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Hybrid dual-electrolyte electrochemical cells for
glycerol oxidation upgradation

Genxiang Wang,® Junxiang Chen,” Fen Qiao, ©? Junfeng Wang*?
and Zhenhai Wen @ *®

Integrating the glycerol oxidation reaction (GOR) into aqueous electrochemical systems, such as fuel cells
and electrolyzers, offers a promising strategy for utilizing the oxidized energy of glycerol to generate
electricity and valuable chemicals. However, challenges remain in optimizing GOR selectivity, reducing
electrolysis energy consumption, and enhancing fuel cell voltage and energy density. Recent
advancements in GOR electrocatalysis have demonstrated its potential to efficiently convert glycerol into
valuable products or electrical energy, even achieving dual functionality in some cases. Additionally, the
integration of hybrid dual-electrolyte systems, where a pH gradient is established with a higher pH at the
anode than at the cathode, has been shown to significantly improve the performance of GOR-based
aqueous devices by harnessing electrochemical neutralization energy (ENE) and creating optimal
reaction conditions for both the anode and cathode. In this perspective, we provide a comprehensive
exploration of the electrochemical GOR and its integration into hybrid dual-electrolyte systems. Given
the strong correlation between various factors and GOR performance in hybrid systems, we first provide
a brief overview of GOR pathways, catalytic mechanisms, and key performance determinants (including
potential, current density, electrolyte selection, and electrocatalyst design) to deepen the understanding
of fundamental processes and guide catalyst design. We then highlight the integration of the GOR into
aqueous advanced hybrid dual-electrolyte devices, emphasizing recent breakthroughs and issues
warranting further research. Finally, we discuss the current challenges and future prospect concentrating
on optimizing hybrid dual-electrolyte systems for large-scale application. This perspective aims to
deepen the fundamental understanding of GOR application in hybrid dual-electrolyte systems, stimulate
scientific curiosity, and guide future research in this emerging field.
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1 Introduction

The unsustainable reliance on fossil-derived chemical produc-
tion has intensified the search for alternative feedstocks and
processes that simultaneously address energy storage and
value-added synthesis."> Among potential feedstocks, glycerol,
as a biodiesel byproduct produced at 10 wt% yield, stands out
due to unique structural features with triple hydroxyl func-
tionality that enables diverse oxidation pathways with abundant
type of oxidation products.®” Glycerol can be transformed into
numerous value-added chemicals through diverse conversion
pathways, such as reforming, hydrogenolysis, reduction and
oxidation processes.*™* Of particular significance is the elec-
trochemical glycerol oxidation reaction (GOR), which has
attracted substantial research interest for its dual capabilities in
energy conversion and value-added production within aqueous
electrochemical systems.”">** As a green alternative to conven-
tional thermochemical methods, the electrochemical GOR
operates under mild conditions while offering precise reaction
control. Its remarkably low thermodynamic potential (E? =
0.003 V), compared to the oxygen evolution reaction (OER, E =
1.23 V), makes the GOR an excellent OER substitute in aqueous
electrolysis devices, particularly when coupled with cathodic
reactions like the hydrogen evolution reaction (HER), CO,
reduction reaction (CO,RR), and nitrogen/nitrate reduction
reactions (N,RR/NO; RR).***** This pairing not only signifi-
cantly lowers the overall cell voltage but also generates valuable
oxidation products at the anode. Moreover, glycerol's advanta-
geous properties, including its non-toxic nature, high energy
density (5.0 kW h kg™ ") and renewable origin, position it as
a promising candidate for dual-functional fuel cell application
that combine power generation with chemical synthesis.?***
The conversion efficiency of the GOR, which fundamentally
governs its practical application, is primarily dictated by the
electronic and structural properties of electrocatalysts in this
complex multi-electron transfer process.>” This process trans-
forms hydroxyl into carboxyl groups and breaks C-C bonds,
yielding a spectrum of C, to C; products with distinct economic
values. Recent advances in catalyst engineering have led to
remarkable improvements in GOR efficiency,”*>® particularly
through the development of non-precious metal catalysts that
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have demonstrated exceptional activity (delivering 10 mA cm >
at potentials less than the theoretical OER potential) and
formate selectivity (>90%) over the past five years.>”-** Moreover,
the application of advanced in situ characterization techniques
and theoretical computation has significantly deepened our
understanding of GOR reaction pathways and the effects of
critical parameters such as pH, electrolyte type, and applied
potential.>**>** These insights are now enabling the rational
design of more efficient GOR systems.

Beyond addressing fundamental issues, integrating the GOR
into electrochemical devices, especially electrolyzers, has
markedly lowered energy consumption, increased reaction
rates, and enabled dual-value production.**** This progress is
evidenced by the evolution from traditional single-cell and H-
cell designs to advanced flow reactors, where optimized elec-
trolyte conditions and reactor designs have enabled remarkable
performance improvements.*>*” For example, a GOR-assisted
alkaline water splitting (HER||GOR) flow cell configuration
achieves 100 mA cm ™ at just 1.54 V, contrasting with the less
than 50 mA cm > at 2.0 V in conventional H-type cells.** To
further reduce the input potential, our research group has
proposed a hybrid alkali/acid-electrolyte system that leverages
electrochemical neutralization energy (ENE) to further reduce
operational potential.*>***® By pairing the GOR in an alkaline
anolyte with the HER in an acidic catholyte, this configuration
could drive 100 mA cm? at voltages below 1.0 V.*

The ENE arises from the concurrent electrochemical
consumption of protons at the cathode and hydroxide ions at
the anode, effectively harnessing acid-base neutralization
energy (the electrochemical consumption 1 M OH™ and 1 M H'
can provide an extra voltage of 0.828 V, i.e. 0.0591 x ApH, where
ApH is the pH difference between the cathode and anode).*
This principle is not limited to the field of electrolysis, in direct
glycerol fuel cell (DGFC), ENE enables a theoretical input
voltage increase to 2.055 V (assuming glycerol fully oxidized to
CO, in an electrolyte with 1 M OH™ and oxygen evolution
reaction (ORR) in an electrolyte with 1 M H").24%2 Critical to
ENE utilization is maintaining pH-sensitive electrode reactions
with the cathode consuming protons and the anode depleting
hydroxide ions and proper electrolyte asymmetry with the
anolyte being more alkaline than the catholyte. Also, as the H"
and OH ™ are consumed as the electrochemical reactions
proceed, maintaining pH difference between two electrolytes by
an external circulating supply is crucial for stable operation.*
Theoretically, the bigger the ApH, the more the harvested ENE
for hybrid systems. However, the ENE collected by hybrid elec-
trochemical systems fails to increase continuously with
increasing ApH due to limitations such as ion transport effi-
ciency and membrane tolerance.’®** Therefore, making the
quantitative effect of ApH manipulation on reaction kinetics is
key to determining the optimal concentrations of dual
electrolytes.

Besides, the hybrid dual-electrolyte configuration offers
unique advantages beyond overall device performance by
enabling both oxidation and reduction reactions to proceed in
their respective optimal environments.**** For GOR-integrated
systems, this means that the alkaline anolyte boosts glycerol
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oxidation and catalyst efficiency, particularly for non-precious
metal catalysts, while the acidic catholyte is more conducive
to supplying protons for electron-proton transfer in reduction
reactions such as the ORR, HER, and CO,RR.**** This design
principle has driven growing interest in GOR-based hybrid
systems, with numerous studies confirming their superior
energy efficiency and product value compared to conventional
symmetric-electrolyte configurations.**** The ability to inde-
pendently optimize reaction environments becomes increas-
ingly valuable as more complex redox pairs are integrated.
These advantages position hybrid dual-electrolyte systems as
a key platform for developing next-generation electrochemical
devices. Remarkably, while the ENE concept has been previ-
ously applied to other small molecule oxidation (e.g., urea,*
hydrazine,*® and glucose*’) assisted water splitting systems, its
integration with the GOR in hybrid dual-electrolyte systems
represents a brand-new application expansion. Compared with
the previous studies, the GOR-integrated hybrid dual-electrolyte
technology represents a substantial advancement, combining
both architectural and functional innovations apart from cata-
lyst innovation. On one hand, the device architecture has
evolved from simple H-type cells to optimized flow cells,
enabling significantly enhanced reaction rates. On the other
hand, this system combined with excellent catalysts uniquely
achieves energy-efficient dual value-added production with
near-unity conversion rates, marking a critical milestone toward
practical implementation of dual-electrolyte devices. Therefore,
the synergistic combination of the GOR with ENE utilization
through dual-electrolyte design represents a promising

Biodiesel production

Glycerol l
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direction for advancing both energy storage and chemical
production technologies by employing abundant renewables
and wastes (Fig. 1).

Though there exist several reviews on the electrocatalytic
GOR, which provides valuable insights into electrocatalyst
design, reaction mechanism analysis and application, a timely
and specialized perspective on GOR-integrated hybrid dual-
electrolyte electrochemical devices remains essential to
advance its practical application. In this perspective (Fig. 2), we
review the latest advancements in GOR-involved hybrid dual-
electrolyte electrochemical devices, which feature a pH

Fig. 2 Overview of this perspective.
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Fig. 1 Overview of GOR involved hybrid dual-electrolyte electrochemical cell application in energy conversion and storage technologies.
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gradient with a more alkaline anode than cathode, based
primarily on recent discoveries from our research team. Given
the close relationship between catalyst development, mecha-
nistic studies, and the advancement of hybrid dual-electrolyte
electrochemical devices, we first elucidate the fundamental
principles of the electrocatalytic GOR by analyzing reaction
pathways and mechanisms. We emphasize the critical role of in
situ characterization techniques and theoretical calculations in
driving progress in this field. Subsequently, we systematically
examine the key factors governing GOR selectivity and activity,
with particular focus on applied potential, current density,
electrolyte pH, and electrocatalyst design. Subsequently, we
discuss recent advances in GOR-integrated hybrid dual-
electrolyte systems, emphasizing the critical role and effective-
ness of hybrid dual-electrolyte configurations and the GOR.
Finally, we outline the challenges and future prospect for GOR-
based dual-electrolyte devices, including electrocatalyst devel-
opment and device optimization, and industrial-scale
implementation.

2 Pathway and mechanism
investigation

This section begins by summarizing the proposed GOR pathway
based on established research findings. We then present recent
progress in theoretical calculations and in situ electrochemical
techniques that have significantly advanced our understanding
of GOR catalytic mechanisms.

2.1 The possible GOR pathway

The glycerol electrooxidation follows complex pathways,
yielding C; (glyceraldehyde (GLAD), 1,3-dihydroxyacetone
(DHA), glyceric acid (GLA), tartronic acid (TA), mesoxalic acid
(MA), lactic acid (LA), hydroxypyruvic acid (HA), pyruvaldehyde,
and 2-hydroxypropenal), C, (glycolic acid (GA), oxalic acid (OA),
and acetic acid (AA)), and C; species (formate (FA) and CO,)
products (Fig. 3)."'*** Initial two-electron (2e”) oxidation at

-4e"+ 40H-
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a primary hydroxyl group (-OH) generates GLAD, which either
oxidizes subsequent to GLA, TA, and MA, or undergoes C-C
bond cleavage to form GA and formate.>** Subsequent oxidation
of TA and MA yields C, acids (GA and OA) and FA, ultimately
decomposing to CO,, while secondary ~OH oxidation produces
DHA, which is converted to HA and MA before C-C cleavage.
The aldehyde-ketone interconversion (GLAD <« DHA, 2-
hydroxypropenal < pyruvaldehyde) and dehydration reaction
(forming 2-hydroxypropenal or pyruvaldehyde) followed by
Cannizzaro rearrangement (yielding LA in alkaline media)
further complicate product distribution.’>** The above path-
ways are supported by in situ electrochemical characterization
and product analysis, with pathway selectivity being critically
dependent on both the specific atomic interactions between
glycerol (O atoms of primary/secondary OH and primary/
secondary C atoms) and the catalyst surface, as well as the
reaction conditions (including electrolyte pH, potential, and
current density) that govern the adsorption/desorption kinetics
of reactants and intermediates.>***

2.2 Theoretical calculation and advanced in situ
characterization methods for GOR mechanism investigation

Theoretical calculation methods. The GOR mechanisms
have been investigated by a series of computational methods
that include multi-scale methodologies to bridge atomic-level
insights with macroscopic electrochemical behavior.'>?*?%% At
the quantum scale, density functional theory (DFT) widely
serves as the cornerstone for probing electronic interactions,
enabling precise calculations of adsorption/desorption free
energy and Gibbs free energy (AG) at catalytic surfaces.>® These
calculations reveal critical electronic structure modulations,
such as d-band center shifts that govern the stability of oxygen-
containing intermediates, and help deduce the catalytic mech-
anism and preferred pathway of the GOR.””*” To address the
complexity of multicomponent systems like high-entropy alloys
(HEAs), mesoscale approaches combine Monte Carlo (MC)
simulations with machine learning (ML) potentials, particularly
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high-dimensional neural network potentials (HDNNPs). This
synergy allows the translation of DFT-derived atomic properties
into nanoscale structural models and can balance efficiency and
accuracy, effectively capturing phenomena such as Mo/Ni
surface segregation and Mn sublayer enrichment in CoN-
iCuMnMo HEA systems (Fig. 4a).'*> Meanwhile, finite element
method (FEM) simulations, operating at the macroscopic scale,
model electric field-dependent mass transport and interfacial
reactant/product distributions,”® while their integration with
atomistic simulations (e.g., DFT and MC) enables multiscale
analysis of elemental effects in complex catalysts.*”

The power of these combined methods is exemplified in
studies of complex catalysts. For instance, the CoNiCuMnMo
HEA investigation followed a cascading workflow that DFT
initially identified electronic characteristics of individual sites,
ML potentials then reconstructed multi-element interaction
fields, and MC simulations ultimately mapped the 2 nm-scale
spatial distribution of surface elements, pinpointing Mn, Mo,
and Ni coordinated Mo sites as dominant active centers
(Fig. 4b-d).** In another research, FEM modeled elemental
distribution within a high-entropy sulfide FeCoNiCrMnS,,
guiding subsequent DFT, MC, and ML investigations into its
electrocatalytic sites. These collaborative studies confirmed that
GOR performance stemmed primarily from Ni and Co sites,
with Cr and Mn optimizing their electronic structure.” The
above research methods provide valuable guidance for studying
GOR mechanism over complex models. Besides, FEM via
COMSOL Multiphysics elucidates the critical role of electric
double layer (EDL) fields in governing GOR dynamics.*>* By
tracking local reactant/product concentration evolution on Pt
catalyst surfaces, Zou et al. revealed that pulsed potential (PE)
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modes enhance GLAD selectivity by modulating EDL ion
distribution (K'/OH /H'/C,H;0,C007).*® The simulations
demonstrated that negative ion accumulation intensifies with
rising potential, while potential reduction accelerates ion
desorption and diffusion. Under constant-potential (CE)
conditions, GLAD accumulated on the catalyst surface, blocking
active sites and impeding further glycerol oxidation. Conversely,
a pulsed potential mode alternating between high and low
voltages reduces GLAD and GLA accumulation, with concen-
trations decreasing as low potential is applied for longer dura-
tions (Fig. 4e and f). This strategy balances reaction control,
effectively mitigating catalyst deactivation.

The theoretical calculation methods mentioned provide
useful guidance for how to reveal GOR catalytic mechanism over
catalysts, especially these complex ones. The combination of
DFT, ML, MC, and FEM not only validates the catalytic mech-
anism but also possibly generates transferable design princi-
ples for active catalysts. For example, the identified synergy
between surface-segregated Mo and sublayer Mn in HEAs
informs alloy composition optimization strategies, while pulsed
potential parameters derived from FEM guide practical reactor
operation protocols. By systematically connecting quantum
interactions, nanoscale ordering, and macroscopic transport
phenomena, the theoretical calculations provide a useful plat-
form for understanding the GOR where dynamic interface
evolution and multi-step pathways demand coordinated
computational insights across spatial and temporal scales.

Advanced operando/in situ characterization methods. Oper-
andolin situ electrochemical characterization techniques have
emerged as indispensable tools for unraveling the complex
catalytic mechanisms of the GOR, offering multiscale insights
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from molecular-level intermediate tracking to interfacial kinetic
analysis.'>?***% In situ infrared spectroscopy (FTIR), particularly
attenuated total reflection surface-enhanced infrared absorp-
tion spectroscopy (ATR-SEIRAS), enables real-time monitoring
of adsorbed species by detecting characteristic vibrational
modes.** Distinct C-O vibration peaks reveal glycerol
adsorption dynamics and intermediate formation. For instance,
the temporal decay of C-O stretching vibrations correlates with
glycerol consumption, while emerging peaks new for the
asymmetric stretching vibrations of *COO™ and adsorbed CO,
indicated carboxylic acid (GA, GLA, and FA) and CO, formation
(Fig. 5a and b).** Complementing the optical methods, in situ
Raman spectroscopy deciphers both catalyst surface evolution
and reaction pathways during the GOR.®™**** The technique
captures potential-dependent surface reconstruction of transi-
tion metals (e.g. Ni and Co) into high valence states (NiOOH and
CoOOH) in catalysts like alloys, oxides, and sulfides.'*>5%¢6-68
Beyond surface analysis, it also details intermediate evolution
during the GOR.****”° For example, the Raman spectra observed
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the oxidation of terminal hydroxyl groups on a Cu nanoparticle
catalyst by tracking the vibrational peaks of products as the
potential rose (Fig. 5¢c and d).”® At 1.27 Vgyg, the C-C-O bending
vibration (636 cm™") confirmed GLAD formation. Above 1.37
Vrur, @ peak at 1351 cm ™! marked the C-H vibration of formate.
At 1.47 Vpyg, a peak at 1465 cm ™" confirmed the conversion of
formate to carbonate, indicating CO5;>~ formation. Beyond 1.57
Vrug, characteristic Raman peaks for glycolic acid, glyoxylic
acid, and oxalic acid were detected at 817, 969, and 1658 cm ™ *,
respectively, corresponding to C-C and C-O stretching vibra-
tions. Besides, isotope-labelling techniques have also proven
instrumental in probing the GOR pathway.®*”* Using 2-'*C
glycerol and 1,3-"*C glycerol isotopologues, and analyzing the
oxidation products over a NiCo,0, catalyst with *C-NMR and
"H-NMR spectra, the results revealed that the ratio of unlabeled
to labeled formate matched theoretical predictions, affirming
the catalyst's enhanced ability to cleave C-C bonds. The C-
NMR spectra also confirmed regioselective C-C bond cleavage
through the detection of “*C-labeled glycollate peaks (Fig. 5¢).%
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electrochemical Raman spectra on Cu NPs in 0.1 M KOH with 0.1 M glycerol solution. Reproduced from ref. 70, copyright 2023, Elsevier. (e) 1*C-
NMR spectra for the electrooxidation of isotope-labelling (I) 2-**C glycerol and (1) 1, 3-*C glycerol. Reproduced from ref. 60, copyright 2023,
Elsevier. Bode plots of Mn—Co—-S/NF (f) and Mn—-Co/NF (g) for the GOR. Reproduced with permission from ref. 66, copyright 2024, Elsevier.
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Combining these results with prior studies, the proposed GOR
pathway involves the sequential oxidation of glycerol to glycer-
aldehyde and glycerate, followed by the conversion of glycerate
to formate and glycollate, culminating in the oxidation of gly-
collate to formate.

Aside from the techniques mentioned above, electro-
chemical impedance spectroscopy (EIS) conducted at various
potentials examines interfacial electrochemical behavior of
catalysts (which were termed as “in situ EIS” or “operando EIS”
in some of reports), with Bode phase plots analyzing electrode/
electrolyte interactions during the GOR process.?®?>%%%%7> The
Bode phase plot tracks phase angle changes with frequency,
where the phase angle peak at the high-frequency region indi-
cates surface oxidation of catalysts, and the one at the low-
frequency region is linked to the interfacial OER/GOR.**”® The
appearance of inflection points at the low-frequency region
represents occurrence of the GOR or OER. The lower the
potential for the first appearance of phase angle peak at the low-
frequency region, the lower the onset potential for the GOR or
OER. Moreover, a lower phase angle value indicates a faster
interfacial charge transfer process and heightened reaction
kinetics of the OER/GOR. For instance, Wang et al. investigated
the interfacial behavior of their prepared sulfur doped manga-
nese-cobalt hydroxide nanosheets on a nickel foam (Mn-Co-S/
NF) electrode via EIS measurements.®® With the increase of the
applied potential, Mn-Co-S/NF exhibits a much quicker
decrease rate of the phase angle peak in the high frequency and
lower potential for the first appearance of the phase angle peak
in the low frequency than the controlled sample without
introduced S (Mn-Co/NF) (Fig. 5f and g), confirming its faster
oxidation rate of surface Co species and lower overpotential for
the GOR.

The operando/in situ electrochemical techniques mentioned
achieved multi-scale monitoring from molecular adsorption to
interfacial kinetics, offering critical insights into GOR mecha-
nisms. Nevertheless, limitations such as technique-specific
detection biases, insufficient temporal resolution, and reli-
ance on idealized conditions hinder holistic mechanistic
understanding. To address these gaps, it is imperative to inte-
grate tools like time-resolved in situ NMR (tracking liquid-phase
product dynamics), online electrochemical mass spectrometry
(EC-MS, capturing transient gas-phase intermediates), and
multiscale computational models, with the aforementioned
techniques to achieve full-spectrum reaction monitoring.

3 Key factors influencing the
selectivity and activity of the GOR

The complexity of the GOR mechanism makes its selectivity and
activity highly sensitive to operational parameters such as
applied potential, current density, and electrolyte composition,
as well as the choice of electrocatalyst. A deep understanding of
these factors is essential for optimizing GOR performance
across electrochemical systems. In this section, a summary of
the influence of these factors based on the latest research is
presented.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.1 Operating reaction conditions

Reaction conditions such as current density, applied potential,
glycerol concentration, and electrolyte pH profoundly influence
the GOR performance.’****>”*7” Based on these previous
studies, the impact rules on Pt-based electrocatalysts can be
summarized as follows: the higher current densities and anodic
potentials accelerated intermediate re-oxidation, favoring
complete oxidation to CO, over C; products like GLYC or LAC.
Slower anolyte flow rates extended intermediate residence
times, enhancing C; species formation, while lower glycerol
concentrations and higher alkaline conditions favored deeper
oxidation to C; acids (e.g., GLA and TA) due to the significant
reduced O-H bond activation energy.>®”* Overall, conditions
including slower flow rates, reduced glycerol concentrations,
elevated current densities, and higher anodic potentials
collectively promote C-C bond cleavage while suppressing C;
product formation. This trend demonstrates broad applicability
across both noble and non-noble metal catalyst systems.

In addition, beyond its specific value, the potential mode
also significantly influences GOR selectivity.”*”® Dynamic
potential modulation represents a powerful strategy to enhance
catalytic selectivity and activity.>*”*# The programmed poten-
tial electrolysis employs an oxidation plateau with an extended
plateau at one potential (tens of seconds) for primary reactions,
then followed by a short pulse (about 0.5-1 s) to a more positive
potential for oxidizing strongly adsorbed intermediates formed
during the first potential stage, and an optional precondition-
ing phase with a short cathodic step at more negative potentials
(less than 10 s) to facilitate organic adsorbate accumulation or
adatom deposition for surface modification may also be
included.* Holade et al. pioneered pulsed glycerol electrolysis
using Pd-based nano electrocatalysts, employing alternating
potentials of 0.8 Vgyg (20 s) for the GOR and 1.4 Vgyg (1 s) for
the regeneration of the electrode surface.” Similarly, carbon-
encapsulated Pt catalysts (C@Pt) under pulsed potentials (0.3
Vrue for 0.5 s and 0.7 Vgyg for 0.05 s) achieve 81.8% GLA
selectivity, a 2.2-fold improvement over constant potential
operation at 0.7 Viyg (37.8%).*® This method mitigates over-
oxidation of active sites under sustained anodic bias and
accumulation of poisoning intermediates, thereby preserving
active sites for sustained OH™ adsorption and glycerol activa-
tion. Although demonstrated for noble metal catalysts, its
applicability to non-noble metal catalysts remains to be estab-
lished experimentally.

Additionally, electrolyte pH critically governs GOR perfor-
mance as it influences catalyst species and modulates reaction
activity and selectivity.”®*~* Previous studies have shown that
pH significantly affects the performance of Pt and Au elec-
trodes, with both exhibiting higher activity in alkaline envi-
ronments.***® Notably, while both Pt and Au show higher
activity in alkaline media, Au displays distinct selectivity shifts,
producing DHA, TA, and C; products under alkaline conditions
versus primarily TA, formate and CO, in acidic environments. Pt
electrodes, however, showed no pH dependence in selectivity.*®
Then the pH dependence of oxidation activity for all potential
GOR intermediates was examined over Pt catalysts to reveal its
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influence on GOR pathway.*® The study revealed that alkaline
media enhanced glycerol oxidation and its adsorption and
kinetics of oxidation products, leading to complete glycerol
oxidation to CO,. However, further oxidation of certain inter-
mediates like TA, formic acid, and OA was challenging, marking
them as dead-end species in the alkaline GOR over Pt catalysts,
which was thought to be a critical bottleneck restricting
complete glycerol oxidation into CO,. Key intermediates from
glycerol, such as GLAD and DHA, could be oxidized to CO, with
low overpotential, as can formate, irrespective of pH. Beyond
the influence of noble metal-based catalysts, electrolyte pH
critically modulates C-C bond scission in the non-noble metal-
catalyzed GOR, as demonstrated by Mn-based electrocatalysts.*
MnO, (x = 2) with adjacent Mn sites favored C; product (GLAD
and DHA) formation in neutral to mildly basic media (pH at
round 7 to 10), while acidic or strongly alkaline environments
promote geminal diol formation, accelerating C-C cleavage to
formate as the primary product. The aforementioned studies
offer insights into how pH adjustment can modulate selectivity
in GOR processes. Notably, given the close interrelationship
between pH and current density in reaction systems, solely
correlating pH shifts with selectivity changes may be insuffi-
cient to fully capture the underlying mechanisms.

Beyond experimental studies, DFT calculations elucidate
how pH governs GOR selectivity at the electronic level.***®
Verma et al. employed DFT calculations to elucidate the pH-
dependent catalytic behavior of Au in the GOR, systematically
revealing why alkaline conditions significantly enhance both
activity and selectivity.*® Their computational analysis demon-
strated that the alkaline conditions facilitated generation of
optimal surface hydroxyl coverage (Au(OH),qgs), creating dual
active sites where Au(OH),qs synergizes with metallic Au to
stabilize key intermediates. This cooperative mechanism
enables thermodynamically favored glyceric acid formation
with low overpotential. Conversely, acidic media lacking OH™
coverage force a kinetically constrained pathway dominated by
dihydroxyacetone (DHA) production. Besides, the free energy
changes associated with the C-C bond cleavage step against pH
on Pt(111) surface was studied, specifically for CH,-
OHC*OC*0,q4s decomposing into CH,OHC*O,q4s and CO,gq. It
was found that free energy change values decreased with
increasing pH, suggesting a higher barrier for C-C bond
cleavage and higher selectivity to C; product formation at lower
pH levels. These computational insights confirm that pH
universally steers reaction pathways by modulating interme-
diate adsorption strength and transition-state energetics,
underscoring its critical role in determining GOR selectivity.

In summary, despite some catalyst-specific limitations in
current studies, the operational principles for the GOR derived
from the above research studies provide critical guidance for
hybrid dual-electrolyte system optimization. The regulatory
principles of current density, potential modulation, electrolyte
flow rate, and glycerol concentration directly indicate opera-
tional parameter optimization. The influence mechanism of pH
not only offers guidance for catalyst selection (alkaline condi-
tions universally enhance catalytic activity for both noble and
non-noble metals) but also directs target-product selectivity.
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Although alkaline electrolytes demonstrate clear advantages in
hybrid systems, the dynamic equilibrium between their
concentration and glycerol concentration requires further
investigation to achieve synergistic optimization of selectivity
and activity. Moving forward, it will be of great significance by
synchronizing pulsed potential modes with pH adjustments in
hybrid dual-electrolyte systems to decouple competing reac-
tions, maximizing target-product selectivity.

3.2 Electrocatalysts

Electrocatalysts play a pivotal role in dictating the GOR perfor-
mance in hybrid dual-electrolyte systems. Therefore, by
employing various synthesis methods and state-of-the-art
techniques, the development of efficient catalysts with desir-
able stability, activity and selectivity, while elucidating their
catalytic mechanisms, has been at the forefront of research
efforts (Fig. 6). GOR catalysts are broadly categorized into noble
metal-based catalysts, such as Pt, Au, Pd, and non-noble metal-
based materials like Ni, Co, Cu, Mn, etc. Both categories provide
unique benefits in facilitating the GOR process, and have been
widely used in various GOR-involved electrolysis systems.

Noble metal-based catalysts. Noble metal electrocatalysts
achieve superior GOR performance through their dual-function
mechanism. By generating moderately active oxygen species
(M-*OH) at low potentials (<1.0 Vgyg), they enable selective
oxidative dehydrogenation of C-OH groups while preserving C-
C bonds due to the inherently high energy barrier for C-C
cleavage under these conditions.***”® This synergistic combi-
nation not only suppresses unwanted C-C bond breakage and
side reactions like the OER and over-oxidation of glycerol, but
also promotes energy-efficient C; product formation (Table 1),
thereby sustaining stable operation even below 1 Vgyg at
current densities exceeding 0.1 A cm™> with enhanced product
selectivity.****

Pt-based materials are the most studied among noble metal
catalysts for the GOR in DGFCs due to their high catalytic
activity and low onset potential.***>* Initial studies on single
crystalline Pt catalysts revealed obvious crystalline facet-

caralytic mechanisy,

MWNRBS
)

Activicd

Fig. 6 Overview of design strategies and involved-elements for GOR
electrocatalysts.
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Table 1 List of the GOR performance of some representative noble metal-based electrocatalysts in the recent three years

Durability test

(current density/mA cm™

2

Catalysts Electrolyte or potential/Vgyg) Potential @ current density FE (products) References
SbO,~Pt/OMC 0.5 M H,S0, + 2 M glycerol 120 h (0.92 Vgys) 272.3 mA mgp, ' @ ~0.95 Vg 81.1%/(DHA) 119
Pt;Sn/hNCNC 1 M KOH + 0.2 M glycerol 2 h (0.75 Vgyg) 59Agp ' @ ~0.8 Vgug (CO,) 93
PtZn-IMC@NC 1 M KOH + 0.1 M glycerol — 1477 mA mgp; ' @ ~0.90 Vg (formate) 42

PdNi/C 1 M KOH + 0.5 M glycerol — 211 mA gpg ' @ 1.2 Vgug 64% (GLA) 143
Pd-NC/NF 1 M KOH + 0.1 M glycerol 4h (1.2 Vpug) 250 mA cm 2 @ 1.22 Vrue 42% (GLA) 139
Au/Ni(OH), 3 M KOH + 0.3 M glycerol 10 h (0.95 Vgyg) 317.7 mA cm 2 @ 0.95 Vgyg 77% (LA) 125
Au,Cu,(111) 1 M KOH + 0.1 M glycerol 24 h (1.23 Viyg) 39 mA cm 2 @ 1.23 Viug 45% (GA) 123
RhCu-BMLs 1 M KOH + 0.1 M glycerol 60000 s (0.61 Vgy) 579.3 A g ' @ 0.61 Vgyg 78.7% (GLA) 142
Ru@MnO, 1 M KOH + 0.5 M glycerol 24 h (10 mA cm™?) 10 mA cm ™ @ 1.13 Vryg 92% (formate) 30

dependent reaction pathway,**° where Pt(111) facets produce
multiple oxidation products (glyceraldehyde, glyceric acid,
dihydroxyacetone) through facilitating dual Pt-C bonded ene-
diol intermediates enabling diverse product formation, while
Pt(100) facets exclusively generate glyceraldehyde via single Pt=
C interactions.”® The crystallographic effects, confirmed by
combined experimental and computational analyses, originate
from distinct coordination numbers of their Pt surface atoms.
Besides, the GOR performance and reaction mechanisms of
various polycrystalline Pt nanoparticles on conductive carbons
(Pt/C) were carefully examined, which well revealed the reaction
pathways and catalytic mechanism over Pt catalysts.?>"**
Though Pt catalysts were confirmed to possess unique advan-
tages of low overpotential and substantial C, or C; product
yields at low overpotentials for the GOR, they faced issues with
high costs, complex oxidation products, and CO poisoning,
particularly in alkaline media, which led to subsequent modi-
fications of Pt catalysts via strategies such as alloying,**** sup-
porting,®*°¢ coating,®” modifying,®”° forming
intermetallics,****® and core-shell structures.

Among various modifications, bimetallic and multimetallic
catalysts, such as those combining Pt with Au,'® Ru,”“'*®
Ag’104—106 Bi’1o7—110 Sn’111 Pb,112 In’nz Sb,113 Cu’114,115 Zn,“ Fe,ua and
Co,"™” have improved peak current density, selectivity, anti-
poisoning capability, and reduced Pt dosage. Pt-based inter-
metallic catalysts have demonstrated improved GOR perfor-
mance owing to the regulated electronic structure of Pt by
introducing other metals.**"*® For instance, a N-doped carbon
supported intermetallic PtZn catalyst (PtZn-IMC@NC) pre-
sented excellent activity for the GOR, delivering an ultrahigh
oxidation peak current of 1477 mA mgp, = at 0.927 Vgyg in
alkaline medium with formate, DHA and GLAD as the main
products, far higher than that of control samples (Fig. 7a—c).**
As DFT calculation indicated, the excellent activity of the
prepared catalyst can be attributed to the highly ordered
structure of the formed intermetallic PtZn that especially
benefits Pt exposure. Also particularly noteworthy is the Bi-
modification strategy, where Bi adatoms on Pt surfaces
prevent formation of strongly adsorbed poison species and
create geometrically blocked sites and electronic interfaces that
fundamentally alter reaction pathways.”® In acidic media, Bi-
modified Pt/C achieved near-perfect dihydroxyacetone (DHA)

101

© 2025 The Author(s). Published by the Royal Society of Chemistry

selectivity at reduced potentials through selective secondary
alcohol oxidation,'”” while under alkaline conditions, through
selective activation of low-coordinated Pt atoms and stabiliza-
tion of key reaction intermediates, optimal Bi decorated poly-
crystalline Pt favored glycerate production by suppressing C-C
cleavage and CO formation.””**'*® Subsequent single-crystal
studies further unveiled fundamental facet effects that Bi
decoration on Pt(111) enhanced both DHA selectivity and
activity through enediol intermediate stabilization and CO
poisoning resistance, while Bi decoration on Pt(100) main-
tained glyceraldehyde selectivity with compromised activity due
to ineffective intermediate stabilization.'” Notably, the high
selectivity of Bi modified Pt electrodes for DHA has only been
shown under low current densities during catalytic mechanism
research. As of now, there are no reports indicating that high-
selectivity DHA production can be achieved at larger current
densities (greater than 10 mA cm™?). Therefore, it is necessary
to further explore whether Bi-modified Pt electrodes can
maintain high DHA selectivity when operating at high current
densities in acid electrolytes.

Alternative modification approaches demonstrate compa-
rable success. For example, amorphous antimony oxide on Pt
nanoparticle surface (SnO,-Pt) supported by ordered meso-
porous carbon (OMC) achieved a DHA selectivity of 81.1% in
acid solution, maintaining 53.1% even after 120 h of constant
electrolysis."*® As confirmed by the DFT calculation results, the
SnO, improved the catalytic activity and stability of Pt by
forming an ionic bond with O atoms of DHA, suppressing DHA
interconversion reactions. Analysis of representative Pt-based
catalyst systems above reveals that while significant advance-
ments have been achieved in catalytic activity and stability,
attaining high selectivity toward a single product remains
challenging. The development of strategies that effectively
balance selectivity with activity represents a critical requirement
for functional device applications.

Aside from Pt-based materials, Au-based and Pd-based
catalysts have been engineered into various structures to
enhance GOR performance. Early studies on Au-based catalysts,
primarily involving polycrystal Au or Au nanoparticles on
carbon supports, showed high selectivity for C; or C, prod-
ucts.”*"?* Subsequently, advanced nanostructuring of Au cata-
lysts****** and the incorporation of secondary metals or metal

Chem. Sci., 2025, 16, 12651-12678 | 12659
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(a) TEM image of PtZn-IMC@NC, (b) CVs of PtZn-IMC@NC and controlled samples in 1 M KOH containing 0.5 M glycerol solution, (c) the

possible pathway of the GOR over PtZn-IMC@NC. Reproduced with permission from ref. 42. Copyright 2024, Wiley-VCH. (d) SEM image of the
Au/Ni(OH), catalyst, (e) current density of Au/Ni(OH), and Au at 0.95 Vrye in the electrolytes with 0.3 M glycerol and different concentrations of
KOH, (f) adsorption energies of glycerol in the form of alkoxide and the optimized geometries of (HOCH,),CH,O™ * for various catalysts. The
color of each element is yellow for Au, blue for Ni, red for O, white for H, gray for C, and purple for K. (g) Schematic illustration of the adsorption
configuration of glycerol alkoxide at the Au/Ni(OH), interface. Reproduced with permission from ref. 125. Copyright 2023, American Chemical
Society. (h) TEM image of Bi;Pd NS, (i) potential-dependent FEs for different oxidation products on Bi;Pd NS. Reproduced with permission from
ref. 138. Copyright 2024, Royal Society of Chemistry. (j) TEM image of hollow o-Pd,Sn NPs, (k) cyclic voltammetry curves of various catalysts in
1.0 M KOH solution containing 1.0 M glycerol (monoclinic PdsSn, (m-PdsSny)). Reproduced with permission from ref. 133. Copyright 2023,

Wiley-VCH.

compounds have created complex structures that significantly
increase active surface area, adsorption of key intermediates,
suppress C-C bond cleavage, and facilitate electron
transfer.””"* A self-supported nanostructured Au electrode
achieved a GA selectivity of 41.2% in an alkaline electrolyte by
adjusting Au(100) and (110) crystal facets, promoting OH
adsorption for selective GA production.” The selectivity to GA
was further improved to 45% over a hollow spheroidal Au,;Cu,
alloy catalyst, where Cu inclusion expanded the active surface
area and enhanced the adsorption of glycerol and its interme-
diates, enhancing the capacity of Au to adsorb more -OH
groups.'”® Besides, a high selectivity of 77% to LA was also
achieved at 0.95 Vgyg with a current density of 326.2 mA cm ™2
over a nickel hydroxide nanosheet-supported gold electro-
catalyst (Au/Ni(OH),) in alkaline media (Fig. 7d). The excep-
tional activity of Au/Ni(OH), was attributed to the interface
enriching glycerol in the alkoxide form via a ¢ bond (between
Au and glycerol alkoxide group) and hydrogen bond (between

12660 | Chem. Sci., 2025, 16, 12651-12678

Ni(OH), and adjacent OH groups), subsequently oxidizing
adsorbed alkoxides by OH* generated on the Au. The superior
ability of Au/Ni(OH), to promote glycerol adsorption in its
alkoxide was evidenced by a markedly higher current density at
elevated KOH concentrations compared to Au alone and
stronger adsorption energies (E,qs) for glycerol alkoxide
(Fig. 7e-g). While these Au-based catalysts have demonstrated
favorable GOR selectivity and activity, further investigation into
the relationship between catalyst structure and selectivity is
needed to elucidate the origins of their activity and product
specificity.

Similar to Pt and Au-based catalysts, previous studies
confirmed that modifying Pd catalysts with other elements,
tuning nano shapes, and alloying with other metals could
enhance GOR performance by increasing Pd site exposure,
improving poison resistance, and enhancing adsorption of OH
species, whereas the structure-selectivity relationship remains
insufficiently understood.”®*****>  Recent

advances in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanosynthesis have expanded the diversity of Pd-based cata-
lysts, such as single-atom modifications, intermetallic phases,
and hollow architecture, enabling tailored activity and
selectivity.’****° For instance, a catalyst composed of Bi atoms
dispersed on Pd nanosheets (Bi;Pd NS) has demonstrated over
90% selectivity for converting glycerol into C; products with
high partial current density and stability (Fig. 7h-i). The intro-
duced Bi atoms modulated the electronic structure of Pd,
lowering the adsorption energy of key C; intermediates and
alleviating product over-oxidation and catalyst poisoning.'**
Another research study found that orthorhombic Pd,Sn inter-
metallic nanoparticles (0-Pd,Sn) with a hollow structure ach-
ieved exceptional mass activity of (12.9 A mgpq ') and C-C
cleavage capability (Fig. 7j and k),*** which is credited to the
alloying effect of Pd and Sn, the ordered intermetallic phase,
and the hollow structure that increase the reactive surface area
and noble metal utilization rate. The above representative
findings confirm advancement achieved in precise control over
Pd-based catalyst structures to simultaneously address activity,
selectivity, and stability challenges in the GOR, which give
strategies for optimizing other noble metal catalysts.

Aside from these mainstream noble metal catalysts, mate-
rials based on Rh and Ru have also been tailored for the GOR
through doping, complexing, or alloying with non-noble
metals.'7?%7>14:1%2 For instance, RhCu bimetallenes (RhCu-
BMLs) with optimal Rh/Cu molar ratios achieved a high mass
activity of 579.3 A gg " at 0.61 Vryg and selectivity to GLA with
an FE of 78.7%, surpassing single-component Rh metallenes.***
The incorporated Cu atoms were found to weaken OH™
adsorption, preventing the oxygen insertion reaction that
resulted in TA production owing to the electronic effect.

In summary, the collective progress in noble-metal based
catalysts for the GOR underscores the critical role of atomic-
scale design strategies of electronic modulation, facet engi-
neering, and interfacial synergy in balancing activity, selectivity,
and stability. However, persistent gaps remain, including the
scalability of high-selectivity for single C; or C, products to
industrially relevant current densities and the need for
universal descriptors linking catalyst structure to reaction
pathways. Future efforts should prioritize operando mechanistic
studies and scalable synthesis methods to bridge these gaps,
advancing toward practical electrochemical glycerol valoriza-
tion in various hybrid dual-electrolyte devices.

Non-noble metal-based catalysts. Non-noble transition
metal catalysts (e.g., Co-, Ni-, Mn-, and Cu-based materials) offer
cost-effective alternatives for the GOR, but their operational
mechanism differs from that of noble metal counterparts.
These catalysts necessitate elevated voltages to generate active
oxygen species from water, which simultaneously activate both
C-OH and C-C bonds in glycerol.”” This dual activation under
high-potential conditions promotes C-C bond cleavage path-
ways, resulting in predominant C; product formation. Despite
this inherent limitation in Cj3/C, product selectivity, their
economic viability, abundance and high selectivity to formate
production present promising industrial application (Table 2).
Among these non-noble metal catalysts, Ni- and Co-based
catalysts (including their alloys and composites) exhibit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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superior GOR performance due to their capability to in situ
generate catalytically active Ni"'-OOH and Co™-OOH species
(collectively termed MOOH).?**** These active MOOH phases
enhance glycerol conversion to formate by promoting OH*
adsorption on the electrode surface, facilitating dehydrogena-
tion through hydrogen transfer with glycerol molecules. Over
these Ni- and Co-based catalysts, the GOR processes follow
a direct oxidation mechanism wherein the glycerol molecule
and OH* are adsorbed on the surface of the catalyst at lower
potential and an indirect electron transfer mechanism wherein
the in situ produced active MOOH intermediates as redox-
mediates participate in the GOR process at higher poten-
tials.>”**>14¢ Extensive research is focused on increasing the
active site count and enhancing the intrinsic activity of these
catalysts by employing strategies like doping, heterostructure
formation, alloying, and defect engineering.

Enhancements to Co-based catalysts for the GOR have been
achieved by incorporating secondary metals (e.g., Ni, Cu, Mn,
Fe),?®%¢” non-metal elements (e.g., S, B, Se),***'*” and organic
compounds to form nano compounds or complex nano-
structures.'*®'* Notably, replacing Co with Ni in the Coz;0,
spinel oxide to form NiCo,0, has drawn considerable
interest.”**”* A recent study detailed how NiCo,0, nanosheets,
with an optimal Ni:Co ratio of 2:1, managed competitive
adsorption of OH* and glycerol, leading to high formate selec-
tivity and low overpotentials (Fig. 8a-c).® DFT calculations
confirmed that the appropriate d-band center energy levels of
NiCo,0, for glycerol and C-O intermediate adsorption/
desorption contributed to the good GOR performance.
However, NiCo,0, nanoneedle arrays exhibited different selec-
tivity profiles, producing GA alongside formate (Fig. 8d and e).*
Moreover, the authors found that the GOR proceeded via direct
oxidation at 1.00 Vgyg, with active metal (oxy)hydroxides
engaging in an indirect oxidation mechanism at elevated
potentials (Fig. 8f). The improved performance was traced to the
introduction of Ni into the Co;0, structure, increasing oxygen
vacancy concentration and promoting the rapid formation of
active Ni"™™-OOH and Co™-OOH sites for the GOR. Besides,
other metals like Cu and Mn also promoted the formation of
high-valance Co and Ni active sites and glycerol adsorp-
tion.>”"**1%° For example, a Cu-doped NiCo alloy electrode
confirmed surface Ni"-OOH and Co™-OOH species as active
sites, with Cu facilitating coupling of surface *O with reactive
intermediates.** A catalyst with carbon shell-encapsulated
manganese-doped cobalt nitride nanoarrays on nickel foam
(Mn-CoN@C/NF) exerted an industrial-level current density of
400 mA cm™? at 1.37 Vryg for the GOR. The doped Mn species
facilitated glycerol adsorption and increased Co®" density in
Mn-CoN via regulating the valence state of Co.>” Moreover, non-
metal elements and organic molecules also enhanced the GOR
performance.®**>*** For instance, a sulfur-doped Mn-Co
hydroxide nanosheet catalyst (Mn-Co-S) enhanced charge/
mass transfer and increased high-valence Co active species by
promoting surface reconstruction and forming a hierarchically
porous structure with abundant oxygen vacancies, achieving
100 mA cm ™2 at 1.347 Vgyg With a FEgyrmaee exceeding 95%.°°
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Fig. 8

(a) The proposed synergistic mechanism of the GOR to formate catalyzed by NiCo,O4/NF with regulable Lewis and Brensted acid sites, (b)

SEM images of NiCo,04 nanosheets on NF, (c) LSV curves for the GOR and OER. Reproduced with permission from ref. 28. Copyright 2023,
Wiley-VCH. (d) SEM image of NiCo,0O4 nanoneedles, (e) LSV curves of 1 M KOH with and without 0.1 M glycerol addition, (f) the scheme of the
anode reactions at varied potentials. Reproduced with permission from ref. 37. Copyright 2024, Wiley-VCH. (g) Aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of NizSn. The arrangement of atoms is highlighted in the
rectangular box, where the blue and orange spheres represent Ni and Sn atoms, respectively. (h) Adsorption configurations and adsorption
energies of *OH at Ni(111), NizSn(201) and Sn(200) surfaces. Adsorption configurations, adsorption energies, and bond lengths at Ni(111) and
NizSn(201), with a (i) mono-valent carbon-binding intermediate (CH,OH-CHOH-*CO) or (j) multi-valent carbon-binding intermediate
(CH,OH-*CO-*CO). (k) Schematic illustrations of the GOR on different catalysts. Reproduced with permission from ref. 154. Copyright 2024,
Wiley-VCH. () The TEM image of CoNiCuMnMo NPs, the LSV curves in 1 M KOH with and without 0.1 M glycerol addition (m), FEs for formate
production at varied potentials (n) and the GOR stability test (o) of the CoNiCuMnMo-NPs/CC electrode. Reproduced with permission from ref.

15. Copyright 2022, American Chemical Society.

Ni-based catalysts, like their Co counterparts, enhance GOR
performance through the incorporation of various transition
metals (such as Fe,'** Co,'** Cu,'®'** Cr,*> Mo,’*”* V/Ru,”> Pd***)
in forms like oxides, hydroxides and alloys, which rapidly
generated high-valance Ni sites and modulated metal coordi-
nation. For instance, introducing oxygen and cation vacancies
into NiCrO nanosheets via chromium ion leaching significantly
boosted co-adsorption of both OH™ species and organic mole-
cules, and intrinsic GOR activity.®* During the GOR process, the
surface quickly reconstructed into NiOOH, achieving a FE¢yrmate
of 96%. Besides, the selectivity of Ni-based catalysts can be
adjusted towards C; products by modifying the adsorption
mode of key intermediates and controlling C-C bond cleavage

© 2025 The Author(s). Published by the Royal Society of Chemistry

propensity.****>* Glycerol exhibits two adsorption modes on
metal surfaces: mono-valent carbon-metal binding, which
favors carbon chain preservation and produces GLA, and multi-
valent carbon binding, which triggers C-C bond cleavage and
forms C,/C, products. In the context, Lyu et al. achieved a peak
FEGra 0f 62% =+ 3% at 1.7 Vgyg over an atomically ordered NizSn
intermetallic catalyst (Fig. 8g)."** Combined theoretical calcu-
lations and in situ characterization revealed that the introduced
Sn, with its robust oxygen adsorption and weak carbon
adsorption capability, effectively altered the adsorption of
glycerol oxidation intermediates from multi-valent carbon
binding to mono-valent carbon binding, and promoted *OH
adsorption and subsequent nucleophilic attack, leading to
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a high selectivity to GLA production (Fig. 8h-k). This study
offers crucial insights into screening secondary metals for
regulating selectivity of non-noble metals, while whether the
regulatory function of Sn or other elements with strong oxygen
adsorption but weak carbon adsorption capabilities is appli-
cable to metals like Co requires further validation. Not limited
to the above incorporation of inorganic metals, introducing
organic molecules also regulated the selectivity of Ni-based
catalysts. Hybridizing phenanthroline with Ni(OH), can also
modulate GOR selectivity by controlling electronic states to
balance oxidative power and C-C bond cleavage activity,
resulting in different oxidation products depending on the
phenanthroline derivative used.*

Manganese oxides, with their diverse valence states and
crystalline phases, are widely studied for the GOR, with their
selectivity and activity influenced by phase structure, electro-
lytes, and potential.>*>””7#'*¢ Under mild base or neutral media,
MnO, with various crystalline phase structures demonstrated
high selectivity for C; products, and increased potentials help
preserve C-C bonds.”””® For instance, a-MnO,, 3-MnO,, and -
MnO, in 0.1 M Na,B,0; with 0.1 M glycerol all presented
comparable selectivity to C; products (~50% for DHA and
~40% for GLDA), with y-MnO, exhibiting the best reaction
rate.”” The preference for DHA over GLDA was ascribed to the
surface's biased adsorption of secondary -OH group over
primary ones. In situ Raman spectroscopy revealed that all three
MnO, catalysts underwent intricate surface reconstruction
during the GOR process with 3-MnO, and y-MnOOH formed on
the surface under high potentials, where 3-MnO, hindered C-C
bond breakage. Although high selectivity was achieved under
mild base conditions, low reaction current density (<10 mA
cm %) at high potentials (>2 Vgyg) limits large-scale applica-
tions. Studies that seek to enhance the reaction rate without
compromising selectivity of these MnO, catalysts would be
highly valuable. In a separate study, y-MnO, nanosheets sup-
ported on carbon paper (y-MnO,/CP) showcased excellent
stability during the GOR in acid medium, with formate as the
predominant product. This stability was credited to the reduc-
tive glycerol, which safeguarded the catalyst from deactivation
by inhibiting the lattice oxygen mechanism that caused struc-
tural damage of the catalyst, and the oxidation of Mn-oxo
(Mn"=0) into MnO, . However, it is yet to be determined if y-
MnO,/CP can maintain this ultralong stability in the commonly
used 0.5 M H,SO, electrolyte at industrial-scale current densi-
ties. Alongside single MnO, catalysts, complexing manganese
oxides with other active components has been shown to
enhance GOR performance.*””® For instance, Ru nanoparticles
supported on defect-rich MnO, (Ru@Mn,_,) catalysts prepared
using a y-ray reduction method, achieved excellent activity,
delivering 10 mA cm ™2 at just 1.13 Vgyg with formate as the main
product in alkaline solution. The outstanding performance of this
catalyst was attributed to the synergistic effect of defect-rich MnO,
and Ru nanoparticles, which facilitated the glycerol adsorption
and accelerated reaction kinetics via promoting electron transfer
between the intermediate and the catalytic surface, thereby
improving the bond-breaking process.*
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Cu-based catalysts, including oxides, hydroxides, and related
compounds have shown promise in the GOR, converting glyc-
erol to C; products like DHA in mild base media and to formate
in strong alkaline environments.”” > Cu-related catalysts
exhibit selectivity and activity comparable to Ni and Co-based
catalysts in alkaline electrolytes. Nonetheless, the notable
degradation observed during prolonged stability assessments
calls for further investigation to understand attenuation
mechanism and improve durability.>»*3*13%1% A case in point is
the S-doped CuO nanorod array on copper foam (S-CuO/CF),
which through rapid restructuring, optimized lattice oxygen
deintercalation for efficient glycerol-to-formate conversion,
achieving 100 mA cm™ 2 at 1.23 Vgyg with a peak FEgrmate Of
95%.%" Yet, the long-term stability of S-CuO/CF under high
current densities is a concern due to lattice oxygen depletion,
necessitating further research on the impact of the reduction of
lattice oxygen on the durability of copper-based catalysts.

Beyond these catalysts, there is a rising trend in developing
novel catalysts like high-entropy alloys and compounds, which
also predominantly produce formate in the GOR.">**'¢%1%* For
instance, a self-supported electrode consisting of a CoN-
iCuMnMo high-entropy alloy (HEA) nanoparticles in situ grown
on carbon cloth (CoNiCuMnMo-NPs/CC) for the GOR (Fig. 81),**
attained a current density of 10 mA ecm > at 1.25 Vgyg with
robust stability and boasted an FEgymate Over 90% within
a potential window stretching from 1.27 to 1.47 Vgyg (Fig. 8m-
0). Combined with theoretical calculation and operando tech-
niques, the synergistic effect among its constituents co-
contributed to the exceptional performance.

In brief, non-precious Ni/Fe/Cu/Mn-based catalysts can
achieve high activity and selectivity for formate production in
alkaline media through electronic structure modulation via
compositional and morphological design. Among these, Ni/Co-
based catalysts demonstrate exceptional promise for scalable
applications. By incorporating secondary components to
promote in situ formation of high-valent MOOH species, these
systems enable synergistic optimization of d-band center posi-
tioning, oxygen vacancy generation, and intermediate adsorp-
tion energetics, while maintaining cost-effectiveness and
synthetic scalability. However, the MOOH-mediated process
faces a critical challenge, namely, accelerated OER competes
severely with the GOR at high current densities, drastically
reducing conversion efficiency. Thus, suppressing OER
competition under operational conditions emerges as the
pivotal optimization target for practical implementation.

4 The GOR application in hybrid
dual-electrolyte electrochemical
devices

The investigation of reaction pathways, catalytic mechanisms,
and influential factors in the GOR discussed earlier is all geared
towards the effective utilization of the GOR in electrolytic
devices. This section aims to summarize the research progress
on hybrid dual-electrolyte GOR-integrated devices, including
electrolysis systems and full cells. Subsequent analysis will

© 2025 The Author(s). Published by the Royal Society of Chemistry
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focus on the reported hybrid dual-electrolyte electrolysis
systems that incorporate the GOR with the HER (GOR|HER)
and the GOR with the CO,RR (GOR||CO,RR), as well as GOR-
involved fuel cells that encompass DGFC and zinc-air
batteries. Emphasis will be placed on the pivotal role of the
GOR, the catalysts involved, and the configuration of the dual-
electrolyte’'s contribution to enhancing electrochemical
performance.

4.1 GOR involved hybrid dual-electrolyte electrolysis systems

Coupling the GOR with the HER (GOR|HER). Electro-
catalytic systems integrating the HER and GOR in alkaline
media have been engineered across multiple architectures,
including single-chamber cells, dual-compartment reactors,
and membrane electrode assemblies (MEAs).>**”7> However,
conventional single-pH architecture struggles with persistent
challenges like high operational voltages, severe crossover los-
ses, and limited GOR selectivity. To circumvent these limita-
tions, emerging hybrid dual-electrolyte configurations decouple
reaction environments by pairing acidic catholytes (HER) with
alkaline anolytes (GOR), which could simultaneously harness
ENE and oxidation energy of the GOR to minimize energy
demands and create optimized microenvironments for both
half-reactions. The corresponding electrode reactions are as
follows:

Anode: C3HgO3 + 11IOH™ — 3HCOO™ + 8H,0 + 8¢~ (R1)
Cathode: 8H™ + 8¢~ — 4H, (R2)

Total reactions: C;HgO; + 110H™ + 8H" —
3HCOO™ + 8H,O +4H, (R3)

A series of studies were conducted based on the alkali/acid-
electrolyte HER||GOR systems by developing various catalysts
with main focus on the GOR side.'»3*151:158161,163 The energy-
saving dual production of the alkali/acid-electrolyte HER||O
GOR electrolyzer was firstly achieved by assembling
a commercial Rulr/Ti cathode in 0.5 M H,SO, solution and
a newly developed CoNiCuMnMo-NPs/CC anode in 1.0 M KOH
containing 0.1 M glycerol solution, separated by a cation
exchange membrane (CEM) (Fig. 9a and b)." In this hybrid
system, glycerol undergoes selective oxidation to formate at
the alkaline anode with concomitant electron transfer
through the external circuit, driving proton reduction to H, at
the acidic cathode. Charge balance is maintained via potas-
sium ion (K") migration through the CEM from the anolyte to
catholyte compartment. As expected, the hybrid dual-
electrolyte system leveraged both ENE and energy from glyc-
erol oxidation to dramatically reduce the operational voltage.
At 10 mA cm >, the cell voltage dropped to 0.55 V, significantly
lower than the traditional alkaline HER||GOR (1.34 V) and
HER||OER (1.63 V) systems (Fig. 9¢). This result suggested that
the substitution of the OER with the GOR lowered the anodic
potential by 290 mV and the ApH of the hybrid acid-alkaline
electrolyte (ApH = 14) provided an additional 790 mV reduc-
tion, closing to theoretical 828 mV (0.0591 x ApH). Moreover,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the electrolyzer also demonstrated excellent stability after
periodic electrolyte replenishment to counteract consumption
of proton/hydroxide and glycerol, sustaining constant elec-
trolysis at 50 mA em~> for 300 h with near-unity FE for H,
production at the cathode and FE¢;mate Of around 92% at the
anode (Fig. 9d). This work exemplifies the synergy between
catalytic innovation and pH-gradient engineering, under-
scoring pH-asymmetric design as a viable pathway toward
economically viable glycerol valorization. Building on this,
various electrocatalysts like (CoNiCuMnMo)Se nanosheets,
NiCo,0, nanoneedles, Mn-doped CoSe, nanonetworks, and
Cu-Cu,O nanocluster compounds have been engineered for
further developing the hybrid alkali/acid-electrolyte electrol-
ysis systems.’*'?%1¢1163 These studies effectively demonstrate
the universality of hybrid alkali/acid-electrolyte HER||GOR
systems for various efficient catalysts to achieve energy-saving
dual production. Nevertheless, there are still many aspects
worthy of investigation like the stability of the hybrid elec-
trolyzer at industrial-scale current densities (>200 mA cm™?),
promoting GOR selectivity to other value-added products
beyond formate, validating the feasibility for enhancing ENE
by further elevation of ApH and direct use of crude glycerol as
a reactant.

The above advancements in hybrid alkali/acid-electrolyte
HER||GOR electrolysis systems have seen the use of cation
exchange membranes to separate acid catholytes and alkaline
anolytes to harvest ENE, while a recent novel approach
employed an anion exchange membrane (AEM) in a hybrid acid/
alkali-electrolyte membrane electrode assembly (MEA) for
HER||GOR electrolysis, effectively harvesting ENE and prevent-
ing crossover of product anions and C-C bond cleavage during
the GOR* (Fig. 9¢). The AEM-based acid-alkali MEA electrolyzer
demonstrated superior performance with commercial Pt/C
electrodes at 80 °C, exhibiting a low onset potential and
achieving 200 mA cm ™2 at 0.377 V. It maintained 55% FE for C;
products (GA and TA) at 1 A em > with negligible crossover
(Fig. 9f-h). Moreover, unlike the conventional AEM-based
alkali-alkali MEA system which suffered severe product cross-
over (30% at 10 mA cm ™ 2) and poor C; and selectivity (7.1% at
0.45 A cm ™), this configuration achieved near-unity overall FE
towards liquid products across current densities, effectively
preventing C-C bond cleavage (Fig. 9g-i). Based on the
comparison experiments, the enhanced performance stems
from three synergistic factors: the ion regulation function of
AEM efficiently minimizes anion product crossover by satu-
rating ion-exchange capacity with OH™ diffusion while electro-
migration directs anions toward the anode; concurrently, local
pH control function of the proposed device, owing to the
limited OH™ provided by the cathode, leads to decreased local
pH at the anode and thus higher selectivity to C; products; and
structural advantages provided by the acid-alkaline dual-
electrolyte and MEA design effectively harvest ENE, enhance
convective mass transfer, improve energy efficiency, and lower
system resistance. This work opens new avenues for the appli-
cation of hybrid acid/alkali-electrolyte systems in electrolysis.
However, the broader application of the AEM-based acid-alkali
MEA device, especially when equipped with non-noble metal
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Fig. 9 Schematic illustration of the (a) asymmetric-electrolyte electrolyzer cell and (b) traditional alkaline electrolysis cell, (c) LSV curves of
HER||GOR and HER||OER under different pH differences. (d) Long-term stability test of the assembled hybrid alkali/acid-electrolyte HER||GOR at
50 mA cm~2. Reproduced with permission from ref. 15. Copyright 2022, American Chemical Society. (e) Graphical schematics illustrating AEM-
based alkali-alkali and acid—alkali MEA devices, the acid—alkali MEA device possesses the ability to inhibit the crossover of product anions and the
cleavage of C—C bonds (blue electrolyte: alkaline; red electrolyte: acidic), (f) LSV curves of the GOR in 1 M KOH with 1 M glycerol anolyte in an
AEM-based MEA electrolyzer, total FEs of GOR liquid products in the anolyte and catholyte in the chronopotentiometry test at various current

densities in AEM-based acid—alkali MEA (g) at 80 °C, comparison of (h)

product crossover ratio and (i) total FE towards liquid production in

different electrolyzers. Reproduced with permission from ref. 32. Copyright 2024, Royal Society of Chemistry.

catalysts or integrated into other coupled electrolysis or cell
systems, requires further validation. Moreover, the stability of
such a device under high current densities needs to be further
confirmation, as stability is a crucial factor in assessing its

12666 | Chem. Sci., 2025, 16, 12651-12678

potential for practical applications. Additionally, controlled
experiments conducted on an AEM-based acid-alkali flow cell
may be necessary to substantiate the proposed role of AEM
within the MEA structure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The aforementioned research efforts have enhanced the
performance of hybrid alkali/acid-electrolyte HER||GOR elec-
trolysis systems through carefully designing catalysts and
optimizing electrolyzer configurations, thereby lowering input
voltage and increasing the selectivity of glycerol oxidation. Even
so, these advancements represented only the beginning in
achieving energy-saving dual-value-added production via hybrid
dual-electrolyte HER||GOR electrolysis systems. There are
numerous scientific fundamental issues that warrant further
exploration. Firstly, the majority of the aforementioned studies
have primarily focused on developing GOR catalysts in alkaline
medium with formate as the main product. Therefore, there is
a demand for developing catalysts with high selectivity for other
products and robust HER catalysts in acid medium. Secondly, it
is crucial to conduct stability tests under industrial current
densities to uncover the attenuation mechanisms of this type of
electrolysis system. Thirdly, a comprehensive economical value
comparison between the hybrid system and traditional system
should be conducted to provide valuable insights for future
research in this area.

Coupling the GOR with the CO,RR (CO,RR||GOR). The
electrochemical CO, reduction reaction (CO,RR) routine can
convert CO, into valuable chemicals by renewable electrical
energy, contributing to develop energy storage, decarbonate the
chemical industry and close the anthropogenic carbon cycle.**
Beyond seeking high-activity and selective electrocatalysts for
the CO,RR, replacing the OER with more valuable but kineti-
cally faster reactions in CO, electrolysis has greatly improved
the overall performance. Thereinto, integrating the GOR with
CO,RR electrolysis has received increasing attention owing to
the dual green production at the cathode and anode with low
energy consumption.’®'* Given the optimal reaction environ-
ment differences between the GOR and CO,RR, a hybrid dual-
electrolyte configuration is suitable for the CO,RR|GOR.
Kenis et al. preliminarily demonstrated the economic viability
of GOR-involved CO, electrolysis systems using commercial
noble metal catalysts, achieving a 53% reduction in electricity
consumption.’® This inspired further development of electro-
catalysts for both the GOR and CO,RR, investigating impact
factors and optimizing devices for higher economic effective-
138,147,159,170171 - Various products were then obtained
depending on catalyst species and structures in both the
cathode and anode. Remarkably, our research group pioneered
an energy-efficient, cost-effective, and feasible CO,RR||GOR
electrolysis system by developing robust non-noble metal cata-
lysts and optimizing the electrolyzer device (Fig. 10a). In this
research, the CO,RR in a neutral medium was coupled with the
GOR in an alkaline medium at the anode, and the corre-
sponding electrode reactions are as follows:

ness.

Anode: C3HgO; + 110H™ — 3HCOO™ + 8H,O + 8¢~ (R4)
Cathode: 4CO, + 4H,0 + 8¢~ — 4CO + 80H™ (R5)

Total reactions: 4CO, + C3HgO5; + 30H™ —
4CO + 3HCOO™ +4H,O (R6)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the cathode, an atomically dispersed Ni-N single sites on
F, N co-doped ultrathin nanoporous carbon nanosheet (NiSAs/
FN-CNSs) catalyst (Fig. 10b) was developed for efficiently con-
verting CO, into CO with near-unity FEco and robust stability in
a neutral electrolyte, while the anode featured a CoSe, inter-
connected nanostructure on carbon cloth (CoSe,/CC) (Fig. 10c),
which presents excellent GOR performance with peak FE¢ymate
of over 90% in alkaline medium. A flow electrolyzer pairing with
the two catalysts facilitated electrolysis at merely 1.05 V thanks
to the assistance of harvest ENE and GOR and achieved 10 mA
cm 2 at only 1.24 V, 330 mV lower than the electrolyzer without
addition of glycerol. It sustained high FEs of nearly 90% for
both CO and formate across 1.2-2.5 V (Fig. 10d), and operated
stably for over 400 h at 2.2 V with FEco and FE¢yrmate OVer 90%
and a current density of ~100 mA cm > (Fig. 10e). This work
provides a strategy for practical CO, electrolysis coupled with
glycerol upgradation. Nevertheless, addressing carbonatization
from CO, and locally produced OH™, as well as accumulated
alkali metal ions in the electrolysis system, is necessary for
broader application and stability under high current densities,
which requires further validation.

The dual-electrolyte structure can also be used to maintain
a stable reaction environment without producing ENE by
adjusting the membrane. Khan et al. proposed a bipolar
membrane (BPM) involved co-electrolysis system to avoid
carbonate formation and enhance CO, utilization. The BPM not
only prevented HCO;~ and CO5>~ from reaching the anode but
also supplied H' to the cathode, reactivating carbonate and
recycling CO, on site for reduction (Fig. 10f)."* In their
proposed BPM separated co-electrolysis electrolyzer, an Au
nano-dendrite in situ grown on Ni foam (Au-ND/NF) electrode
(Fig. 10g) was prepared as an efficient GOR catalyst with GA as
the main product in 3 M KOH containing 0.5 M glycerol, and the
cathodic CO,RR was catalyzed by a Cu sputtered on polytetra-
fluoroethylene (Cu/PTFE) gas diffusion layer (GDL) electrode in
1 M K,CO;. The assembled GOR-involved electrolysis system
outperformed the OER-involved counterpart with an about 0.8 V
voltage drop (Fig. 10h) and efficiently co-produced C,H, and GA,
maintaining stable electrolysis for 10 h at 175 mA cm ™~ with no
obvious degradation in voltage and FEc,54 (Fig. 10i). A techno-
economic analysis (TEA) indicated the potential for commer-
cializing CO, to C,H, conversion with a competitive minimum
selling price of ~$1.1 per kgc,y,, providing a plausible strategy
to upgrade glycerol and CO, in CO, electrolysis systems.
Nevertheless, further efforts are needed to reduce the overall
cell voltage, improve the product selectivity of both half-
reactions, and enhance the stability of such electrolyzers.
Besides, comparing the economic viability of systems with and
without ENE is essential to guide research on optimizing
stability, input voltage, CO, utilization, and conversion
efficiency.

Apart from joint production of CO or C,, in the cathode and
formate or other C, and C; products in the anode, CO,RR||GOR
hybrid electrolysis systems have also been demonstrated to co-
produce formate at both the cathode and anode.***** For these
systems, catalysts were developed to enable CO,-to-formate

Chem. Sci., 2025, 16, 12651-12678 | 12667
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Fig. 10 (a) Schematic illustration of electrolysis by coupling CO, conversion with glycerol upgradation, (b) TEM image and the magnification of
the TEM image (the inset) of NiSAs/FN-CNSs, (c) SEM image of CoSe,/CC, FEco and FE¢ormate Mmonitored in the cathode and anode at various cell
potentials (d) and stability test at 2.2 V (e) over the NiSAs/FN-CNSs/CP||CoSe,/CC with and without 2 M glycerol (NiSAs/FN-CNSs supported on
carbon paper (NiSAs/FN-CNSs/CP, catholyte: 2 M KHCOg3, anode: 2 M KOH + 2 M glycerol)). Reproduced with permission from ref. 147, copyright
2022, Elsevier. (f) Schematic of the flow cell setup used for co-electrolysis experiments with the eCO;R at the cathode and the GOR at the anode
with BPM as the separator, (g) SEM image of Au-ND, (h) LSV curves for co-electrolysis using different anode electrodes with (0.5 M) and w/o
glycerol in the anolyte, (i) stability test of co-electrolysis using the Au-ND/NiF anode catalyst at a constant current density of 175 mA cm™2.
Reproduced with permission from ref. 171, copyright 2023, Cell Press.

conversion in neutral media and glycerol-to-formate conversion
in alkaline media. An established configuration achieved FEs
approaching 90% for formate at both electrodes, confirming the
viability of simultaneous formate production, a process with
significant industrial promise enabled by effective electro-
catalysts for formate synthesis on both sides.'®* Additionally, it

12668 | Chem. Sci., 2025, 16, 12651-12678

highlighted the advantage of simplified downstream purifica-
tion, requiring isolation of only a single product. However, the
harvested ENE has also not been discussed in these systems.
Despite progress in GOR-assisted CO, electrolysis hybrid
systems (Table 3), several fundamental scientific challenges
must be addressed to achieve significant advancements for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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practical applications. Firstly, achieving high single-product
selectivity in both the CO,RR and GOR under industrial-scale
current densities remains a challenge. Precise tuning of selec-
tivity and activity through catalyst design is a crucial research
focus. Secondly, the hybrid system, which converts CO, to CO or
formate at the cathode and glycerol to formate at the anode,
shows practical application potential in terms of conversion
efficiency. However, issues such as carbonatation and accu-
mulation of alkali metal salts in the cathode over long-term
operation, and potential over-oxidation of formate at the
anode, require further investigation. Thirdly, since the CO,RR
in acidic media has demonstrated excellent selectivity for
products like CO, formate, or C,;,"”*"* exploring a hybrid
system that combines the cathodic CO,RR in an acidic elec-
trolyte with the anodic GOR in an alkaline environment is
worthwhile. This approach can potentially avoid carbonation
issues caused by the direct reaction between CO, and locally
produced OH™, and it also harvests elevated ENE, thereby
reducing the required input electric energy.

4.2 GOR involved fuel cells

Over the decades, research has predominantly concentrated on
traditional DGFCs in alkaline medium, where factors such as
operating conditions, noble metal catalyst species, and elec-
trode structures have been systematically examined for their
impact on cell performance.***”® These studies provide precious
insights for assembling DGFCs. Nevertheless, there remains
significant room for improvement in cell performance, partic-
ularly in optimizing cell structure and enhancing the efficiency
of the corresponding catalysts. In the subsequent section,
a summary of the recently developed GOR-involved fuel cell
systems that incorporate the hybrid alkali/acid-electrolyte
configuration, including DGFCs and the anodic reaction in
metal-air batteries during the recharging process, will be
provided by analyzing the catalysts developed, their corre-
sponding cell performances and some critical insights (Table 4).

Reports indicate that hybrid alkali/acid-electrolyte direct
liquid fuel cells, utilizing fuels like NaBH,, N,H, and ethanol,
exhibit higher output voltage and power density, leading to the
proposal of similar hybrid alkali/acid-electrolyte DGFCs (AA-
DGFCs).2"?*%1%2 Two types of AA-DGFCs have been identified:
one combines the acidic H,O, reduction reaction with the
alkaline GOR, yielding a theoretical open-circuit voltage (OCV)
of 2.6 V (assuming full glycerol conversion to CO,), the corre-
sponding reactions are as follows:

Anode: C3;HgO5; + 14OH™ — 14e™ + 3CO, + 11H,0 (R7)
Cathode: 7H,0O, + 14H* + 14~ — 14H,0 (R8)

Fuel cell reaction: C3HgO5 + 140OH™ + 7H,0, + 14H" —
3CO, + 25H,0  (R9)

The other pairs the acidic O, reduction reaction with the
alkaline GOR with a theoretical OCV of 1.97 V (assuming glyc-
erol conversion to formate). The corresponding reactions are as
follows:

Chem. Sci., 2025, 16, 12651-12678 | 12669
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Anode: C3HgO3 + 110H™ — 3HCOO™ + 8H,O + 8¢~ (R10)
Cathode: 20, + 8H" + 4¢~ — 4H,0 (R11)

Fuel cell reaction: C3HgO5 + 20, + 110H™ + SH" —
3HCOO™ + 12H,0  (R12)

Sangkheaw et al. initially explored the influence of operating
conditions on the performance of AA-DGFCs.**! They analyzed
factors such as electrolyte ratio, glycerol concentration, elec-
trolyte flow rate, Nafion ionomer content in the microporous
layer (MPL), anodic catalyst and temperature. Focusing on
cathodic conditions in the AA-DGFC equipped with Pt/C as both
the anode in 1.0 M glycerol containing 5 M NaOH alkaline
electrolyte and cathode in H,SO, with H,0, catholyte, they
found that the catholyte flow rate of 3 mL min !, a 1:1 molar
ratio of H,0, to H,SO, with a 0.1 M H,O, concentration, and Pt/
C catalysts supported on non-wetproof carbon cloth maximized
the power density to 375 mW cm ™2 and current density to 451
mA cm 2.* Subsequent studies on anodic conditions revealed
that the OCV was highly sensitive to these factors, the higher
ratio of glycerol and NaOH, glycerol concentration, and
temperatures leading to greater OCVs.** The optimal conditions
were determined as a 1: 5 glycerol to NaOH ratio, 1.0 mL min "
anolyte flow rate, 1 M glycerol concentration, operating
temperature of 80 °C, and 20 wt% Nafion in the anode MPL,
yielding a peak power density of 329 mW cm >, double that of
traditional alkaline systems, and an OCV of 1.67 V and an
average current density of 501.7 mA cm > were obtained.
Further screening of Au-based anodic catalysts (Au/C, Au-Ni/C
and Au-Ag/C) identified Au-Ni/C as optimal, delivering 142
mW cm 2 under refined conditions. Notably, these studies did
not examine the oxidized products and stability of the opti-
mized AA-DGFC under operational conditions. Additionally,
whether there remains potential to increase ENE in these
systems requires further verification. Despite these limitations,
the findings establish critical guidelines for optimizing AA-
DGFC operations and advancing the technology.

Then our research group further verified and advanced the
AA-DGFG by scrutinizing related catalysts and reaction impact
factors. In one work, we designed a high-entropy sulfide elec-
trode, i.e., FeCoNiCrMnS, with a spherical structure with
nodular rough surfaces in situ grown on carbon cloth
(FeCoNiCrMnS,/CC) for the alkaline GOR (Fig. 11a),* which
required only 1.1 Vgyg to achieve 10 mA cm™> and obtained
FEformate OVer 90% across 1.2-1.45 Vgyg (Fig. 11b and c). The AA-
DGFG assembled with this anode in 4 M KOH containing 0.1 M
glycerol and commercial Pt/C for the cathodic ORR (oxygen is
from air) in 2 M H,SO, solution (Fig. 11d) attained a peak power
density of 13.4 mW cm ™2, 22.4, 33.6, and 50.1 mW ¢cm > at room
temperature, 40 °C, 60 °C and 80 °C, respectively (Fig. 11e).
Critically, it demonstrated superior stability with continuous
discharge at 10 mA cm > for 120 h, sustaining formate
production at an average yield rate of 120 umol h™' em™2 and
FEformate OVer 80% (Fig. 11f). This work establishes non-noble
metal catalysts for dual-purpose GOR systems enabling simul-
taneous chemical synthesis and energy generation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SEM image (a), LSV curves in 1 M KOH with and without 0.1 M glycerol addition (b), and FE¢ormate production at varied potentials (c) of
FeCoNiCrMnS,/CC, (d) schematic diagram of AA-DGFC. (e) Polarization curves (left y axis) and power density profiles at different temperatures,
(f) long-term durability test at a current density of 10 mA cm™~2. Reproduced with permission from ref. 29, copyright 2023, Elsevier. (g) Schematic
diagram of AA-DGFC driving AA-GHEC, (h) polarization curves and power density profiles of PtZn-IMC@NC with air or O, as the cathodic
reagent. Reproduced with permission from ref. 42, copyright 2024, Wiley-VCH.

To further enhance the AA-DGFG's energy output efficiency,
a multi-functional PtZn-IMC@NC was prepared as a catalyst for
the GOR, HER and ORR with excellent activity and stability.*
With PtZn-IMC@NC as both the cathode in 2 M H,SO, and
anode in 6 M KOH containing 1 M glycerol, we constructed the
AA-DGFC and acid/alkali glycerol-hydrogen electrolytic cell (AA-
GHEC), creating a self-powered integrated electrochemical
device (Fig. 11g). The assembled AA-DGFC achieved a peak
power density of 257.0 mW cm ™2 at 80 °C with air as the reac-
tant in the cathode (286.8 mW cm > with pure oxygen)
(Fig. 11h), maintaining discharge for seven days at 10 mA cm >
with discharge voltage at around 0.95 V and valuable products
(DHA, GLAD and formate) produced in the anode. The assem-
bled AA-GHEC also presented excellent performance, achieving
100 mA cm ™ at only 0.47 V with excellent stability and product
(H, and formate) selectivity, 610 mV less than that of water
electrolysis. Thus, the output energy of AA-DGFC is sufficient to
drive the operation of AA-GHEC, realizing self-sustained power
generation and value-added product synthesis. This work
provides an efficient alternative to the noble Pt/C catalyst and

© 2025 The Author(s). Published by the Royal Society of Chemistry

strategies for constructing efficient electrochemical energy
storage and conversion systems.

Apart from application in AA-GHEC, the GOR can be used to
reduce the charging voltage of the hybrid alkali/acid-electrolyte
Zn-air battery. As there exist issues of poor reversibility between
the OER and ORR, limited operating voltage, and carbonate salt
formation in the traditional ZAB, we proposed a hybrid
rechargeable Zn-air battery (h-RZAB) that couples the ORR in
acid solution with the Zn oxidation reaction in alkaline solution
during discharge and pairs Zn electroplating with the GOR in an
alkaline electrolyte during charge (Fig. 12a). During the dis-
charging process, the reactions are as follows:

Anode: Zn + 4OH™ — Zn(OH),>~ + 2¢~ (E, = —1.285V)
(R13)
Cathode: O, + 4H" + 4e~ — 2H,0 (E. =1.265V)  (R14)

Overall reaction: Zn + 4OH™ + O, + 4H* — Zn(OH),*~
+ 2H,0 (EDischarging =255 V) (R]_S)

and during the charging process, the reactions are as follows:

Chem. Sci., 2025, 16, 12651-12678 | 12671
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Fig. 12

(a) Schematic diagram of the h-RZAB, TEM images of FeCo@PNC (b) and Ni(OH),-HC (c), LSV cures of FeCo@PNC and Pt/C in 0.1 m

HCLO4 solution (d) and Ni(OH),-HC in 1.0 m KOH solution with and without glycerol (e) and (f) voltage versus specific capacity curves, (g)
discharging voltages at different current densities, (h) discharging polarization curves and corresponding power density curves, (i) charging and
discharging voltages of h-RAZAB at different current densities. Reproduced with permission from ref. 177, copyright 2024, Wiley-VCH.

Anode: Zn(OH),>~ + 2¢~ —

Zn>* + 40OH (E, = —1.285V) (R16)

Cathode: C3HgO; + 110H™ — 3HCOO™
+ 8H,0 + 8¢~ (E. = —0.671 V) (R17)

Overall reaction: 4Zn(OH),>~ + C3HsO3— 4Zn
+ 8H,0 + 3HCOO™ + S0H ™ (Echarging = 0.614 V) (R18)

The feasibility of the proposed battery was verified by two
catalysts for the ORR and GOR. A N-doped porous carbon with
a trace of Fe and Co decorating nanohybrid (FeCo@NPC)
prepared for the ORR achieved a half-wave potential of 0.78 V
(Fig. 12b and d), comparable to that of commercial Pt/C (0.82 V)
in O,-saturated 0.1 M HCIO, solution. The Ni(OH), with
a hollow octahedral cage structure (Ni(OH),-HC) delivered 10
mA cm ™ at 1.35 Vgyg in 1 M KOH solution with 0.1 M glycerol,

12672 | Chem. Sci., 2025, 16, 12651-12678

180 mV lower than that of for the OER (Fig. 12¢ and e). The h-
RZAB assembled with these prepared catalysts, outperformed
traditional ZABs, delivering an output voltage of 2.01 V at an
operating current density of 10 mA em > and energy density
1498 W h kg, ', compared to 1.31 V and 683 W h kg, * for
traditional ZABs (Fig. 12f). It also presented fast rate perfor-
mance with a high operating voltage of 1.69 V at 100 mA cm >
and a maximum power density of 562.7 mW cm >, over twice
that of the control ZAB (262.7 mW cm?) (Fig. 12g-i). Moreover,
thanks to incorporating the hybrid alkali/acid-electrolyte upon
the discharging process and GOR upon the charging process,
the h-RZAB delivered a high discharge voltage (~2.0 V) above
the charging voltage (~1.5 V) until the current density exceeded
10 mA em ™ (Fig. 12i), and the GOR product was formate with
a FE of around 85%. Besides, the h-RZAB demonstrated long-
term stability within 300 h and a round-trip energy efficiency
over 100% as its charging voltage (1.89 V) was lower than its

© 2025 The Author(s). Published by the Royal Society of Chemistry
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discharging voltage (1.96 V). This indicates that the decoupled
h-RZAB markedly boosted electron utilization efficiency and
upgraded chemicals. This research provides an ingenious
approach to enhance the performance of rechargeable ZABs,
opening up extensive opportunities for the development of
other rechargeable metal-air batteries and the further optimi-
zation of catalyst performance.

The above proof-of-concept hybrid dual-electrolyte fuel cells
fully underscore the beneficial impact of the GOR on enhancing
cell performance, paving the way for future research. Key areas
include developing highly selective GOR electrocatalysts to
diversify oxidized products and boost the economic value of
GOR-integrated fuel cells. Additionally, expanding the GOR's
role in Zn-air batteries could lead to more efficient electro-
catalysts and the development of other rechargeable metal-air
batteries. Moreover, utilizing crude glycerol in these cells could
eliminate costly purification steps, making it essential to assess
their performance with crude glycerol for economic viability. In
summary, there is substantial scope for research on GOR-
involved fuel cells, with potential improvements in catalyst
development, electrolyzer optimization, and economic benefits.

5 Conclusion and perspective

This perspective centers on GOR-involved hybrid dual-
electrolyte electrochemical systems. It reviews advances in
fundamental GOR science essential for system design (encom-
passing reaction pathway elucidation, advanced in situ/oper-
ando characterization techniques and theoretical methods for
catalytic mechanism investigation, and performance-governing
factors directly influencing GOR efficiency) and hybrid dual-
electrolyte system development based on our group's
research. Leveraging glycerol abundance, continuous ENE har-
vesting via facile external circulation, and optimized environ-
ments for value-added reactions, GOR-integrated hybrid
systems demonstrate strong potential for large-scale imple-
mentation. However, while recent progress in GOR electro-
catalyst design and mechanistic understanding has accelerated
the preliminary development of such hybrid devices, significant
challenges hinder their practical large-scale implementation.
Further exploration is critically needed in electrocatalyst engi-
neering, device integration/optimization (e.g., electrolyte,
membrane, and device structure, etc.) and economic feasibility
analysis for evaluating industrial-scale application. Based on
the challenges encountered, future research could strategically
focus on the following development pathways and optimization
strategies for GOR-integrated hybrid systems.

(1) For electrocatalyst engineering, although promising GOR
catalysts have emerged, enhancing their applicability for hybrid
systems remains crucial. Non-precious metal-based catalysts
are particularly attractive for hybrid systems due to their cost
efficiency, alkaline compatibility, and potential for generating
valuable products with high selectivity. However, several chal-
lenges persist: (i) difficulty in maintaining high single-product
selectivity (FE > 90%) at industrially relevant, ampere-level
current densities (~1 A cm™?), primarily due to the competing
OER,; (ii) development strategies often mimic the OER or other

© 2025 The Author(s). Published by the Royal Society of Chemistry
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small molecule oxidations, lacking GOR-specific innovation;
(iii) reliance on time-consuming trial-and-error processes. To
address these limitations, future efforts should prioritize the
development of catalysts specifically tailored for glycerol
oxidation, rather than relying on those originally designed for
the OER or other small-molecule oxidation reactions. The goal
should be to achieve high glycerol conversion selectivity (fara-
daic efficiency > 90%) at industrially relevant current densities,
while effectively suppressing the competing OER. To move
beyond trial-and-error-based approaches, catalyst development
must integrate in situ/operando characterization techniques,
theoretical modeling (e.g., DFT), and artificial intelligence-
assisted design. This combination will enable precise regula-
tion of catalyst composition and nanostructure, mechanistic
insight into reaction pathways, and efficient, targeted synthesis
of high-performance materials.

(2) For the GOR-involved hybrid dual-electrolyte system
development, though various hybrid electrolysis and fuel cell
systems have been proposed, current devices have seen only
conceptual validation. Beyond catalysts, key factors like elec-
trolytes, membrane, reaction conditions and device structure
require in-depth investigation.

(a) Given the intrinsic pH asymmetry in hybrid dual-
electrolyte systems, in-depth investigation into charge carrier
chemistry, including ion transport mechanisms, species cross-
over, and concentration gradients, is critical for improving
reaction kinetics, operational stability, and ENE utilization.
While conventional systems typically rely on standard acidic
and alkaline electrolytes, research exploring the optimization of
electrolyte composition and pH gradient to maximize ENE
output remains scarce. Moreover, current devices often require
frequent electrolyte replacement to sustain reaction rates and
system stability, which increases operational complexity and
cost. To address this, we recommend: (i) dynamic monitoring
and selective replenishment of electrolytes to minimize waste
and maintain performance; and (ii) investigating the reuse of
industrial waste acids and bases as cost-effective electrolytes.
This strategy offers a promising path toward converting indus-
trial waste neutralization heat into useable electrical energy,
thereby promoting sustainability in electrochemical system
design.

(b) Membranes play a role as critical as electrodes in deter-
mining the long-term stability and overall efficiency of hybrid
electrolyzers. However, their impact is often underestimated.
Current commercial membranes, such as BPM, AEM, and CEM,
suffer from challenges including product and ion crossover, salt
crystallization, and increased internal resistance.***® These
issues are frequently overlooked during device operation,
leading to compromised performance and durability. There-
fore, a systematic investigation into membrane behavior within
hybrid systems is essential. Specifically, understanding their
influence on system performance and their regulatory function
in ion transport will be key to designing and developing next-
generation high-performance functional membranes tailored
for hybrid dual-electrolyte applications.

(c) Significant scope exists for refining reaction conditions
and device structures to boost the performance. At present,
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most novel GOR-integrated hybrid electrolysis systems remain
at the proof-of-concept stage, with limited optimization of key
operational parameters such as temperature, electrolyte/
reactant concentration, and electrolyte flow rate. This lack of
optimization hinders the transition from lab-scale demonstra-
tions to practical deployment. Furthermore, in situ studies of
catalytic mechanisms are typically conducted under idealized
conditions and often overlook the complexity of realistic two-
electrode system environments. Developing model systems
that enable real-time monitoring of catalytic behavior and
reaction dynamics under practical operating conditions is
crucial for optimizing performance and enhancing device
viability.

Additionally, while ENE has been effectively harnessed in
hydrogen production, its broader application in GOR-assisted
processes, such as CO, and nitrate reduction, remains under-
explored. Leveraging ENE in these contexts could significantly
improve energy efficiency and reduce
consumption.

Additionally, GOR typically uses purified glycerol (~$14,000
per ton, 99% purity) as the feedstock, significantly more
expensive than crude glycerol (~$200-250 per ton, 80% purity),
leading to a major economic bottleneck.”***'”* Opting for
crude glycerol can markedly lower operational costs, necessi-
tating catalysts resistant to its impurities for direct conversion.

Finally, research optimizing device structure is scarce. Apart
from adopting MEA structures in more GOR-involved hybrid
devices, developing multifunctional reactors incorporating
optical or thermal field coupling holds promise for further
improving system performance. Parallel efforts to integrate
intelligent, online monitoring and feedback control systems
will enable precise regulation of reaction conditions, facilitating
the scalable and efficient implementation of GOR-based hybrid
dual-electrolyte technologies.

(3) Conducting economic feasibility analysis for these GOR-
integrated hybrid systems is crucial to evaluate their viability
for industrial-scale application.'® However, despite the growing
interest in value-added glycerol oxidation within electrolysis
and fuel cell applications, current economic assessments
remain scarce and are often overly simplistic, failing to capture
the complexity of real-world deployment. Advancing the prac-
tical application of these systems requires a holistic focus on
cost reduction and efficiency improvement. Future economic
assessments must surpass simplistic evaluations by encom-
passing: (i) comprehensive costing of all device components
(catalysts, reactants, electrolytes, membrane) and captured
value (e.g., anode products and energy savings); (ii) specific
attention to frequently overlooked catalyst production
economics, requiring multidimensional evaluation (raw mate-
rials, preparation complexity, synthesis conditions, scalability)
beyond mere performance or noble metal content; and (iii)
system-level quantification linking technical performance to
economic outcomes (e.g., impact of anode product value/
separation costs and energy efficiency). The ultimate goal is
an integrated, holistic assessment determining the net
economic benefit and competitiveness of the entire GOR-
integrated hybrid system.

system-wide

12674 | Chem. Sci., 2025, 16, 12651-12678

View Article Online

Perspective

In summary, GOR-involved hybrid electrochemical devices
present a compelling nexus of challenges and opportunities.
This perspective aims to deepen the mechanistic understanding
of GOR and its system-level applications, identify critical
bottlenecks, provide strategic guidance for future GOR-based
hybrid dual-electrolyte systems, and ultimately enhance their
role in improving electrochemical device performance.
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