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ABSTRACT: The  electrochemical  CO2  reduction  reaction
(CO2RR)  to  formic  acid  (HCOOH)  is  constrained  by  slow
kinetics  and  limited  selectivity  due  to  inefficient  proton-coupled
electron  transfer  (PCET).  Herein,  we  synthesized  Cu-doped
BiO2−x  (CuBiO)  nanosheets  to  facilitate  proton  transfer  through
reconstruction  of  the  hydrogen-bond  (HB)  network,  thereby
accelerating  the  PCET  process.  The  in-situ  measurements
reveal that part of the 4-coordinated hydrogen-bonded water (4-
HB·H2O) transforms into 2-coordinated hydrogen-bonded water
(2-HB·H2O)  over  CuBiO  during  CO2RR.  This  reconstruction
forms  a  linear  proton  transport  pathway  which  efficiently
promotes proton transport during PCET steps and concurrently
inhibits  the competing hydrogen evolution reaction.  Density  functional  theory (DFT) calculations further  elucidate that  the
Cu doping not  only  facilitates  water  dissociation  into  protons while  inhibiting  proton dimerization,  but  also  enhances CO2

activation  and  reduces  the  energy  barrier  for  of  *CO2  →  *OCHO.  Ultimately,  the  CuBiO-6  displays  highly  efficient
conversion of CO2 to HCOOH with a Faradaic efficiency (FE) of 92.4% and maintains stable operation for over 22 h. These
findings  provide  a  novel  strategy  to  accelerate  the  PCET  through  regulation  of  interfacial  HB  network  towards  efficient
CO2RR to HCOOH.
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 1    Introduction
The  electrocatalytic  carbon  dioxide  reduction  reaction  (CO2RR),
driven  by  renewable  electricity,  provides  a  promising  pathway  to
achieving  carbon  neutrality  [1−4].  Among  various  CO2RR
products,  formic  acid  (HCOOH)  represents  one  of  the  most
economically viable liquid fuels [5−8]. The proton-coupled electron
transfer  (PCET)  steps  during  the  conversion  of  CO2 to  HCOOH
are  governed  by  the  CO2 activation  and  the  interfacial  water
dissociation  [9, 10].  Notably,  interfacial  water  not  only  serves  as  a

reactant  providing  proton  but  also  assists  proton  transfer  through
the hydrogen-bond (HB) network [11−14]. This network primarily
comprises  two  distinct  water  configurations:  4-coordinated
hydrogen-bonded water (4-HB·H2O) and 2-coordinated hydrogen-
bonded water (2-HB·H2O) [10]. In 4-HB·H2O, each water molecule
forms  hydrogen  bonds  with  four  others,  constructing  a  tightly
interconnected  three-dimensional  network  that  may  restricts
proton transfer. In contrast, 2-HB·H2O molecules are linked linearly
through  two  hydrogen  bonds,  creating  a  favorable  linear  pathway
for  rapid  proton  transport.  Therefore,  the  rational  engineering  of
HB  network  within  the  interfacial  water  is  crucial  to  accelerate
PCET kinetics and thereby enhance the overall efficiency of CO2RR.

Recently, significant advances have been made in promoting CO2

to  HCOOH  using  various  transition  metal  electrocatalysts,
including Pd, Bi, In, Sn [15−18], and their oxides (ZnOx, BiOx, InOx,
and  CuOx)  [19−22].  Among  these,  Bi-based  catalysts  are
particularly promising due to their low toxicity, economic viability,
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and  suppressed  hydrogen  evolution  reaction  (HER)  activity
[23−25].  However,  many  Bi-based  catalysts  suffer  from  limited
performance  over  wide  and  low-potential  cathodic  ranges,
primarily owing to insufficient electrical conductivity and moderate
selectivity toward HCOOH [26−28]. To overcome these challenges,
various strategies  such as  defect  engineering,  alloying,  doping,  and
nanostructuring  have  been  actively  explored  to  improve  the
catalytic  properties  of  Bi-based  systems  [29−33].  Recently,  many
reports have demonstrated that the incorporation of d-block metals
into  Bi-based  materials  can  lead  to  the  formation  of  hybridized
orbitals,  greatly  enhancing  charge  transport  and  optimizing  the
adsorption  of  key  reaction  intermediates  to  promote  the  CO2RR
activity  [34−36].  Therefore,  metal  doping  constitutes  an  effective
approach for enhancing the efficiency and selectivity of the CO2RR.

Herein,  Cu-doped  BiO2−x (CuBiO)  nanostructures  were
synthesized  via  a  hydrothermal  method.  The  prepared  CuBiO-6
displayed  excellent  performance  for  CO2RR  to  produce  HCOOH
with  a  Faradaic  efficiency  (FE)  of  92.4%. In-situ measurements
demonstrate  that  the  Cu  doping  is  in  favour  of  strengthening  the
adsorption of *CO2

•− and facilitates the construction of HB network
of  interfacial  water,  resulting  in  the  fast  proton  transport  pathway
for  HCOOH  formation.  The  density  functional  theory  (DFT)
calculations  show  the  accelerated  water  dissociation  and  inhibited
HER  over  CuBiO,  which  promote  sufficient  proton  for  PCET.
Besides,  the  Cu  doping  enhances  the  interaction  between  Bi  sites
and  O  atoms  in  *CO2,  facilitating  the  adsorption,  activation  and
hydrogenation of CO2. This study establishes a design principle for
constructing  multi-step  electrocatalysts  through  the  targeted
introduction of cooperative active sites.

 2    Materials and methods

 2.1    Materials
The NaOH (≥ 99%), NaBiO3 (80%), and Cu(NO3)2·3H2O (99.99%)
were  purchased  from  Alfa.  Tert-butanol  (99%),  PTFE  (60  wt.%),
and KHCO3 (96%) were purchased from Innochem. Carbon paper
and  nafion  117  membrane  were  purchased  from  Canrd
Technology Co.,  Ltd.  All  electrolyte  solutions were prepared using
Milli-Q water.

 2.2    Catalyst preparation
Synthesis of BiO2−x and Cu-doped BiO2−x: BiO2−x was synthesized via
hydrothermal  process.  Specifically,  3.6  g  of  NaOH  and  2.8  g  of
NaBiO3 were  dissolved  in  sequence  in  60  mL  of  deionized  water
while  being  stirred.  After  0.5  h,  the  suspension  was  placed  in  a
100  mL  Teflon-lined  stainless-steel  container  and  subjected  to
heating  at  180  °C  for  6  h.  After  the  system  cooled  to  room
temperature,  the  formed  precipitate  was  separated  by  filtration,
rigorously  rinsed  with  deionized  water  and  ethanol,  and
subsequently  oven-dried  at  60  °C  for  12  h.  Cu-doped  BiO2−x

samples  were  prepared  following  the  same  procedure,  except  that
different  amounts  of  Cu(NO3)2∙3H2O  were  introduced  to  achieve
Cu/Bi  molar  ratios  of  2:100,  4:100,  6:100,  and  8:100.  The
corresponding  products  were  denoted  as  CuBiO-2,  CuBiO-4,
CuBiO-6, and CuBiO-8, respectively.

 2.3    Characterization
Crystal structure was determined by X-ray diffraction (XRD) using
a  Bruker  D8  diffractometer.  Morphological  characterization  was

performed by scanning electron microscope (Zeiss Sigma-360) and
transmission  electron  microscope  (JEOL  JEM  F200).  Surface
elemental composition and chemical states were analyzed via X-ray
photoelectron  spectroscopy  (XPS)  on  a  Thermo Fisher  ESCALAB
250Xi. In-situ Fourier  transform  infrared  (FTIR)  spectra  were
collected  with  a  Thermo  Scientific  Nicolet  iS50  spectrometer
equipped with a liquid-nitrogen-cooled MCT detector.

 2.4    Preparation of working electrode
To make a homogeneous catalyst ink, 5 mg of catalyst powder was
mixed  into  960  μL  of  ethanol  and  40  μL  of  PTFE  solution
(0.1 wt.%), and then sonicated for 1 h.  Then, 1 mL of the ink was
uniformly  layered  onto  a  piece  of  hydrophilic  carbon  paper  of
1 cm × 1 cm, achieving a catalyst loading of 5 mg/cm2.

 2.5    Electrocatalytic measurements
All  electrochemical  measurements  were  performed  in  a  standard
three-electrode  H-cell  (15  mL),  partitioned  by  a  Nafion  117
membrane, using a CHI660E potentiostat at ambient temperature.
The  cell  contained  a  CO2-saturated  0.1  M  KHCO3 electrolyte
(15  mL),  with  a  saturated  Ag/AgCl  electrode  and  a  carbon  rod
serving  as  the  reference  and  counter  electrode,  respectively.
Chronoamperometry  was  conducted  sequentially  from −1.0  to
−1.4 V (vs. reversible hydrogen electrode (RHE)).

 2.6    Product quantification
The  gas  chromatograph  (SHIMADZU  2014)  with  thermal
conductivity  detector  (TCD)  and  flame  ionization  detector  (FID)
detectors was employed to monitor the gas-phase products (H2 and
CO).  For  measuring  liquid  products  like  HCOOH,  1H-nuclear
magnetic  resonance  (NMR)  spectra  were  recorded  using  a
400 MHz Bruker spectrometer.  The electrolyte  (200 μL) after  tests
was  mixed with 100 μL of  10  mM dimethyl  sulfoxide  (DMSO) as
an  internal  standard  and  diluted  with  100  μL  of  D2O.  The  peak
areas  of  HCOOH  were  measured  relative  to  the  internal  DMSO
peak area.

(1) The FE of HCOOH, CO, or H2 was determined via Eq. (1)

FE =
Q

Qtotal
=

n×N×F
Qtotal

(1)

where Q is  the  charge  used  for  reducing  the  product  (HCOOH,
CO,  or  H2)  (C), Qtotal is  the  total  charge  (C), n is  the  number  of
electrons  transferred  for  product  formation, N is  the  number  of
moles  of  CO  or  H2 (mol),  and F is  the  Faradaic  constant  (96,485
C/mol).

(2) The yield rate of HCOOH was determined using Eq. (2)

Yield rate =
N
tS

(2)

where N is  the  number  of  moles  for  HCOOH  (mol), t is  the
electrolysis time (h), and S is the catalyst surface area (cm2).

 2.7    DFT calculations
The DFT computations were conducted within the Vienna ab initio
simulation  package  (VASP)  framework  [37].  Electron–core
interactions  and  exchange-correlation  effects  were  described  using
the  projector  augmented  wave  (PAW)  method  [38]  and  the
Perdew–Burke–Ernzerhof  generalized  gradient  approximation
(PBE-GGA) functional [39], respectively. A cutoff energy of 500 eV
was set for the plane-wave basis.  Geometry relaxations utilized the
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conjugate  gradient  algorithm,  with  convergence  criteria  of  10−5 eV
in  energy  and  0.02  eV/Å  in  force.  Integration  over  the  Brillouin
zone employed a Γ-centered 3 × 3 × 1 k-point mesh, supplemented
by the DFT-D3 scheme for dispersion corrections [40]. Finally, the
Gibbs free energy at 298.15 K was calculated for all relevant species
(gaseous and adsorbed) according to Eqs. (3)–(6)

G= EDFT +EZPE −TS (3)

EZPE = ∑i

1
2
h̄v (4)

Θi = h̄vi/k (5)

S= ∑i
R[ln(1− e−Θi/T)− 1+ΘiT(eΘi/T− 1)− 1)] (6)

h̄
where EDFT is the electronic energy of the optimized geometry, EZPE

is  the  zero-point  energy, S denotes  the  entropy,  is  the  Planck
constant, v is  the  computed  frequencies  of  vibratio, Θi is  the
vibration temperature, k is the constant of Boltzmann, and R is the
constant of molar gas.

For  adsorbed  species,  all  3N vibrational  degrees  of  freedom are
regarded as frustrated harmonic modes.

Subsequently, the climbing-image nudged elastic band (CI-NEB)
method was  used to  calculate  the  minimum energy  pathways  and
associated  transition  states  [41].  To  quantitatively  probe  chemical
bonding interactions, particularly those between the catalyst surface
and  critical  intermediates,  crystal  orbital  Hamilton  population
(COHP) analysis was conducted using the LOBSTER code [42].

 3    Results and discussion

 3.1    Materials characterization
The synthesis process of BiO2−x and CuBiO nanosheets is illustrated
in Fig.  1(a) [43].  The  XRD  patterns  of  BiO2−x and  CuBiO  with
different  Cu/Bi  ratios  are  shown  in Fig.  1(b).  The  peaks  at  28.2°,
32.7°,  46.5°,  55.6°,  and  58.3°  of  BiO2−x can  be  attributed  to  cubic
BiO2−x (PDF No. 47-1057) [43−45]. The CuBiO catalysts exhibit the
same  XRD  patterns  as  BiO2−x,  with  no  diffraction  peaks
corresponding to metallic Cu or Cu oxides,  indicating that the Cu
atoms were successfully incorporated into BiO2−x. The investigation

 

Figure 1    (a) Schematic illustration of the synthesis process of Cu-doped BiO2−x. (b) XRD patterns of BiO2−x and Cu-doped BiO2−x. ((c) and (d)) SEM and HRTEM images
of BiO2−x. ((e) and (f)) SEM and HRTEM images of Cu-doped BiO2−x. (g) TEM-EDX element mapping of Cu-doped BiO2−x. ((h)–(j)) XPS spectra of (h) Bi 4f, (i) Cu 2p,
and (j) O 1s of BiO2−x and Cu-doped BiO2−x.
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of morphology and crystal structure was carried out using scanning
electron  microscopy  (SEM) and transmission  electron  microscopy
(TEM).  The  SEM  images  in Fig.  1(c) and  Fig.  S1(a)  in  the
Electronic  Supplementary  Material  (ESM)  reveal  that  BiO2−x

exhibits smooth hexagonal nanosheets intersecting with each other.
The high-resolution TEM (HRTEM) image of BiO2−x shows a lattice
fringe  distance  of  0.316  nm  corresponding  to  the  (111)  plane  of
cubic  BiO2−x (Fig.  1(d))  [46].  The  CuBiO  catalysts  exhibit  a
morphology similar to that of BiO2−x but possess a rougher surface,
which provides additional active area (Fig. 1(e) and Fig. S1(b) in the
ESM).  The  CuBiO  lattice  spacing  of  0.315  nm  (Fig.  1(f))  is
consistent  with  BiO2−x,  indicating  that  Cu  incorporation  does  not
alter  the  crystalline  structure.  The  TEM  energy-dispersive  X-ray
(EDX)  spectroscopy  mappings  display  the  uniform distribution  of
elements  within  the  BiO2−x (Fig.  S2  in  the  ESM)  and  CuBiO
(Fig.  1(g)).  XPS was carried out  to  elucidate  the chemical  states  of
elements  in  the  synthesized  catalysts.  The  XPS  peaks  of  BiO2−x

located  at  158.55  and  163.84,  and  158.02  and  163.34  eV  are
attributed  to  Bi5+ and  Bi3+,  respectively  (Fig.  1(h))  [45, 47].  The

binding energy of Bi in CuBiO shifts toward the positive direction
(158.47  and  163.73,  and  157.97  and  163.25  eV)  compared  with
BiO2−x, indicating electron redistribution after Cu doping. The XPS
spectrum  of  Cu  2p  (Fig.  1(i))  shows  peaks  at  953.5  and  934.1  eV
corresponding to Cu 2p1/2 and Cu 2p3/2 of Cu2+, respectively [48−50].
The XPS spectrum of O 1s can be deconvoluted into three peaks at
529.2,  530.9,  and 532.6 eV,  attributed to lattice  oxygen,  chemically
adsorbed oxygen, and oxygen vacancy, respectively [44, 45].  These
results confirm that Cu2+ was successfully doped into BiO2−x, which
may induce distinct electrochemical properties.

 3.2    Electrochemical performances of CO2RR
The  electrochemical  performance  of  BiO2−x and  CuBiO  was
evaluated in a standard three-electrode H-cell. The activity of HER
was  first  examined  in  0.1  M  KHCO3 (Fig.  S3  in  the  ESM).
Compared with pure BiO2−x,  the current density increases after Cu
doping,  indicating  that  the  introduction  of  Cu  facilitates  HER.
Figure  2(a) shows  the  linear  sweep  voltammetry  (LSV)  curves  of
CO2RR  in  0.1  M  KHCO3 electrolyte  saturated  with  CO2.  BiO2−x

 

Figure 2    (a) LSV curves of BiO2−x and CuBiO. ((b) and (c)) The FE of HCOOH and H2, respectively. (d) Tafel slopes, (e) EIS, and (f) ECSA curves of BiO2−x and CuBiO.
(g) Stability test.
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exhibits  poor  CO2RR  activity,  as  indicated  by  the  lowest  current
density.  After  Cu  incorporation,  the  current  density  increases.
Notably,  CuBiO-6  displays  the  highest  current  density,
demonstrating superior CO2RR activity. The CO2RR products after
chronoamperometry  tests  (Figs.  S4–S8  in  the  ESM)  were  detected
by  online  gas  chromatography  (GC)  and  1H  NMR  spectroscopy.
The representative NMR data shown in Fig. S9 in the ESM confirm
the  formation  of  HCOOH  during  CO2RR.  As  shown  in Fig.  2(b)
and  Fig.  S10  in  the  ESM,  CuBiO-6  demonstrates  remarkable
selectivity toward the CO2RR, achieving superior FE, yield rate, and
partial  current  density  for  HCOOH  production.  In  particular,  a
peak FE of 92.4% is attained at a potential of −1.3 V vs. RHE. The
lowest  FE  of  H2 catalyzed  by  CuBiO-6  in Fig.  2(c) illustrates  the
inhibited HER. The FE for CO remains below 10% across the tested
potentials  (Fig.  S11  in  the  ESM),  indicating  that  CO2 is
predominantly  converted to  HCOOH. This  excellent  performance
of  CuBiO-6 indicates  that  incorporating Cu species  plays  a  critical
role  to  promote  the  catalyst’s  selectivity  toward  HCOOH
formation.  The  kinetic  behavior  of  the  reaction  was  probed  via
Tafel  plot  analysis,  as  illustrated  in Fig.  2(d).  A  diminished  Tafel
slope is indicative of accelerated reaction kinetics.  The Tafel slopes
of BiO2−x, CuBiO-2, CuBiO-4, CuBiO-6, and CuBiO-8 are 301, 285,
283,  261,  and  270  mV/dec,  respectively.  Notably,  CuBiO-6  shows
the  smallest  Tafel  slope,  indicating  the  enhanced  kinetics.
Electrochemical  impedance  spectroscopy  (EIS)  was  used  to  reveal
the resistance of the catalysts. As shown in Fig. 2(e), CuBiO exhibits
a  smaller  charge-transfer  resistance  (Rct)  value  compared  with
BiO2−x,  indicating  that  Cu  doping  significantly  promotes  electron-
transfer  kinetics  due  to  the  lower Rct.  In  addition,  the
electrochemically  active  surface  areas  (ECSA) of  the  catalysts  were
estimated  by  evaluating  the  electrochemical  double-layer
capacitances (Cdl) under non-Faradaic conditions (Figs. S12–S16 in
the  ESM).  The  larger Cdl value  of  CuBiO  indicates  a  larger  ECSA
(Fig. 2(f)),  which greatly accelerates the CO2RR process.  The long-
term  electrochemical  stability  of  CuBiO-6  was  assessed  via
chronoamperometry at −1.3 V vs. RHE. As shown in Fig. 2(h), the
catalyst  retained  a  steady  current  density  of  approximately
17.4  mA/cm2 over  22  h,  while  the  FE  for  HCOOH  remained
consistently  around 90%.  The  HRTEM image  and  XPS  spectra  of
CuBiO-6  after  tests  revealed  that  the  cubic  BiO2−x structure  of
CuBiO-6  was  well  preserved  (Figs.  S17  and  S18  in  the  ESM),
confirming  its  excellent  structural  and  catalytic  stability  under
CO2RR  conditions.  Table  S1  in  the  ESM  summarizes  the  CO2RR
performance  of  CuBiO-6  against  recently  documented  Bi-based
and  Cu-doped  electrocatalysts.  In  terms  of  FE,  potential,  partial
current  density,  and  durability,  CuBiO-6  manifests  markedly
superior catalytic performance.

 3.3    Mechanisms of CO2RR via in-situ spectra
The in-situ FTIR  measurements  were  conducted  to  clarify  the
mechanism of CO2RR. As shown in Fig.  3(a),  the peaks located at
1222, 1347, and 2360 cm−1 over BiO2−x originate from the vibrations
of  *CO2

•−,  *HCOO,  and  *CO2,  respectively  [51−53].  The  *CO2
•−

species  is  the  key  intermediate  during  CO2 electroreduction  to
HCOOH, while the *HCOO vibration corresponds to the product
signal.  With  increasing  cathodic  potential,  the  *CO2

•− vibration
shifts negatively due to the Stark effect,  accompanied by enhanced
absorption  intensity.  CuBiO-6  displays  stronger  *CO2

•− and
*HCOO  signals  compared  with  BiO2−x under  the  same  conditions
(Fig. 3(b)). The exact intensity and changes of the *CO2

•− stretching

wavenumber are shown in Fig. 3(c). CuBiO-6 shows larger intensity
and  a  higher  Stark  tuning  rate,  indicating  stronger  *CO2

•−

adsorption relative to BiO2−x.  To elucidate the role of proton in the
CO2RR, we introduced tert-butanol (TBA) into the electrolyte as a
proton quencher. As shown in Fig. S19 in the ESM, the addition of
TBA  led  to  a  decrease  in  the  HCOOH  yield,  suggesting  that  the
availability  of  protons  is  crucial  for  HCOOH  production.  The
proton  in  HCOOH  originates  from  water  dissociation.  Therefore
the  influence  of  interfacial  water  on  CO2RR  was  studied  through
Gaussian  fitting  of  the in-situ FTIR  spectra.  The  O–H  vibration
peak can be divided into three peaks corresponding to 4-HB·H2O, 2-
HB·H2O,  and  ion-hydrated  water  (ionized  H2O),  respectively
(Figs. 3(d) and 3(e), and Table S2 in the ESM) [54−56]. The distinct
HB  network  of  interfacial  water  critically  influences  proton
transport  and  reaction  pathways  during  CO2 reduction.  The  4-
HB·H2O forms a three-dimensional (3D) HB network that impedes
efficient  proton  transfer  between  catalytic  sites.  The  2-HB·H2O
forms  a  two-dimensional  (2D)  structure  that  provides  a  favorable
linear  pathway  for  proton  transport.  As  shown  in Fig.  3(f),  the
initial areas of the H2O peaks on CuBiO-6 are larger than those on
BiO2−x, indicating stronger H2O adsorption on the CuBiO-6 surface.
This  enhanced  adsorption  promotes  the  hydrogenation  process  of
CO2RR.  Notably,  as  the  applied  potential  becomes  more  cathodic,
the  HB network of  interfacial  water  structure  undergoes  a  distinct
evolution:  The  proportion  of  4-HB·H2O  decreases,  while  the
proportions  of  2-HB·H2O  and  ionized  H2O  species  increase
(Fig. 3(g)). Notably, the CuBiO-6 shows the higher proportion of 2-
HB·H2O  than  that  of  BiO2−x.  The  reconstructed  HB  network  with
more  2-HB·H2O  network  offers  a  linear  pathway  for  proton
transport over CuBiO-6, significantly facilitating the PCET process
during CO2RR.

 3.4    Mechanisms of CO2RR via DFT calculation
DFT  calculations  were  performed  to  gain  further  mechanistic
insight.  As  illustrated  in Fig.  4(a),  the  energy  barrier  for  H2O
dissociation  on  CuBiO-6  (0.16  eV)  is  significantly  lower  than  that
on  BiO2−x (0.29  eV).  Moreover,  CuBiO-6  exhibits  a  higher  energy
barrier  for  *H  dimerization  to  H2 (1.42  vs.  1.04  eV  on  BiO2−x;
Fig.  4(b)),  indicating  that  Cu  doping  promotes  water  dissociation
while  suppressing  HER,  thereby  supplying  more  *H  for  CO2

hydrogenation. As illustrated by the partial density of states (PDOS)
in Fig.  4(c),  the  significant  overlap  of  the  Cu  3d  and  O  2p  states
near  the  Fermi  level  in  CuBiO-6  indicates  strong  d–p  orbital
hybridization.  To  elucidate  the  electronic  coupling  mechanism,
schematic  representations  of  the  hybrid  Cu–O  molecular  orbitals
and  the  corresponding  energy  level  alignment  are  provided  in
Figs  4(d) and 4(e),  respectively.  The  d–p  hybridization  facilitates
electron transfer from Cu to O, leading to the presence of unpaired
d-electrons  near  the  Fermi  level.  This  electronic  configuration
significantly  strengthens  the  adsorption  of  reactants,  thereby
promoting  catalytic  performance.  A  quantitative  assessment  of
Bader  charge  and  adsorption  energy  (Eads)  was  performed  to
elucidate  CO2 adsorption  behavior  on  the  catalyst  surfaces
(Figs. 4(f) and 4(g)). Relative to BiO2−x, which exhibits an adsorption
energy of –0.43 eV and a Bader charge transfer of 0.05 e, CuBiO-6
demonstrates  a  more  negative  *CO2 adsorption energy  (–0.52  eV)
and an increased  Bader  charge  transfer  (0.13  e).  This  comparative
analysis indicates the enhanced CO2 adsorption affinity of CuBiO-6.
COHP analysis was applied to assess the bonding between Bi sites
and O atoms in  *CO2 (Figs.  4(h) and 4(i)).  The integrated COHP
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(ICOHP)  values  of −0.051  for  CuBiO-6  and −0.0065  for  BiO2−x

verify  a  reinforced  Bi–O  interaction  on  the  doped  catalyst,  which
facilitates  CO2 adsorption  and  activation.  The  Gibbs  free  energy
profile  of  CO2RR  (Fig.  4(j))  shows  that  the  *CO  →  *OCHO
conversion is highly uphill  on BiO2−x (∆G = 3.97 eV), whereas this
step  becomes  much  more  favorable  on  CuBiO-6  (∆G =  1.75  eV).
Together  with  the in-situ FTIR  observations, Figs.  4(k) and 4(l)
outline  the  reaction  pathway:  BiO2−x maintains  a  strong  3D  HB
framework  dominated  by  4-HB·H2O  that  restricts  proton  transfer
and  severe  HER,  while  CuBiO-6  promotes  the  formation  of  2-
HB·H2O,  generating  a  linear  HB  framework  that  enables  faster
proton transfer, boosts CO2 hydrogenation, and improves HCOOH
formation.

 4    Conclusions
In  conclusion,  we  achieved  rapid  proton  transport  within  the
interfacial  HB  network  of  Cu-doped  BiO2−x nanosheets,  which

substantially enhances electrocatalytic CO2-to-HCOOH conversion.
In-situ FTIR demonstrates that incorporation of Cu promotes H2O
dissociation  to  generate  protons  and  concurrently  transforms  the
partial  of  three-dimensional  4-HB·H2O  network  into  two-
dimensional  2-HB·H2O  facilitating  proton  transfer.  The  optimized
catalyst  (CuBiO-6)  delivers  outstanding  CO2RR  performance,
achieving  a  FE  of  92.4%  toward  HCOOH.  DFT  calculations
indicate that this improvement performance originates from a dual
mechanism:  faster  water  dissociation  and  strengthened  CO2

adsorption/activation  at  Bi  sites  influenced  by  neighboring  Cu
atoms,  synergistically  accelerating  the  PCET  for  HCOOH
formation.  These  findings  highlight  the  advantage  of  engineering
the immediate interfacial environment to realize fast proton transfer
and hydrogenation for CO2RR.

 Electronic  Supplementary  Material: Supplementary  material
(SEM,  TEM,  XPS,  LSV  curves,  potentiostatic  curves,
ultraviolet–visible  (UV–vis)  spectra,  cyclic  voltammetry  (CV)

 

Figure 3    ((a) and (b)) In-situ FTIR measurements over BiO2−x and CuBiO-6. (c) Changes of *COOH stretching wavenumber and the intensity of *CO2
•− as a function of

potential on BiO2−x and CuBiO-6. ((d) and (e)) Gaussian fits of three O–H stretching modes from in-situ FTIR measurements over BiO2−x and CuBiO-6. (f) Areas of the
H2O peak over BiO2−x and CuBiO-6. (g) Proportion of 4-HB·H2O, 2-HB·H2O, and ionized H2O over BiO2−x (hollow symbols) and CuBiO-6 (solid symbols).
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curves, in-situ FTIR, and DFT calculations) is available in the online
version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908687.
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Figure 4    ((a) and (b)) The energy barrier profiles of H2O dissociation and the dimerization of *H to H2. (c) PDOS of CuBiO-6. (d) Schematic illustration of the electronic
coupling across  the CuBiO-6 structure.  (e)  Energy level  diagram of  the hybrid Cu-O molecular  orbitals.  ((f)  and (g))  Bader charge and adsorption energy of  *CO2 on
CuBiO-6 and BiO2−x, respectively. ((h) and (i)) COHP of *CO2 on CuBiO-6 and BiO2−x, respectively. (j) the Gibbs free energy of CO2RR on CuBiO-6 and BiO2−x. ((k) and
(l)) Schematic illustration of CO2RR on BiO2−x and CuBiO-6, respectively.
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