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ABSTRACT: Carbon  dioxide  (CO2)  is  an  abundant,  nontoxic  C1
feedstock,  and  (hetero)aromatic  carboxylic  acids  are  crucial
structural  frameworks  and  synthetic  precursors  in  organic,
materials,  and  medicinal  chemistry.  In  this  study,  we  present  the
deposition of a polyoxometalate@copper (SiW12@Cu NP) catalyst
on  copper  foam  via  a  simple  electrodeposition  method  (potential
range: 0.6 to −0.8 V; scan rate: 50 mV·s−1) for the electrocatalytic
carboxylation  of  halo-(hetero)aromatic  hydrocarbons  with  CO2.
The composite electrode leverages the synergistic effects of SiW12
(redox  stability,  Lewis  acidity)  and  Cu  nanoparticles  (multivalent
states,  high  conductivity),  enhancing  electron  transfer  and  CO2
activation.  Under  mild  reaction  conditions  (room  temperature,  1
atm CO2, and the absence of noble metals), the prepared catalytic
system  enables  direct  carboxylation  of  not  only  arenes  but  also
electron-deficient (hetero)arenes, such as halopyridines, with CO2, achieving a target product yield of over 65% in merely 40
min  at  a  current  density  of  20  mA.  Mechanistic  studies  confirm  that  the  reaction  is  initiated  by  substrate  electroreduction,
followed by CO2 fixation. This strategy simplifies the modification of drug intermediates, avoids structural damage to sensitive
molecules, and optimizes drug properties through post-carboxylation, providing sustainable technical support for innovation in
medicinal chemistry.

KEYWORDS: polyoxometalate, electrochemical carboxylation, CO2 conversion, (hetero)aromatic acid synthesis

 
 1    Introduction
Carbon  dioxide  (CO2)  is  a  nontoxic  and  abundant  carbon-based
raw material with essential applications in the domain of synthetic
chemistry [1–4]. In particular, it can be used as a C1 building block
in the  synthesis  of  organic  compounds,  thereby facilitating carbon

cycling  and meeting  the  requirements  of  modern  green  chemistry
[5].  Consequently,  the  transformation  of  CO2 into  valuable
chemical  compounds  in  a  sustainable  and  environmentally
responsible  manner  represents  a  green  technological  approach  to
carbon  recycling  [6, 7].  (Hetero)aromatic  carboxylic  acids  are
pivotal  skeletal  structures  and  significant  synthetic  precursors
within  the  fields  of  organic,  materials,  and  medicinal  chemistry
[8–11].  Consequently,  they  possess  considerable  practical
applications  and  have  attracted  extensive  attention  [12].  In  recent
years,  significant  progress  has  been  made  in  the  carboxylation  of
(hetero)aromatic  hydrocarbons  using  CO2 as  a  raw  material.
However,  metal  catalysts  are  indispensable  in  such  conversion
processes. The poor stability of metal–organic catalysts in reactions,
difficulties  in  catalyst  recovery,  high  usage  costs  [13],  the  high
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activation energy of CO2 [14],  and the need for expensive or toxic
metals  as  sacrificial  reducing  agents  [15, 16]  limit  the  further
advancement  of  this  technology  to  a  certain  extent.  In  the
pharmaceutical  industry,  permissible  standards  for  residual  metals
in  synthetic  samples  are  extremely  strict.  Despite  the  subsequent
development  of  transition-metal/photoredox  synergistic  catalytic
systems  [17],  photocatalytic  technology  still  encounters
fundamental  challenges,  including a  high photosensitizer  cost,  low
quantum efficiency,  and limited  light  absorption range.  Therefore,
it  is  imperative  to  develop  a  methodology  for  the  direct,  efficient,
and highly selective CO2 carboxylation reaction of (hetero)aromatic
hydrocarbons  under  mild  conditions,  without  the  need  for  costly
metal catalysts, ligands, sacrificial reducing agents, or bases.

The  advent  of  electrochemical  technology  has  precipitated  the
emergence of electrocatalytic organic synthesis as a sustainable and
selective alternative to classical organic synthesis, thereby rendering
it  a  focus  of  attention  [18].  Electrochemical  organic  synthesis  has
been  attracting  increasing  attention,  and  electrochemical
carboxylation has become one of the most sustainable and efficient
methods for the fixation of CO2 into organic compounds [19–21].
Notable examples include the integration of  transition metals  with
electrochemistry  without  the  use  of  quantitative  reducing  agents
and  electrochemistry-mediated  carboxylation  of  carbon–halogen
bonds promoted by organic reducing media. Compared with other
areas  of  research,  there  is  a  paucity  of  literature  concerning  the
carboxylation  of  electron-deficient  (hetero)aromatic  compounds
driven  by  electrolysis.  Carboxylic  acid  compounds  containing
(hetero)aromatic ring structures are ubiquitous in various bioactive
compounds,  ligands,  and  functional  materials  [22].  Among  these,
nicotinic  acid  exhibits  profound  and  unique  effects  on  lipid
metabolism and is therefore referred to as a “broad-spectrum lipid
drug” [23–25].  Accordingly,  exploration  of  electrochemical
(hetero)aromatic  hydrocarbon  carboxylation  reactions  is  of
considerble value for CO2 recycling and for the efficient synthesis of
bioactive molecules and drug precursors.

Polyoxometalates  (POMs)  are  a  distinct  class  of  structurally
defined, molecular-level metal oxide clusters with a broad range of
applications  in  domains  such  as  medicine,  catalysis,  and  materials
science  [26–42].  POMs  exhibit  redox  stability,  multistep  redox
capability,  and  ideal  ionic  conductivity,  which  enable  them  to
efficiently  mediate  electron  transfer  and  stabilize  reaction
intermediates—key  functions  that  promote  CO2 activation  when
combined with the high conductivity  and multivalent  states  of  Cu
nanoparticles (NPs) [43]. These characteristics render POMs highly
promising  electrocatalytic  material  [44, 45].  As  a  class  of
multianionic  compounds,  POMs  can  induce  the  formation  of
specific morphologies while stabilizing the generated inorganic NPs
or  organic–inorganic  assemblies  on  the  corresponding  surfaces.
Furthermore,  POMs  can  be  modified  with  different  materials,
rendering  them  ideal  precursor  platforms  for  the  subsequent
preparation  of  new  composite  materials  [46–51].  Overall,  POMs
constitute  an  excellent  class  of  functional  materials  that  efficiently
mediate electron transfer [45], stabilize reaction intermediates, and
optimize electrocatalytic efficiency.

In  this  study,  Cu  NPs  modified  with  Keggin-type  POM
H4SiW12O40 (abbr. SiW12) were deposited on the surface of a copper
foam  (CF)  substrate  to  prepare  a  working  electrode  for
electrochemical  carboxylation  reactions.  CF  is  a  substrate  material
widely  used  in  electrochemical  reactions  because  of  its  three-
dimensional  interconnected porous  structure,  high specific  surface

area, excellent conductivity, and good mechanical stability. A simple
electrodeposition  method  was  used  for  loading  SiW12@Cu  NPs
onto the CF surface. This approach enabled efficient, precious metal-
free  electrochemical  activation  of  electron-deficient
(hetero)aromatic  hydrocarbons  for  direct  carboxylation  reactions.
Notably,  this  electrochemical  system  supports  not  only  the
carboxylation of  aromatic  hydrocarbons but  also  enables  electron-
deficient (hetero)aromatic substrates, such as halogenated pyridines,
to  undergo  direct  CO2 carboxylation  under  mild  conditions.  The
primary  benefits  of  this  approach  are  as  follows:  (a)  the
noninvolvement of precious metal catalysts; (b) an environmentally
friendly  and  mild  electrochemical  strategy  that  employs  low-cost,
readily available electrodes and does not involve the use of an anode
or alkali; (c) enhanced electron transfer and CO2 activation kinetics
arising  from  synergistic  effects  within  the  composite  electrode,
which  considerbaly  improve  the  efficiency  and  cycling  stability  of
electrochemical  carboxylation  reactions.  In  addition,  the
preparation process is rendered more straightforward. This strategy
simplifies  the  carboxylation  modification  process  of  drug
intermediates and reduces the risk of structural damage to sensitive
drug molecules under conventional harsh conditions. Furthermore,
it  regulates  the  water  solubility,  biological  activity,  and  metabolic
stability  of  drug  molecules  via  post-carboxylation,  providing
substantial  technical  support  for  molecular  optimization  and
innovation in medicinal chemistry.

 2    Experimental section

 2.1    Materials and equipments
All reagents were commercially purchased and used without further
purification.  High-resolution  field-emission  scanning  electron
microscopy  (FESEM)  was  performed  using  a  Regulus  8100,  high-
resolution transmission electron microscopy (HRTEM) was carried
out  using  a  Talos  F200i,  and  X-ray  diffraction  (XRD)
measurements  were  conducted  using  a  Smartlab  SE.  X-ray
photoelectron spectroscopy (XPS) was performed using Thermo K-
Alpha. Structural characterization was conducted using a BRUKER
800M  nuclear  magnetic  resonance  spectroscopy  instrument,  and
high-performance liquid chromatography (Thermo Fisher Ultimate
3000) was used to determine the yields.

 2.2    Experimental procedure

 2.2.1    Preparation of working electrode

The  working  electrode  was  fabricated  using  CF  as  the  substrate
material. A CF sample (20 mm × 10 mm × 1.5 mm) was immersed
in 2.5-M HCl for  30 s,  followed by ultrasonic  cleaning in acetone,
anhydrous  ethanol,  and  pure  water  for  20  min  each.  A  1.0  M
sodium sulfate  solution was prepared,  to which anhydrous CuSO4
and  SiW12 were  added  in  varying  molar  ratios  and  stirred  until
clear.  The  electrochemical  setup  comprised  a  standard  three-
electrode system, with CF, a platinum wire, and a saturated calomel
electrode  (SCE)  serving  as  the  working,  counter,  and  reference
electrodes,  respectively.  The  electrochemical  experiments  were
controlled using a Chenhua CHI 760E electrochemical workstation.
All  experiments  were  conducted  at  room  temperature  (~  25°C).
The electrochemical  deposition of  the catalyst  onto the CF surface
was performed using cyclic voltammetry (CV). A 1-cm2 CF sample
was  immersed  in  the  solution  and  continuously  scanned  for  five
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cycles  at  a  potential  range  of  0.6  to −0.8  V  at  a  scan  rate  of
50  mV·s−1.  All  potentials  in  this  section are  referenced to  the  SCE.
After  electrodeposition,  the  resulting  electrode  material  was
sonicated  in  pure  water  for  1  min  to  remove  surface  impurities.
Subsequently,  the  electrode  material  was  rinsed  three  times  with
anhydrous  ethanol  and  pure  water  and  then  pumped  with  N2 for
drying.

 2.2.2    Experimental  procedure  of  electrocatalysis  (hetero)aromatic
hydrocarbon carboxylation

Electrocatalytic  reactions  were  conducted  in  a  5-mL  undivided
electrolytic  cell,  and  all  experiments  were  controlled  using  a  DJS-
292B potentiostatic apparatus. The prepared electrode served as the
working  electrode,  whereas  a  platinum  wire  acted  as  the  counter
electrode.  Five  milliliters  of  ultradry  N,N-dimethylformamide
(DMF)  was  introduced  into  the  electrolytic  cell.  Halogenated
(hetero)aromatic hydrocarbons (0.25 mmol), tetrabutylammonium
hexafluorophosphate  (Bu4NPF6,  0.25  mmol),  and  1,5,7-
triazabicyclo[4.4.0]dec-5-ene  (TBD,  1  mmol)  were  added  to  the
5  mL  cell  equipped  with  a  magnetic  stir  bar.  Subsequently,  the
assembled cell was purged with CO2 gas for over 40 min to saturate
the system with CO2.  A constant current of 20 mA was applied at
room  temperature  for  40  min,  maintaining  CO2 purging
throughout  the  reaction.  After  the  reaction,  a  2.5-M  hydrochloric
acid  solution  was  added  to  adjust  the  pH  to  3.  Subsequently,  the
mixture was extracted and purified by column chromatography to
isolate the target products.

 2.3    Computation details
All  geometric  optimizations  and  single-point  energy  calculations
were performed using the Vienna ab initio simulation package [52,
53].  The  generalized  gradient  approximation  with  the
Perdew–Burke–Ernzerhof  [54]  exchange  correlation  function  was
adopted to describe the exchange correlation interactions,  whereas
the DFT-D3 method was adopted to accurately account for the van
der  Waals  (vdW) interactions  [55].  A plane wave cutoff  energy of
400  eV  was  applied.  To  reduce  interlayer  interactions  in  periodic
models,  a  vacuum  spacing  of  20  Å  was  introduced,  and  the
Brillouin  zone  was  sampled  at  the  Γ  point  only.  Convergence
thresholds were established at 10−4 eV and 0.05 eV/Å for energy and
atomic forces, respectively.

The adsorption energy (Eads) [56] was calculated as follows:

Eads = EA−S −ES −EA

where EA–S, ES,  and EA denote  the  total  energies  of  the
adsorbate–substrate  (A–S)  complex,  substrate  (S),  and  adsorbate
(A), respectively.

 3    Results and discussion

 3.1    Structural characterization of prepared electrode
The  preparation  of  the  CF electrodes  loaded  with  SiW12@Cu NPs
was  accomplished  via  electrodeposition. Figure  1(a) illustrates  the
detailed preparation process of SiW12@Cu NPs. FESEM revealed a
layer  of  cubic  NPs  with  diameters  of  approximately  500  nm
deposited on the CF framework (Fig. 1(b)). The addition of various
quantities of SiW12 resulted in distinct morphological transitions of
the  NPs,  from  polyhedron  structures  (Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM))  to  cubic  configurations.  This

crystallization  behavior,  which  is  typically  observed  in  static
solutions, aligns with previous reports [3, 57], indicating that SiW12
exerts  a  certain  degree  of  control  over  the  catalyst  morphology.
XRD  analysis  (Fig.  1(c))  reveals  that  SiW12@Cu  NPs  exhibit  good
crystallinity.  The  main  diffraction  angles  2θ =  43.29°,  50.43°,  and
74.13°  correspond  to  the  (111),  (200),  and  (220)  crystal  planes  of
copper,  respectively  (Cu  PDF#000-004-0836).  The  weaker
diffraction peaks at  37.01° and 62.44° correspond to the (111) and
(220)  crystal  planes  of  Cu2O,  respectively  (Cu2O  PDF#000-034-
1354).  This  finding  suggests  that  Cu  in  SiW12@Cu  NPs  exists  in
different  valence  states,  including  Cu0 and  Cu+,  thereby
demonstrating exceptional redox performance.

1

Figure 2(a) shows the HRTEM image of the obtained SiW12@Cu
NPs,  revealing  their  crystal  growth  orientation  and  distinct  lattice
fringes  at  interplanar  spacings  of  0.25,  0.10,  and  0.12  nm.  These
fringes  correspond  to  the  Cu2O  (111),  (400),  and  (222)  crystal
planes,  respectively,  consistent  with the  single-crystal  XRD pattern
dominated by the (111) plane, as shown in Fig. 1(c). In the selected
area electron diffraction pattern shown in Fig.  2(b),  the diffraction
spots  exhibit  a  regular  arrangement  and  can  be  indexed  to  the
(111),  (200),  and  (100)  crystal  planes  of  Cu2O  (along  the  [1 0]
crystal zone axes). This finding further substantiates the presence of
the  single-crystal  order  of  the  Cu2O  phase  within  the  material.
When  considered  in  conjunction  with  the  HRTEM  results,  these
findings  indicate  that  the  Cu2O  phase  possesses  a  well-defined
crystal  zone  structure.  The  energy-dispersive  X-ray  spectroscopy
(EDS) spectra (Figs. 2(c)–2(f)) reveal a uniform distribution of Cu,
Si, and W within the NP regions. This result validates the effective
loading  of  SiW12 onto  the  Cu  NP  surface,  thereby  forming  the
SiW12@Cu  NP  composite  material.  In  combination  with  XRD
analysis,  the  Cu-based  NPs  have  a  polycrystalline  structure,  which
provides a plethora of reactive sites to facilitate CO2 adsorption and
activation.  The uniform loading of  SiW12 modulates  the electronic
structure  of  Cu-based  NPs  and  synergistically  catalyzes  CO2
conversion  reactions  through  its  acidic  sites  and  redox  properties.
This  approach  is  anticipated  to  enhance  reaction  selectivity  and
activity, thereby providing a structural foundation for the design of
highly efficient electrochemical catalysts for the synthesis of organic
CO2.

To  evaluate  the  surface  chemical  composition  and  electronic
states of the SiW12@Cu NP catalyst, the synthesized materials were
analyzed using XPS. The binding energies of 952.30 and 932.60 eV
in Fig. 3(a) are ascribed to the Cu 2p1/2 and Cu 2p3/2 orbitals of Cu+,
respectively.  This  finding  confirms  that  Cu  exists  in  the  +1
oxidation state as Cu2O on the catalyst surface. The Cu 2p1/2 and Cu
2p3/2 peaks  located  at  954.60  and  934.60  eV,  respectively,  together
with  a  weak  satellite  peak  at  approximately  945  eV,  confirm  the
presence of a small  amount of Cu2+ species on the catalyst  surface.
This  phenomenon  can  be  attributed  to  the  excessive  oxidation  of
the  catalyst  surface  when  exposed  to  air. Figure  3(b) shows  the
corresponding  Cu  Auger  electron  spectroscopy  (AES).  The  Cu
LMM  main  peak  region  of  SiW12@Cu  NPs  is  dominated  by  a
deconvoluted  peak  at  916.50  eV,  corresponding  to  Cu+,  while  the
peak at 918.25 eV indicates zero-valent copper (Cu0), with a ratio of
Cu0 to  Cu+ of  0.088.  The  aforementioned  characterization
demonstrates  that  Cu  on  the  catalyst  surface  exhibits  mutliple
electronic  states,  which  is  beneficial  for  electrochemical  redox
reactions  by  providing  multiple  active  sites.  Furthermore,  we
hypothesize that the interaction between POMs and Cu NPs during
electrochemical  codeposition  involves  vdW  forces  between  the
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Figure 1    (a) Schematic preparation process of the designed SiW12@Cu NPs. (b) SEM image of the as-obtained SiW12@Cu NPs composite. (c) XRD patterns of Cu (blue
curve, PDF#00-004-0836), Cu2O (red curve, PDF#00-034-1354), and SiW12@Cu NPs (black curve).

 

Figure 2    (a) HRTEM image of the selected area of SiW12@Cu NPs. (b) The selected area electron diffraction (SAED) image of SiW12@Cu NPs (B represents the zone
axis). (c)–(f) EDS mapping of Cu (red), Si (yellow) and W (green) over SiW12@Cu NPs.
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oxygen atoms in POMs and copper [58, 59]. This process alters the
oxidation  state  of  Cu0,  resulting  in  the  formation  of  a  valence
distribution  where  Cu+ and  Cu  coexist.  This  finding  suggests  that
the adsorption of POMs onto the surface of the prepared Cu NPs is
not solely reliant on electrostatic interactions but also contingent on
the  interaction  between  POMs  and  Cu  NPs  [60–62].  When
combined  with  the  XPS  analysis  of  O  1s  (Fig.  3(c)),  after  peak
fitting, two characteristic oxygen species are identified. The intense
maximum at  530.49 eV is  attributed to lattice oxygen (O2−)  within
the metal oxide matrix, whereas the peak at 531.69 eV is attributed
to  surface-adsorbed  oxygen-containing  species.  These  peaks  may
have  originated  from  hydroxyl  (–OH)  groups  or  other  oxygen-
containing  organic/inorganic  impurities  adsorbed  on  the  material
surface.  The  peak  at  533.00  eV  corresponds  to  water  molecules
adsorbed  on  the  catalyst  surface.  The  W  4f  spectrum  (Fig.  3(d))
shows characteristic peaks at 35.59 and 37.79 eV, corresponding to
the  4f7/2 and  4f5/2 orbital  signals  of  W6+,  respectively.  This  finding
confirms the existence of W in SiW12 in the +6 oxidized state, with
minimal  valence  alterations.  Consequently,  after  composite
formation  with  Cu-based  NPs,  SiW12 maintains  its  intrinsic  redox
properties.  This  result  demonstrates  that  W6+ promotes  CO2
activation  and  polarization  through  its  strong  Lewis  acidic  sites.
Concurrently, SiW12 provides a stable proton transfer environment
for  the  reaction,  thereby  synergistically  enhancing  CO2 activation
and conversion efficiency alongside Cu-based active sites.

 3.2    Screening  of  reaction  conditions  for  electrochemical
halogenated (hetero)aromatic hydrocarbon carboxylation
In  the  preliminary  experiments,  3-bromopyridine  was  used  as  a

model  substrate  to  optimize  the  reaction  conditions,  and  the
reaction  was  conducted  under  a  CO2 atmosphere  (1  atm).  After
screening various reaction conditions, we discovered that pyridine-
3-carboxylic  acid  could  be  synthesized  within  40  min  with  a
separation yield of 65.35% in an undivided cell.  This was achieved
using  the  prepared  SiW12@Cu  NPs  loaded  on  CF  as  the  reusable
working  electrode,  Bu4NPF6 as  the  electrolyte,  and  TBD  as  the
additive  in  DMF  as  the  solvent  at  a  constant  current  (20  mA).
Control experiments demonstrated that the electrolyte is critical for
this  conversion  process.  In  the  absence  of  Bu4NPF6,  the  target
product  was  not  detected  (Table  1,  entry  2).  In  this  study,  the
performance  of  various  electrolytes  was  evaluated.  The  results
( Table  1,  entry  3)  demonstrate  that  Bu4NPF6 exhibits  superior
performance  compared  with  tetrabutylammonium  bromide
(Bu4NBr),  tetrabutylammonium  iodide  (Bu4NI),  and
cetyltrimethylammonium  bromide  (CTAB),  with  respective  yields
of  54.08%, 22.97%, and 49.42%. In addition,  various solvents  were
evaluated, including DMF, acetonitrile (MeCN), and H2O (Table 1,
entries  4  and  5).  The  findings  suggest  that  DMF  is  the  optimal
solvent  for  this  transformation  reaction.  Furthermore,  various
electrode  materials  were  examined,  including  Pt(−)/Pt(+),
CF(−)/Pt(+),  SiW12@Cu  NPs(+)/Pt(−),  Ni  Foam(−)/Pt(+),  and
RVC(−)/Pt(+),  which  yielded  conversion  rates  of  40.24%,  58.83%,
66.35%,  40.50%,  and  5.37%,  respectively.  The  results  indicate  that
the cathode material significantly influences the conversion process,
with  the  CF  electrode  loaded  with  SiW12@Cu  NPs  exhibiting
superior  performance  (Table  1,  entries  6–10).  Several  studies  on
reaction time and current were conducted (Fig.  S2 in the ESM) to
determine  the  optimal  conditions  for  the  synthesis  of  pyridine-3-

 

Figure 3    XPS spectra of (a) Cu 2p, (b) Cu LMM, (c) O 1s, and (d) W 4f region in SiW12@Cu NPs.
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carboxylic  acid.  The  results  demonstrated  that  the  highest  yield  of
the desired compound (65.35%) was achieved at a current of 20 mA
and  a  substrate  concentration  of  0.1  mmol.  Subsequent
comparative  experiments  demonstrated  that  the  basic  organic
medium  plays  a  crucial  role  in  the  conversion  reaction  (Table  1,
entry  11).  Replacing TBD with triethylamine,  triphenylamine,  1,5-
diazabicyclo[4.3.0]non-5-ene, or 1,8-diazabicyclo[5.4.0]undec-7-ene
significantly  reduced  the  reaction  efficiency.  Subsequent  control
experiments  confirmed  that  electrical  energy  and  CO2 are  critical
factors for the advancement of the reaction. In the absence of either
component, no formation of the target product was detected within
the system (Table 1, entry 12).

 3.3    Substrate scope
With optimized conditions established, we evaluated the generality
of  the  protocol  across  a  diverse  range  of  halogenated
(hetero)aromatic substrates (Table 2).  The method proved broadly
applicable, with yields spanning from 2.43% to > 99%.

For  heteroaromatic  substrates,  reactivity  was  dictated  by
electronic  effects  and  substitution  patterns.  Although  3-
iodopyridine afforded a  moderate  yield (51.46%),  the introduction
of a fluorine substituent in 2-fluoro-5-bromopyridine increased the
yield to > 99%, drastically outperforming its methyl analog (33.5%
for  2-methyl-5-bromopyridine).  We attribute  this  enhancement  to
the strong electron-withdrawing character  of  fluorine,  which shifts
electron density away from the C-5 position. This destabilization of
the  C(5)-Py  bond  facilitates  the  generation  of  the  reactive  6-

fluoropyridine-3-ium  intermediate,  thereby  promoting  efficient
CO2 capture.

In  sharp  contrast,  4-bromopyridine  was  virtually  inert  (2.43%
yield).  CV  confirms  that  this  substrate  is  redox-inactive  under
standard conditions (Figs. S8–S14 in the ESM), a failure we ascribe
to three synergistic factors. First, the substrate suffers from intrinsic
instability;  the  nitrogen  atom  activates  the  C-4  position  for
nucleophilic  attack,  resulting  in  rapid  intermolecular  self-
quaternization  (polymerization)  before  the  substrate  reaches  the
electrode. Second, even if the radical intermediate forms, resonance
delocalization  onto  the  nitrogen  atom  significantly  reduces  its
nucleophilicity  toward  CO2.  Finally,  the  C-4  position  is  highly
susceptible  to  dimerization,  further  competing  with  the  desired
carboxylation. Conversely, 3-bromopyridine avoids these resonance
pitfalls and maintains a sufficient charge density at the metaposition
to ensure an effective reaction.

Beyond  heterocycles,  simple  aryl  bromides  and  iodides  were
highly  amenable  to  this  transformation,  producing  target  acids  in
quantitative  yields  (>  99%).  However,  the  reaction  remained
sensitive  to  electronic  effects:  The  electron-donating  groups  (e.g.,
methyl  and  methoxy)  generally  impeded  the  reaction,  limiting
yields  to  25%–51%  compared  with  their  electron-deficient
counterparts.

 3.4    Mechanism research
The incorporation of CO2 (which is abundant and recyclable) into
the  synthesis  of  carboxylic  acids  provides  significant  synthetic
advantages.  These  advantages  stem  from  the  fact  that  carboxylic
acids  and  their  derivatives  serve  as  common  structural  units  in
natural  products,  drug  molecules,  and  bioactive  compounds.  To
extend  the  range  of  application  of  such  electrochemical
carboxylation reactions,  systematic mechanistic investigations were
conducted.  Initially,  detailed  mechanistic  studies  were  conducted
using  CV  (Fig.  4(a)).  An  irreversible  reduction  peak  for  the
substrate  (3-bromopyridine)  was  observed at  a  potential  of −1.138
V vs. reversible hydrogen electrode (RHE) (Fig. 4(a), orange curve).
CO2 exhibited  an  irreversible  reduction  peak  at  a  potential  of
−1.369  V  (vs.  RHE)  (Fig.  4(a),  green  curve).  Furthermore,  in  the
presence  of  the  substrate  (3-bromopyridine)  under  a  CO2
atmosphere,  a  significant  shift  in  the  reduction  potential  of  the
system was observed (Fig. 4(a), blue curve). The reduction potential
exhibited a positive shift, indicating that the reaction can proceed at
a  lower  energy  level  within  the  system.  This  finding  suggests  a
synergistic  reduction  in  the  system.  3-Bromopyridine  functions  as
an  electron  acceptor,  undergoing  reduction,  whereas  CO2
participates as an electrophile, thereby lowering the overall reaction
energy  barrier.  Furthermore,  linear  sweep voltammetry  (LSV) was
performed for different substrates (Fig. 4(c)). After normalizing the
corresponding  current  densities  to  respective  electrochemical
surface  areas  (Fig.  S3  in  the  ESM),  the  curves  indicate  that  the
electrochemical reduction degree of 3-bromopyridine is higher than
that  of  CO2,  suggesting  that  the  reaction  initiates  with  the
electroreduction  of  3-bromopyridine  rather  than  CO2.
Furthermore, the catalytic performance of CF and SiW12@Cu NPs
was  compared  based  on  LSV  (Fig.  4(b)).  The  LSV  curves
demonstrate  that  CF  exhibits  a  broad  reduction  potential  range
devoid of distinct characteristic reduction peaks, indicating that the
pure CF substrate exhibits weak catalytic activity in this system. In
contrast,  the  SiW12@Cu  NP  composite  exhibits  significant
reduction currents within the −2 to −1.25-V range, with an earlier

 

Table 1    Optimization of reaction conditionsa

Entry Alteration Yield (%)b

1 None 65.35

2 W/O Bu4NPF6 N.D.

3 Bu4NBr, Bu4NI, CTAB instead
Bu4NPF6

54.08, 22.97, 49.42

4 MeCN as solvent < 1

5 H2O as solvent N.D.

6 Pt(−)/Pt(+) 40.24
7 CF(−)/Pt(+) 58.83

8 SiW12@Cu NPs(+)/Pt(−) 66.35c

9 Ni foam(−)/Pt(+) 40.50
10 RVC(−)/Pt(+) 5.37

11 TEA, TPA, DBN, DBU instead
TBD

12.40, 11.34, 37.07,
45.11

12 W/O electricity or CO2 N.D.

aReaction conditions: undivided cell, substrate (0.1 mmol), catalyst
(n(CuSO4):n(SiW12)= 8:1), Bu4NPF6 (1.0 equiv.) in 5 mL solvent, 25 °C,
under CO2, copper foam loaded with SiW12@Cu NPs as the anode, and Pt
sheet as the cathode, CCE = 20 mA. N.D. = not detected, MeCN =
acetonitrile, DMF = dimethylformamide, TEA = triethylamine, TPA =
triphenylamine, TBD = 1,5,7-triazabicyclic[4.4.0]dec-5-ene, DBN = 1,5-
diazabicyclo[4,3,0]non-5-ene, DBU = 1,8-diazabicyclo[5,4,0]undec-7-ene;
CTAB = N,N,N-trimethyl-1-hexadecanaminium bromide, CCE = constant
current electrolysis. bDetermined by Thermo-Fisher HPLC Ultimate 3000.
cAnodic dissolution.
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onset  potential  for  the  reduction  reaction.  Furthermore,  the
absolute  current  density  of  the  composite  was  considerably  higher
than  that  of  CF,  indicating  superior  reaction  kinetics  and  faster
electron transfer rates.

To  investigate  the  dynamic  changes  in  electrode  structure  and
performance  during  electrocatalytic  processes,  electrochemical
impedance  spectroscopy  measurements  were  performed  on  the
SiW12@Cu  NP  electrode  in  different  chemical  environments.  The
impedance spectra presented in Figs. 4(d) and 4(e) were collected in
a 50-mM Bu4NPF6 solution in DMF at 25 °C. At relatively positive
potentials  ranging  from −0.38  to −0.78  V,  the  impedance  arc
exhibits  a  marked  increase,  suggesting  high  charge  transfer
resistance and slow reaction kinetics.  When the potential  becomes
negative, with a range of −0.88 to −1.48 V, a significant shortening
of  the  impedance arc  is  observed.  A comparison of Figs.  4(d) and
4(e) reveals  that  the  impedance  arc  diameter  for  the  3-
bromopyridine monosubstrate system is markedly larger than that
for  the  cosubstrate  system  within  the  same  potential  range.  This
finding  further  corroborates  our  hypothesis  that  the  addition  of
CO2 exerts a synergistic effect, thereby reducing the reaction energy
barrier  and  accelerating  electron  transfer.  This  conclusion  is
consistent with the CV analysis results. As shown in Fig. S4 in the

ESM,  the  Bode  phase  (θ)  plots  of  SiW12@Cu  NP  composite
electrodes  in  various  chemical  environments  facilitate  further
analysis of the impedance characteristics and interfacial processes of
the system. As shown in the accompanying figure, the phase angle
in  the  high-potential  region  (−0.4  to −0.8  V)  is  significantly  less
than  90°,  indicating  high  electrochemical  reaction  resistance
(limited charge or mass transfer) and slow reaction kinetics at this
particular  point.  In  the  low-potential  region  (−0.9  to −1.5  V),  the
phase  angle  in  the  medium-frequency  range  gradually  increases
toward 90°, whereas the peak shifts toward higher frequencies. This
finding suggests accelerated charge transfer rates, resulting in more
efficient  electron transfer  to  the  substrate.  Concurrently,  the  phase
angle  changes  in  the  low-frequency  range  reflect  optimized  mass
transfer processes, indicating that the overall reaction has entered a
kinetically favorable regime.

To  probe  the  reaction  mechanism  and  the  key  intermediate  of
the  electrocatalytic  carboxylation  of  3-bromopyridine, in  situ
electron  paramagnetic  resonance  (EPR)  spectroscopy  was  used  to
monitor  radical  intermediates,  with  5,5-dimethyl-1-pyrroline-N-
oxide  (DMPO)  as  the  spin-trapping  agent. Figure  5 shows  the
corresponding spectra.

The  spectra  display  six-peak  EPR  signals,  which  are  considered

 

Table 2    Substrate scopea, b, c

aReaction conditions: undivided cell, substrate (0.1 mmol), catalyst (n(CuSO4):n(SiW12)= 8:1), Bu4NPF6 (1.0 equiv.) in 5 mL solvent, 25 °C, under CO2,
copper foam loaded with SiW12@Cu NPs as the anode, and Pt sheet as the cathode, CCE = 20 mA. N.D. = not detected, MeCN = acetonitrile, DMF =
dimethylformamide, TEA = triethylamine, TPA = triphenylamine, TBD = 1,5,7-triazabicyclic[4.4.0]dec-5-ene, DBN = 1,5-diazabicyclo[4,3,0]non-5-ene,
DBU = 1,8-diazabicyclo[5,4,0]undec-7-ene; CTAB = N,N,N-trimethyl-1-hexadecanaminium bromide, CCE = constant current electrolysis. bDetermined by
Thermo-Fisher HPLC Ultimate 3000. cAnodic dissolution.
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DMPO-·Py spin adducts  (where  ·Py  denotes  the  3-pyridyl  radical)
characterized by hyperfine coupling constants AN = 15 G and a g-
factor  of  2.034.  Three  sets  of  spectra  correspond  to  different
reaction  durations:  The  black  trace  (0  min)  shows  only  baseline
noise  (no  radical  signal),  confirming  the  absence  of  pre-existing
radicals in the initial system. Upon initiation of the electrocatalysis
process, distinct EPR signals emerge: The red trace (5 min) exhibits
a  well-resolved  radical  adduct  signal,  and  the  blue  trace  (10  min)
exhibits  a  further  enhanced  signal  intensity.  These  results  directly
demonstrate  that  the  3-pyridyl  radical  (·Py)  is  generated  as  a  key
intermediate  during  the  electrocatalytic  dehalogenation  of  3-
bromopyridine,  and  its  concentration  increases  with  prolonged
electrolysis  time.  This  observation  provides  critical  spectroscopic

evidence  for  the  proposed  radical  pathway  in  the  dehalogenative
carboxylation reaction.

In research related to electrode materials, controlling the surface
electron  confinement  distribution  of  electrode  materials  plays  a
dominant  role  in  improving  the  electrochemical  behavior  of  the
materials.  In  this  study,  to  elucidate  the  origin  of  the  improved
electrochemical  performance,  we  performed  density  functional
theory  (DFT)  calculations  on  the  SiW12@Cu2O  interface.  The
optimized  structural  model  reveals  that  the  SiW12 cluster  is
anchored onto the Cu2O surface through a stable W–Ot–Cu bridge
with a calculated bond length of 2.36 Å, indicating robust chemical
integration  rather  than  simple  physical  adsorption  (Figs.  6(a) and
6(b)).

Crucially,  charge  density  difference  (CDD)  analysis  provides
visual  evidence  of  significant  interfacial  electron  redistribution
(Fig.  6(c)).  Bader  charge  analysis  reveals  a  directional  electron
transfer of 0.46e from the Cu2O substrate to the SiW12 cluster [63,
64].  As  shown  in  the  CDD  map,  the  electron  depletion  regions
(cyan)  are  concentrated  on  the  interfacial  Cu  atoms,  whereas  the
electron  accumulation  regions  (yellow)  are  localized  on  the  POM
framework. This modulation of the microscopic electronic structure
establishes  a  highly  efficient  synergistic  catalytic  platform  for  the
electrocatalytic  carboxylation  of  3-bromopyridine  to  synthesize
nicotinic  acid  (Vitamin  B3).  The  mechanistic  advantages  are
primarily manifested in the following three aspects:

1. Electronic activation via SiW12 clusters
First,  the  electron-enriched  SiW12 clusters  (indicated  by  the

yellow regions in the figure) serve as potent “electron pumps” and
active  reduction  centers.  This  function  aligns  with  the  classic
“electron  sponge” property  of  Keggin-type  POMs,  which  can
reversibly  accept  multiple  electrons  while  maintaining  structural

 

Figure 4    Using SiW12@Cu NPs as work electrode, Pt sheet and Ag/AgCl as counter and reference electrode. Scan rate:100 mV·s−1. Solvent: 0.05 M Bu4NPF6 in DMF. (a)
CV curves of 3-bromo-pyridine (orange curve), CO2 (green curve), and 3-bromo-pyridine under CO2 atmosphere (blue curve). (b) LSVs comparison of Copper Foam
(blue curve), and SiW12@Cu NPs (red curve). (c) LSVs comparison of 3-bromo-pyridine (blue curve), CO2 (purple curve), and 3-bromo-pyridine under CO2 atmosphere
(red curve). EIS of 3-bromopyridine under different potentials in (d) CO2 and (e) N2.

 

Figure 5    EPR spectra of DMPO-·Py at different reaction times.
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integrity  [65].  During  the  electrocatalytic  conversion  process,  the
dehalogenation of 3-bromopyridine (cleavage of the C–Br bond) is
typically  the  rate-determining  step,  requiring  the  system  to
overcome  a  substantial  energy  barrier  [66].  The  high  density  of
electrons  accumulated  on  the  SiW12 surface  facilitates  a  more
efficient electron injection into the C–Br antibonding orbitals of the
adsorbed  substrate.  This  significantly  lowers  the  activation  energy
for  reductive  dehalogenation,  accelerating  the  generation  of  active
pyridyl  radicals.  Furthermore,  this  electron-rich  environment
enhances  the  activation  capability  toward  electrophilic  CO2
molecules, promoting their bending deformation [67].

2. Substrate anchoring via Cu2O sites
Second,  the  electron-deficient  Cu2O  surface  (indicated  by  the

cyan  regions  in  the  figure)  provides  ideal  substrate “anchoring”
sites.  Due to electron depletion,  the Cu sites  at  the Cu2O interface
exhibit  enhanced  Lewis  acidity,  enabling  specific  Lewis  acid–base
interactions  with  the  nitrogen  (N)  atoms  of  3-bromopyridine
molecules [68]. This Cu–N coordination interaction not only firmly

adsorbs the substrate onto the electrode surface but also induces 3-
bromopyridine to adopt a configuration favorable for the reaction,
thereby maximizing the exposure of the C–Br sites to the adjacent
POMs.

3. Dual-site synergistic C–C coupling
Finally,  this “dual-site  synergistic” mechanism  significantly

improves  the  efficiency  of  the  critical  C–C  coupling  step.  The
catalyst  effectively  constructs  a  confined  reaction  domain  at  the
nanoscale:  Cu2O  is  responsible  for  capturing  the “TBD-released”
CO2, whereas SiW12 facilitates the “cleavage” of bromine atoms and
promotes  CO2 activation.  This  intimate  interfacial  contact  ensures
that  the  generated  active  pyridyl  intermediates  can  undergo  direct
coupling  reactions  with  activated  CO2 at  the  interface  without  the
need  for  long-distance  diffusion  [69].  This  synergistic  effect
substantially  enhances  the  selectivity  and  yield  of  the  high-value-
added product, nicotinic acid.

To  gain  deeper  insights  into  the  interfacial  reaction,  we
investigated the adsorption configurations of the reactants based on

 

Figure 6    (a) Front and (b) side views of the optimized SiW12@Cu2O structure. (c) Charge density difference of SiW12@Cu2O with an isosurface level of 0.0008 e/Å3. The
cyan and yellow regions represent electron depletion and accumulation, respectively.  Optimized adsorption configurations of (e) 3-bromopyridine and (d) CO2 on the
SiW12@Cu2O surface.
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the  optimized  SiW12@Cu2O  model.  The  DFT  calculations  reveal
distinct  adsorption  behaviors:  3-Bromopyridine  exhibits  strong
chemisorption  with  an  adsorption  energy  (Eads)  of −0.84  eV
(Fig.  6(e)),  primarily  driven  by  the  specific  coordination  between
the  pyridine  nitrogen  atom  and  the  Lewis  acidic  Cu  sites.  This
interaction  induces  a  vertical “end-on” geometry  that  not  only
firmly  anchors  the  substrate  but  also  spatially  orients  the  reactive
C–Br  bond  toward  the  adjacent  electron-rich  SiW12 clusters.  In
contrast,  CO2 exhibits  a  moderate  adsorption  energy  of −0.33  eV
(Fig.  6(d)),  indicating  a  metastable  state  that  balances  necessary
surface  activation  with  sufficient  mobility  for  diffusion.  This
significant  disparity  in  adsorption  strengths  validates  a  dual-site
synergistic  mechanism,  where  the  electron-deficient  Cu2O  surface
serves  as  a  specific “trap” for  substrate  immobilization,  thereby
facilitating  efficient  coupling  with  activated  CO2 within  the
confined interfacial domain constructed by SiW12.

The  experimental  results  and  literature  reports  were  considered
together  to  reach  the  following  conclusion  (Fig.  7).  The  reaction
mechanism  proceeds  through  a  coordinated  sequence  involving
solution-phase  CO2 enrichment  and  surface-mediated  radical
coupling.  Initially,  the  organic  TBD  base  serves  as  a  nucleophilic
carrier  in  the  CO2 enrichment  procedure  (top  panel),  capturing
bulk  CO2 to  form  a  reactive  zwitterionic  TBD-CO2 adduct.  This
step  effectively  concentrates  and  transports  CO2 to  the  electrode
interface, after which the released TBD molecule allows subsequent
adsorption of CO2.

At  the  working  electrode,  which  consists  of  SiW12-anchored
Cu2O  NPs  (SiW12@Cu  NPs),  concurrent  electron  transfer  events
occur. The 3-bromopyridine substrate undergoes reductive cleavage
of  the  C–Br  bond  to  yield  a  transient  pyridyl  radical  (·Py)  (as
evidenced  by in  situ EPR  spectra)  [70–72]  and  a  halide  ion  (X−).
Simultaneously, the released CO2 is reduced to a CO2 radical anion
(·CO2

−)  electrocatalyzed  by  the  exposed  Cu(I)  active  site  [73–81].
The  key  C–C  bond  formation  is  then  achieved  via  the  C–C
coupling  of  these  two  surface-bound species  (indicated  by  the  red
dotted  arrow),  furnishing  the  nicotinate  product.  To  maintain
charge neutrality, the liberated halide ions migrate to the Pt counter
electrode and undergo sacrificial oxidation to generate X2.

Finally, to clarify the pivotal role of SiW12 in the catalyst system,
composite  catalysts  with  various  SiW12 loadings  were  prepared  by
adjusting the SiW12-to-CuSO4 feed ratio. A systematic investigation

into  their  catalytic  reactivity  was  performed  (Fig.  S1  in  the  ESM).
The  results  indicate  that  regulating  the  amount  of  SiW12
significantly  alters  the  surface  morphology  of  the  catalyst.
Subsequent  yield  analysis  demonstrates  that  the  catalytic  reaction
yield reaches its optimal level when the catalyst exhibits a cubic NP
morphology.  SiW12 modulates  the  morphological  structure  of  the
catalyst,  in  addition  to  regulating  the  electron  transfer  rate  within
the  catalytic  system.  This  is  achieved  through  interaction  with  Cu
atoms  on  the  Cu  NP  surface.  Consequently,  the  prepared  catalyst
exhibits  excellent  performance  in  the  electrocatalytic
dehalogenation  of  halogenated  (hetero)aromatics,  followed  by
direct carboxylation to CO2.

 4    Conclusions
In  this  study,  a  simple  electrodeposition method was  employed to
load a  specific  amount  of  SiW12@Cu NPs onto a  CF surface.  This
approach  facilitates  the  efficient  carboxylation  of  halogenated
electron-deficient  aromatic  heterocycles  using  CO2 as  a  C1
feedstock  under  precious-metal-free  conditions.  Notably,  this
approach extends beyond halogenated aromatics, enabling efficient
carboxylation of  electron-deficient  heterocycles,  including pyridine
rings,  under  mild  conditions.  Compared  with  conventional  harsh
methodologies,  this  strategy  simplifies  the  carboxylation
modification process for pharmaceutical intermediates and reduces
the  risk  of  structural  damage  to  sensitive  drug  molecules.
Furthermore, it enables the regulation of drug molecule properties,
including  water  solubility,  biological  activity,  and  metabolic
stability,  through  post-carboxylation  modifications.  Overall,  these
findings  provide  valuable  technical  support  for  molecular
optimization and innovation in medicinal chemistry.

 Electronic  Supplementary  Material: Supplementary  material
(SEM, CV, EIS, FT-IR, HPLC calibration curve, NMR spectra, etc.)
is  available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/POM.2026.9140126.
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Figure 7    Proposed mechanism of electrocatalytic coupling of halo-(hetro)aromatic hydrocarbons and carbon dioxide.
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