (Fig. 1(b) and Figs. S1(c)–S1(d)
in  the  ESM).  High-angle  annual  dark-field  scanning  transmission
electron  microscope  (HAADF-STEM)  images  and  corresponding
energy-dispersive  X-ray  spectroscopy  (EDS)  element  mapping
images demonstrated the homogeneous distribution of Co, Fe, and
Pt  throughout  the  FePt  DAC  nanosheets  (Fig.  1(c)).  High-
resolution TEM (HRTEM) image did not show visible metallic  Fe
or Pt  species  in FePt DAC (Fig.  1(d)).  The corresponding selected
area electron diffraction (SAED) pattern confirmed the existence of
typical  lattice  facets  of  0.142  and 0.243  nm that  correspond to  the

 

Figure 1    Schematic synthesis and structural characterization of FePt DAC catalyst. (a) Schematic illustration of the fabrication process of FePt DAC. (b) TEM image of
FePt DAC. (c) EDS elemental mapping images of FePt DAC. (d) HRTEM image of FePt DAC. Inset was SAED pattern of FePt DAC. (e) Atomic-resolution HAADF-
STEM image of FePt DAC.
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(110)  and  (101)  crystallographic  planes  of  γ-CoOOH  (PDF  #  06-
0075)  (Fig.  1(d) and  Fig.  S3  in  the  ESM)  [45, 46].  Those
observations  were  consistent  with  the  results  of  X-ray  diffraction
(XRD), which only displayed two typical peaks associated with the
(003)  and  (006)  planes  of  γ-CoOOH  and  no  peaks  of  metal
nanoparticles  were  observed  [18].  Atomic-resolution  HAADF-
STEM  image  in Fig.  1(e) showed  many  isolated  bright  dots
scattered on the CoOOH substrate that attributed to Pt atoms since
Fe  and  Co  atoms  were  not  easily  distinguishable  because  of  their
closer  atomic  numbers  while  Pt  atoms  were  relatively  heavier  in
contrast  to  the  Co  and  Fe.  Electron  energy  loss  spectroscopy  also
proved the existence of Fe atoms (Fig. S4 in the ESM). In addition,
the  presence  of  Fe  and  Pt  was  further  confirmed  by  inductively
coupled  plasma  optical  emissions  spectrometry  (ICP-OES)  with
2.1 wt.% Fe and 4.3 wt.% Pt on the CoOOH supports, respectively
(see  Table  S1  in  the  ESM).  For  comparison,  we  also  prepared  Fe
SAC, Pt SAC, and PtFe DAC catalysts (Figs. S2(b)–S2(d) and S3 in
the ESM). Particularly, the PtFe DAC was synthesized via changing
the sequence of electrodeposition (see details in the ESM). The PtFe
DAC exhibited similar hierarchical nanosheet morphology, as well
as homogeneous Fe, Co, and Pt element distribution (Fig. S5 in the
ESM). ICP data (see Table S1 in the ESM) exposed a decrease in Pt
atom  content  (2.5  wt.%)  compared  to  FePt  DAC,  which  may
account for the sharply decreased Pt atoms observed in the atomic-
resolution HAADF-STEM image (Fig. S5(d) in the ESM).
 

2.2    Atomic  structure  and  electronic  state  analysis  of  the
FePt DAC
To examine  the  electronic  and  geometric  structure  evolution  after
the formation of FePt DAC, X-ray absorption spectroscopy (XAS)
and  X-ray  photoelectron  spectroscopy  (XPS)  spectra  were
conducted.  The  Fourier-transformed  (FT)  Fe  K-edge  extended  X-
ray  absorption  fine  structure  (EXAFS)  spectra  of  FePt  DAC
exhibited  an  obvious  peak  at  1.47  Å,  ascribing  to  the  Fe–O
coordination in the first  shell  (Fig.  2(a)).  Wavelet  transform (WT)
plots  for  the  Fe  K-edge k3-weighted  EXAFS  spectra  evidenced  the
existence  of  Fe–O  scattering  path  in  FePt  DAC  with  intensity
maximum located at  5.23 Å−1 (Fig.  S6 in the ESM). The Pt L-edge
FT-EXAFS spectra of FePt DAC showed a peak situated at 1.62 Å
(Fig.  2(b)),  which was  assigned to  the  Pt–O stretching path in  the
first shell. In addition, as for Pt L-edge k3-weighted EXAFS spectra,
the  WT-EXAFS  plots  were  in  agreement  with  the  FT-EXAFS
spectra, with the intensity maximum for Pt–O scattering path that
situated  at  6.03  Å−1 in  the R-space  (Fig.  S7  in  the  ESM).
Contrastingly, no Fe–Fe or Pt–Pt scattering paths were observed in
the FT-EXAFS and WT-EXAFS spectra. These results indicated the
atomically  dispersed  Fe  and  Pt  without  clusters  or  nanoparticles.
The  FT-EXAFS  spectra  of  Co  K-edge  showed  that  CoOOH  and
FePt  DAC  have  similar  double  peaks  at  1.44  and  2.42  Å,
corresponding to Co–O and Co–O–Co, respectively (Fig. S8 in the
ESM) [47]. Similar conclusion was found in the FT-EXAFS spectra
of Co K-edge (Fig. S9 in the ESM).

 

Figure 2    Electronic structure characterizations of FePt DAC. (a) FT-EXAFS spectra of Fe foil, Fe2O3, Fe SAC, and FePt DAC at Fe K-edge. (b) FT-EXAFS spectra of Pt
foil, PtO2, Pt SAC, and FePt DAC at Pt L-edge. (c) XANES spectra of Fe K-edge in Fe foil, Fe2O3, Fe SAC, and FePt DAC. (d) XANES spectra of Pt L-edge in Pt foil, PtO2,
Pt SAC, and FePt DAC. (e) Fe 2p XPS spectra of Fe SAC and FePt DAC. (f) Pt 4f XPS spectra of Pt SAC and FePt DAC. (g) Theoretical model of FePt DAC, in which
yellow ball for Fe atom, gray ball for Pt atom, and indigo ball for Co atom. ((h) and (i)) EXAFS fitting results of FePt DAC in the first shell in R-space for (h) Fe K-edge
and (i) Pt L-edge.
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Fe  K-edge  X-ray  absorption  near-edge  structure  (XANES)
spectra  showed that  the  valence  state  of  Fe  in  Fe  SAC was  higher
than  Fe  foil  and  close  to  the  Fe2O3,  indicative  of  its  valence  state
approaching Fe3+.  Specifically, when subsequently electrodeposition
with Pt, the valence state of Fe continued to increase, suggesting the
decreased  Fe  3d  electron  density  influenced  by  Pt  atom  doping
(Fig. 2(c)). The valence fitting displayed its oxidation state of about
+3.7  (Fig.  S10  in  the  ESM).  On  the  other  side,  the  adsorption
energy of Pt L-edge denoted that the adsorption edge of FePt DAC
was situated between Pt  foil  and PtO2,  which meant the oxidation
state of Pt was in the range of 0–+4 (Fig. 2(d)). The valence fitting
displayed its oxidation state of about +1.7 (Fig. S11 in the ESM). In
fact,  compared  with  Pt  SAC,  Fe  doping  further  increased  the
valence  state  of  Pt.  This  was  consistent  with  the  valence  state
analysis  for  Fe mentioned above,  where the electron cloud density
of  both Fe and Pt  in the dual  atom co-doped sample (FePt DAC)
was  reduced  when  compared  with  the  Fe  SAC  and  Pt  SAC.
Moreover, the K-edge XANES spectra of Co verified the decrease of
the valence state of the substrate Co after loading the Fe atoms and
Pt  atoms  (Fig.  S12  in  the  ESM).  These  analysis  results  could  be
explained  by  the  local  structural  disorder  induced  by  atomic
rearrangement during the formation of dual atomic site catalyst and
the resulting charge redistribution between the Fe, Pt, and Co.

In addition, we further characterized the atomic-site structures of
FePt DAC through the XPS results. The Fe 2p XPS spectra of FePt
DAC had a high-energy shift of 0.8 eV compared with the Fe SAC
catalyst (Fig. 2(e)). This meant that the valence state of Fe atom in
FePt  DAC  was  higher  than  Fe  SAC,  which  was  consistent  with
EXAFS  results  (Fig.  2(c)).  The  Pt  4f  XPS  spectra  of  FePt  DAC
displayed  higher  binding  energy  than  that  of  Pt  SAC  catalyst
(Fig.  2(f)),  suggesting  improved  oxidation  state  of  Pt  in  the  FePt
DAC,  which  coincided  with  the  EXAFS  results  (Fig.  2(d)).
Meanwhile,  the  Co 2p and deconvoluted components  of  the  O 1s
signal of FePt DAC, including lattice O (529 eV) and O in hydroxyl
group or defective oxygen species (530.1 eV), showed lower binding
energies than that of CoOOH (Fig. S13 in the ESM). From another
perspective,  the  introduction  of  atomic  Fe  and  Pt  into  CoOOH
lattice  definitely  generated  strong  electronic  metal–support
interaction  (EMSI)  in  the  FePt  DAC  [48].  Finally,  quantitative
EXAFS  fitting  results  revealed  that  the  average  coordination
numbers  of  Fe–O  and  Pt–O  in  the  first  shell  were  5.2  and  4.9,
respectively in FePt DAC (Figs. 2(g)−2(i) and Table S2 in the ESM).
These results implied that the formation of atomically scattered Fe
and  Pt  sites  into  CoOOH  carrier  will  induce  the  charge
redistribution  and  electronic  and  coordination  evolution  of  FePt
DAC,  which  may  have  a  positive  effect  on  the  enhancement  of
electrochemical BAOR performance. 

2.3    Electrochemical performance of BAOR
The BAOR performance of FePt DAC was recorded and compared
with  those  related  samples  in  1.0  M  KOH  solution  with  0.1  M
benzyl alcohol using a conventional three-electrode electrolytic cell.
In addition, the OER activity of FePt DAC without the addition of
benzyl alcohol was also assessed for comparison. As demonstrated
in Fig.  3(a),  FePt  DAC  exhibited  high-catalytic  current  density  of
100 mA·cm−2 beyond 1.49 V for OER. Excitedly, upon the addition
of  0.1  M  benzyl  alcohol,  the  FePt  DAC  delivered  the  catalytically
most  active  polarization  curve  with  a  huge  increase  in  current
density.  Specifically,  FePt DAC exhibited a low potential of 1.28 V
to  reach  a  current  density  of  100  mA·cm−2 in  1  M  KOH  solution
with 0.1 M benzyl alcohol,  which was 70 and 74 mV smaller than

Fe SAC and Pt SAC (Fig. 3(a) and Table S3 in the ESM). Notably,
the  PtFe  DAC  with  fewer  Pt/Fe  atom  ratio  also  displayed  inferior
BAOR  performance  as  compared  with  FePt  DAC,  but  still
outperformed Fe SAC and Pt SAC those samples without Fe and Pt
dual  atomic  sites.  The  potential  gap  further  increased  to  220,  380,
and  190  mV  when  the  current  density  reached  1000  mA·cm−2

(Fig. 3(b)). Impressively, when applied an external voltage of 1.52 V,
the  current  density  for  FePt  DAC  reached  1750  mA·cm−2,  which
was 2.8,  3,  and 4.5 times that  of  PtFe DAC, Fe SAC, and Pt  SAC,
respectively,  suggesting  the  superiority  of  FePt  DAC  in  catalyzing
benzyl  alcohol.  As  presented  in  Fig.  S14  in  the  ESM,  the
concentration of the benzyl alcohol rapidly declined prolonging the
reaction  time  accompanied  by  the  concentration  increase  of  the
benzoic  acid  product.  Note  that  the  product  of  benzaldehyde  was
initially  detected  and  subsequently  consumed  (after  30  min)  with
the  extension  of  reaction  time,  ascribing  to  its  conversion  into
benzoic acid. After conducting the oxidation reaction for 180 min,
benzyl  alcohol  was  completely  oxidized  into  benzoic  acid  with  a
high selectivity of up to 99% (Fig. S15 in the ESM). In addition, the
enhanced  BAOR kinetics  can  also  be  realized  by  the  formation  of
dual atomic doping of Fe and Pt atoms in FePt DAC, which can be
inferred  by  the  much  smaller  Tafel  slope  of  FePt  DAC
(47  mV·dec−1)  than  Fe  SAC  (84  mV·dec−1)  and  Pt  SAC
(86 mV·dec−1) (Fig. 3(c)). Consequently, to our best knowledge, the
overall  BAOR  performance  of  FePt  DAC  was  superior  to  most
reported  electrocatalysts  in  references  (Fig.  3(d) and  Table  S5  in
the ESM).

To  reveal  the  underlying  BAOR  mechanism, operando
electrochemical  impedance  spectroscopy  (EIS)  spectra  were
conducted  in  1  M  KOH  with  and  without  0.1  M  benzyl  alcohol,
which  has  been  regarded  as  an  effective  characterization  tool  to
track  the  dynamic  interface  kinetics,  electronic  transfer,  and  mass
transfer  evolution  of  catalyst  during  the  catalytic  process  [49−51].
As  indicated  in Fig.  3(e),  a  transition  phase  peak  in  the  low-
frequency  region,  usually  related  to  the  nonhomogeneous  charge
distribution caused by the OER, was observed at 1.45 V, suggesting
the  occurrence  of  the  OER.  Correspondingly,  it  also  found  that
there  was  an  apparent  dropping  of  charge  transfer  resistance  (Rct)
after  1.47  V  (Fig.  S16(a)  in  the  ESM),  demonstrating  the  onset  of
OER,  well  consistent  with  the  corresponding  linear  scanning
voltammetry  (LSV)  curves.  On  the  other  side,  an  obvious  phase
peak response was illustrated in the low-frequency region when the
voltage  reached  1.25  V  in  1  M  KOH  with  0.1  M  benzyl  alcohol
(Fig. 3(f)), which could be related to the BAOR, in accordance with
the Rct and  LSV  curves  (Fig.  S16(b)  in  the  ESM).  The  significant
decrease  in  inflection  point  demonstrated  that  the  FePt  DAC
catalyst  possessed  faster  kinetics  in  the  BAOR.  More  importantly,
chronopotentiometry  (CP)  measurement  declared  that  FePt  DAC
also  delivered  outstanding  stability  at  a  current  density  of
10  mA·cm−2 for  more  than  500  h  without  significant  attenuation
(Fig.  3(g)),  which  was  significantly  superior  to  the  Fe  SAC and Pt
SAC  (Fig.  S17  in  the  ESM).  The  exceptional  durability  could  be
attributed  to  the  outstanding  structural  stability  of  FePt  DAC,
evidenced by the well-maintained morphology and crystal structure
(Fig. S18 in the ESM). 

2.4    In-situ spectrum and reaction mechanism analysis
The operando Raman spectroscopy was then conducted at  various
potentials  to  examine  the  dynamic  evolution  mechanisms  of  FePt
DAC during the BAOR process (Fig. S19 in the ESM). The ex-situ
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Raman  spectroscopy  revealed  that  the  signal  peaks  at  480  and
590 cm−1 were mainly derived from the oxygen vibrations involving
Co–O stretching (A1g)  and O–Co–O bending (Eg)  vibrations  (Fig.
S20(a)  in  the  ESM)  [52].  These  signal  peaks  were  also  well-
maintained during the entire BAOR process. The peak observed at
1003 cm−1 corresponded to the typical signal of benzyl alcohol [53],
demonstrating the adsorption of reactant molecules on the surface
of FePt DAC, which was crucial  for the subsequent activation and
reaction of the benzyl alcohol. Besides, the Raman spectra at around
1050  cm−1 (Fig.  S20(b)  in  the  ESM)  assigned  to  the  stretching
vibration of O–O− specie [54, 55] was observed at 1.4 V vs. RHE for
FePt DAC when benzyl alcohol was not added into the 1 M KOH
solution,  suggesting  the  occurrence  of  the  OER.  To  probe  the
evolution  of  the  bonding  structure  for  the  key  reaction
intermediates  during  BAOR, in-situ attenuated  total  reflection  FT
infrared  spectroscopy  (ATR-FTIR)  spectra  were  also  performed
(Fig.  4(a)).  The  infrared  signals  were  collected  within  the
wavenumber range from 1000 to 2000 cm−1 under electrochemical
conditions  (potential  range  from  open  circuit  potential  (OCP)  to
1.5 V vs.  RHE). It  should be noted that the obvious infrared band
located at around 1695 cm−1 was attributed to the M–O* (M = Fe)
[56−58]  specie,  and  its  vibration  intensity  increased  along  with
applied  potentials  from  1.1  to  1.5  V  in  FePt  DAC,  which,  in
contrast to the no M–O* signal detected in the Pt SAC. Besides, Fe
SAC  catalyst  also  detected  M–O*  stretching,  which  led  us  to
speculate  whether  water  was  involved  in  the  BAOR  since  water
oxidation  was  inevitable  in  alkaline  aqueous  solutions.  Then,  we

performed DFT calculations to get insights into the origin of M–O*
species.  We  first  selected  six  model  catalysts  and  calculated  the
adsorption energies of hydroxide ions on corresponding active sites.
As displayed in Fig. S21 in the ESM, for sample co-doped with Fe
and Pt (FePt DAC), the adsorption energy of hydroxide ions on the
Pt site was the lowest, while the energy required for Co site was the
highest.  Compared  with  Pt  and  Co  sites,  the  adsorption  of
hydroxide  ions  on  the  Fe  site  possessed  the  moderate  energy.
Following,  we  calculated  the  OER  process  occurring  on  the  FePt
DAC. As depicted in Fig. 4(b), a large energy barrier of 1.65 eV was
required from *OH to *O on the Pt site, while the same process needed
1.32  eV  on  the  Co  site.  Surprisingly,  the  energy  barrier  was  only
0.24  eV  when  *OH  was  transformed  to  *O  on  the  Fe  site.  This
significantly  reduced  energy  barrier  made  it  easier  for  oxygen
radicals  generated  during  water  oxidation  to  form  on  Fe  site.
Besides, the process from *O to *OOH was greatly suppressed due
to  the  large  energy  barrier  (0.97  eV)  on  the  Fe  site.  This  was
consistent  with  the  M–O*  bond  observed  in in-situ infrared
spectroscopy  for  Fe–contained  samples,  which  suggested  that
atomically  dispersed  Fe  atoms  may  be  active  site  for  catalyzing
water  oxidation  in  BAOR.  In  the  absence  of  Fe  (Pt  SAC),  the
process  of  OH*  →  O*  at  the  Co  site  still  required  large  energy
barrier (1.02 eV), which in contrast to the 0.24 eV on the Fe site in
the FePt  DAC. This  strongly  proved the  decisive  role  of  Fe  site  in
the  BAOR  process  (Fig.  S22  in  the  ESM).  In  addition,  the
adsorption of the reactant benzyl alcohol on the catalyst surface was
also  crucial.  We  then  compared  the  distance  between  α-carbon

 

Figure 3    Electrochemical  performance  of  FePt  DAC  in  the  1  M  KOH  with  0.1  M  benzyl  alcohol.  (a)  LSV  curves  of  FePt  DAC  and  other  related  samples.  (b)  The
corresponding potential at the current density of 50, 500, and 1000 mA·cm−2. (c) Tafel plots derived from BAOR polarization cures in (a). (d) BAOR performance of FePt
DAC in comparison with other reported electrocatalysts in references. ((e) and (f)) EIS spectra of FePt DAC in (e) 1 M KOH and (f) 1 M KOH with 0.1 M benzyl alcohol.
(g) CP measurement of FePt DAC for 530 h at the current density of 10 mA·cm−2.
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atoms  on  the  benzene  ring  in  benzyl  alcohol  and  different
adsorption  site  on  the  FePt  DAC  catalyst  to  figure  out  the
adsorption sites  of  reactant  benzyl  alcohol  (Fig.  4(c) and Figs.  S23
and  S24  and  Table  S4  in  the  ESM).  The  outcome  indicated  that
benzyl alcohol was prone to be adsorbed on Pt site as compared to
Fe and Co sites. Noticeably, the intermediate product benzaldehyde
in  the  reaction  was  also  easily  adsorbed  on  Pt  sites,  which  was
conducive to the high selectivity for benzoic acid in BAOR. Besides,
the typical  OOH* stretching was also detected in FePt DAC when
applied  voltage  was  high  enough.  Based  on Fig.  4(b),  we  inferred
that the OOH* may originate from the O* generated on the Fe site
being further oxidized [59−61] since the energy barrier  demanded
for  O*  to  OOH*  was  only  0.04  eV  on  the  substrate  Co  site.
Meanwhile, the peak at around 1230 cm−1 was presented in all three
samples,  which can be assigned to the stretching mode of  benzoic

acid  product  [62, 63].  Notably,  the  characteristic  peak  of  benzoic
acid  in  FePt  DAC  appeared  earlier  (1.2  V)  than  Fe  SAC  (1.35  V)
and  Pt  SAC  (1.35  V),  which  was  in  good  accordance  with  the
electrochemical test results.

Then, we applied isotopic experiment in which 18O-labeled water
(H2

18O)  was  used  to  identify  the  oxygen  source  in  the  ultimate
product  benzoic  acid.  As  displayed  in Fig.  4(d),  for  the  products
obtained in H2

16O/KOH, the peak with a mass-to-charge ratio (m/z)
of 123.1 was attributed to the molecular ion of protonated benzoic
acid (C6H5-C16O16OH2+).  The peak located at  77.1 was the signal of
C6H5-ion fragments, corresponding to the benzene molecule with a
substituent lost [64]. When heavy oxygen water H2

18O was added to
the system, the characteristic product peak shifted to a higher m/z
of 125.1 due to the introduction of the 18O atom. As a result, water
molecules participate in the oxidation of benzyl alcohol. The above

 

Figure 4    In-situ isotope characterization of FePt DAC and theoretical insights into the tandem mechanisms. (a) In-situ FTIR spectra of FePt DAC, Fe SAC, and Pt SAC
in 1 M KOH with 0.1 M benzyl alcohol. (b) The Gibbs free energy diagram of the OER process on Fe, Pt, and Co sites in FePt DAC. (c) Distance to α-carbon atoms on
the benzene ring for adsorption of benzyl alcohol at different sites. (d) Mass spectra (MS) of benzyl alcohol products obtained from the electrocatalytic reaction with 16O
and 18O labeled water as oxygen sources, respectively. (e) Five constructed computational models for the FePt DAC with various distance between Fe and Pt atom. The
total energies as well as the Fe–Pt distances (d) were listed. (f) Detailed schematic diagram of the tandem reaction occurring on the FePt DAC catalyst. The yellow ball
represents the Fe atom, gray ball for Pt atom, indigo ball for Co atom, red ball for O atom, and white ball for H atom.
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data  inspired  us  to  think  that  atomically  dispersed  Fe  and  Pt
seemingly  combined  to  play  a  synergistic  role  in  the  BAOR  and
were  closely  related  to  the  efficient  benzoic  acid  generation.
Subsequently,  we  constructed  five  computational  models  for  the
FePt DAC with various atomic distances between Fe and Pt atoms
to  further  explore  the  stable  structure  of  atomically  dispersed  Fe
and Pt in catalysts (Fig. 4(e)). The calculation results indicated that
Fe and Pt atoms were thermodynamically stable when they were in
adjacent  positions  with  a  spacing  of  3.0  Å.  On  this  basis,  we
hypothesized  that  the  successful  fabrication  of  Fe–Pt  dual  atomic
sites  on  the  CoOOH  substrate  may  be  attributed  to  the  superior
water  coupled  BAOR  performance,  in  which  the  coupling  of  O*
and  adsorbed  benzyl  alcohol  played  a  key  role  in  the  efficient
generation  of  benzoic  acid.  Specifically,  the  Fe  sites  in  Fe–Pt  dual
atomic sites promoted water oxidation with oxidative free radicals,
which further oxidized benzyl alcohol that adsorbed on the surface
of  the  catalyst,  thereby  synergistically  catalyzing  the  production  of
benzoic  acid.  Based  on  the  above  theoretical  calculations  and
analysis,  we  speculated  that  the  reaction  pathways  during  BAOR
were  probed in  detail  as  following five  steps  (Fig.  4(f)):  (1)  Firstly,
the adsorption of the OH− in the alkaline aqueous solution onto the
Fe site in FePt DAC caused the dehydrogenation of benzyl alcohol
that adsorbed on the adjacent Pt site, resulting PhĊHOH and H2O.
(2) Then the O* generated on the Fe site  through water oxidation
further oxidized the PhĊHOH that  still  adsorbed on the Pt  site  to
PhCHO, with O* being in-situ reduced to OH* on the Fe site.  (3)
The  intermediate  product  PhCHO  immediately  underwent
hydration  in  solution  to  form  PhĊH(OH)2.  (4)  The  hydrated
PhĊH(OH)2 reacted with OH* forming PhĊ(OH)2. (5) Finally, the
OH− in  the  solution  participated  in  the  subsequent  hydroxyl
dehydrogenation  of  the  PhĊ(OH)2 intermediate  to  form  ultimate

product  benzoic  acid.  The  elementary  electrochemical  steps
considered for the tandem process are shown as following

Step1: PhCH2OH+OH− → PhĊHOH+H2O+ e−

Step2: PhĊHOH+O*→ PhCHO+OH*

Step3: PhCHO+H2O → PhCH(OH)2

Step4: PhĊH(OH)2 +OH*→ PhĊ(OH)2+H2O

Step5: PhĊ(OH)2 +OH− → PhCOOH+H2O+ e−

According to the proposed tandem reaction mechanism (Step 2:
PhĊHOH  +  O*  →  PhCHO  +  OH*),  the  reaction  between
deprotonated benzyl alcohol on Pt sites and reactive oxygen species
on Fe sites,  was achieved through hydrogen bonding,  as  shown in
Fig.  S25  in  the  ESM.  That  is  to  say,  hydrogen  bonding  occurred
when  Fe  and  Pt  atoms  were  separated  by  a  distance  of  3.0  Å.  It
would  not  be  hydrogen  bonds  when  atomic  distance  longer  than
3.0  Å.  This  conclusion  also  supported  the  speculation  and
demonstration of atomic spacing in FePt DAC catalysts. 

2.5    Flow cell  measurements and schematic illustration of
the BAOR and product separation
To  evaluate  the  catalyst  in  a  more  practical  application  situations,
we  carried  out  two-electrode  tests  in  a  flow  electrolyte  using  FePt
DAC catalyst as anode and Ni foam as cathode with working area
of  4  cm2 (Fig.  5(a)).  The  2  M  KOH  that  contained  0.3  M  benzyl

 

Figure 5    Flow electrolyzer for BAOR. (a) Schematic illustration of the membrane-electrode assembly flow electrolyzer. (b) Current–time (I–t) curve of FePt DAC (+)||Ni
foam (−) at 1.5 V in a 2 M KOH with 0.3 M benzyl alcohol in the membrane-electrode assembly flow electrolyzer. (c) Schematic illustration of the BAOR process and
product separation.
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alcohol and 2 M KOH solutions were injected into the anode and
cathode  of  the  flow  electrolyzer  at  the  flow  rate  of  2  mL·min−1,
respectively  (Fig.  S26  in  the  ESM).  The  system  achieved  excellent
BAOR  activity  with  about  1000  mA  at  1.5  V  cell  potential
(Fig.  5(b)).  Subsequently,  the  reaction  solution  was  then  acidified,
filtered,  and  dried  to  obtain  high-purity  benzoic  acid  production.
Finally,  the  yield  of  benzoic  acid  was  calculated  to  be  68.4%
(Fig. 5(c)). 

3    Conclusions
In  summary,  we  have  constructed  a  dual  atomic  site  catalyst  with
adjacent  Fe–Pt  dual  atomic  sites  homogeneously  dispersed  on
CoOOH  nanosheet  arrays  via  electrodeposition  (FePt  DAC).  The
FePt DAC catalyst manifests outstanding activity and durability for
BAOR.  Experimental  analysis  and  DFT  calculations  reveal  the
cooperation  between  adjacent  Fe  and  Pt  atoms,  in  which  the
oxygen radicals generated on the Fe site through OER directly react
with the absorbed benzyl alcohol on the neighboring Pt atom. This
work  provides  valuable  insights  into  the  pivotal  role  of  active
oxygen species derived from water electrolysis in electrooxidation of
organic compounds into high value-added chemicals. 

Electronic  Supplementary  Material: Supplementary  material
(electrochemical  test  methods, in-situ ATR  surface  enhanced
infrared  absorption  spectroscopy  (ATR-SEIRAS), in-situ Raman
spectroscopy  measurement,  and  calculation  details)  is  available  in
the  online  version  of  this  article  at https://doi.org/10.26599/
NR.2025.94907362. 
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