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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Reviews advancements in multimetallic catalysts for glycerol electrochemical oxidation to various products.

■   Discusses catalyst design strategies aimed at to enhance performance.

■   Presents challenges and future opportunities in the field of multimetallic catalysts for glycerol electrooxidation.
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Glycerol  is  a  major  byproduct  of  biodiesel  production  and  has  become  a
biomass-derived platform chemical.  The glycerol  electrooxidation reaction
(GEOR)  offers  a  promising  route  for  valorizing  this  abundant  byproduct
under  mild  conditions,  simultaneously  mitigating  biomass  resources  and
utilizing renewable electricity. However, while GEOR aligns with sustainable
and  low-carbon  development,  it  faces  significant  challenges,  including
sluggish reaction kinetics and complex reaction pathways,  which result  in
low activity and poor selectivity for the desired product. Multimetallic elec-
trocatalysts have  emerged  as  highly  efficient  materials  for  glycerol  elec-
trooxidation,  attracting  significant  research  attention.  In  this  review,  we
provide an overview of multimetallic electrocatalysts for GEOR. Specifically,
we  first  introduce  the  reaction  networks  of  GEOR,  alongside  the  intrinsic
properties  of  metallic  active  sites  that  govern  these  processes.  We  then
highlight  advanced  catalyst  design  strategies  tailored  to  enhance  GEOR
performance  for  the  production  of  specific  C1-C3  value-added  products.
Based  on  structural-activity  correlation,  the  practical  significance  of
designing site-specific active centers to target distinct products is empha-
sized. Finally, we outline outstanding challenges and future research priori-
ties that must be addressed to advance the field of GEOR, spanning innova-
tions  in  catalyst  design,  advances  in  reaction  engineering,  and  deeper
fundamental mechanistic understanding.

 INTRODUCTION
 Glycerol sources

The urgent need to enhance energy security and achieve carbon neutrality
necessitates  exploring  alternative  renewable  energy  sources.  According  to
the  International  Energy  Outlook,  the  deployment  of  renewable  energy  is
projected to  increase substantially  by  2050.1 Non-food biomass—a sustain-
able  and  abundant  resource—offers  a  technically  feasible  and  economically
viable  solution.2,3 Industrial  biodiesel  production  utilizes  cost-effective alka-
line  transesterification  of  waste  oils,  avoiding  expensive  feedstocks  from
earlier  generations.4-7 Furthermore,  biodiesel,  a  renewable  fuel  with  high
energy density,8-10 reduces greenhouse gas emissions by approximately 35%
versus petroleum diesel.4,11-13 Since 1991,  global  non-food biodiesel  produc-
tion  has  risen  steadily,14-16 with  an  estimated  annual  growth  rate  of  17.5%
projected for the period 2023–2027.17

However,  glycerol,  as  an  abundant  and  low-value  byproduct,18,19 consti-
tutes  approximately  10%  of  total  output.  Including  glycerol  from  bioethanol
synthesis  and  soap  manufacturing,  global  production  reached  3.62  billion
liters  in  2016.18 Further  glycerol  market  growth  is  projected  over  the  next
decade, driven by growing biodiesel output and stringent environmental regu-
lations.20-22 Although glycerol serves functional roles in food, pharmaceuticals,
and  fine  chemicals  (e.g.,  as  humectants,  stabilizers,  and  emulsifiers),23-27

supply  drastically  exceeds  demand,  with  a  market  price  of  approximately
$110 per metric ton.

 Products of glycerol oxidation
Valorizing waste glycerol  into high-value oxidation products has attracted

substantial  research  attention  due  to  its  economic,  environmental,  and
sustainability  merits.  Glycerol  serves  as  a  versatile  platform  molecule  for
producing  diverse  valuable  chemicals  via  selective  oxidation,  with  product
distribution  (especially  organic  acids  and  their  salts)  highly  dependent  on
reaction  medium  alkalinity.  Key  oxidation  products  include:  C3 compounds:

1,3-dihydroxyacetone  (DHA,  applied  in  cosmetics  and  polymers);28,29 glycer-
aldehyde  (GLAD,  applied  in  pharmaceuticals);30,31 glyceric  acid  or  glycerate
(GLA,  applied  in  surfactants,  polymers);32-34 hydroxypyruvic  acid  (applied  in
pharmaceutical  synthesis);35,36 tartronic  acid  or  tartronate  (TA,  applied  in
emulsifiers  and pharmaceuticals);37-39 ketomalonic  acid  (applied  in  inorganic
synthon);40 lactic  acid  or  lactate  (LA,  applied  in  biopolymers  and solvents).41

C2 compounds: Glycolic acid or glycolate (GLCA, applied in food additives and
polymers);42,43 oxalic  acid  or  oxalate  (OA,  applied  in  decolorizers  and
skincare).44 C1 compound:  Formic  acid  or  formate  (FA,  applied  in  fuel  cells
and preservatives).45-47

 Advantages and challenges of GEOR
Waste glycerol valorization methods include biological conversion, thermo-

catalytic  oxidation,  and  electrocatalytic  strategies  (electroreduction  and
GEOR).  Biological  routes often suffer  from low yields and separation issues,
while  thermocatalysis  typically  requires  energy-intensive  setups,  hazardous
oxidants  (e.g.,  permanganate,  chromic  acid),48 elevated  temperatures/pres-
sures, and stringent safety protocols.49 In contrast, electrocatalytic strategies
operate under atmospheric pressure/temperature using renewable electricity
(wind,  solar,  etc.).  Glycerol  electroreduction—an  underexplored  viable
valorization  route  to  products  like  1,3-/1,2-propanediol,50,51 acetol  and
propanols52,53 —differs from GEOR in single reactors. GEOR occurs at anode,
involving dehydrogenation and oxygen atom incorporation to produce C1-C3

oxygenates,  and  typically  requires  a  membrane).  Conversely,  GEOR  takes
place  at  the  cathode  via  hydrogenation  processes,  generally  preserves  C-C
backbone, and  can  be  conducted  without  a  membrane.  Compared  to  glyc-
erol  electroreduction,  GEOR  has  garnered  extensive  research  attention  yet
poses greater challenges for the selective conversion to diverse target prod-
ucts.

The development of GEOR is challenged by sluggish reaction kinetics and
poor  selectivity,  yielding  ≥10  distinct  products  (Figure  1).  Product  diversity
stems from competing factors: glycerol hydroxyl groups co-oxidation, adsor-
bate  configuration  variety,  and  C-C/C-H  cleavage.54,55 Extensive  research
focuses on multifunctional  electrocatalysts to enhance GEOR activity/selec-
tivity.  Among these,  multimetallic systems (comprising two or more metals)
represent  a  particularly  promising  class.  Synthesized  by  incorporating
secondary  metals  into  primary  metal  matrices,  these  electrocatalysts
surmount the  inherent  limitations  of  monometallic  counterparts  via  syner-
gies  from  structural  engineering  (alloys,  core-shell,  heterostructures,  etc),
tailoring  geometric/electronic  properties  to  optimize  selective  GEOR  toward
value-added C1-3 products.56 Leveraging surface strain, electronic modulation,
and  ensemble  effects,57-59 they  promote  intermediate  adsorption  and  lower
activation  barriers;  engineered  defect  sites  (steps,  kinks,  and  vacancies),60,61

3d metal alloying,62 and porous/2D structures further enhance catalytic activ-
ity, mitigate poisoning, and accelerate mass transfer. Therefore, multimetallic
electrocatalysts  enable  significant  improvements  in  selective  GEOR through
the  modulation  of  crystallographic  structures,  morphologies,  compositions,
and electronic states, etc.

This review aims to elucidate the features and advantages of multimetallic
electrocatalysts,  delving  into  the  structure-performance  relationships  of
GEOR,  and  seeking  trends  in  the  design  of  multimetallic  electrocatalysts
toward  specific  value-added  compounds  (Figure  2).  Initial  discussion
addresses  fundamental  GEOR  pathways  and  mechanisms.  Section  2  then
analyzes  intrinsic  product  selectivity  and  glycerol  adsorption  configurations
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on distinct metal  sites.  Subsequent sections 3-5 detail  tailored multimetallic
strategies  for  selectively  producing  C3,  C2,  and  C1 products  respectively,
incorporating insights on active-site customization for pathway-specific opti-
mization.  The  stability  bottlenecks,  coupled  cathodic  reaction,  and  product
separation  methods  are  systematically  deliberated  as  critical  avenues  for
future advancement. To guide the rational design of high-performance elec-
trocatalysts,  a  multimetallic  local  reaction  microenvironment  model  is
proposed.  Finally,  concluding  perspectives  provide  an  overview  of  future
GEOR research trajectories.  This work ultimately provides foundational  prin-
ciples  for  rationally  designed  metallic  electrocatalysts  in  organic  electro-
synthetic applications.

 REACTION PATHWAYS OF GEOR
GEOR  proceeds  via  a  complex  pathway,  yielding  a  diverse  array  of  C1-C3

products. Figure 3 provides a comprehensive summary of the reaction path-
ways  involved  in  GEOR.  Initially,  glycerol  undergoes  oxidation  to  form either
GLAD  or  DHA,  with  a  preference  determined  by  the  oxidation  of  hydroxyl
groups  at  specific  positions.  Notably,  under  alkaline  conditions,  glycerol
exhibits a  pronounced  preference  for  oxidation  to  GLAD  over  DHA.  Subse-
quently,  GLAD  or  DHA  undergoes  further  oxidation  to  generate  C3-C1 prod-
ucts, as C-C bond cleavage and subsequent oxidation cannot be suppressed
at some catalyst active sites. Finally,  FA could undergo further electrooxida-
tion to CO2 under these conditions.

Beyond  catalyst  intrinsic  properties,  operational  conditions  exert  a
profound  impact  on  the  activity,  selectivity,  and  stability  of  GEOR  systems.
Key  parameters  include  temperature,  applied  potential,  electrolyte  pH,
cation/anion  species,  and  glycerol  concentration.  Elevating  temperature
enhances the kinetic rate of GEOR by providing sufficient activation energy to
overcome  reaction  barriers.  However,  temperature  also  exerts  a  metal-
specific  effect  on  catalyst  stability:  for  instance,  elevated  temperatures
promote  the  dissolution  of  Pt  while  inhibiting  Ru  leaching,  highlighting  the
need for temperature optimization tailored to catalyst composition.63 Applied
potential and electrolyte pH are two interrelated parameters that jointly regu-
late  product  distribution  and  reaction  kinetics.  The  increasing  potential  and
pH will affect the distribution of products and accelerate the reaction kinetics.
Higher potentials facilitate C-C bond cleavage, increasing the yields of C1 and
C2 species and, in some cases, leading to exclusive formation of C1 products
or  CO2.34 Similarly,  increasing  KOH  concentration  (a  common  strategy  to
adjust  pH and electrolyte  conductivity)  not  only  enhances ionic  conductivity
but  also  promotes  C-C  bond  cleavage,  further  tuning  product  selectivity.64

The relationship between glycerol concentration and current density follows a
volcano  trend,  governed  by  the  diffusion  coefficient  of  glycerol.  At  low

concentrations, current density is limited by reactant diffusion to active sites,
while excess glycerol may lead to competitive adsorption with reaction inter-
mediates  or  block  mass  transfer,  resulting  in  a  decline  in  performance.64,65

Furthermore, the electrolyte cations influence the reaction on surface through
OHad-M+(H2O)x clusters  (M+ =  Li+,  Na+,  K+),  formed via  non-covalent interac-
tion  between  hydrated  alkali  metal  cations  and  adsorbed  OH.  For  example,
increasing  cation  radius  can  promote  activity  of  catalyst.66 Cation  species
also  affect  formation  rate  and  oxidation  rate  of  adsorbed  CO  (a  catalytic
poison)  and  its  potential.  While  all  systems  exhibit  analogous  voltammetry
profiles  and  COad intensity  signatures  for  bridge-bonded/multiply  bonded
COad and linearly bonded COad, distinct cation-induced discrepancies emerge
in  the  in  situ  surface-enhanced  infrared  absorption  spectroscopy  in  the
attenuated  total  reflectance  mode  (ATR-SEIRA  spectra, Figures  4A–C).67

Specifically, complete oxidation of COad is achieved at 1.0 V vs. RHE in LiOH,
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Figure 1.  Various value-added products from GEOR depending on reaction conditions and catalyst properties.

 

Figure 2.  Multimetallic electrocatalysts for GEOR.
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whereas  a  higher  potential  of  1.1  V  vs.  RHE  is  required  for  full  oxidation  in
NaOH and KOH electrolytes. This is attributed to cation-dependent stability of
oxygenated  species  and  electric  filed  on  the  surface.67 Furthermore,  cations
can  drive  structural  evolution  of  catalysts,  such  as  inactive  Pt  oxide  layer
formation.  Anions,  meanwhile,  regulate  the  adsorption  behavior  of  glycerol
and  its  intermediates.  For  example,  Huang  et  al.  demonstrated  that  borate
anions form bis-chelated (1:2) complexes with glycerol  by coordinating with
its  hydroxyl  groups.68 These  coordination  complex  formations  were
confirmed  by  capillary  zone  electrophoresis  and 11B  NMR  spectroscopy
(Figure 4D). This temporary protection effect preserves intermediate species
such as dihydroxyacetone (DHA) and glyceraldehyde (GLAD), preventing their
overoxidation  and  thus  tuning  product  selectivity.  Thus,  given  the  strong
dependence  of  GEOR  performance  on  operational  parameters,  conditions
must  be  tailored  to  specific  catalyst  compositions  to  achieve  targeted
production  of  C1-C3 products.  Beyond  optimizing  traditional  parameters,
innovative  operational  strategies  have  been  developed  to  address  inherent
challenges: pulse  potential  protocols  mitigate  catalyst  poisoning  by  periodi-
cally desorbing accumulated intermediates (Figure 4E-F),69,70 while flow reac-
tor designs enhance mass transfer by minimizing concentration gradients at
the catalyst surface.

The GEOR pathways can be classified into direct and indirect processes.71

In the direct pathway, glycerol undergoes direct oxidation at the catalytically
active sites (Figure 5A). Multimetallic catalysts exert precise control over like
inhibiting  cleavage  of  C–C  bonds  through  the  introduction  of  metallic
promoter.  For  example,  our  group  proposed  a  high-entropy  nanosurface
strategy (Figure 5B) that PtCuCoNiMn exhibit excellent activity and high GLA
selectivity  (75.2%).34 In  situ  surface-enhanced  Raman  spectroscopy  (SERS)
reveals  the  formation  of  surface-enriched  oxygenated  species  following
surface  activation  (Figure  5C).  These  species  play  a  dual  role:  they  stabilize
the  exposed  Pt  active  sites  by  forming  a  protective  interface  and  suppress
the non-targeted production of lactate (a key side product in GEOR). Comple-
mentary  in  situ  surface-enhanced  attenuated  total  reflection  Fourier-trans-
form  infrared  spectroscopy  (SEATR-FTIR)  provides  mechanistic  clarity  into
the  GEOR  pathway,  confirming  sequential  activation,  dissociation,  and
adsorption  of  the  primary –OH  group  of  glycerol.  This  initial  step  facilitates
the  stepwise  transformation  of  glycerol  to  GLAD and further  to  GLA (Figure
5D). The introduction of  Cu species inhibits  the hydroxyl  departure of  dehy-
drogenated  GLAD  and  further  limit  formation  of  the  by-product  LA.  The
promoters of Co, Ni, and Mn can protect the Pt sites from oxidation.34 In indi-
rect pathway, the deployment of electron shuttle mediators (halides, organic
nitroxyl  species,  and  heterogeneous  polymeric  constructs/active  species,
etc.)  is  indispensable  for  facilitating  efficient  electron  transfer  kinetics.72

These  mediators,  as  dynamic  redox  couples,
undergo  reversible  oxidation-reduction  cycles
at  the  electrode-electrolyte  interface  to  shunt
electrons from GEOR to the anode (Figure 5E).
The choice of mediator dictates the mechanis-
tic  pathway,  with  halides  enabling  halogen-
based  redox  shuttling,73-75 nitroxyl  radicals
facilitating  proton-coupled  electron  transfer,75

and  polymeric  scaffolds  providing  structural
confinement  for  enhanced  shuttle  efficiency.
Moreover,  Mohamed  et  al.  presented  that  the
relation  between  glycerol  concentration  and
GEOR mechanism� (Figure 5F).76 At low glycerol
concentrations, the  direct  oxidation  mecha-
nism  prevails,  wherein  glycerol  molecules
engage  with  surface-adsorbed  OH- species  at
catalytic  active  sites  to  initiate  dissociative
adsorption  and  subsequent  C–H/O–H  bond
activation.76 Conversely,  at  elevated  glycerol
concentrations,  the  indirect  oxidation  pathway
becomes dominant, driven by the saturation of

metallic adsorption sites with glycerol molecules.76

 OVERVIEW OF THE CATALYTIC SITES FOR SELECTIVE GEOR
As summarized in Table 1 & Figures 6A-C, an overview of typical metallic

electrocatalysts employed in the GEOR for the production of C1–C3 products
is  presented.  Precious  metallic  species  (e.g.,  Pt,  Pd,  Au)  are  predominantly
utilized  for  the  synthesis  of  C2 and  C3 products  in  GEOR.  This  preferential
application  originates  from  the  higher  added  value  of  C2 and  C3 products,
which effectively  offsets  the  substantial  cost  of  precious  metals.  Further-
more,  the  production  of  C3 products  necessitates  low  applied  potentials  to
suppress  C-C  bond  cleavage  and  rapid  reaction  kinetics.  Consequently,
precious  metal  species  with  high  intrinsic  activity  constitute  the  dominant
active  sites  for  C2 and  C3 product  generation  in  GEOR.  In  contrast,  non-
precious  metallic  species,  with  relatively  high  activation  energy  barriers,  are
primarily employed for the synthesis of formic acid, a C1 product.

Prior  to  discussing  multimetallic  systems,  monometallic  GEOR  catalysts
are  surveyed  to  establish  baseline  catalytic  behavior  at  single-metal  active
sites. The GEOR is a complex reaction network;77 for instance, the initial glyc-
erol  dehydrogenation  step  proceeds  through  two  distinct  intermediates
resulting from cleavage of either a secondary C–H or O–H bond (Figure 6D),
while  subsequent  dehydrogenation  leads  to  five  possible  intermediates
(Figure  6E).78 Theoretical  studies  suggest  that  Ru,  Rh,  Ir,  Ag,  and  Au  exhibit
selectivity  toward  DHA  and  its  derivatives,  whereas  Pd  and  Pt  demonstrate
selectivity for either DHA or GLAD and related derivatives (Figure 6F).79 Theo-
retical  calculation  clarifies  the  structures  of  key  reaction  intermediates  and
reveals that initial deprotonation steps are thermodynamically downhill (ΔG <
0)  for  most  metallic  sites,  followed  by  a  sequential  second  deprotonation
step.79 Experimental  observations  align  with  these  predictions:  Pt  catalysts
facilitate  glycerol  oxidation to GLA under  alkaline conditions,  whereas acidic
media promote the formation of GLAD.80 In contrast, Au achieves significant
activity only in alkaline electrolytes, generating GLA, LA, GLCA, and FA. Addi-
tionally,  steric hindrance and inductive effects play critical roles in governing
glycerol  adsorption  behavior  on  metal  surfaces,  influencing  both  molecular
orientation  and  bond  activation  pathways.81 For  example,  glycerol  adsorbs
more strongly at low-coordination sites and six-adatom triangular defects on
Pt(111)  surfaces  via  permanent-induced  dipole  interactions,  where  anionic
oxygen atoms coordinate with electron-deficient Pt atoms.82

Non-noble  metals  offer  compelling  cost  advantages  for  GEOR  but  face
limitations  including  insufficient  activity  and  low  selectivity  for  C3 products.
Nickel-based catalysts facilitate C-C bond cleavage while mitigating poison-
ing  effects,83 yet  their  complex  electronic  configurations  generate  diverse
GEOR products.84 Mohamed et al. revealed a dynamic Ni speciation cycle (β-
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Figure 3.  Reaction pathways of GEOR.
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NiOOH/β-Ni(OH)2) in  1  M  KOH  that  mediates  glycerol  oxidation  via  an  indi-
rect  electron-transfer  mechanism  (Figures  7A-B).85 Ni  oxide  nanoparticles
demonstrate superior GEOR activity and OA yield compared to Fe, Mn, and Co
oxides.44 Cu-based  electrocatalysts  have  been  engineered  for  GEOR  toward
FA.86 Cu(II)  species  with  reduced  electron  cloud  density,  generated  during
GEOR, facilitate the adsorption of OH− on the catalyst surface to form Cu(II)-
OHads,  which concurrently enhances glycerol  oxidation kinetics (Figure 7C).87

Furthermore,  engineered  Cu  electrocatalysts  facilitate  glycerol  adsorption.86

The Cu (II)/Cu (III) redox cycle establishes a dynamic shuttle mechanism that
steers selective product formation.  However,  Fan et al.  identified that inade-
quate oxygen anion deintercalation capacity can impede overall catalytic effi-
ciency in the application of copper-based catalysts.88 Cobalt-based catalysts
also  exhibit  enhanced  electrochemical  stability,  reduced  interfacial
impedance,  accelerated  electron  transfer  kinetics,  and  improved  oxidation
rates, owing to their inherent C–C cleavage ability and stable glycerol adsorp-
tion  configurations.89,90 Mn  and  Bi  species  have  been  shown  to  effectively
inhibit  C–C  bond  cleavage  during  glycerol  conversion.91,92 McKenna  et  al.
reported a glyceric acid selectivity  of  82% using MnSb2O6.91 Complementary
studies  by  Li  et  al.  reveal  glycerol  limits  lattice  oxygen  mobility  and  inhibits
MnO2 dissolution.93 Bi species further modulate electronic structures of active
sites  and  facilitate  secondary  hydroxyl  group  oxidation.  DFT  calculations
demonstrate  that  introducing  proximal  Bi  atoms  significantly  weakens  the
surface adsorption affinity  toward all  C3 products, driven by  enhanced elec-
trostatic repulsion (Figure 7D).94 This effect stems from Bi-induced electronic
modulation:  Bi’s  p-orbital  characteristics  and  charge  redistribution  alter  the
surface  electrostatic  environment  (Figure  7E).92,94 Additionally,  Pb  and  Fe-
based catalysts have been applied in GEOR for the production of mesoxalate
and  FA,  respectively.95,96 The  d-band  center  of  active  sites  can  be  precisely
tuned  via  metallic  site  interactions  (e.g.,  alloying,  d-p  orbital  hybridization),
thereby  optimizing  adsorption  thermodynamics  and  promoting  product
desorption.

 SELECTIVE GEOR: C3 PRODUCTS
The  C3 products  derived  from  glycerol  electrooxidation  are  of  particular

interest  due to their  higher economic value,  compared with C2 and C1 prod-
ucts.  C3 oxidation  products  include  DHA,  GLAD,  GLA,  TA,  and  ketomalonic
acid,  with  an  increase  on  the  extent  of  oxidation.  However,  the  inherent
susceptibility  of  glycerol  to  C-C  bond  cleavage  during  this  process  leads  to
undesirable  deep  oxidation,  generating  lower-value products  and  signifi-
cantly diminishing C3 selectivity. Currently, controlling the reaction pathway to
achieve  selective  oxidation  towards  specific  high-value  C3 products,  while
suppressing  C-C  bond  scission,  remains  a  critical  challenge  in  the  catalytic
valorization of glycerol into high-value chemicals.

 DHA
DHA,  the  initial  oxidation  product  of  glycerol,  represents  one  of  the  most

valuable derivatives from glycerol  oxidation due to its extensive applications
in  pharmaceutical  intermediates,  functional  additives,  food,  and  cosmetics.
Its  commercial  significance  is  underscored  by  a  cost  approximately  600
times  greater  than  that  of  glycerol.97-99 Selective  oxidation  of  the  secondary
hydroxyl group of glycerol to DHA is a critical yet challenging transformation,
primarily  hindered  by  the  competitive  oxidation  of  glycerol's  three  hydroxyl
groups. Competing pathways lead to GLAD formation and subsequent over-
oxidation to GLCA, resulting in suboptimal DHA selectivity.100

The  incorporation  of  Bi  as  a  promoter  metal  has  proven  effective  in
enhancing selectivity  toward  DHA.  Bi  atoms selectively  suppress  the  oxida-
tion  pathways  of  primary  alcohol  groups  within  the  reaction  system.101,102

Kimura et al. were the first to demonstrate that the introduction of Bi into Pt-
based  catalysts  significantly  improves  DHA  selectivity.103 However, conven-
tional Bi-modified catalysts suffer from inherent limitations: Bi nanoparticles
can block Pt active sites, and Bi species are prone to leaching under reaction
conditions  due  to  strong  chelation  with  carbonyl  intermediates.  To  address
these issues, Leng et al.  developed a Pt/Bi@NC architecture, which incorpo-
rates N-stabilized Bi single atoms adjacent to Pt nanoparticles.100 This design
minimizes  the  coverage  of  Bi  on  active  Pt  sites,  thereby  improving  noble
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Figure 4.  The effect of reaction conditions on GEOR (A-C) time-resolved ATR-SEIRA spectral series recorded during CV of GEOR. CV measurements were performed at a scan
rate of 10 mV s−1 over the potential range 0.05-1.30 V vs. RHE in electrolytes containing 0.5 M KOH (A), NaOH (B), or LiOH (C), each supplemented with 0.1 M glycerol.67 This arti-
cle is open access. Reprinted from Yukuhiro et al. with permission. (D) 11B NMR spectra of 0.1 M borax aqueous solution in the absence and presence of 0.1 M glycerol (* denotes
the characteristic signal of borate-glycerol coordination complexes).68 Copyright 2021, American Chemical Society.  (E) schematic illustration of GEOR on Pd-based electrodes
with distinct electrolytic strategies.70 Copyright 2024, John Wiley and Sons. (F) I-t curves of GEOR om Pd over 24 h by asymmetric pulse potential  and potentiostatic strategy
(Inset: magnified view of the i–t curves highlighting electrode response during the long-term stability test).70 Copyright 2024, John Wiley and Sons.
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metal  utilization  while  promoting  selective  secondary  alcohol  oxidation  and
achieving  high  DHA  yield.  In  addition  to  noble  metal  based  electrocatalysts,
non-precious  alternatives,  such  as  CuO  or  MnO2,  exhibit  considerable  DHA
selectivity  as  well.  Chiang  et  al.  reported  that  CuO  catalyzes  secondary
hydroxyl oxidation  under  mild  alkaline  conditions,  attaining  high  DHA selec-
tivity albeit at a low current density of ~3 mA cm−2.104 Zhao et al. engineered a
MnO2-CuO/CF  electrode  that  achieves  high  DHA  selectivity  at  reduced
applied potentials.105 The interpenetrating architecture of MnO2 lamellae and
CuO dendritic structures accelerates electron transfer and mass transport of
reactants and products.  Synergistic interactions within this system enhance
glycerol adsorption while suppressing that of DHA. These effects collectively
reduce  the  overpotential  and  boost  the  selectivity  toward  DHA.105 In  situ
Raman  spectroscopy  enables  real-time tracking  of  dynamic  surface  evolu-
tions of catalysts under reaction conditions. Zhao et al. utilized this technique
to visualize the in-situ formation of a stable MnO2-containing surface struc-
ture during catalysis (Figure 8A).105 Such findings underscore that heteroatom
incorporation tunes the electronic structure of active sites and modulates the
adsorption/activation of reaction intermediates, a key strategy for optimizing
catalytic performance via coordination environment engineering.

Efficient  catalysts  for  GEOR-driven  DHA  synthesis  commonly  feature
tailored  active  site  electronic  structure  and  strong  substrate  adsorption
specificity.  Their  structural  design  is  primarily  shaped  by  the  heteroatom
effect,  crystal plane and defect formation, which collectively govern catalytic
performance.  Currently,  mainstream  strategies  for  DHA  synthesis  via  GEOR
include introducing Bi and Pb heteroatoms for structural modulation, or utiliz-
ing  oxidized  species  (like  MnO2)  to  tailor  the  electronic  structure  of  active

sites  and  the  adsorption  configuration  of  glycerol.  A  persistent  challenge  in
this  process  is  insufficient  catalytic  activity,  characterized  by  low  current
density.

 GLAD/GLA
GLAD  is  a  key  chemical  intermediate  widely  used  in  the  pharmaceutical,

chemical,  and  food  industries.  GLA  and  its  derivatives,  which  function  as
biologically active food additives, command a market price of approximately
$30 mol−1, with global demand reaching 1.445 million tonnes.106 The strategic
design of  adsorption sites plays a critical  role  in  determining the adsorption
modes and capacities of reactants and intermediates, thereby steering prod-
uct distribution. For instance, Kim et al. employed atomic layer deposition to
coat SnO2 on commercial Pt/C (Figure 8B).107 The resulting SnO2-Pt interface
enhanced the adsorption of reaction intermediates while inhibiting the sinter-
ing  of  Pt  nanoparticles  in  acidic  media,  thereby  altering  the  GEOR  pathway
and significantly improving GLAD selectivity at comparable conversion levels.
Besides  catalyst  design,  it  was  also  reported  to  enhance  GLA  selectivity  by
using  pulsed  potential  to  promote  glycerol  adsorption  and  facilitating  GLA
desorption  (Figure  8C).108 Operando in  situ  FTIR  corroborates  this  mecha-
nism: spectral signatures corresponding to adsorbed aldehyde intermediates
(1590 cm−1)  exhibit  progressive  intensification,  consistent  with  site-blocking
and  catalyst  poisoning.108 In  contrast,  application  of  the  pulsed  potentials
induces  a  marked  reduction  in  these  absorption  bands.  Notably,  signals  at
1400 cm−1 (carboxylate  species)  and 1588 cm−1 (aldehyde  species)  show
pronounced attenuation,  directly  confirming  the  suppression  of  toxic  inter-
mediate  accumulation.  These  findings  demonstrate  that  pulsed  potential
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Figure 5.  Direct and indirect GEOR processes (A) diagram of direct process; (B) synthesis procedure and TEM image of nanoscale high-entropy surface strategy.34 Copyright
2025, Springer Nature. (C) In situ SERS of PtCuCoNiMn-EC at multiple applied potentials at 1 M KOH and 0.1 M glycerol.34 Copyright 2025, Springer Nature. (D) Proposed GEOR
mechanism on PtCuCoNiMn-EC.34 (E) Diagram of indirect process. (F) Cyclic voltammogram (CV) profiles of (a) Ni, (b) Ni95Pd5 measured in 1 M KOH electrolyte containing x mM
glycerol, with the potential held at 0.62 V vs. Hg/HgO.76 Copyright 2019, American Chemical Society
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Table 1.  The summary of the performance of metallic electrocatalysts in GEOR for the generation of C1-C3 products.

Electrocatalysts Electrolytes
(M)

Glycerol
(M)

Potentials
(V vs. RHE)

Current density
(mA cm−2)

Selectivity
(%)

Stability Test
(hours)

Turnover
frequency

Faradaic
efficiency (%) Ref.

C3 products

CuO 0.1 M Na2B4O7 0.1 2.06 3 ~60% DHA >3 / / 104

MnO2-CuO/CF 1 M KOH 0.1 1.3 10.7 60% DHA 30 / / 105

γ-MnO2 0.1 M Na2B4O7 0.1 1.85 1.9 ~50% DHA / / / 147

ALD(SnO2)– Pt/C (HT) 0.5 M H2SO4 0.1 1.136 <1 42%GLAD / / / 107

PtCuCoNiMn 1 M KOH 0.1 0.75 ~200 75.2%GLA 210 / / 34

Pt@G 1 M KOH 0.05 0.7 (pulse) / 81.8%GLA / / / 108

NixB 1 M KOH 0.1
solketal 1.58 6 77%GLA >2 / / 109

Curich Cu-Co(OH)x(CO3) y 1 M KOH 0.1
solketal 1.5 ~10 67%GLA >4 / 70% 110

Pd3Bi/C 4 M KOH 1 0.7 ~200 ~80%TA (30oC) 24 / / 113

PdCuL/C 2 M KOH 2 0.6 ~100 59%TA 48 / / 114

Pt80Co20 2 M KOH 1 0.67 / 72%LA / / / 115

Au/CeO2-x 1 M KOH 0.5 1.5 693.4 81%LA / / / 116

PdZn/TiO2-x NS 1 M KOH 0.5 0.85 ~30 ~45%LA 15 / / 117

C2 products

NiOx/MWCNTs-Ox 1 M KOH 1 1.5 60 >70%OA 40 / 66% 44

PdAg 4 M KOH 1 / / 35.9%OA / / / 118

AuPd 0.1 M NaOH 0.1 / / ~40%GLCA / / / 120

PdFe/rGO 1 M KOH 0.1 0.8 / 45%GLCA / / / 121

LaFe1-xCoxO3 1 M KOH 1 ~1.53 3 13.8%GLCA 48 / / 122

FA or formic acid

CuO@NiBiOx 1 M KOH 0.1 1.6 ~60 >85% 100 / 79.4% 46

Ni0.9Au0.1/C 1 M KOH 0.1 1.04 46 100% 24 / 85% 123

Mo-NiOOH 1 M KOH 0.1 1.51 400 ~84.7% / / 84.7% 124

CuNiP/CuOx-VP Nanoarrays 1 M KOH 0.1 1.75 1000 96.76% 70 / 96.94% 125

NiCoFeRuRe 1 M KOH 0.1 1.133 10 ~95.6% 450 / 95.6% 126

Fe-CuOx/CF 1 M KOH 0.3 1.33 100 95.1% 20 / 87.53% 148

CuNi−NiVOx 1 M KOH 0.1 1.308 10 82.24% 60 5.97 s−1 82.245 127

Pt-in-VGCC 1 M KOH 0.1 / / 79% / / / 128

Ni3N/Co3N-NWs 1 M KOH 0.1 2.01 1000 ~94.6% 200 / 94.6% 129

NiCoOx/CNx-300 1 M KOH 0.1 1.5 ~40 ~89.7% 48 0.02s−1 87% 133

t-NiCo-MOF 1 M KOH 0.5 1.4 600~730 ~90% / / 85% 134

NiCo hydroxide 1 M KOH 0.1 1.35 100 94.3% 110 ~4.9s−1 ~100% 77

CoNiCuMnMo 1 M KOH 0.1 0.55 10 ~92.0% 288 31.44h−1 92% 136

N-CoFeP/NF 1 M KOH 0.1 1.38 100 ~74% / / 74% 137

Ni-Mo-N/CFC 1 M KOH 0.1 ~1.5 100 ~95.0% 12 / 95.0% 138

NiCo2O4/NF 1 M KOH 0.1 1.219 10 94.0% >60 / 93.2% 149

NiCo2O4/NF 1 M KOH 0.1 1.42 300 ~89.9% 200 / 89.9% 150

GDE@AgAu 1 M KOH 0.1 / / 66% / / / 151
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regulation  enables  precise  control  over  the  local  reaction  environment,
thereby steering reaction pathways at distinct active sites.

Alternatively,  Andronescu  et  al.  introduced  an  approach  involving  the
condensation of glycerol with acetone to form solketal,  a mono-alcohol that
mitigates  catalyst  deactivation  and  suppresses  C-C  cleavage.  Subsequent
electrooxidation  of  solketal  achieved  high  selectivity  toward  GLA.109,110 In
another study, a CoNiFeCu multimetallic catalyst was shown to enhance GLA
synthesis,  achieving  a  Faradaic  efficiency  of  40%,  while  simultaneously
inhibiting  Cu  precipitation  (Figure  8D).111 Duan  et  al.  established  a  volcano-
type  relationship  between  glycerol  oxidation  activity,  hydroxide  adsorption
free  energy  (ΔGOH),  and  glycerol  adsorption  free  energy  (ΔG*ads),  with
Au3Pd/Au3Ag alloys exhibiting optimal performance (Figure 8E).112 Dopant-Au
d-orbital  coupling  upshifts  the  alloy’s  d-band  center  vs.  Au.  This  d-band

elevation  indicates  Fermi-level  d-electrons  engage  more  actively  in  glycerol
adsorption.  Furthermore,  the  oxidation  state  and  structural  configuration  of
metal  sites  are  crucial  in  regulating  C-C  cleavage.  For  example,  compared
with  MnOx (featuring  Mn4+ in  adjacent  sites),  MnSb2O6 (with  isolated  Mn2+

sites) significantly suppresses C-C bond scission, resulting in 82% selectivity
toward GLA and higher yields of C3 products.91

Efficient GEOR electrocatalysts (targeting GLAD/GLA) exhibit more diverse
design  strategies  than  those  of  DHA,  encompassing  doping,  alloying  and
pulsed  potential  modulation.  Their  core  functions  include  accelerating
GLAD/GLA  desorption,  activating  glycerol  dehydrogenation,  optimizing
hydroxyl/glycerol adsorption energies, and enabling rapid active-site regener-
ation.  High-performance  catalysts  share  features:  tailored  active-site elec-
tronic  structure  and  strong  substrate  affinity  without  over-adsorption.  We
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Figure 6.  The intrinsic property of various metallic sites for glycerol electrooxidation (A-C) Comparison of the GEOR performance of various electrocatalysts in terms of (A) C3
product, (B) C2 product, and (C) FA generation. (D) Selectivity for first-dehydrogenated and second-dehydrogenated intermediates of glycerol as a function of the binding energy
of O* and *C (a, b) and of *CH2OH and CH3O* (c, d).78 This article is open access. Reprinted from Valter et al. with permission. (E) Glycerol intermediate structures.78 This article is
open access. (F) Thermodynamically favorable routes (blue color denotes routes starting with carbon deprotonation and orange denotes those starting with oxygen deprotona-
tion).79 Copyright 2020, American Chemical Society.
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propose  that  entropy  modulation  and  d-band  center  tuning  synergistically
endow  electrocatalysts  with  high  selectivity  and  activity  for  glycerol-to-
GLAD/GLA oxidation, while preserving structural integrity.

 Other C3 products
TA, LA, and ketomalonic acid can also be obtained through selective GEOR.

Although  these  oxidized  products  have  received  relatively  less  attention  as
target products in previous studies,  they possess high added value and find
applications  in  diverse  fields,  including  polymers,  emulsifiers,  inorganic
synthons,  and  solvents.  Herein  are  some  design  strategies  for  catalysts  to
selectively yield TA, LA, and ketomalonic acid. For example: (i) Modification of
catalytic sites by second metal species (such as doping and alloying).113-115 (ii)
Tuning  the  local  microenvironment  of  the  reaction.116 (iii)  Regulation  of  the
nanostructure  of  support  (involving  aspects  like  defects,  strong  support-
metal  interaction,  and  enrichment  of  adsorption  sites).117 PdCu  alloy
nanoparticles  (NPs)  stabilized  by  a  secondary  diamine  ligand  display
enhanced  TA  selectivity  due  to  the  Pd-Cu  synergistic  effect  and  possess
structural stability thanks to the protection provided by the ligand.114 Huang et
al.  introduced the  CeO2-x Lewis acid  component  to  suppress  local  acidifica-
tion and augment the surface concentration of OH-.116 The accelerated diffu-

sion  of  OH- and  the  increased  OH- concentra-
tion  led  to  an  LA  selectivity  of  81.2%  when
using Au/CeO2-x.116 In a catalyst, multiple of the
above  strategies  can  be  combined  to  bring
about a more significant improvement in GEOR
performance.  Nevertheless,  further  efforts  are
still  needed  for  the  separation  and  purification
of C3 products.

 SELECTIVE GEOR: C2 PRODUCTS
The  primary  high-value-added  C2 products

derived from glycerol electrooxidation are GLCA
and  OA.  However,  C-C  bond  cleavage  and
subsequent  deep  oxidation  inevitably  generate
C1 byproducts,  predominantly FA (formic acid).
OA exhibits inherent stability under typical elec-
trocatalytic conditions,  functioning  as  a  termi-
nal oxidation product due to the inertness of its
carboxylic  acid  groups.44,118 Similarly,  further
oxidation  of  GLCA  is  kinetically  hindered,
requiring  significantly  elevated  potentials;  this
barrier  arises  from  the  protective  effect  of  the
adjacent  carboxylate/carboxylic  acid  group  (-
COO-/-COOH)  on  the  reactive  hydroxyl
moiety.118

 OA
Within alkaline media, Pd sites exhibit excep-

tional  capability  for  glycerol  deprotonation,
while  Ag  species  promote  C-C  bond  cleavage

and  oxidation  of  aldehyde-containing  intermediates.118 Illustrating  this
synergy,  Neeva  et  al.  synthesized  PdAg  bimetallic  alloy  NPs  with  tunable
Pd/Ag ratios, demonstrating that Ag incorporation significantly increases the
proportion  of  metallic  Pd0 species.118 These  PdAg  NPs  exhibit  markedly
enhanced GEOR activity, OA selectivity, and faradaic efficiency, coupled with a
low onset  potential  in  1  M KOH containing 0.1  M glycerol.  Surface-exposed
Pd0 sites  were  identified  as  critical  centers  for  glycerol  deprotonation.
Although intrinsically  inactive  for  GEOR,  Ag sites  within  the  bimetallic  struc-
ture  facilitate  C-C bond cleavage in  intermediates (e.g.,  mesoxalate  and TA)
adsorbed on adjacent Pd sites, thereby steering the pathway towards C2 (OA)
production.

Beyond  random  alloys,  ordered  intermetallic  structures  can  further
enhance performance. Wang et al.  demonstrated the nanostructure of inter-
metallic PtBi hexagonal nanoplates (Figure 9A), which exhibit superior GEOR
activity, stability, and high OA selectivity under identical alkaline conditions.119

In  these  nanoplates,  Pt  exists  predominantly  in  the  metallic  state,  while
surface  Bi  species  are  oxidized;  the  strong  electron  interaction  between  Bi
and Pt drives electron transfer from Bi to Pt sites. This mass activity reached
3.2 times that of commercial Pt/C. Although alloying with Bi enhances struc-
tural  stability,  trace  Bi  dissolution  remains  observable.  Mechanistic  studies
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Figure 7.  Non-noble  metal-based  electrocatalysts
 (A-B)  CV  profiles  of  Ni  electrocatalyst  in  1  M  KOH
with  50  mV  s−1 before and  after  treatment,  respec-
tively.85 Copyright 2017,  Elsevier.  (C)  Ex situ-derived
surface analysis of the Cu-CuS/BM catalyst: (a) LSV
curve of Cu-CuS/BM, (b) ex situ XPS analysis of Cu
2p of Cu-CuS/BM after LSV tests of GEOR at cutoff
potentials of 0, 1.15, 1.3, 1.45, and 1.6 V, (c) Cu0/Cu2+

peak area ratio derived from Cu 2p XPS spectra, (d)
ex  situ  XPS  analysis  of  O  1s  of  Cu-CuS/BM  after
LSV  tests  of  GEOR,  (e)  peak  area  percentage  of
surface-adsorbed  hydroxyl  oxygen,  summarized
from O 1s XPS.87 Copyright 2022,  American Chemi-
cal Society. (D) Adsorption energies of glycerol, DHA,
GLA  and  TA  on  Bi1Pd  or  Pd.94 (E)  Integrated  COHP
values between the O atom of adsorbed GLA and the
Pd  atom  in  Bi1Pd  or  pristine  Pd.94 Copyright  2024,
Royal Society of Chemistry.
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(Figure  9B)  suggest  that  Bi  suppresses  C-C  bond  cleavage  in  glycerol  and
intermediates compared to pure Pt, directing selectivity towards C2 products
(OA).  In  situ  FTIR,  as  presented  in Figure  9B,  captures  the  characteristic
absorption  bands  (labeled  A–H)  corresponding  to  glycerol  and  its  oxidation
products,  enabling  direct  tracking  of  reaction  pathways  on  catalyst
surfaces.119 A  prominent  feature  emerges  in  the  spectral  region  associated
with the O–C–O stretching vibration of OA at 1308 cm−1: the intensity of this
band increases monotonically with increasing applied potential. More notably,
the O–C–O band intensity for OA is substantially higher on the PtBi alloy than
on monometallic Pt. This dual observation confirms two key phenomena: OA
is  a  kinetically  stable  product  under  the  reaction  conditions,  and  the  PtBi
catalyst  exhibits  enhanced  selectivity  toward  OA  formation  relative  to  Pt.  A
second diagnostic band at 1980 cm−1,  attributed to linearly adsorbed carbon
monoxide  (CO:  a  typical  poisoning  intermediate  derived  from  C–C  bond
cleavage)  provides  critical  mechanistic  insight.  This  CO  feature  is  clearly
distinguishable on monometallic Pt but is entirely absent from the FTIR spec-
trum of PtBi. The selective suppression of CO adsorption on PtBi directly indi-
cates that the alloy structure effectively inhibits the cleavage of C-C bonds in
glycerol,  a detrimental pathway that limits both activity and selectivity in Pt-
based catalysis.

Collectively, these in situ FTIR results underscore the structural advantage
of  the  alloy  strategy:  by  preserving  the  C–C  bond  integrity  of  glycerol  and
promoting the formation of stable OA, alloy strategy overcomes the inherent
limitations of monometallic Pt catalysts in biomass-derived alcohol oxidation
reactions. These observations underscore the critical need for precise control
over the  composition  ratio  and  spatial  distribution  of  electrocatalysts.  Effi-

cient  catalysts  for  such  reactions  typically
share  high  active-site  accessibility,  modulated
electronic structure, and strong substrate affin-
ity to boost selectivity and activity. For GEOR to
OA,  alloying  strategies  offer  a  viable  route  to
enhance the electron cloud density and metallic-
state  content  of  catalysts,  thereby  improving
OA selectivity.  This catalyst structure design is
primarily  shaped  by  active-site utilization  effi-
ciency, dopant  stability,  or  the  electronic  inter-
action between alloy components.

 GLCA
Yaovi et al. reported the synthesis of carbon-

supported  AuPt  and  AuPd  nanoparticles  (NPs)
via  a  bromide  anion  exchange  method.120

These  bimetallic  Au-based  electrocatalysts
exhibited a GEOR selectivity of 40% toward GLCA in 0.1 M NaOH containing
0.1 M glycerol. In a related study, Andrea et al. designed PdFe NPs with a Fe-
enriched  surface,  demonstrating  that  the  incorporation  of  Fe  into  the  Pd
lattice  weakens  Pd–Pd  bonding  and  reduces  the  proportion  of  metallic  Pd0

species.121 To gain deeper mechanistic insights into the electrocatalytic kinet-
ics of  these  nanostructured  catalysts,  electrochemical  impedance  spec-
troscopy  (EIS)  measurements  were  performed  in  the  kinetic-dominated
potential region. Fitting the EIS data with a well-established equivalent circuit
model  (inset  in Figure  9C)  revealed  distinct  charge  transfer  behaviors
between  the  PdFe  alloy  and  monometallic  Pd.121 Specifically,  the  PdFe  alloy
exhibited a substantially smaller charge transfer resistance compared to pure
Pd  (Figure  9C),  reflecting  accelerated  electron  transfer  kinetics  at  the  PdFe
interface, a phenomenon likely originating from the electronic modulation and
lattice strain effects induced by Fe alloying. Such kinetic superiority validates
the  efficacy  of  alloying  strategies  in  optimizing  both  thermodynamic  and
kinetic aspects of electrocatalytic reactions.

The electrocatalytic performance was evaluated for the tested nanostruc-
tures  in  the  kinetic  region,  that  is,  a  low  potential  range  of  546-746  mV  vs.
RHE. Through  surface  segregation  analysis,  they  further  revealed  that  posi-
tioning  Fe  in  the  first  subsurface  layer  of  PdFe  NPs  yields  the  most  stable
configuration, minimizing the high surface energy of Fe and alleviating elastic
strain  caused  by  lattice  mismatch  (Figure  9D).  This  PdFe  nanostructure
exhibited  a  2.8-fold  increase  in  mass  activity  compared  to  pure  Pd,  with
GLCA  being  the  dominant  GEOR  product  (~45%).  The  enhancement  is
attributed  to  the  synergistic  interaction  between  Pd  and  subsurface-stabi-
lized Fe. This interaction optimizes glycerol adsorption behavior and acceler-
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Figure 8.  Strategies  for  enhancing  C3 product
selectivity (A) Operando Raman spectra recorded at
various  applied  potentials.105 Copyright 2024,  Else-
vier.  (B)  Schematic  illustration,  HAADF-STEM
images  and  the  corresponding  EDS  elemental
mapping  images  for  300ALD(SnO2)-Pt/C  (HT).107

Copyright  2020,  Royal  Society  of  Chemistry.  (C)
Reaction pathway diagram for of GEOR using pulsed
potentials.  GLY  glycerol,  GLAD  glyceraldehyde,  GLA
glyceric  acid,  TA  tartronic  acid,  GA  glycolic  acid.108

This article  is  open access.  Reprinted from Chen et
al.  with  permission.  (D)  Overlay  EDX  mapping
images (Co, Ni,  Fe,  Cu, C, O) of CoNiFeCu (1:1:1:0.5)
nanoassemblies  before  (up)  and  after  (down)  5  CV
cycles of OER, normalized line scan curve (align with
the  arrow  in  EDX  mappings)  for  Cu  and  O  of
CoNiFeCu  (1:1:1:0.5)  nanoassemblies  before  (up)
and  after  (down)  5  CV cycles  OER and  8  CV cycles
solketal  electrooxidation,  and  parallel  line  scan
curves (marked by circle in EDX mappings) illustrat-
ing  Co  and  Cu  distributions  in  CoNiFeCu  (1:1:1:0.5)
nanoassemblies  before  (up)  and  after  (down)  5  CV
cycles OER  and  8  CV  cycles  solketal  electrooxida-
tion.111 This  article  is  open  access.  Reprinted  from
Zhang et al. with permission. (E) Theoretical TOF (in
s−1) for GEOR at 1.4 V vs. RHE, plotted on a logarith-
mic scale.112 Copyright 2024, John Wiley and Sons.
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ates reaction kinetics through electronic and structural  modifications.  Multi-
metallic  oxides  provide  another  avenue  for  designing  multifunctional  active
sites  and  interfaces  capable  of  facilitating  cascade  reactions  in  glycerol
oxidation.  For  instance,  LaFe0.31Co0.69O3,  a  perovskite-type  oxide  (ABO3),
exhibits the lowest GEOR onset potential (1.6 V vs. RHE) among Fe/Co-based
perovskites,  surpassing  other  stoichiometric  variants.122 However,
LaFe0.72Co0.28O3 achieves  the  highest  GLCA  selectivity  (14.0%)  in  1  M  KOH
with 1 M glycerol,  indicating a trade-off between catalytic activity and prod-
uct selectivity in GEOR systems. Such a trade-off underscores the necessity
of tailoring catalyst composition to match targeted application requirements:
whether  prioritizing  activity  for  energy  conversion  or  selectivity  for  value-
added chemical synthesis.

For  GEOR  toward  GLCA,  the  dominant  strategy  involves  alloying  to
enhance metallic state content of sites and tailor lattice strain. A key distinc-
tion from GEOR targeting OA resides in the selection of additive metals. Effi-
cient catalysts for such reactions commonly feature well-defined active sites,
strong  substrate  adsorption,  and  facile  charge  transfer  properties  to  obtain
electronic  modulation,  reaction  pathway  preferences,  and  the  balance
between stability  and  active  site  accessibility  under  electrochemical  condi-
tions.  Further  study  of  non-precious-metal-based  perovskites  or  high-
entropy  materials  hold  promise  for  introducing  diverse  functional  sites  to
advance this field.

 SELECTIVE GEOR: C1 PRODUCTS
FA is  the primary value-added C1 product  through the complete  cleavage

of C–C bonds in glycerol. A major challenge, however, is suppressing the over-
oxidation  of  FA  to  CO2,  which  significantly  reduces  the  selectivity  and
Faradaic efficiency of the process. To tackle this issue, multimetallic electro-
catalysts—particularly  those  based  on  non-noble  metals—have been  devel-
oped to improve FA production via GEOR. An optimal  surface concentration
of OH- promotes GEOR kinetics,  while high bulk concentrations of KOH help
suppress the formation of CO2/CO3

2-, thereby enhancing FA selectivity.
Nickel-based  catalysts  are  highly  effective  for  C–C  bond  cleavage  in  the

GEOR. The mechanism typically initiates with the phase transformation of β-
Ni(OH)2 to the active β-NiOOH. A key strategy to enhance this inherent activ-
ity involves modifying the electronic structure, such as through shifts in the d-
band center, often achieved via surface segregation in bimetallic systems. For
example,  Mohamed  et  al.  demonstrated  that  a  Ni0.9Au0.1/C  electrocatalyst

achieves 100% FA selectivity at 1.55 V vs. RHE,
with  a  low  onset  potential  of  0.12  V  vs.
Hg/HgO.123 Mohamed  et  al.  indicated  the
possibility  of  an  Au-core  Ni-shell  structure
which  optimized  the  GEOR  performance  by
modifying  the  electronic  properties  of  Ni
sites.123 In situ FTIR observed obvious absorp-
tion  band  at  ~1350 cm–1 corresponds  to
symmetric  (O–C–O)  stretching  of  formate
(Figure  10A).  Further  performance  gains  are
realized  through  anion  leaching  and
heteroatom  doping.  Wang  et  al.  developed  an
anion  leaching  strategy  where  MoO4

2- species
leach  from  a  NiMoO4 precursor  to  create  Mo-

doped  NiOOH.  During  cyclic  voltammetry  activation,  this  process  increases
the Ni3+/Ni2+ ratio to accelerate GEOR kinetics, while Mo doping promotes C-C
cleavage  and  suppresses  the  oxygen  evolution  reaction  (OER).124 In  situ
Raman  provides  direct  spectroscopic  evidence  for  the  leaching  of  Mo
species, concurrent with the structural reconstruction of NiMoO4 into NiOOH
during GEOR. As the electrochemical process proceeds, the two characteris-
tic  Raman  peaks  assigned  to  NiOOH  gradually  intensify  to  dominate  the
spectral profile, while Mo-associated vibrational bands diminish to negligible
intensities (Figures 10B-C).124 The underlying catalytic  mechanism follows a
well-defined redox cycle: Ni(II) species within the precursor undergo electro-
chemical oxidation to form the active NiOOH phase, which then mediates the
chemical  oxidation  of  glycerol  via  its  own  reduction  to  nickel  Ni(OH)2.  This
heteroatom-modulated  electronic  effect  likely  tunes  the  d-band  filling  of  Ni
active sites, optimizing the adsorption/desorption dynamics of glycerol inter-
mediates  and  facilitating  the  critical  C-C  bond  cleavage  step  for  formate
formation.

Structural engineering also plays a critical role. Zheng et al. fabricated hier-
archically  structured  nickel  phosphide  porous  nanoarrays  with  phosphorus
vacancies  via  a  glycol-mediated  solvothermal  method.125 Doping  with  Cu
induced  the  aggregation  of  Cu  nanoparticles  (Figure  10D),  resulting  in  a
superaerophobic-hydrophilic nanostructure  that  enhances  glycerol  adsorp-
tion/oxidation and product desorption. This synergistic effect achieved a high
current density of 1 A cm−2, and FA selectivity of 96.76% at 1.75 V vs. RHE.125

In  addition,  Ru- and Re-doped NiCoFe transition metal  alloys exhibit  excep-
tional stability (> 450 hours in Figure 11B).126 Ru facilitates the generation of
M3+-OOH active sites for GEOR (Figure 10E), while Re suppresses OER kinet-
ics and mitigates FA overoxidation.

Complementary to heteroatom doping, heterostructure engineering creates
interfaces with strong electronic interactions, which optimize charge transfer
and  the  adsorption/desorption  energetics  of  glycerol,  its  intermediates,  and
FA.  This  strategy  significantly  enhances  the  density  of  exposed  active  sites
for  efficient  C-C  cleavage.  For  example,  a  CuNi-NiVO4 heterostructure
achieves an ultralow potential of 1.308 V vs. RHE at 10 mA cm−2 and 82.24%
FA selectivity at 1.467 V vs. RHE. This performance is driven by strong inter-
facial  electronic  coupling  that  promotes  glycerol  and  hydroxyl  adsorption
while facilitating FA desorption (Figure 11A).127 The critical role of well-defined
interfaces is  further  highlighted  by  Pt  nanosheets  engineered  for  confine-
ment,  which  demonstrate  exceptional  efficiency  for  C-C  bond  cleavage  and
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Figure 9.  Strategies to  enhance  GEOR  perfor-
mance  for  producing  C2 products (A)  HAADF  and
STEM-EDS mapping images of PdAg/CNT.119 Copy-
right  2020,  John  Wiley  and  Sons.  (B)  In  situ  FTIR
spectra  of  glycerol  oxidation  on  (a)  PtBi/C  and  (b)
Pt/C catalysts in aqueous electrolyte containing 1 M
KOH  and  0.1  M  glycerol.119 Copyright  2020,  John
Wiley and Sons.  (C)  EIS of  GEOR on PdFe catalysts
at  0.646  V  vs.  RHE.121 Copyright  2021,  American
Chemical  Society.  (D)  Evolution  of  the  segregation
energies (Eseg eV/Fe atom) of one-layer Fe from the
Pd “bulk” (the  fourth  layer  of  the  slab)  to  the  first
surface layer: DFT-D3 was calculated in the absence
or  presence  of  one  adsorbed  glycerol  molecule.121

Copyright 2021, American Chemical Society.
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FA  production.128 Similarly,  Ni3N/Co3N  heterointerfaces  exhibit  a  94.6%
Faradaic efficiency for FA at 1.35 V vs. RHE. A flow electrolyzer incorporating
this catalyst achieved a high current density of 1 A cm−2 at a low cell voltage
of 2.01 V, a result of a modulated electron distribution that accelerates GEOR
dehydrogenation  kinetics  (Figure  11C).129 The  Ni3S2/NiFe-LDH heterostruc-
ture  also  demonstrates  exceptional  performance,  requiring  only  1.37  V  vs.
RHE to reach 100 mA cm−2 while maintaining 90.3% FA selectivity.130

Beyond  the  regulation  of  active  sites,  the  strategic  design  of  nanoscale
morphology plays a crucial role in modulating the catalytic reaction microen-
vironment.  Controlling  the  architecture  of  multimetallic  electrocatalysts—
such  as  through  1D/2D  nanomaterials131,132 or  porous  architectures133—
significantly  enhances  GEOR  performance  by  optimizing  mass  transport,
exposure  of  active  sites,  and  electron  transfer.  For  instance,  a  core-shell
CuO@NiBiOx nanocage  achieves  85%  FA  selectivity  with  substantial  energy
savings.  In  this  system,  Bi  doping enriches surface Ni3+ sites,  while  the CuO
core  facilitates  rapid  charge  transfer  (Figure  11B).46 In situ  Raman  spec-
troscopy  provides  definitive  evidence  for  the  formation  of  NiOOH,  which  we
identify  as  the  pivotal  active  site  for  GEOR  and  which  supports  an  indirect
reaction  mechanism.  Specifically,  upon  introduction  of  glycerol  into  the
system,  the  characteristic  Raman  peak  of  NiOOH  diminishes  progressively
(green  spectrum),  and  vanishes  entirely  once  the  oxygen  evolution  reaction
(OER)  electrolyte  is  fully  substituted  with  GEOR  electrolyte  (red  spectrum).
Reverting  to  the  OER  electrolyte  reverses  this  spectral  evolution  confirming
the reversibility of its generation-consumption cycle (Figure 11D).46 Similarly,
multimetallic layered double hydroxides (LDHs, e.g., NiCo-LDH) exploit favor-
able geometric effects to enable rapid intermediate transfer, electronic modu-

lation, and  synergistic  metal  interactions,  all  contributing  to  enhanced  effi-
ciency.77,134,135 Furthermore,  advanced material  classes such as high-entropy
nanomaterials,136 transition  metal  phosphides,137 and  nitrides138 have
emerged  as  highly  promising  candidates  for  efficient  GEOR-to-FA conver-
sion.  As  the  most  intensively  studied  product  of  GEOR,  current  catalyst
design strategies prioritize boosting the intrinsic activity of active sites while
preserving high Faraday efficiency for FA formation by strong substrate affin-
ity,  and  robust  stability.  Investigation  of  in-situ  generated  active  sites  (e.g.,
NiOOH) and advancing non-precious metal electrocatalysts are paramount.

 STABILITY: A PERVASIVE CHALLENGE IN GEOR
Most  research  on  GEOR  have  predominantly  focused  on  enhancing

catalytic  activity  and  selectivity,  while  largely  overlooked  systematically
investigating  catalyst  stability.  GEOR  deactivation  stems  from  intertwined
chemical and structural mechanisms. Primarily, the decay could be attributed
to the strong adsorption of reaction intermediates (e.g.,  CO, aldehydes) onto
active  sites:  these  species  exhibit  sluggish  desorption  kinetics,  not  only
blocking  active  centers  but  also  impeding  mass  transfer  within  the  catalyst
layer.  The  surface  of  Pt  sites  was  easily  poisoned  by  the  adsorption  of  CO
and  intermediates.139 Second,  metal  leaching  is  exacerbated  under
acidic/alkaline electrolytes,140 resulting in the irreversible loss of active metal-
lic components. For example, Bi species are prone to leaching under reaction
conditions  due  to  strong  chelation  with  carbonyl  intermediates.103 Third,
oxidation  of  catalyst  sites  forms inert  oxides,  reducing  electron  conductivity
and catalytic activity.141,142 For instance, Pt species can be gradually oxidized
even at small positive potentials (< 0.8 V vs. RHE).34 Moreover, pH fluctuations
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Figure 10.  Self-supported electrodes for GEOR performance to produce C1 products (A) Infrared spectra acquired during GEOR over (a) Ni/C, (b) Ni0.8Pd0.2/C, (c) Ni0.9Au0.1/C, and
(d) Ni0.9Bi0.1/C catalysts in 1.0 M KOH electrolyte containing 0.1 M glycerol at 293 K.123 Copyright 2020, American Chemical Society. (B) Ex situ Raman spectra showing character-
istic peaks of Ni(OH) (466 cm−1) and NiOOH (474 and 553 cm−1).124 This article is open access. This article is open access. Reprinted from Wang et al. with permission. (C) In situ
Raman spectra monitoring the structural reconstruction from NiMoO4 to Mo-NiOOH in the 30 CV cycles.124 This article is open access. Reprinted from Wang et al. with permis-
sion. (D) Elemental mapping images of CuNiP/CuOx-VP nanosheet array electrodes.125 Copyright 2024, John Wiley and Sons. (E) In situ Raman spectra of NiCoFeRuRe, NiCoFeRe,
NiCoFeRu, and NiCoFe in pH 14 electrolytes.126 Copyright 2025, John Wiley and Sons.
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also  alter  surface  reactivity  (e.g.,  protonation/deprotonation  of  surface
hydroxyl  groups),  accelerating  site  deterioration.  Additionally,  structural
agglomeration  of  nanoparticles  at  elevated  potentials  further  exacerbates
deactivation. Significant agglomeration occurs for Au and Pt NPs, leading to
the rapid deactivation of catalyst in GEOR.142,143

These deactivation pathways, while distinct in the mechanism, converge to
erode  active  sites  or  obstruct  mass  transfer,  limiting  industrial  applicability.
Multimetallic  catalysts  have  mitigated  these  issues  leveraging  synergistic
effects through  rational  structural  engineering:  alloy  formation  tunes  elec-
tronic  structures  to  suppress  oxidation  of  active  sites;  phase-segregated
domains  anchor  labile  metals  against  leaching.  NiCoFeRuRe  high-entropy
alloy  exhibits  exceptional  long-term  stability  due  to  an  accelerated  indirect
oxidation  pathway  that  minimizes  intermediate  poisoning,126 and  Co3O4-

x@ZrO2-x heterostructured nanosheets achieved 100 h stability.144 By explicitly
linking each deactivation mode to specific multimetallic synergies,  the ratio-
nal optimization of catalyst structure (e.g., composition, morphology, support
interaction)  and  reaction  conditions  enables  the  simultaneous  mitigation  of
multifaceted deactivation pathways, thereby achieving superior GEOR stabil-
ity. There are also some other methods to alleviate deactivation, e.g. interval
chronoamperometry  strategy  and  pulse  potential  strategies.  Nevertheless,
the  most  critical  challenges  remain  the  design  of  stable  catalyst  structures
and the elucidation of deactivation mechanisms. From a theoretical perspec-
tive, promising strategies include incorporating corrosion-resistant d0 metal-
lic  species  (such  as  W,  Hf,  and  Ti)  to  bolster  structural  integrity,  along  with
controlling the concentration of surface-active species (e.g., hydroxyl groups)
to fine-tune intermediate adsorption/desorption and mitigate poisoning.

 SUMMARY

In  GEOR,  the  production  of  distinct  C1-C3 products  necessitates  tailored
catalyst design strategies and specific metallic active sites. For example, Bi or
Pb  species  enhance  C3 product  selectivity  by  promoting  the  adsorption  of
secondary  hydroxyl  groups,  whereas  Ni  or  Co  species  favor  C2–C1 product
formation  due  to  their  inherent  C–C  bond  cleavage  capability.  To  target
different  products,  rational  electronic  and  geometric  engineering  of  active
sites and heteroatoms is imperative.

Modification of active sites with second metal species via doping or alloy-
ing is  a  widely  adopted approach to  regulate  site  structure,  including oxida-
tion state and structural configuration. While this strategy offers advantages
such  as  ease  of  implementation  and  diverse  compositional  flexibility,  it
remains incremental  and  heavily  reliant  on  empirical  knowledge.  Key  chal-
lenges  persist,  including  potential  active  site  blocking  and  uncertainties
regarding  long-term structural  stability.  Additionally,  heterojunction  struc-
tures  can  establish  interfaces  that  modulate  the  adsorption/desorption
behavior  of  glycerol  reaction  intermediates  and  optimize  mass  transfer
processes. However, limitations include a restricted number of effective inter-
faces, sluggish interfacial charge transfer, and difficulties in precisely captur-
ing dynamic phenomena (e.g.,  interfacial  charge transfer)  during reaction.  In
contrast,  several  highly  innovative  structural  strategies  have  recently
emerged,  such  as  high-entropy  materials,  single-atom  catalysts,  and
perovskite-based  materials,  each  leveraging  unique  intrinsic  properties  to
enhance GEOR performance. Tuning the local reaction microenvironment is a
disruptive GEOR  strategy:  support  nanostructuring  introduces  defects,  rein-
forces  metal–support  interactions,  and  enriches  adsorption  sites,  enabling
maximal  active  species  utilization  and  optimized  kinetics.  A  paradigmatic
case is the immobilization of single-atom sites on support matrices, leverag-
ing their  unique  electronic/coordination  properties  to  boost  catalytic  perfor-
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Figure 11.  Strategies to enhance GEOR performance for producing C1 products (A) Synthesis diagram and TEM image of CuNi-NiVOx on nickel foam.127 Copyright 2024, Ameri-
can  Chemical  Society.  (B)  Schematic  illustration  for  the  synthesis  of  CuO@NiBiOx and  representative  EDS elemental  mappings  of  CuO@NiBiOx.46 This  article  is  open  access.
Reprinted from Le et al. with permission. (C) Illustration of GEOR pathway and corresponding configurations on Ni3N/Co3N heterointerfaces.129 Copyright 2023, John Wiley and
Sons. (D) In situ Raman spectra of CuO@NiBiOx recorded at different time, obtained under electrochemical conditions in the absence and presence of glycerol.46 This article is
open access. Reprinted from Le et al. with permission.
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mance.
Beyond  catalyst  design,  electrolyte  modification  (such  as  the  addition  of

solketal) has been explored to suppress C–C bond cleavage. Despite its criti-
cal  importance,  research  on  reaction  environment  regulation  in  GEOR
remains  scarce.  Innovations  in  materials  science,  electrolyte  engineering,
device  design,  and  artificial  intelligence-driven  optimization  will  collectively
advance selective GEOR toward industrial viability.

 COUPLING CATHODE REACTION AND PRODUCT SEPARATION
GEOR emerges as a powerful alternative anodic process, with accelerated

reaction  kinetics  directly  address  the  fundamental  bottleneck  of  OER.  This
kinetic  advantage  translates  to  a  marked  enhancement  in  overall  current
density, thereby boosting the efficiency of cathodic H2 production. Beyond its
synergy with H2 generation, the coupling of GEOR with CO2RR represents an
impactful innovation,46,123 as it enables the formation of a closed carbon loop.
Mechanistically,  the  low  onset  potential  characteristic  of  GEOR  reduces  the
energy  input  requirement  for  CO2RR.  This  synergistic  interaction  not  only
enhances  the  energy  efficiency  of  CO2 conversion  but  also  promotes  the
selectivity of high-value C2+ products by mitigating competing side reactions.
In the context of green ammonia synthesis, the GEOR-NO2RR or GEOR-NRR
coupling  system  offers  a  game-changing  ambient-condition  alternative  to
the  energy-intensive  Haber-Bosch  process.145,146 Such  performance,
combined  with  the  potential  for  simultaneous  wastewater  remediation
through  nitrate  removal,  positions  GEOR-NO3RR  as  a  sustainable  and
economically viable  route  for  ammonia  production.  Collectively,  these  find-
ings establish GEOR as more than a mere alternative to OER;  it  serves as a
transformative  catalytic  platform  integrating  renewable  energy  storage,
carbon cycling, and high-value chemical synthesis.

Product  separation  remains  critical  for  GEOR’s  industrialization,  with
strategies  tailored  to  dominant  products  like  formate.  For  water-soluble
carboxylates,  electrodialysis  efficiently  isolates  charged  species  via  ion-
selective  membranes,  eliminating  solvent  waste.  Our  group  also  proposed
two separation strategies for distinct products after acidification treatment: (i)
Cooling crystallization: The resulting acid solution is concentrated by reverse
osmosis,  followed  by  cooling  crystallization  to  yield  high-purity  acids;  (ii)
Vacuum  distillation:  The  obtained  acid  solution  is  concentrated  via  reverse
osmosis  and  then  subjected  to  vacuum  distillation.  This  strategy  enables
separation of thermally sensitive chemicals at lower temperatures, mitigating
decomposition  or  polymerization  risks  of  organic  acids  versus  conventional
distillation.34

 MULTIMETALLIC LOCAL REACTION MICROENVIRONMENT MODEL
Catalytic  activity,  product  selectivity,  and  long-term stability  are  not  inde-

pendent,  which  are  intrinsic  manifestations  of  interfacial  reaction  dynamics,
collectively determined  by  catalyst  structural  features  and  operational  reac-
tion conditions. Specifically, high activity relies on optimal OH* binding energy
at  active  sites  to  balance  reactant  activation  and  intermediate  desorption;
high  product  selectivity  demands  precise  regulation  of  C-C  bond  cleavage
kinetics and hydroxyl group departure pathways to steer toward target prod-
ucts;  and  prolonged  stability  requires  robust  tolerance  to  CO  poisoning  as
well as resistance to metal dissolution and surface oxidation. However, there
is  the  trade-off  in  three  metrics  (activity,  selectivity,  and  stability):  pursuing
high activity often necessitates highly oxophilic active sites, yet these lead to
metal  dissolution,  even  sacrifice  selectivity  for  valuable  oxidation  products;
Conversely,  catalysts  designed  for  high  C3 product  selectivity  (e.g.,  those
modified  with  oxyphilic  but  leaching-prone Bi)  often  suffer  from  compro-
mised long-term stability due to the gradual loss of the modifier. To address
activity-selectivity-stability  trade-off and  guide  GEOR  toward  desired  path-
ways, we propose a multimetallic local reaction microenvironment model that
tailors  the  complex  reaction  network  to  follow target  pathways  by  precisely
engineering three interconnected microenvironments:

(i)  Local  electronic  microenvironment:  The  local  electron  density  and  d-
band  center  of  active  sites  dictate  the  binding  energies  of  key  adsorbates
(e.g.,  OH*,  CO,  glycerol,  and  intermediates).  Rational  alloying  or  doping  of
metals enables deliberate tuning of the d-band center of active sites, thereby
optimizing the adsorption strength of glycerol and its intermediates to match
reaction requirements.  Besides,  the core-shell  strategy utilizes a  stable  core

(like Au) to electronically modify a reactive shell (like Pt), or introduces a thin
shell to protect a leaching-prone base metal in the core.

(ii)  Local  geometric  microenvironment:  atomic  arrangement  of  surface
governs the  adsorption  of  reactants/intermediates,  and  the  spatial  orienta-
tion  of  C-C  bond  cleavage  relative  to  C-O  bond  activation.  For  example,
isolated active sites (e.g.,  Au or Pt single atoms) prevent the multi-site bind-
ing  necessary  for  C-C  bond  cleavage,  favoring  high  product  selectivity.
Controlling the ensemble size of active sites (e.g., specific Pt atomic clusters)
can be leveraged to selectively promote C2 product formation. Besides, elec-
trocatalysts  with  large,  contiguous sites  and strong CO-binding energy tend
to drive deep oxidation of glycerol toward FA.

(iii) Local electrolyte microenvironment: the types of anions and cations in
the electrolyte,  the  diffusion  kinetics  of  reactants  and  products  at  the  reac-
tion  interface,  and  the  concentrations  of  surface-active  species  all  regulate
GEOR  performance.  For  example,  the  incorporation  of  oxyphilic  metallic
components  (e.g.,  Ni,  Cu,  Ru,  Ag)  into  multimetallic  catalysts:  these  species
enhance  local  concentration  of  OH* in  the  interfacial  microenvironment,
thereby  accelerating  the  activation  of  glycerol  molecules  and  mitigating  CO
poisoning.

The rational design of multimetallic catalysts for targeted GEOR pathways
(toward C1, C2, or C3 products) hinges on the synergistic optimization of these
three  microenvironments  for  matching  the  mechanism  requirements  of  the
target  reaction  pathway  and  simultaneously  mitigating  the  deactivation  of
active sites for producing C1-C3 products.

 CONCLUDING REMARKS AND OUTLOOKS
In  this  review,  we have comprehensively  surveyed recent  advances in  the

GEOR  using  multimetallic  catalysts.  A  systematic  analysis  of  the  complex
reaction  networks  and  the  intrinsic  properties  of  metallic  active  sites  that
govern GEOR pathways has been presented. We highlighted innovative cata-
lyst design strategies—including alloying, heterostructuring, and morphologi-
cal  control—aimed  at  enhancing  activity,  selectivity,  and  stability  for  the
production of value-added C1-C3 products. Through detailed structure–activ-
ity correlations, we underscored the pivotal role of site-specific active center
engineering in steering product distribution toward desired compounds such
as DHA, GLA, and FA.

Despite significant progress, critical challenges impede the practical imple-
mentation  of  GEOR.  These  include  intrinsically  sluggish  reaction  kinetics,
insufficient  long-term  catalyst  stability,  limited  product  selectivity  due  to
parallel  reaction  pathways,  and  scalability  issues  inherent  to  conventional
electrolyzer configurations.  Moreover,  while numerous studies have focused
on  empirical  catalyst  optimization,  fundamental  mechanistic  studies  and
integrated  electrolysis  system  designs  remain  underexplored.  To  address
these challenges, the following research priorities are proposed:

(i)  Advanced  multimetallic  catalyst  design:  Future  efforts  should  prioritize
non-noble  metal-based  and  high-entropy  systems  to  reduce  costs  while
maintaining high performance, especially the production of C3 products. high-
entropy alloy sites and high-entropy oxides/ phosphides endows the catalytic
interface with distinctive physicochemical properties. Furthermore, these high-
entropy  carriers  can  synergize  with  single-atom  active  sites  to  modulate
catalytic behavior, thereby optimizing reaction kinetics and selectivity. Ratio-
nal  construction  of  low-dimensional  architectures  (e.g.,  1D  nanowires,  2D
nanosheets,  and  porous  frameworks)  can  enhance  mass  transport,  expose
abundant active  sites,  and  improve  electrochemical  stability.  Special  atten-
tion  should  be  paid  to  optimizing  synergistic  interactions  between  multiple
metals and stabilizing active species under operational conditions.

(ii)  Integrated  reaction  systems:  The  coupling  of  GEOR  with  value-added
cathodic reactions—such as nitrate reduction to ammonia, CO2 electroreduc-
tion, or hydrogenation of organic compounds—presents a promising route to
improve overall process economics and energy efficiency. Furthermore, the in
situ  conversion  of  GEOR-derived  C1–C3 products  into  higher-value deriva-
tives should be explored. Additionally, the development of acidic or solid-state
electrolyte systems could facilitate the production of acid-sensitive oxidation
products  and  mitigate  carbonate  formation  issues  associated  with  alkaline
media.

(iii)  Artificial  intelligence  and  machine  learning  enable  high-throughput
screening of a vast library of catalytic materials,  thereby drastically shorten-

th
e-

 n
no

va
t o

n-
m

at
er

 a
ls

REVIEW    Materials Chemistry   

14  　　　The Innovation Materials 4(3): 100219, July 22, 2026 www.the-innovation.org/the-innovation-materials

https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials
https://www.the-innovation.org/the-innovation-materials


ing  the  material  design  cycle.  This  advantage  is  particularly  pronounced for
complex  systems  such  as  high-entropy materials.  Moreover,  to  steer  glyc-
erol electrochemical oxidation toward distinct value-added products, tailored
synthetic  strategies  and  deliberate  heteroatom  doping  are  imperative  for
engineering  an  electronically  favorable  microenvironment  at  the  catalyst
surface,  which  kinetically  prioritizes  the  formation  of  target  products  by
modulating the  adsorption  energy  of  reaction  intermediates  and  the  activa-
tion barrier of rate-determining steps.

(iv) Mechanistic and operational insights: Advanced in situ/operando char-
acterization  techniques  for  transient  intermediates—including  in  situ  TEM,
Raman,  FTIR,  and  synchrotron-based  X-ray  spectroscopy—are  essential  to
decipher  the  dynamic  evolution  of  active  sites  and  reaction  intermediates
under working  conditions.  Complementary  theoretical  studies  and  microki-
netic modeling  will  help  establish  definitive  reaction  mechanisms.  Further-
more,  engineering  the  electrode–electrolyte  interface  to  promote  glycerol
adsorption and product desorption—for instance, by creating hydrophilic and
aerophobic local environments—can significantly enhance reaction rates and
suppress over-oxidation.

(v) Faradaic efficiency is a critical  metric for evaluating the charge utiliza-
tion  efficiency  of  electrocatalysts  toward  target  products  in  electrochemical
reactions  (see Table  1).  Complementarily,  turnover  frequency  (TOF)  is  an
indispensable  parameter  for  evaluating  intrinsic  catalytic  activity,  as  it
normalizes  reaction  rates  to  the  number  of  active  sites.  Notably,  TOF  has
been  rarely  reported  in  glycerol  electrooxidation  reaction  (GEOR)  studies  to
date. Given its significance, researchers should analyze TOF for future GEOR
catalyst  development.  Notably,  Faradaic  efficiency  and  TOF  are  strongly
dependent on reaction conditions, including applied potentials, temperatures,
and  reactant  concentrations,  which  must  be  rigorously  considered  during
data interpretation.

(vi) GEOR is predominantly conducted in alkaline electrolytes, which facili-
tate  rapid  reaction  kinetics.  However,  this  operational  choice  induces  the
conversion of products into salt forms (e.g., carboxylates), thereby increasing
downstream  separation  costs.  In  contrast,  acidic  electrolytes  preserve  the
native molecular structure of target products (e.g.,  free carboxylic acids) but
present  inherent  challenges,  including  sluggish  anodic  reaction  kinetics,
dissolution  of  active  metal  sites,  and  carbon  support  corrosion.  Leveraging
the cost advantage of non-precious metallic species, future research should
prioritize rational structural engineering (like single-atom catalysts and metal
nitrides)  to  endow  non-precious  metallic  catalysts  with  high  selectivity  and
high activity for the synthesis of high-value C2/C3 products under low applied
potential and acidic conditions.

Looking forward,  achieving techno-economic viability will  require the inte-
gration  of  flow  reactors,  advanced  product  separation  units,  and  scalable
electrocatalyst  manufacturing  processes.  Interdisciplinary  efforts  combining
catalyst design, reactor engineering, and process optimization will  be crucial
to advance GEOR from laboratory curiosity toward sustainable and economi-
cally feasible electrochemical manufacturing.
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