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Electrocatalytic activation of specific C-H, C-0O, and C-C bonds in biomass is crucial for producing sus-
tainable high-value chemicals and fuels under mild conditions. Key challenges include selective differen-
tiation of chemically similar bonds and suppression of parasitic reactions. This review comprehensively
analyzes mechanisms and catalyst designs for selective bond activation in key biomass platforms (e.g.,
glucose, glycerol, 5-hydroxymethylfurfural, lignin derivatives). We attempt to present a summary of exist-
ing selective C-H, C-0O, and C-C bond activation strategies. Each strategy is illustrated in terms of the
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bond activation mechanism, representative catalyst systems, and optimization of conditions. Finally,
pending challenges and potential opportunities related to selective bond activation strategies are dis-
cussed to propose future research directions. We hope that this review will help inspire further progress in

rsc.li/greenchem designing new selective approaches for biomass valorization.

Green foundation

1. This review highlights electrocatalytic strategies for the selective activation of C-H, C-O, and C-C bonds in biomass under mild conditions, enabling high-
value product synthesis (e.g., glucaric acid, FDCA, BHMF) with >90% selectivity. Catalyst innovations (single-atom, high-entropy alloys) and process optimiz-
ation (pH/potential control) reduce energy inputs and eliminate harsh reagents.

2. The work bridges renewable electricity and biomass valorization, offering a carbon-neutral route to replace fossil-derived chemicals. Its scalable, aqueous-
phase processes address global challenges in sustainable energy, a circular economy, and climate mitigation.

3. The future will focus on rational catalyst design (e.g:, bio-inspired, non-precious metals), mechanism-driven innovation using in situ spectroscopy and Al,
and integrated system engineering for energy-efficient paired electrolysis. This review shapes the field by providing a unified “bond-activation” framework,
critically outlining key challenges and future directions. It will accelerate progress by guiding research beyond model compounds to real biomass, fostering
interdisciplinary convergence (e.g., electrochemistry, data science), and ultimately pushing this technology toward practical, sustainable chemical
production.

energy security and sustainable economic development.'?
Biomass encompasses diverse carbon sources, including

1. Introduction

Biomass resources have garnered significant attention due to
their renewable characteristics and carbon-neutral technology
potential, given that the non-renewable nature of fossil fuels
(e.g., petroleum, coal, natural gas) leads to reserve depletion
and overexploitation crises, posing severe challenges for global
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photosynthetic products from plants (e.g., wood, crop straw),
organic waste (agricultural residues, food waste), and
microbial metabolic byproducts.>* These resources can be
converted into energy carriers (e.g., bioethanol, syngas) and
high-value chemicals (e.g., platform molecules, bio-based
materials) through thermochemical, biocatalytic, or electro-
chemical pathways.””” Their unique advantages are twofold:
first, biomass utilization significantly reduces dependence on
fossil fuels, mitigating risks associated with a monolithic
energy structure. Second, their inherent carbon cycling forms
a closed-loop system—plants absorb atmospheric CO, via
photosynthesis, and the CO, released during biomass conver-
sion is reabsorbed by subsequent generations of plants,
achieving near-zero net carbon emissions over the entire life
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cycle.? This “carbon-neutral” characteristic positions biomass
as a strategic resource bridging energy transition and climate
governance, offering a key technological pillar for building a
sustainable society.

The high-value transformation of biomass resources funda-
mentally relies on the selective activation and reconstruction
of characteristic chemical bonds within their molecular struc-
tures. Biomass primarily consists of three polymeric com-
ponents: (1) polysaccharides (cellulose and hemicellulose) fea-
turing C-O-C glycosidic bonds as their backbone with abun-
dant C-OH and C-H bonds;’ (2) lignin, a three-dimensional
network structure crosslinked through C-O ether and C-C
bonds;'® and (3) lipids/terpenoids characterized by extended
C-C bonds and ester functionalities."* To achieve efficient
valorization, distinct activation strategies must be developed
for each bond type: C-H bond functionalization enables the
production of valuable aldehydes, ketones, and carboxylic
acids via selective oxidation processes;'*'* C-0O bond cleavage
requires tailored depolymerization approaches;'* and C-C
bond activation presents unique challenges due to its high
bond dissociation energy and nonpolar nature.'>'®
Conventional thermocatalytic methods face significant limit-
ations, including a dependence on precious metals (e.g., Pd-
mediated C-H activation), corrosive acid/base requirements
(for C-O bond scission), and undesirable product distri-
butions from high-temperature pyrolysis (for C-C bond
cleavage).'”'® Emerging electrocatalytic technologies present
significant advantages. While current high-performance
systems often depend on noble-metal benchmarks, this
approach creates a promising pathway for utilizing Earth-abun-
dant alternatives, such as alloys or phosphides of nickel, iron,
and copper. These materials enable enhanced control over
reaction selectivity and efficiency under comparatively mild
conditions.

Electrocatalytic biomass conversion has emerged as a revo-
lutionary approach for sustainable biorefining due to its trans-
formative potential. This technology demonstrates three fun-
damental advantages: (1) mild reaction conditions (ambient
temperature and pressure) significantly reduce the high energy
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consumption and equipment corrosion risks associated with
conventional thermocatalysis;*>*' (2) direct utilization of
renewable electricity achieves nearly 90% energy conversion
efficiency, dramatically minimizing energy loss;>*** (3) the
unique spatial separation of half-reactions (independent
anodic oxidation and cathodic reduction) effectively sup-
presses side reactions.>*** Importantly, precise modulation of
the electrode potential enables atomic-level selective activation
of C-H, C-O, and C-C bonds, endowing biomass molecular
frameworks with programmable reconstruction capabilities, a
breakthrough that circumvents the harsh reaction conditions
required by traditional catalysis.

To the best of our knowledge, existing reviews on biomass
valorization predominantly focus on the electrocatalytic con-
version of specific alcohols or polyols, with limited systematic
analysis of bond activation mechanisms.”*>® To bridge this
critical gap, this review proposes a bond activation-oriented
classification framework to systematically elucidate electro-
catalytic mechanisms for biomass-derived C-H, C-O, and C-C
bond transformations (Fig. 1): (a) C-H bond activation focuses
on selective oxidation reactions of carbohydrates, revealing
hydrogen abstraction mechanisms mediated by reactive oxygen
species and electronic state modulation strategies at catalytic
interfaces; (b) C-O bond cleavage is categorized as oxidative
cleavage and reductive hydrogenolysis, with an emphasis on the
regulatory role of interfacial pH and potential in proton-coupled
electron transfer (PCET) processes; (c) C-C bond activation
explores oxidative decarboxylation and nucleophilic oxidation,
highlighting synergistic effects between catalyst crystallographic
facets and bifunctional active sites. As sustainable utilization of
biomass resources gains global momentum, this review critically
examines advanced catalyst design principles and the depoly-
merization of lignin, catalysts for selective bond scission and
mechanistic characterization techniques. In summary, this
paper aims to provide a comprehensive description of electro-
Iytes, catalytic sites, and considerations for specific biomass
conversion pathways from the perspective of electrocatalytic acti-
vation, cleavage and functionalization mechanisms of different
types of C-H, C-0, and C-C bonds.
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Fig. 1 Electrocatalysis-driven biomass valorization: selective activation and reconstruction of C—H, C-0O, and C-C bonds.

2. Electrocatalytic activation of C—H
bonds

As fundamental building blocks of organic molecular frame-
works, C-H bonds are ubiquitous in biomass and its derived
compounds. Selective functionalization of these bonds
enables the direct introduction of oxygen-containing func-
tional groups (e.g., carboxyl, ketone, and aldehyde groups),
thereby facilitating the synthesis of high-value-added
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chemicals.***” Concurrently, electrocatalytic oxidation has
emerged as a novel green strategy that utilizes external electric
fields to regulate reaction pathways, demonstrating unique
potential for the targeted transformation of C-H bonds in
biomass.”®?° Compared to conventional methods, C-H bond
oxidation strategies offer significant advantages: (1) improved
atom economy, (2) streamlined synthesis routes, and (3) com-
patibility with green processes.***' However, the inherent high
bond dissociation energy and low polarity of C-H bonds make
their activation highly challenging. Furthermore, the coexis-
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tence of primary, secondary, tertiary, and furan C-H bonds in
biomass molecules necessitates the development of site-selec-
tive catalytic systems. In recent years, transition metal-cata-
lyzed C-H bond activation has become a research focus due to
its precise directional activation capability and high atom util-
ization efficiency.>*>*® The following sections systematically
elucidate the mechanisms of oxidation reactions, with a par-
ticular emphasis on the application of electrocatalysis in the
activation of C-H bonds in key biomass platform molecules
such as glucose, glycerol, and 5-hydroxymethylfurfural (HMF).

2.1 Glucose oxidation: C1/C6 selective carboxylation

Glucose, as the most abundant monosaccharide derived from
biomass,** serves as a pivotal platform molecule for synthesiz-
ing high-value chemicals such as gluconic acid (GLUA) and
glucaric acid (GA). The electrochemical valorization of glucose
hinges on the site-selective activation of its C-H bonds, par-
ticularly at the C1 aldehyde and C6 hydroxymethyl groups.**~’
This precise bond activation enables the synthesis of target
products with significantly enhanced market value compared
to raw glucose.*® However, the intrinsic chemical similarity of
C-H bonds and competing over-oxidation pathways pose for-
midable challenges.*® The core of the electrocatalytic strategy
lies in the synergistic design of catalysts and reaction systems
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to differentiate and activate specific C-H bonds under mild
conditions.

The electrocatalytic oxidation of glucose to GLUA and GA
proceeds via a sequential C-H activation mechanism, as illus-
trated. This process can be dissected into two distinct stages,
each with its own energetic and kinetic considerations
(Fig. 2a). The initial oxidation targets the C1 aldehyde group, a
step that typically serves as the rate-determining stage. This
process occurs at relatively low potentials on metallic active
sites such as Pt’ or Au® through a PCET mechanism, leading
to the formation of a gluconolactone intermediate that sub-
sequently hydrolyzes to gluconic acid.*>** The main challenge
at this stage lies in suppressing competing reactions, including
glucose isomerization and C-C bond cleavage.>** The sub-
sequent stage involves oxidation of the C6 hydroxymethyl
group, which demands higher potentials that generally
coincide with the formation of surface metal oxides like
PtO,.*> This second oxidation faces a different primary con-
straint—the strong chemisorption of the glucaric acid product
that can poison catalytic active sites."®” Consequently,
effective catalysts for this stage must not only cleave the C-H
bond but also ensure efficient product desorption.*®
Essentially, an optimal catalyst must successfully navigate
these two contrasting energy landscapes, enabling efficient
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(a) Schematic illustration of the reactions occurring in the electrochemical oxidation of glucose. (b) PdAu electronic structure modulation. (c)

Electronic effect of the Pd/Cu,O heterojunction; reproduced from ref. 40 with permission from Elsevier, copyright 2019. (d) The dual active sites of
CuCoP synergistically catalyze the oxidation of glucose. (e) Glucose oxidation free energy on CuCoP and CoP; reproduced from ref. 41 with per-

mission from Springer Nature, copyright 2025.
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first C-H bond activation at low overpotentials while simul-
taneously resisting deactivation during the more challenging
second oxidation step.

To overcome the challenges associated with the sequential
activation of C-H bonds, advanced catalyst design has con-
verged on three interconnected strategies: electronic structure
modulation, the creation of synergistic interfaces, and nanos-
tructuring for enhanced mass transport. The first strategy
involves fine-tuning the electronic structure of the active
metals, primarily by adjusting their d-band center. This optim-
ization directly controls the adsorption strength of reaction
intermediates. For instance, introducing Au into a Pd catalyst
shifts the d-band center of Pd downward (Fig. 2b). This weaker
binding to intermediates effectively suppresses the over-oxi-
dation pathway that would otherwise lead to undesired CO
adsorbates and C-C bond cleavage, thereby boosting the
selectivity for gluconic acid to 87%.** A similar electronic
effect can be achieved through doping or by constructing het-
erojunctions. In a study by Guo et al., lattice mismatch was uti-
lized to design a Pd/Cu,O catalyst, promoting an upward shift
in the d-band center (Fig. 2c). This enhancement increased the
glucose adsorption energy, thereby improving the oxidation
activity of C-H bonds. DFT calculations revealed that the
strain induced by lattice mismatch leads to electron accumu-
lation at the Pd/Cu,O interface. Additional projected density of
states (PDOS) analysis indicated that this electron accumu-
lation shifted the d-band center closer to the Fermi level,
strengthening the adsorption capacity for glucose molecules.*
The second approach focuses on designing catalysts with mul-
tiple, spatially distinct active sites that work in concert. A
representative example is the CuCoP system. In this structure,
CusP sites act as strong adsorption centers for glucose mole-
cules, while neighboring CoP sites generate nucleophilic OH™
species that attack the C-H bonds (Fig. 2d).*' DFT calculations
confirm that this bifunctional synergy significantly lowers the
energy barrier for hydrogen removal, forming the CsH,;,05CO*
intermediate and speeding up C-H bond cleavage (Fig. 2e).
Multi-metallic systems further amplify this cooperative effect
by providing a broader spectrum of active centers to facilitate
the multi-step reaction. Wu et al. report a FeCoNiCu layered
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high activity and stability in glucose electrooxidation through
the synergistic effect of multiple active centers at Cu-Co, Cu-
Cu, and Cu-Ni bridge sites. Experimental results show that the
catalyst reaches a current density of 100 mA cm™> at 1.22 V vs.
RHE, with glucose conversion close to 100% and a glucaric
acid yield exceeding 90%.%® The physical architecture of the
catalyst is crucial for achieving high current densities.
Designing three-dimensional porous frameworks or nanoarray
electrodes dramatically increases the electrochemically active
surface area and provides shorter diffusion pathways for reac-
tants and products. This structural engineering effectively alle-
viates mass transport limitations. The three-dimensional
porous Cu/Cu,O structure effectively accelerates mass trans-
port by increasing the electrochemically active surface area
(ECSA = 1.34 pF cm™2) and shortening the diffusion path.*’
Similarly, Liu et al. prepared NiFe layered double hydroxide
nanosheet arrays on three-dimensional nickel foam (NiFeO,-
NF). This nanoarray electrode exhibited excellent activity and
selectivity toward the anodic oxidation of glucose, achieving a
current density of 100 mA cm™> at 1.39 V, with a faradaic
efficiency (FE) of 87% and a glucaric acid yield of 83%.*
Table 1 reveals distinct correlations between applied potential,
catalyst composition, and product distribution. First, the
degree of oxidation is largely potential-dependent: mild poten-
tials (<0.8 V vs. RHE) favor partial oxidation to GLUA, predomi-
nantly driven by noble metals (e.g., Pd;Au; at 0.4 V, entry 3). In
contrast, deep oxidation to GA generally necessitates elevated
potentials (>1.1 V), a regime where transition-metal oxides
demonstrate superior stability. Notably, multi-component non-
noble systems (e.g., FeCoNiCu-LDH, entry 5) achieve >99% GA
selectivity and conversion, significantly outperforming single-
component Au catalysts (entries 1 and 2). This trend under-
scores that rational catalyst design must evolve from optimiz-
ing single active sites to integrating electronic modulation
with hierarchical nanostructures to maximize yield. From the
perspective of catalyst stability (Table 1), both noble metal
systems and multicomponent non-noble metal systems exhibit
operational stability ranging from several to tens of hours.
Common deactivation mechanisms include poisoning of
active sites by reaction intermediates (e.g., CO) and oxidation

double hydroxide (LDH) nanosheet catalyst, which achieves of the active sites themselves under high potentials. For
Table 1 Summary of the performance of representative catalysts for electrochemical glucose oxidation
Conc. Potential Conv. FE Catalyst Deactivation
No. Catalyst Electrolyte (mM) (Vvs. RHE) (%) Sel. (%) (%)  stability (h) mechanism Ref.
1 A 0.1 M Na,CO; 40 (GLU)  ~0.6 25 97.6 (GLUA) —  — — 42
2 Au® 0.1MNaOH  —(GLUA) 1.1 — 89.5 (GA) B — — 42
3 Pd;Au,/C” 0.1 MNaOH 100 (GLU) 0.4 67 87 (GLUA) 633 6 CO adsorption poisoning 43
4 SC/Au* 0.1 M NaOH 100 (GLU) 1.3 57.7 81.5 (GLUA) — 6 OH™ competitive adsorption 44
5  D-FeCoNiCu- 1.0 M KOH 100 (GLU)  1.22 ~100  >99 (GA) 95 50 — 46
LDH/NF”

6 Pt/CNF* 0.1 M H,SO, 100 (GLU)  0.78 — >80 (GLUA) — 0.5 Oxidation of the active site 50
7 NiFeO,-NF* 1.0 M KOH 10 (GLU) 1.3 98.3 83.3 (GA) 87 24 CO adsorption poisoning 49
8  CuCoP* 1.0 M KOH 100 (GLU) 1.4 — — 99.5 — — 41

GLU: glucose; GLUA: gluconic acid; GA: glucaric acid. “ H-cell. ” Flow-cell. ¢ Single-cell.

This journal is © The Royal Society of Chemistry 2026
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example, Pt/CNF (entry 6) showed activity decay after 0.5 h due
to oxidation of active sites, whereas Pd;Au, (entry 3) achieved
stable operation for 6 h, as the electronic modulation effect of
Au weakened CO adsorption and thus alleviated poisoning-
induced deactivation. Designing active centers with resistance
to poisoning and oxidation is key to improving the durability
of glucose oxidation catalysts. In summary, the design of elec-
trocatalysts for glucose oxidation has evolved from optimizing
single active sites to the collaborative regulation of electronic
structure, interfacial microenvironments, and mass transport.
Electronic structure modulation, as exemplified by PdAu
alloys, optimizes the d-band center to balance reactant adsorp-
tion and product desorption, which is crucial for enhancing
selectivity. Interface engineering, such as in CuCoP systems,
creates bifunctional sites that enable simultaneous reactant
activation and nucleophile supply, effectively lowering the
energy barrier for C-H bond cleavage. Meanwhile, nanostruc-
tural engineering, exemplified by 3D porous electrodes,
enhances reaction efficiency at high current densities by
increasing the specific surface area and shortening mass trans-
port pathways. The integration of these strategies represents
the future direction for developing high-performance glucose
oxidation catalysts.

Applied potential dictates the catalyst’s surface oxidation
state. Lower potentials (0.4-0.6 V vs. RHE) favor metallic active
sites for selective C1 oxidation, whereas higher potentials (>1.1
V vs. RHE) promote the formation of metal oxides necessary
for C6-H activation, albeit with an increased risk of over-oxi-
dation (Fig. 3a and b).>® The electrolyte pH simultaneously
influences the reaction pathway, as alkaline conditions within
the pH 11-13 range provide essential hydroxide ions that func-
tion as both proton acceptors and sources of surface oxygen
species.* However, this alkaline dependence presents a sig-
nificant trade-off, where excessively basic environments
beyond pH 12.5 trigger glucose isomerization and conse-
quently cause substantial selectivity losses (Fig. 3c).*> Both
temperature and substrate concentration further modulate the
kinetic-thermodynamic balance of the system. Temperature
governs pathway selection through kinetic-thermodynamic
competition: at low temperature (5 °C), side reactions are sup-
pressed, achieving >97% selectivity for C6 oxidation, but the
conversion remains low (25%) due to slow kinetics.
Conversely, high temperature (50 °C) increases conversion to
48.5%, yet accelerates C-C bond cleavage, leading to a sharp
decline in selectivity, revealing an inherent trade-off in reac-
tion conditions (Fig. 3d).** Similarly, once the substrate con-
centration surpasses a certain saturation threshold, the reac-
tion transitions from being concentration-limited to active-
site-limited (Fig. 3e).>' Consequently, optimizing these reac-
tion conditions requires identifying an operational window
where all parameters synergistically enhance rather than com-
promise the catalyst’s intrinsic activity and selectivity, rather
than simply maximizing individual parameters. The identified
optimal operating window for electrocatalytic glucose oxi-
dation is highly constrained: low potentials yield sluggish kine-
tics, high potentials cause over-oxidation, high pH triggers iso-
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Electrocatalytic oxidation of glucose
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permission from Elsevier, copyright 2021. (d) Dependence of the selecti-
vity to gluconic acid (orange), fructose (green) and by-products (violet)
on the reaction temperature for the oxidation of 0.04 M glucose in 0.1
M Na,COs3z for 24 h; reproduced from ref. 42 with permission from
Elsevier, copyright 2021. (e) Current density response to the variation of
initial glucose concentration derived from the respective cyclic voltam-
mogram at 10 mV 57 (Na,COs 0.1 M); reproduced from ref. 42 with per-
mission from Elsevier, copyright 2021.

merization, low pH limits OH™ formation, and substrate con-
centration must be precisely balanced. This demanding set of
conditions falls short of the high-current, high-concentration
benchmarks necessary for practical industrial application.
Beyond catalyst design, reactor engineering plays a crucial
role in modulating mass transport and residence time.
Optimizing reactor configurations offers a vital pathway to
overcome conversion bottlenecks, thereby suppressing side

This journal is © The Royal Society of Chemistry 2026
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reactions and improving selectivity. In a representative study,
Bin et al. utilized a continuous-flow reactor with a MnO,-deco-
rated tubular porous titanium electrode. The flow-through
design mitigated mass transport limitations and ensured fast
product desorption, resulting in near 100% glucose conversion
and 99% selectivity for GA/GLUA in neutral electrolyte.
Furthermore, the GA/GLUA ratio could be readily regulated by
varying the current density, highlighting the system’s excep-
tional tunability.’® Similarly, Diizenli et al. demonstrated
efficient direct glucose oxidation in a continuous-flow fuel cell
using Au-, Cu-, and Pt-doped graphene SACs. Mechanistic
insights suggest that Cu sites promote a single-step pathway to
gluconolactone, whereas Au and Pt sites follow a two-step
mechanism. Meanwhile, Ni, Pd, and Zn dopants could initiate
deprotonation but failed to yield lactones. These results
demonstrate that high selectivity relies on the interplay
between the reactor’s mass transport capabilities and the
thermodynamic favorability of the active sites.*?

2.2 Glycerol oxidation: multi-C-H site regulation

Glycerol, as a byproduct of large-scale biodiesel production, has
exceeded tens of millions of tons annually.>* Its low market price
(0.24-0.6 USD per kg) urgently requires value-added transform-
ation to enhance economic viability. As a C3 platform molecule,
glycerol can be selectively oxidized to produce high-value chemi-
cals such as glyceric acid (GLA) and dihydroxyacetone (DHA),
increasing its market value by over a hundredfold.>>>® Traditional
thermocatalytic or enzymatic methods face challenges such as
high energy consumption and poor selectivity.””*® In contrast,
electrocatalysis, under ambient temperature and pressure,
enables precise activation of C-H bonds and preservation of C-C
bonds by modulating potential and interface structures, thereby
breaking through the selectivity bottleneck for C3 products. This
section systematically explores the competitive activation of term-
inal and secondary hydroxyl C-H bonds in glycerol electrooxida-
tion, the overoxidation behavior of intermediates, and the mecha-
nisms for preserving C3 products, while summarizing strategies
for catalyst design and reaction optimization.

2.2.1 Selective oxidation of primary alcohols to glyceric
acid. The electrooxidation of glycerol to GLA hinges on the
selective activation and dehydrogenation of the primary
hydroxyl group’s C-H bond. On platinum-based catalysts, the
generally accepted pathway involves a two-step, 2e~ process:
initial oxidation to glyceraldehyde (GLYD), followed by further
oxidation to GLA (Fig. 4a).>>® The primary challenge is sup-
pressing C-C bond cleavage, which is often triggered by
strongly adsorbed intermediates (e.g., *CO-CHOH-CH,OH),
leading to undesired C1/C2 products like formic and glycolic
acid.®™®® In contrast, Au-based catalysts, with their weaker
adsorption of intermediates, inherently suppress C-C cleavage
but rely on alkaline conditions to facilitate glycerol deprotona-
tion, which lowers the C-H cleavage barrier.®*®* The reaction
path is also highly sensitive to the catalyst’s surface structure;
for instance, Pt(111) facets favor GLA formation, while Pt(100)
tends to stop at GLYD, underscoring the critical role of crystal-
lographic orientation.®®%°

This journal is © The Royal Society of Chemistry 2026
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In order to optimize the C-H bond activation efficiency and
inhibit side reactions, the catalyst design strategy focuses on
electronic structure regulation, interface engineering, and
dynamic surface management. The C-H dehydrogenation
energy barrier can be reduced by regulating the d-band center.
Wang et al. designed a PtCuCoNiMn high-entropy alloy catalyst
that enhanced glycerol electro-oxidation through multi-
element-induced lattice strain. The catalyst achieves a 5.4-fold
higher current density than Pt/C at 0.8 V (vs. RHE). DFT calcu-
lations showed a downshifted Pt d-band center, weakening
oxygenate adsorption and suppressing over-oxidation (Fig. 4b
and c). In situ surface-enhanced Raman spectroscopy data
(SERS) show that the oxidation of Co, Ni, and Mn in
PtCuCoNiMn commences in the first CV cycle and is nearly
complete after ten cycles (Fig. 4d). These preferentially formed
higher valence states create “oxidation buffer sites”, which
protect the Pt active centers, ensuring the catalyst’s sustained
activity and stability.®® A similar effect is achieved in the Pt/
CeNC catalyst, where single-atom Ce** promotes electron trans-
fer to Pt. This likewise downshifts the d-band center, thereby
weakening GLA adsorption, facilitating product desorption,
and achieving a remarkable turnover frequency of 233 mmol
h™" g, ".°® Beyond intrinsic electronic effects, interface engin-
eering creates bifunctional systems for synergistic catalysis.
For example, Pt-Bi,O; nanosheets exhibit electron transfer
from the support to Pt, which generates electron-rich Pt sites
that suppress C-C cleavage. XPS and XANES/EXAFS (Fig. 4e-g)
confirm that electron transfer from Bi,O; to Pt creates elec-
tron-rich Pt sites, suppressing C-C cleavage. In situ Raman
spectroscopy (Fig. 4h) shows decreasing intensity at
1088-1130 cm™ ' (middle C-OH) with potential, while the
1020-1080 cm ™" peak (terminal C-OH) remains stable, indicat-
ing preferential oxidation of the middle hydroxyl group in a
lying-down adsorption mode. DFT calculations confirm that
the lying-down configuration on Pt-Bi,O; exhibits optimal
adsorption energy and the highest GLA formation rate. Thus,
Bi,0; anchors hydroxyl groups to steer glycerol into a lying-
down geometry, enabling terminal-selective oxidation to glyce-
ric acid. Bifunctional interface design serves as an effective
strategy to further enhance synergistic effects (Fig. 4i).%
Similarly, in a Pd-CoFe LDH catalyst, electron donation from
Pd to the support creates Pd’" species. This weakens the
adsorption of poisoning *CO-type intermediates. At the same
time, the CoFe LDH component promotes the formation of
*OH species at low potentials, which collectively enhances
activity and selectivity.® Moving beyond static catalyst design,
dynamic surface management through operational protocols
offers a powerful solution to catalyst deactivation. A prime
example is pulsed potential electrolysis applied to Pt catalysts.
This technique periodically removes strongly adsorbed inter-
mediates and reduces C-C cleavage, which boosts GLA selecti-
vity from 37.8% to 81.8%.%% In situ FTIR revealed that constant
potential caused the accumulation of oxidation intermediates
on Pt. Enhanced hydrogen bonding (3100-3700 cm™' and
1644 cm™') indicated strong adsorption of OH and intermedi-
ates, blocking glycerol and OH™ re-adsorption. In pulsed
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Fig. 4 (a) Reaction pathways for the oxidation of glycerol. (b) The energy band structure of Pt and PtCoNiMn high-entropy alloys. (c) Product distri-
butions at 0.8 V versus RHE in 1 M KOH with 0.1 M glycerol over different nanocatalysts; reproduced from ref. 66 with permission from Springer
Nature, copyright 2025. (d) In situ SERS spectra of PtCuCoNiMn during CV activation. Raman peaks at 300 and 487 cm™ (Cu-0), 377 cm™ (Mn-O
(H)), 440 cm™ (Co-0), and 558 cm™ (Ni-O) confirm the existence of oxidized Cu*/Cu?*, Mn, Co, and Ni species, respectively. The progressive
increase in the Co—O peak area (440 cm™) over CV cycles 1-15 indicates continued cobalt oxidation; reproduced from ref. 66 with permission from
Springer Nature, copyright 2025. (e) Pt 4f XPS spectrum and (f) Bi 4f XPS spectrum of Pt/Bi,Os; reproduced from ref. 67 with permission from
Elsevier, copyright 2025. (g) Normalized Pt L3-edge XANES for Pt foil, Pt/Bi,O3, and PtO,; reproduced from ref. 67 with permission from Elsevier,
copyright 2025. (h) Electrochemical in situ Raman spectral evolution of Pt/Bi,Os at different potentials in 1 mol L™ KOH + 0.5 mol L™ glycerol;
reproduced from ref. 67 with permission from Elsevier, copyright 2025. (i) Mechanism of the GOR over Pt/Bi,Os. (j) Schematic of the pathways of
PE-based GEOR. GLY glycerol, GLAD glyceraldehyde, GLA glyceric acid, TA tartronic acid, GA glycolic acid; reproduced from ref. 62 with permission
from Springer Nature, copyright 2024.

mode, intermediate accumulation decreased, and OH coverage
increased, promoting GLA desorption. Quasi-in situ XPS con-
firmed that constant potential oxidized Pt to PtO,, while
pulsed electrolysis maintained metallic Pt, suppressing catalyst
over-oxidation and preserving activity (Fig. 4j). Collectively,
these strategies highlight a paradigm shift from seeking

5138 | Green Chem., 2026, 28, 5131-5166

single-component catalysts to designing integrated systems
where electronic structure, interfacial synergy, and operational
dynamics are controlled to master C-H bond activation. The
core challenge in synthesizing glyceric acid lies in suppressing
C-C bond cleavage and over-oxidation of intermediates.
Successful strategies commonly rely on weakening the adsorp-

This journal is © The Royal Society of Chemistry 2026
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tion strength of intermediates at active sites, which can be
achieved by constructing electronic effects or designing
dynamic operation protocols.

The reaction conditions exert a decisive influence on both
the pathway and efficiency of C-H bond activation, necessitat-
ing synergistic optimization with catalyst characteristics.
Potential critically regulates the binding strength of intermedi-
ates via the Gibbs adsorption energy relationship (AG « FAE).
Specifically, lower potentials (0.6-0.8 V vs. RHE) suppress C-C
bond cleavage, thereby achieving GLA selectivity exceeding
80%. Conversely, higher potentials (>0.9 V) promote deep oxi-
dation to C1 products.®””””° Furthermore, the pH value modu-
lates the reaction pathway by altering reactant speciation and
surface coverage. Alkaline conditions (pH > 13) facilitate gly-
cerol deprotonation to form the alkoxide species (GLY-O7),
which significantly lowers the energy barrier for C-H bond
cleavage. Consequently, GLA selectivity increases by over 40%
compared to acidic environments.®*”" Furthermore, a high
hydroxide ion concentration boosts the surface coverage of
nucleophilic *OH,qs species, which accelerates the crucial
dehydrogenation steps.®® Finally, managing substrate concen-
tration and mass transfer is vital for maintaining high
efficiency. An optimal glycerol-to-catalyst ratio must be main-
tained, as moderate concentrations facilitate the desorption of
GLA and minimize its subsequent over-oxidation.”® Excessively
high local glycerol concentrations, particularly those exceeding
0.6 M, can trigger undesirable side reactions such as the
Cannizzaro rearrangement, leading to lactate formation.®>”"
Therefore, engineering catalyst architectures, such as 3D
porous electrodes, to enhance mass transfer of reactants and
products, is a key strategy for further improving overall per-
formance. Table 2 highlights the impact of electrolyte pH,
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dependent on noble-metal-based systems (e.g., Pt, Pd, and Au),
which constitute nearly all representative catalysts listed.
Notably, the integration of multi-metallic components appears
to be a key driver for performance enhancement. For instance,
multi-element PtCuCoNiMn-EC (entry 6) achieves 75.2%
selectivity, surpassing simpler noble-metal configurations like
PdFe/rGO (entry 1, 21.7%) or Pd-OCTA (entry 5, 42.0%).
Furthermore, alkaline conditions generally yield higher selecti-
vity than acidic media, as evidenced by the lower performance
of Pt/C in H,SO, (entry 11, 67.3%) compared to most of its
alkaline counterparts (entries 2, 6 and 8). Catalyst stability is a
key indicator for practical applications. As shown in Table 2,
stability can be significantly improved by introducing multiple
metal components or constructing strong metal-support inter-
actions. For example, the transition metal oxide layer in
PtCuCoNiMn-EC (entry 6) serves as an “oxidation buffer site”,
protecting the Pt active centers and enabling stable operation
for 210 h in an MEA electrolyzer. Pt/CeNC (entry 7) and Pd-
CoFe LDH (entry 8) also achieved long-term operation for
150 h and 200 h, respectively, through single-atom modulation
by Ce®* and synergistic effects of the LDH support.
Deactivation in these systems is often related to the strong
adsorption and accumulation of reaction intermediates.
Dynamic strategies, such as pulsed potential, can effectively
desorb these intermediates and restore activity, providing an
operational solution to mitigate deactivation.

In summary, the essence of glycerol electrooxidation to syn-
thesize glyceric acid is to precisely regulate the initial C-H acti-
vation step. The dehydrogenation of the primary hydroxyl
group to form GLYD is the rate-determining step, and the
adsorption strength of the intermediate determines the risk of
C-C fracture.”>®" By optimizing the C-H activation energy

operation mode, and catalyst composition on GLA selectivity.  barrier through the electronic effect (d-band center down),*®°®
Data analysis reveals that the field remains predominantly interface synergy (metal-support interaction),®”*® and
Table 2 Summary of the performance of representative catalysts for electrochemical glycerol oxidation to glyceric acid
Conc. Potential Conv. Sel. FE Catalyst
No. Catalyst Electrolyte  (mM) (Vvs. RHE) (%) (%) (%)  stability (h)  Deactivation mechanism Ref.
1 PdFe/rGO" 1.0MKOH 100 0.8 48.5 21.7 96,5 — Progressive oxidation of active 60
sites and intermediate
adsorption
2 Pt@G“ 1.0MKOH 20 Pulse: 0.3/0.7 59.4 81.8 — — Progressive oxidation of active 62
sites and intermediate
adsorption
3 Pt;Au,@Ag” 0.5MKOH 500 0.7 — 345 — — Intermediate adsorption 63
4 PdAu@Ag” 0.5 MKOH 500 0.9 — 154 — — Intermediate adsorption 64
5 Pd-OCTA* 1.0MKOH 100 0.86 82 42.0 — — Intermediate adsorption 65
(60 °C)
6 PtCuCoNiMn- 1.0 M KOH 100 0.8 — 75.2 — 210 Progressive oxidation of active 66
EC’ sites
7 Pt/CeNC* 1.0 M KOH 600 0.87 87.9 58.8 — 150 Intermediate adsorption 68
8 Pd-CoFe LDH” 1.0 M KOH 500 0.9 — 72.8 — 200 Intermediate adsorption 69
9 Pt-CeO,/CNT* 1.0 M KOH 100 0.9 85.5 59.0 — 20 Intermediate adsorption 70
10  Au-CeO,/CNT* 1.0 M KOH 500 1.12 99.7 50.0 — 20 Intermediate adsorption 71
11 Pt/C* 0.5M 100 0.9 64.1 67.3 — 120 — 72
H,S0,

“ H-cell. ” Membrane electrode assembly flow electrolyzer (MEA).

This journal is © The Royal Society of Chemistry 2026
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dynamic strategy (pulse potential),®® >80% GLA selectivity can
be achieved while improving the activity. A low potential, alka-
line environment and moderate substrate concentration are
the key conditions to maintain high C3 selectivity. Techno-
economic analysis confirmed that the production cost of glyce-
ric acid in the electrocatalytic pathway ($ 2.30 per kg) was 53%
lower than that in thermal catalysis.””

2.2.2 Selective oxidation of secondary alcohols to dihydrox-
yacetone (DHA). The essence of the electrocatalytic conversion
of glycerol to the high-value-added product DHA lies in the
selective activation of the C-H bond in the secondary hydroxyl
group of the glycerol molecule, while effectively suppressing
the oxidation of the primary hydroxyl groups and C-C bond
cleavage reactions (Fig. 5a). This process is initiated by the
oriented adsorption of the glycerol molecule onto the catalyst
surface: the ideal adsorption conformation requires the sec-
ondary hydroxyl group to preferentially access the active site,
where it undergoes dehydroxidation to form the target product

a OH C2 oxidation o
HO._~_OH 2-electron HO_~\_OH
transfer
Glycerol DHA

b Geometric structure modulation € Electronic Structure Modulation

3
<
2
@
c
b
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Fig. 5 (a) Reaction pathway for the electrocatalytic oxidation of gly-
cerol to dihydroxyacetone (DHA). Schematics illustrating the (b) geo-
metric and (c) electronic structure modulation strategies for DHA-selec-
tive catalysts. (d) Operando Raman spectra at different applied potentials
and Lorentz fitting peaks at 1.85 V vs. RHE for a-MnO,, p-MnO,, and
y-MnO,; reproduced from ref. 76 with permission from the American
Chemical Society, copyright 2023.
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DHA. It is noteworthy that DHA is prone to spontaneous iso-
merization to GLYD under strongly alkaline conditions. GLYD
can then be further oxidized to form GLA or undergo C-C
bond cleavage, producing low-carbon byproducts such as
formic acid.”® Therefore, the central challenges are twofold:
achieving exceptional selectivity for the secondary C-H bond
activation and ensuring the subsequent stability of DHA
formed. For instance, on the CoO, catalyst, the highly oxidiz-
ing Co*/Co"" species generated at high potentials simul-
taneously attack the -OH and -C=O0 groups, resulting in a sig-
nificant decrease in DHA selectivity from 60% to 40%.”°
Consequently, successful DHA synthesis hinges on catalysts
engineered for specific secondary C-H activation and DHA
stabilization.

The design of highly efficient catalysts for glycerol oxidation
must satisfy two core requirements: selective adsorption of the
secondary hydroxyl group and suppression of C-C bond clea-
vage activity, with current research strategies primarily divided
into noble metal and non-noble metal systems. Noble metal
catalysts achieve selectivity through geometric and electronic
structure modulation. For instance, Lee et al. developed a
PtSb/C catalyst. The incorporation of Sb atoms induces lattice
strain (Fig. 5b). This creates a unique geometric configuration
that selectively interacts with the secondary hydroxyl group
while simultaneously weakening C-C bond cleavage, resulting
in a DHA selectivity of 68%.”” A similar outcome is achieved
through electronic structure modulation, as demonstrated by
an N/P co-doped Pd/CNT (Pd/NPCNT) catalyst, where optimiz-
ing palladium’s electron density enhances its affinity for the
secondary hydroxyl group and increases DHA selectivity to
76.7% (Fig. 5¢).”> Non-noble metal catalysts primarily leverage
the dynamic surface reconstruction properties of variable
valence metal oxides. This method capitalizes on the in situ
transformation of metal oxides under operational conditions
to generate highly selective, transient active phases. A notable
example is MnO,, where a potential-induced phase transition
from the y-phase to the d-phase at high potentials suppresses
C-C bond cleavage and enhances DHA selectivity to 46%.
Operando studies (Fig. 5d) confirm that this structural evol-
ution is paramount to performance, with the y-MnO, precur-
sor undergoing the most efficient reconstruction into the
active phase.”® Collectively, these strategies underscore a fun-
damental design logic for DHA catalysts. This goal is achieved
by constructing a local environment, through static site geome-
try or dynamic phase creation, that provides both steric-elec-
tronic discrimination against the primary hydroxyl and stabi-
lization of the DHA ketone group.

Reaction conditions significantly influence the C-H acti-
vation efficiency and DHA selectivity by regulating the state of
catalyst active sites and the adsorption behavior of glycerol
molecules. The applied potential exerts a dual influence. It
can enhance C-H activation kinetics but also drive over-oxi-
dation. For example, DHA selectivity reaches 60% at 1.5 V vs.
RHE over CoO,, but at 1.7 V vs. RHE, the dominance of Co®"/
Co"" species leads to deep oxidation of DHA to GLA.”®
Conversely, for MnO,, high potential is beneficial as it triggers

This journal is © The Royal Society of Chemistry 2026
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the selective « — & phase transition.”* The electrolyte pH is
arguably the most critical factor for DHA stability. Mildly alka-
line conditions (pH ~ 9) are optimal, as they facilitate the reac-
tion without triggering the base-catalyzed isomerization of
DHA to GLYD, which devastates selectivity in strong alkali con-
ditions (pH 13). In Na,B,0;, buffer at pH 9, DHA remains
stable on CuO with a selectivity of 60%, whereas under strong
alkaline conditions (pH 13) the selectivity is below 3%. In
acidic media (e.g., 0.5 M H,S0,), catalysts such as PtSb/C are
required to resist H' poisoning of active sites and sustain DHA
generation.”*’” While temperature primarily accelerates con-
version without markedly affecting the C-H activation barrier,
it highlights that DHA selectivity is primarily controlled by the
catalyst’s intrinsic properties and electrolyte pH.”” Table 3
reveals that the selective oxidation of glycerol to DHA necessi-
tates a fundamentally different reaction environment and cata-
lyst design compared to GLA synthesis. The data underscore
the critical role of the electrolyte pH. Unlike strong alkaline
media (e.g., KOH) required for GLA, Table 3 shows that near-
neutral or mildly alkaline conditions, such as 0.1 M Na,B,0,
(entries 1, 2, 4 and 6), are predominantly used to stabilize
DHA and suppress isomerization. Furthermore, DHA pro-
duction generally requires significantly higher operating
potentials; for instance, CuO (entry 1) and CoO, (entry 6)
achieve 60% selectivity but at elevated potentials of 2.05 V and
1.5 V, respectively. This contrast highlights that while noble
metals like Pd (entry 3) or Pt (entry 5) can drive the reaction at
lower potentials (~1.0 V), achieving high DHA selectivity often
involves leveraging Earth-abundant metal oxides in specialized
local environments to precisely activate the secondary C-H
bond. Compared to GLA synthesis, studies on the stability of
DHA electrosynthesis catalysts are relatively limited (Table 3).
Deactivation of non-precious metal oxide catalysts, such as
MnO, and CoO,, is often associated with surface reconstruc-
tion or phase transformation under high potentials. While
such reconstruction can sometimes facilitate the formation of
selective active phases, excessive changes may lead to de-
activation. For noble-metal catalysts like PtSb/C, deactivation
primarily stems from the strong adsorption of reaction inter-
mediates. Overall, developing catalysts that combine high
selectivity with long-term stability, particularly non-precious
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metal systems capable of operating under mild potentials,
remains a key research focus for DHA synthesis.

The optimization of reactor design represents a critical
lever for precisely tailoring product selectivity. Gaines et al.
investigated this via a multi-parameter optimization of glycerol
electro-oxidation, utilizing a flow electrolysis cell combined
with response surface methodology (RSM). The findings
revealed a divergence in product behavior: C1 products
(formic acid) are more amenable for achieving simultaneous
high current density and selectivity in flow systems, whereas
the selectivity for C3 products (glyceric/lactic acid) is signifi-
cantly compromised under high-current regimes. This high-
lights that although flow reactors offer control over product
distribution through enhanced mass transfer and tunable resi-
dence times, the sensitivity of specific products to these para-
meters varies substantially.”® To address the challenge of selec-
tively targeting high-value C3 products, Setiawan et al. utilized
a stirred slurry electrocatalytic reactor featuring a Pt/C catalyst
to realize the selective oxidation of glycerol to glyceraldehyde.
Under mild conditions at 30 °C, the system achieved a selecti-
vity of 36.8% and a faradaic efficiency of 37.4%. Notably, this
design not only boosted the anodic selectivity and efficiency
for C3 species but also realized the concurrent valorization of
glycerol and lignin derivatives by coupling the process with the
cathodic reduction of guaiacol.®

2.3 5-Hydroxymethylfurfural oxidation: C-H oxidation of
furan ring side chains

5-Hydroxymethylfurfural (HMF) is an important biomass plat-
form compound, mainly derived from the dehydration of
monosaccharides like glucose and fructose, as well as polysac-
charides such as cellulose and starch.>®" Its molecular struc-
ture contains multiple functional groups, including a furan
ring, a hydroxymethyl group, and an aldehyde group, giving it
the potential to be converted into high-value chemicals such
as 2,5-furandicarboxylic acid (FDCA), 5-hydroxymethyl-2-furancar-
boxylic acid (HMFCA), and 2,5-diformylfuran (DFF).**** Among
these, FDCA can serve as a bio-based polymer monomer, repla-
cing terephthalic acid in the synthesis of polyesters and polya-
mides. There is strong market demand and it has significantly
higher value than HMF.*® Electrocatalytic technology offers a

Table 3 Summary of the performance of representative catalysts for electrochemical glycerol oxidation to DHA

Conc. Potential Conv. Sel. FE Catalyst

No. Catalyst Electrolyte (mM) (Vvs. RHE) (%) (%) (%) stability (h) Deactivation mechanism  Ref.

1 Cu0* 0.1 M Na,B,0, 100 2.05 — 60.0 — — — 73

2 MnO, “ 0.1 M Na,B,0, 100 2.05 — 46.0 — — Surface reconstruction 74
induced by potential

3 Pd/NPCNT* 0.5 M KOH 500 1.08 — 42.5 76.71 — Intermediate adsorption 75

4 ¥y-MnO, ¢ 0.1 M Na,B,0, 100 1.85 — 50.0 59.7 — Surface reconstruction 76
induced by potential

5 PtSb/C* 0.5 M H,SO, 100 0.997 90.3 61.4 — 50 Intermediate adsorption 77

6 Co0,“ 0.1 M Na,B,0, 100 1.5 — 60.0 49.4 3 Intermediate adsorption 78

“H-cell.
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green pathway for the valorization of HMF, thanks to its mild
reaction conditions, high reaction selectivity, and the ability to be
coupled with other electrochemical reactions.

The electrocatalytic oxidation of HMF (HMFOR) typically
involves multiple electron transfers and a multi-step reaction
pathway. It mainly includes two initial competing pathways
(Fig. 6a). The first pathway is the preferential oxidation of the
aldehyde group. This forms HMFCA. HMFCA is then converted
into FDCA. The second pathway is the preferential oxidation of
the hydroxyl group. This forms DFF. DFF is further oxidized to
FFCA and FDCA.?®®” The reaction pathway is controlled by the
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conditions favor the selective oxidation of the aldehyde group
to form HMFCA. In contrast, alkaline conditions promote the
oxidation of the hydroxyl group and the formation of deep oxi-
dation products.®”®® The activation of the C-H bond is a key
step in the reaction. Its efficiency and selectivity directly affect
the final product distribution.®®* Research shows that high-
valence metal species are the core active centers for C-H bond
activation. For example, under neutral conditions, CoOOH
specifically activates the aldehyde C-H bond. In alkaline
media, species like NiOOH and CuOOH promote C-H bond
cleavage through strong electron extraction. This significantly

catalyst properties, applied potential, and pH value. Neutral lowers the reaction energy barrier.®**°
a o
Ho )
(o o 7
O on —
\ \ J OH
HMF ° N
2
——
Oxidation of -OH OWO FDCA
DFF
b Defect Engineering c
0{ — Co,0, (111) _——
. S ] Vo-Co,0,(111) Determining PR P
Lattice OH- ; ' = o = ek
- @I ) 53 ) — A
ve E -3 l'B=F —— \mﬁc;l.m‘,ér f@ﬁn m cd
= 4] ! N— —_ o, . ) 10
2 i R L L TA7ev ﬁ% 5
S5 2 5 == T—%A /
< 5 H,0,
Vo-Co,0, 1 e o Gle A o G
7
Reaction coordinate
d Heterostructure Construction e 1237475 67 891 1 12 13 14
niil ERE=EEl
S 2] n_i e C0,0,/CeO. ' B
* Lo > 32 e - : ‘ o?"e;z : | 1.96eV | i
/YY B4 i N i d . t—i—: N
A - s i ' ' i i i 1 ' i ' ! ] '
% /O'Y\Lr 2s ! THE i i | Tei—
3%\ 7% = i1 146eV : 4 — : i :
. s ¢ 81 | | i s e
b i o 3 S EEEEETTEEE- TR .
< @ce g0 ¢ NEM t i 1S il I CHE S
[ i GHE C!cigiEixi G !l
0 -124 P, Wi o0 01 O PREE S P
o ik L Lo C RS OMES ! OO
1] '1EEiEIEIEIEIEIEIREIiRiRiLa
« ' T ' RS + I ! X' X! I ' L WL LOEERL ! WL
Reaction Coordinate
f g Ru/NiFe NiFe h oo, Boi;
0 0
®
3 01 21
[ =
02 52
(2]
g i
w03 -3
04 -4

Fig. 6

(a) Reaction pathways for the oxidation of glycerol. (b) Schematic diagram of defect engineering for Vo-Coz0O,. (c) Free energies of the

HMFOR step via path | on Vo-Co3z0,4 and CozO;,; reproduced from ref. 91 with permission from Wiley-VCH GmbH, copyright 2021. (d) Schematic
diagram of the interfacial electronic structure for NF@QC030,4/CeO.. (e) Free energies of the HMFOR step on Co30,4 and Co30,4/CeO,, and adsorption
configurations of HMFOR intermediates on Co30,4/CeQ;; reproduced from ref. 92 with permission from Elsevier, copyright 2023. (f) Modulation of
the local electronic structure and reactant adsorption via single-atom engineering. (g) HMF adsorption energy of Ru/NiFe and NiFe. (h) HMF adsorp-
tion energy of Ir-Coz0,4 and Co30,.
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Catalyst structure engineering strategies offer effective path-
ways to optimize C-H bond activation efficiency in electro-
catalytic HMF oxidation. Defect engineering enhances the cata-
lytic activity by introducing oxygen vacancies or cation
vacancies. Vo-Coz0, achieved a higher FDCA yield of 91.9% at
1.34 V vs. RHE compared to pristine Co30, (86.7%). Operando
XAS/XPS analysis revealed that under the reaction potential,
Vo-Co30, exhibited an increased Co valence and a subsequent
adjustment in Co-O coordination, indicating that O™ preferen-
tially filled oxygen vacancies to form lattice OH, which sub-
sequently participated in HMF dehydrogenation (Fig. 6b). DFT
calculations confirmed that OH™ occupation of Vo sites
avoided competitive adsorption with HMF on metal sites.
Furthermore, they identified the dehydrogenation of HMFCA
to FFCA as the rate-determining step, the energy barrier of
which was significantly reduced from 1.67 eV on Coz0, to 1.17
eV on Vo-Coz0, (Fig. 6¢), as the lattice OH facilitated more
direct coupling with the intermediate.®’ Beyond defect control,
heterostructure construction leverages interfacial effects to
modulate electron transfer (Fig. 6d). Zhao et al. constructed a
Co030,4/Ce0, heterojunction that reduced charge transfer resis-
tance and facilitated HMF and OH* co-adsorption, achieving
98.0% HMF conversion and 94.5% FDCA yield. Charge density
difference analysis confirmed electron transfer from Co;0, to
CeO,. This interface significantly lowered both the electrode’s
inner oxidation resistance (R;,) and interface reaction resis-
tance (R.), enhancing electron transfer. DFT revealed that the
rate-determining step shifted from FFCA to FDCA (1.96 eV
barrier on Co;0,) to HMF to HMFCA (1.46 eV barrier on
C050,4/Ce0,) (Fig. 6€), improving the reaction kinetics.’?
Similarly, the CoP-CoOOH heterostructure optimizes reactant
adsorption energies vig its inherent p-n junction effect,
thereby boosting the overall reaction kinetics.”® Another sig-
nificant approach involves single-atom engineering to maxi-
mize atomic utilization efficiency. The introduction of single-
atom Ru into Ru, 3/NiFe-LDH significantly enhances the HMF
adsorption capacity, increasing the FDCA yield from 45.02%
with NiFe-LDH to 82.41%. In situ Raman spectroscopy con-
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firms the formation of NiOOH on the catalyst surface after the
reaction, identifying it as the active species for the HMFOR.
Charge density difference maps reveal that Ru incorporation
induces electronic restructuring, with electron accumulation
around Ru and depletion at adjacent O atoms, indicating Ni —
Ru electron transfer through an O-bridge (Fig. 6f). DFT calcu-
lations further demonstrate that Ru, ;/NiFe exhibits a signifi-
cantly higher adsorption energy for HMF compared to that for
NiFe-LDH (Fig. 6g), and the presence of Ru reduces the dehy-
drogenation energy barrier for the transformation of Ni(OH),
to NiOOH, thereby promoting the kinetics of active phase for-
mation.®* Similarly, Ir-Co;0, with atomically dispersed Ir sites
increases the FDCA yield from 90% to 98% by precisely tuning
the d-band center of the catalyst, thereby enhancing the
binding strength of key intermediates. DFT calculations reveal
that the adsorption energy of HMF on Ir-Co;0,4 (—3.77 eV) is
significantly more negative than that on Coz;0, (-2.64 eV),
indicating stronger adsorption (Fig. 6h). The Ir sites preferen-
tially adsorb the C=C group in HMF rather than the C=0
group. This selective adsorption lowers the reaction energy
barrier and accelerates the HMFOR process. Furthermore, the
introduction of Ir induces a redistribution of electron density
at the Co sites, leading to a lower valence state of Co and
enhancing the catalyst’s affinity for conjugated cyclic struc-
tures.”” These structural modulation techniques collectively
demonstrate how targeted material design can overcome
kinetic limitations in multi-step electrochemical oxidation pro-
cesses. Table 4 reveals that the electrocatalytic oxidation of
HMTF is an area where Earth-abundant transition metals have
not only narrowed the gap with noble metals but, in many
cases, surpassed them in performance. A critical insight from
Table 4 is the outstanding efficiency of Ni- and Co-based
hydroxides/phosphides in alkaline media. For instance, the
Ni,P/NF (entry 5) and Co-LDH (entry 6) systems achieve near-
quantitative conversion (>99%) and FDCA selectivity (>98%) at
relatively low potentials (1.30-1.45 V), rivaling or exceeding the
metrics of Au/C (entry 1). Furthermore, the data highlight that
catalyst design, such as the hierarchical structure of Ni-Co-O

Table 4 Summary of the performance of representative catalysts for electrochemical HMF oxidation

Conc. Potential Conv. FE Catalyst
No. Catalyst Electrolyte ~ (mM) (Vvs. RHE) (%) Sel. (%) (%)  stability (h) Deactivation mechanism Ref.
1 Pd/C 0.1 MKOH 20 0.9 97 29 (FDCA) — — — 86
2 Pd;Au,/C 0.1 MKOH 20 0.9 100 83 (FDCA) — — — 86
3 PtRhPdIrRuAu” 0.1MKOH 1 1.66 — 63.4 (HMFCA) — 8 — 87
4 Ni(NS)/CP* 0.1IMKOH 5 1.36 99.8  99.2 (FDCA) — 75 — 89
5 N-C0;0,/NF* 1.0MKOH 10 1.423 99.5  96.4 (FDCA) 97.3 — — 98
6 NiFe LDH" 1.0MKOH 10 1.23 99 98 (FDCA) 994 6 Partial oxidation and/or 99
structural changes of
active sites
7 CuNi(OH),/C* 1.0MKOH 5 1.45 100 93.3 (FDCA) 944 — — 90
8 Vo-Co;0, “ 1.0MKOH 10 1.47 ~100 91.9 (FDCA) 88.1 — — 91
9 NF@C0;0,/Ce0,“ 1.0MKOH 10 1.40 98.0 94.5 (FDCA) 97.5 — — 92
10 CoP-CoOOH? 1.0MKOH 150 1.42 99.9 99.4 (FDCA) 98.2 167 — 93
11 Rugs/NiFe” 1.0MKOH 5 — 99.2  98.7 (FDCA) 98.3 20 — 94

@ H-cell. ® Flow-cell.
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(entry 7), is pivotal for accelerating the multi-step oxidation of
the formyl group while preserving the furan ring. This suggests
that for HMF valorization, the field is successfully transition-
ing away from a dependence on precious metals toward the
utilization of robust, non-noble interfaces that provide
superior atomic economy and faradaic efficiency (>95%).
Furthermore, most high-performance Ni/Co-based catalysts in
Table 4 exhibit good operational stability, typically exceeding
6 h. Although the specific deactivation mechanisms have not
been thoroughly investigated in many studies, it can be
inferred that excessive oxidation or structural changes to the
active sites under high potentials may be potential factors. For
instance, NiFe LDH (entry 6) maintains high activity even after
6 h of reaction, suggesting that its active phase, NIOOH, pos-
sesses good electrochemical stability. Meanwhile, the stable
operation of a CoP-CoOOH heterojunction in a flow cell for up
to 167 h (entry 10) highlights the importance of rational struc-
tural design in resisting performance decay under prolonged
operation.

Moderately increasing the temperature accelerates the reac-
tion rate, whereas excessively high temperatures tend to
promote side reactions. For instance, Xu et al. found that at
80 °C, HMFCA was the primary product, with low FDCA gene-
ration, because HMF and its intermediates are prone to side
reactions like esterification or polymerization under elevated
temperatures.”® From the perspective of electrolyte concen-
tration, high-concentration HMF electrolytes face pronounced
issues of substrate diffusion and mass transport limitations.
Xie et al. observed that as the HMF concentration increased
from 5 mM to 10 mM, the FDCA selectivity rose from 47.5% to
84.9%.%° Yet, concentrations exceeding 50 mM may lead to a
slight decrease in FDCA yield, likely due to adsorption satur-
ation on the catalyst surface. Furthermore, pH plays a crucial
role: in strongly alkaline systems (pH > 13), HMF oxidation
follows the HMFCA pathway, whereas under mildly alkaline
conditions (pH < 13), it proceeds via the DFF pathway. pH
influences the C-H bond activation difficulty by affecting both
the predominant form of the HMF molecule and the for-
mation of active species.

The selectivity toward FDCA in the electrochemical oxi-
dation of HMF is often limited by complex reaction networks
and competing side reactions. Reactor engineering thus offers
a transformative approach, where precise control over mass
transport, electric-field distribution, and residence time can
effectively direct the reaction pathway and enhance the
product yield. In this context, Duan et al. developed a single-
pass continuous flow reactor. By implementing a high elec-
trode-area-to-electrolyte-volume ratio, minimizing the sub-
strate residence time, and decoupling the substrate/alkali feed,
the system successfully mitigated non-faradaic degradation.
This design achieved exceptional HMF to FDCA conversion
metrics at high concentrations (95.8% conversion, 96.9%
selectivity, 556.9 mM), enabling continuous kilogram-scale
synthesis (1.17 kg).°® Building on this, the team recently show-
cased an engineered solid polymer electrolyte (SPE) reactor.
Through the kinetic modulation of faradaic versus non-fara-
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daic processes, efficient FDCA production was realized at
industrial current densities (1.5 A ecm™?) without compromis-
ing selectivity (97.0%), faradaic efficiency (88.2%), or product
concentration (~1.24 M). This SPE system demonstrated
superior durability, operating stably for over 140 h at 0.5 A
cm 2. Furthermore, leveraging a modular scale-up approach, a
4.3 kW electrochemical platform was constructed, successfully
achieving pilot-scale FDCA production at a rate of 33 kg
day_1.97

Electrocatalytic activation of C-H bonds in biomass-derived
compounds is a pivotal strategy for biomass valorization.
Transition metal-based catalysts (such as Pt, Au, Ni, and Co)
can enhance the efficiency of C-H bond activation and site
selectivity through structural optimization methods like elec-
tronic structure regulation and interface engineering.
However, they still face challenges, including complex acti-
vation mechanisms, the vulnerability of catalysts to intermedi-
ate poisoning, and the difficulty in regulating selectivity in the
presence of multiple types of C-H bonds. Additionally, most
current research focuses on model compounds such as
glucose, glycerol, and 5-hydroxymethylfurfural (HMF), while
studies on the selective activation of diverse C-H bonds in
natural biomass materials with more complex structures
remain to be deepened. This stems from issues such as the
difficulty in identifying activation sites due to complex struc-
tures, competing reactions caused by the coexistence of mul-
tiple components, and mass transfer limitations. Therefore,
future research should leverage high-precision theoretical cal-
culations and machine learning to decode the dynamic mecha-
nisms of activation for different types of C-H bonds (primary,
secondary, tertiary, and furan ring C-H bonds), and establish
structure-activity relationship models between catalyst struc-
tures and site selectivity. Meanwhile, studies on the electro-
catalytic conversion of complex biomass derivatives should be
conducted to reveal the interaction rules between their
complex structures and catalyst surfaces, thereby overcoming
hurdles in selectivity and stability and facilitating the tran-
sition of electrocatalytic technology from model compounds to
broader practical applications in biomass valorization.

3. Electrocatalytic activation of
C=0/C-0 bonds

As the fundamental structural units in biomass molecules like
cellulose and lignin, selective C-O bond activation is essential
for the green synthesis of high-value chemicals. Unlike tra-
ditional thermocatalytic methods that often require harsh con-
ditions and noble metal catalysts,'*'°! electrocatalysis uses
renewable electricity and precise potential control to achieve
highly selective C-O bond conversion under mild
conditions.'®>'% This approach offers superior atom economy
and environmental benefits. Nevertheless, challenges remain
due to the diverse types of C-O bonds in biomass, which vary
considerably in bond dissociation energy and reactivity.'***%>
Competing side reactions such as over-hydrogenation and C-C

This journal is © The Royal Society of Chemistry 2026
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cleavage further complicate selectivity control. This section
highlights recent advances in two key research areas. The first
involves the selective hydrogenation of the C=0 bond in the
side chain of HMF during its reduction. It details the electro-
catalytic mechanism for converting HMF into the polymer pre-
cursor 2,5-bis(hydroxymethyl)furan (BHMF), and discusses
strategies to activate the side chain C=0O bond while suppres-
sing furan ring saturation or C-O cleavage. The second focuses
on activating C-O bonds in lignin, specifically through the
selective cleavage of characteristic p-O-4 and a-O-4 linkages,
enabling efficient depolymerization under mild conditions. A
systematic analysis is provided from three perspectives—reac-
tion mechanisms, catalyst design, and the influence of reac-
tion conditions, with an emphasis on the roles of applied
potential, electrolyte pH and composition, and mass transport.
This section aims to provide theoretical guidance for the
rational design of electrocatalysts and the optimization of pro-
cesses for biomass C-O bond activation.

3.1 Electrocatalytic activation of C—=0 bonds: HMF reduction

The HMF molecule features multiple C-O bond structures,
including an aldehyde group (C=O0), a furan ring ether linkage
(C-0-C), and a hydroxymethyl group (C-OH). The selective
activation and transformation of these bonds represent the
core challenge in synthesizing high-value products.'®® Among
them, BHMF—a symmetric diol—serves as a key monomer for
producing bio-based polyesters, pharmaceutical carriers, and
green solvents,"®” with its value significantly surpassing that of
HMF. Efficient BHMF production fundamentally depends on
the precise selective hydrogenation of the aldehyde C=0 bond
in HMF, while strictly suppressing side reactions such as
hydrolytic ring-opening of the furan ring C-O-C bond or de-
hydration of the hydroxymethyl C-OH bond to maintain
product purity and yield. Although conventional thermocataly-
tic hydrogenation can reduce HMF, it often fails to precisely
regulate the competing activation among these multiple C-O
bonds.'®®'%?  Under high-temperature and high-pressure
hydrogen conditions, noble metal catalysts (e.g., Pt, Ru) tend
to over-reduce the aldehyde group to form 2,5-dimethylfuran
(DMEF) or cleave the furan ring C-O-C bond, yielding linear by-
products and markedly reducing the BHMF selectivity. The
inability to controllably activate specific C-O bonds has
become the major bottleneck in the cost-effective production
of BHMF. Electrocatalytic reduction, utilizing its potential-
driven mechanism for precise bond activation, offers a new
approach to address this selectivity issue. By designing active
sites on cathode catalysts and tuning the electrode potential,
this method can selectively lower the activation energy barrier
for the aldehyde C=O bond, promoting its hydrogenation to
the target primary alcohol group. The core challenge in the
electrocatalytic reduction of HMF to BHMF lies in the efficient
activation of the carbonyl (C=0) bond and the precise regu-
lation of the hydrogenation pathway. A study of the reaction
mechanism shows that there are significant differences in the
C-O activation pathway on different catalyst surfaces (Fig. 7a).
On Ag catalysts such as Ag and RhCu, the hydrogen atom

This journal is © The Royal Society of Chemistry 2026
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transfer path mediated by H,q4s is dominant. Water is first dis-
sociated in the Walmer step to form adsorbed hydrogen,
which then preferentially attacks the carbonyl oxygen atom of
HMTF to form a key intermediate. The intermediate is then sub-
jected to two consecutive hydrogenation reactions to generate
BHMEF."">™'!* For instance, an Ag electrode at a potential of
—1.3 V, benefiting from high H,q4s coverage, can effectively sup-
press intermolecular C-C coupling side reactions, such as the
formation of 2,5-bis(hydroxymethyl)hydrofuran (BHH).''> In
contrast, Cu-based catalysts (e.g., Ru;Cu single-atom alloys)
favor a PCET mechanism, involving the direct reduction of the
carbonyl group through concerted proton-electron transfer,
although this path is prone to inducing dimerization side reac-
tions under high-potential conditions.'**'**> Notably, buffering
electrolyte anions (e.g., phosphate) can act as proton shuttles,
significantly reducing the C-O activation energy barrier via the
Langmuir-Hinshelwood (L-H) mechanism.''*'"” As exempli-
fied by Co3;0,4, the proton-donating capability of phosphate
(adsorption energy AE,q = —2.26 eV) is markedly superior to
that of water, thereby substantially enhancing the hydrogen-
ation efficiency. In summary, the selectivity of the C-O acti-
vation pathway is fundamentally the result of the synergistic
effect between the intrinsic properties of the catalyst and the
electrolyte environment.

The design of highly efficient catalysts necessitates the
synergistic regulation of C-O bond activation selectivity, H,qs
supply capability, and the suppression of side reactions. In
noble metal optimization, Ag emerges as an ideal support due
to its low hydrogen evolution reaction (HER) activity: dendritic
high-surface-area Ag achieves 99% FE and product selectivity
by exposing abundant active sites.''> Meanwhile, the Ag/SnO,
heterojunction leverages the selective adsorption of carbonyl
groups by SnO, oxygen vacancies and the enhanced water dis-
sociation promoted by Ag nanoparticles, maintaining FE >
95% over a wide potential window of —0.62 to —1.12 V.'*® The
isolated Ru sites facilitate water dissociation, thereby generat-
ing an H,gs-enriched interfacial environment. This key feature
alters the reaction pathway from the direct electroreduction
observed on pristine Cu, which is susceptible to dimerization,
toward a highly efficient electrocatalytic hydrogenation route
(Fig. 7b). The ESR spectrum using DMPO as a spin-trapping
agent (Fig. 7c) showed a significantly enhanced desorption
peak of H,qs on the RhCu surface, indicating a greater gene-
ration of H,qs, which confirmed the role of Rh. Additionally,
in situ ATR-SEIRAS spectra (Fig. 7d and e) revealed a character-
istic peak at 2050 ecm ™, attributed to Rh-H,gqs, the intensity of
which increased with more negative applied potentials and
was significantly stronger on RhCu than on Cu. At 3620 cm ™",
RhCu exhibited a more intense peak corresponding to weakly
hydrogen-bonded water molecules, indicating that Rh pro-
moted the formation of ordered, weakly hydrogen-bonded
water. These weakly hydrogen-bonded water molecules dis-
sociate more readily to generate H,q,, thereby establishing a
Haqs-enriched interfacial environment. Notably, at a high HMF
concentration of 100 mM, Ru;Cu SAA maintained a high FE of
87.5% for BHMF production (Fig. 7g), a stark contrast to the
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(a) Schematic representation of the electrochemical reduction mechanism of 5-HMF. (b) Schematic diagram of the electrochemical hydro-

genation process of HMF over the RhCu catalyst. (c) ESR spectra of the trapping of hydrogen radicals over RhCu and Cu; reproduced from ref. 110
with permission from Elsevier, copyright 2023. (d) RhCu and (e) Cu in situ ATR-SEIRAS spectra under various potentials for the HMF-containing
system; reproduced from ref. 110 with permission from Elsevier, copyright 2023. (f) Cu and (g) Ru;Cu at various concentrations of HMF. Reaction
conditions: —0.5 V (vs. RHE), passed charges for 20 mM, 50 mM and 100 mM concentration of HMF were 154 C, 390 C, and 790 C, respectively;
reproduced from ref. 111 with permission from Wiley-VCH GmbH, copyright 2022.

significantly decreased FE of 59.7% observed for its Cu
counterpart (Fig. 7f)."'' DFT calculations reveal that the
single-atom Ru sites act as highly efficient water activation
centers, significantly lowering the energy barrier for water dis-
sociation and thereby promoting the substantial generation of
H. These H species with high surface coverage subsequently
react with adsorbed HMF molecules via a Langmuir-
Hinshelwood mechanism, efficiently hydrogenating them to
the target product DHMF. Concurrently, this pathway sup-
presses the undesired side reaction of HMF dimerization,
which would otherwise occur via the direct electron transfer

5146 | Green Chem., 2026, 28, 5131-5166

route leading to radical intermediates. The Cu/Cu,O heteroin-
terface enhances H,qs adsorption via an upward shift of the
d-band center while optimizing the adsorption of HMF and
the desorption kinetics of DHMF.""” Regarding supports and
structural innovations, N-doped carbon-supported Cu (Cu/NC)
strengthens carbonyl adsorption through electron-deficient Cu
sites and accelerates charge transfer via the electromagnetic
shielding effect."'®* The 3D porous BiSn electrode, fabricated
using a hydrogen bubble template, increases the electrochemi-
cally active surface area (double-layer capacitance Cq; = 3.6 mF
ecm™?), achieving 100% FE at a high current density of 144 mA

This journal is © The Royal Society of Chemistry 2026
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Table 5 Summary of the performance of representative catalysts for electrochemical HMF reduction

Conc. Potential Conv.  Sel. FE
No. Catalyst Electrolyte (mM) (Vvs. RHE) (%) (%) (%) Sel. (%) FE (%) Ref.
1 Co3;0, ¢ 0.1 M PBS 10 —0.59 96 80 26.3 Catalyst Deactivation mechanism 116
stability (h)
2 BiSn“ 0.5 M PBS 2000 -1.83 ~30 ~100 ~100 — — 119
3 Ag/Cu foam* 0.5 M BBS 20 —-0.56 ~37.1 99 99 4 — 112
4 Ag/Ca 0.5 M BBS, pH 9.2 20 —-0.56 ~50 ~85 96.2 — — 113
5 Ag/SnO, ¢ 0.5M KHCO; 50 —-0.62 — ~99 98.8 — — 116
6 OXide—derived—Ag” 0.5 M BBS, pH 9.2 20 -0.51 28.9 95.3 ~80 — — 114
7 Ru,Cu SAA? 0.5 M PBS, pH ~7 20 -0.30 65.9 ~90 87.0 3 — 111
8 Cu(OH)Z-ER/Cu foam® 0.1 M KOH 5 -0.15 98.5 — 92.3 20 — 115
9 Cu/Cu,0’ PBS, pH 9.2 10 —0.35 90.7 100  80.5 10 — 117
10 RhCu NWs* 0.5 M Na,SO, 50 ~—0.10 ~100 — 92.6 25 Surface reconstruction 110
leading to amorphous
layer formation
11 Cu/Ce0O,“ BBS, pH 9.2 100 —0.51 — ~75 74 16 — 120
12 Pd,Pt, ¢ 0.5 M K,SO, 50 —0.30 54.72 66.5 94.5 18 — 121

PBS: phosphate buffer; BBS: borate buffer. “ H-cell. ? Flow-cell.

em 2.9 Clearly, modulating the electronic structures, optimiz-
ing interfacial microenvironments, and designing mass trans-
fer structures are the core directions for enhancing the C-O
activation efficiency. Table 5 underscores the performance
trade-off between HMF reduction and the competing hydrogen
evolution reaction (HER). The data reveal that metallic alloying
and interface engineering are pivotal for suppressing the HER
to enhance FE. Specifically, while oxide-based Co;0, (entry 1)
exhibits a low FE of 26.3% due to the dominant HER, the Ag/
Cu foam (entry 3) and Ag/C (entry 4) architectures achieve
superior FEs (>96%) at —0.56 V. Furthermore, near-quantitative
selectivity is attained across diverse regimes: the BiSn alloy
(entry 2) requires a high negative potential of —1.83 V, whereas
the Cu/Cu,O system (entry 8) reaches 100% selectivity at 0.35
V. The prevalence of neutral buffers (e.g., BBS/PBS) among
high-performing entries (entries 3, 6 and 9) highlights the
necessity of a controlled local environment. Consequently, the
field is advancing toward sophisticated interfaces, such as
single-atom alloys (entry 7) and oxide-derived metals (entry 6),
to prioritize organic activation and maximize energy efficiency.
Catalyst stability is crucial for the continuous reduction of
HMF. As shown in Table 5, stability can be extended to
10-25 h or longer by constructing alloys (e.g., RhCu NWs),
single-atom alloys (Ru;Cu SAA), or stable heterostructures (e.g.,
Cu/Cu,0). Possible deactivation mechanisms include leaching
and agglomeration of active metals, as well as surface recon-
struction. For example, deactivation of the Cu/Cu,O hetero-
structure after 25 h of operation in a flow cell was attributed to
surface reconstruction, forming an amorphous layer.
Therefore, future research should focus on developing robust
cathode materials that combine a high faradaic efficiency,
high selectivity, and an ultra-long operational lifetime
(>1000 h) under industrially relevant current densities and
concentrations.

Reaction conditions significantly regulate C-O activation
efficiency by influencing H,qs coverage, proton transfer kine-
tics, and mass transfer processes. Regarding potential window

This journal is © The Royal Society of Chemistry 2026

control, the Ag electrode achieves optimal H,4s coverage (FE-
100%) at —1.3 V; excessively negative potentials (<—1.6 V)
intensify the HER, while overly positive potentials (>—1.1 V)
induce polymerization side reactions due to insufficient
Hags. > Conversely, the BiSn catalyst balances a high current
density with 100% FE at —0.71 V."'° In terms of pH and elec-
trolyte environment, neutral to weakly alkaline conditions (pH
7-9.2) are most favorable for the reaction;"'”"***"'?° acidic con-
ditions (pH = 1) promote the formation of 2,5-dimethylfuran
(e.g., Pd single atom/TiO, catalyst selectivity reached 37.3%),
while strongly alkaline conditions (pH > 13) induce HMF
decomposition."* Phosphate buffer (pH 9) exhibits a superior
kinetic performance in the supply of protons via the
Langmuir-Hinshelwood mechanism compared to KOH
systems,""” and borate buffer (pH 9.2) stabilizes the HMF
structure and suppresses an ohmic drop.'*° For concentration
and mass transfer regulation, near 100% product selectivity is
achievable at a low HMF concentration (0.02 M), whereas a
high concentration (0.10 M) readily triggers dimerization side
reactions."™™'? The flow cell design enhances mass transfer,
enabling a 19% increase in conversion for ordered meso-
porous Ag while reducing the operating voltage to 2.0
V. Regarding coupled systems, pairing cathodic electrocatalytic
hydrogenation (ECH) with anodic oxidation reactions (e.g.,
TEMPO-mediated conversion of HMF to FDCA) can lower the
overall cell voltage requirement. For instance, a Pd;Pt; bi-
metallic layer electrolyzer achieved a current density of 10 mA
em™? at a potential of 0.72 V, demonstrating 43% energy
savings compared to conventional systems.'>' In summary,
synergistic potential-pH regulation and reactor mass transfer
optimization are critical factors for achieving industrial-scale
C-O activation.

Paralleling the electro-oxidation of HMF, reactor design is
of paramount importance in HMF electrochemical reduction,
fundamentally governing the product distribution and conver-
sion efficiency. Schmidpeter et al. addressed this by developing
a three-dimensional fixed-bed flow reactor employing spherical
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polymer-supported carbon-copper catalysts for efficient HMF
to DHMF conversion. Through optimization of the carbon
sphere dimensions, the system effectively mitigated a pressure
drop and ohmic resistance, achieving high conversion (89.6%)
and selectivity (84.0%). Crucially, the reactor exhibited robust
scalability; a twofold increase in the electrode width yielded a
linear doubling of the production rate while maintaining stable
selectivity (85.1%). These findings underscore the distinct advan-
tages of 3D fixed-bed architectures for the large-scale electro-
synthesis of biomass derivatives."*® Focusing on device inte-
gration and upscaling, Hauke et al. designed a high-efficiency
alkaline exchange membrane (AEM) electrolyzer utilizing oxide-
derived copper bimetallic catalysts (Cu/MO,). Initially, by tailor-
ing the surface properties of the MO, phase, they achieved the
tunable reduction of HMF to either BHMF or 5-methylfurfuryl
alcohol in alkaline media (via 2e” and (2 + 2)e” pathways,
respectively). Moreover, capitalizing on the AEM configuration,
the study realized the efficient synergistic coupling of cathodic
HMTF valorization with anodic processes, demonstrating the sub-
stantial promise of this integrated approach for scalable electro-
chemical manufacturing.'*

3.2 Selective cleavage of C-O bonds in lignin and its derived
platform molecules

Lignin, as the most abundant aromatic biomass resource in
nature, holds significant importance for replacing fossil
resources in producing high-value chemicals.*>'*® Lignin
molecules contain a large number of C-O bond linkages,
among which p-O-4 and a-O-4 bonds are the two most repre-
sentative ether bonds.'?”'*® §-0-4 bonds constitute over 50%
of lignin linkages, while a-O-4 bonds account for nearly 50%
in gymnosperm lignin. The selective cleavage and targeted
conversion of these bonds represent the core challenge in
depolymerizing lignin into high-value monomers (e.g., pheno-
lics, aromatic alcohols).’*® Conventional thermocatalytic
methods struggle to precisely control the competing activation
of these two bonds and often induce side reactions such as
over-hydrogenation of aromatic rings, random cleavage of C-C
bonds, or product repolymerization, leading to a significant
decrease in target monomer selectivity.”**'*' Electrocatalytic
cleavage technology, leveraging its potential-driven precise
bond energy modulation mechanism, offers a solution. By
designing active sites on electrode catalysts and controlling the
working potential, it can selectively reduce the activation
barrier of specific C-O bonds, opening a green pathway for the
efficient and highly selective conversion of lignin."*>"** The
mechanisms for electrocatalytic cleavage of lignin C-O bonds
can be categorized into two main types: oxidative cleavage and
reductive cleavage. The core difference lies in the generation
and transformation pathways of the active intermediates,
driven by distinct catalysts and reaction systems, which exhibit
marked specificity.

The oxidative cleavage mechanism primarily relies on the
action of reactive oxygen species such as "OH, "O,~, and ‘OOH.
In the reaction catalyzed by Ni-Co/C on the f-O-4 model com-
pound (2-phenoxy-1-phenylethanol, PPE), Co promotes the
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generation of ‘OOH, while Ni enhances the stability of "O,".
‘OOH initiates f-carbon elimination by attacking the Cu-Cg
bond, whereas ‘O, directly oxidizes the Cg-O bond, cleaving it
and ultimately yielding products such as benzaldehyde and
acetophenone (Fig. 8a)."** During the cleavage of a-O-4 bonds
catalyzed by rhombohedral ZnIn,S, (R-ZIS), In sites strongly
adsorb and immobilize the benzylic C-O bond of benzyl
phenyl ether (BPE). S*  reacts with H,O to generate "OH,
which attacks the benzylic carbon, leading to bond cleavage.
Subsequently, benzyl alcohol is further oxidized to benz-
aldehyde and benzoic acid. '®0 isotope labeling confirmed
that the oxygen atoms originated from water."*> The mecha-
nism for f-O-4 bond cleavage catalyzed by spinel NiFe,O, is
similar. Fe*" promotes the generation of "OH, which lowers the
bond energy barrier through electrophilic attack on the oxygen
atom within the p-O-4 linkage, achieving oxidative cleavage of
the Cp—O bond.'*® Furthermore, in the NaCl/MeOH system,
CI™ generates chlorine radicals (Cl") under electrocatalytic con-
ditions. CI" abstracts a Cg-H atom, forming a Cy radical. This
radical then combines with ‘O, to form a peroxo intermedi-
ate, ultimately leading to a-O-4 bond cleavage and producing
benzaldehyde dimethyl acetal.™®’

In contrast, the reductive cleavage mechanism relies on the
synergistic transfer of protons and electrons, achieving C-O
bond cleavage via hydrogenation or hydrogenolysis. During Ni-
catalyzed cleavage of a-O-4 bonds, Ni** is reduced to Ni° at the
cathode, simultaneously generating adsorbed hydrogen. After
BPE adsorbs onto the Ni surface, Ni° activates the benzylic C-
O bond, and H,qs participates in protonation, cleaving the
bond to yield toluene and phenol. Crucially, the valence
cycling of Ni ions (Ni** — Ni® — Ni**) is key to sustaining the
reaction."*® For CuO-catalyzed cleavage of the Caryl-O bond in
f-O-4 linkages, residual Cu(i) enhances adsorption onto the
aromatic ether oxygen, lowering the barrier for proton attack.
This facilitates cleavage via a “protonation-electron transfer”
step, generating a phenoxy radical and a phenylethanediol
intermediate, which are ultimately hydrogenated to hydro-
quinone and benzyl alcohol, thereby avoiding over-reduction
of the aromatic ring (Fig. 8b)."** In PdNiBi-catalyzed reductive
cleavage of -O-4 bonds, Pd sites activate H,O to generate Hyqs,
while Bi modulates the electron density of Ni to optimize the
adsorption energy. This enables cleavage of the p-O-4 bond
through hydrogenation, yielding phenol and acetophenone.
The synergistic effect between Pd and Ni suppresses the com-
peting HER."® Catalysts serve as the core of electrocatalytic C—
O bond cleavage. Their electronic structure, surface properties,
and synergistic effects of components directly determine the
activity and selectivity. Based on research findings, catalysts
can be classified into three categories: single-metal-based, bi-
metallic/alloy, and metal oxides/spinel, each excelling in
specific C-O bond cleavage scenarios. Monometallic catalysts
excel at a-O-4 bond cleavage due to their simple structure and
well-defined active sites. Ni-based catalysts (e.g., Ni foam or Ni
salts) achieve 100% conversion of the a-O-4 model compound
BPE in methanol systems, with maximum toluene and phenol
yields of 97% and 84%, respectively. This high activity orig-
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Fig. 8
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(a) Diagram of the electrochemical oxidative cleavage of C—O; reproduced from ref. 134 with permission from Elsevier, copyright 2023. (b)

Possible PPE reductive cleavage of C—O mechanisms over a CuO/CF cathode under acidic conditions; reproduced from ref. 133 with permission
from the American Chemical Society, copyright 2024. (c) Schematic illustration of the electronic structures of PdNiBi. (d) The free energy curve for
C-O cleavage catalyzed by PdBi, PdNiBi, and PdNi,Bi; reproduced from ref. 139 with permission from Springer Nature, copyright 2024. (e)
Conversion and product yields of 9 successive cycles for the PdNiBi catalyst; reproduced from ref. 139 with permission from Springer Nature, copy-
right 2024. In situ Raman spectra over different electrolysis durations (f) without and (g) with PPE; reproduced from ref. 133 with permission from
the American Chemical Society, copyright 2024. (h) Adsorption energies of PPE on Cu and Cu(0/1) crystal models; reproduced from ref. 133 with
permission from the American Chemical Society, copyright 2024. (i) QCM mass response over CuO and Cu before and after injecting PPE; repro-
duced from ref. 133 with permission from the American Chemical Society, copyright 2024. (j) Free energy of the PPE cleavage mechanisms over the
Cu and Cu(0/1) surfaces; reproduced from ref. 133 with permission from the American Chemical Society, copyright 2024.

inates from strong adsorption of the benzylic C-O bond on Ni
sites and its valence state cycling capability, requiring neither
precious metals nor harsh conditions."*® Pt electrodes also
demonstrate specific activity in NaCl/methanol systems.
Utilizing Cl -generated radicals, they facilitate the conversion
of BPE to benzaldehyde dimethyl acetal with 95.2% conversion

This journal is © The Royal Society of Chemistry 2026

efficiency."®’

intercompone
f-O-4 bond

and 94.5% product selectivity. Employing carbon cloth as the
counter electrode further enhances the electron transfer
Bimetallic catalysts optimize active sites through

nt electron transfer, significantly enhancing the
cleavage efficiency. In Ni-Co/C, the synergy

between Ni and Co strengthens PPE adsorption, while the
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porous architecture provides abundant active sites. This
system achieves >90% depolymerization yield in deep eutectic
solvent media, delivering benzaldehyde and acetophenone at
124.08 mg g ' and 23.29 mg g ', and this substantially
exceeds the performance of its monometallic Ni/C or Co/C
counterparts.”** In the PANiBi trimetallic catalyst, the ternary
alloy structure facilitates electron transfer from Ni to Pd/Bi,
generating electron-rich Pd and Bi active sites that optimize
the adsorption behavior toward reaction intermediates
(Fig. 8c)."*° This electronic structure enhances electron injec-
tion into the C-O bond, effectively weakening and activating
the bond, thereby significantly reducing its cleavage barrier.
DFT free energy calculations reveal that the energy barrier for
C-0 bond cleavage on the PdNiBi surface is considerably lower
than that on PdBi and PdNi;Bi (Fig. 8d). As a result, the cata-
lyst achieves complete conversion of f-O-4 model compounds,
with yields of phenolic compounds and acetophenone reach-
ing 80-99% and 75-96%, respectively. Furthermore, the mod-
erate electronic structure ensures effective adsorption and acti-
vation of reactants while promoting smooth desorption of the
cleavage products (phenolics and acetophenone), thereby pre-
venting active site blockage. This contributes to the stability of
the catalyst over nine consecutive reaction cycles (Fig. 8e).
Metal oxide catalysts balance activity and stability in oxidative
cleavage pathways by modulating oxygen species generation
and electronic structures. Zou et al. found that during the cata-
lytic process over CuO nanorods, in situ formed and stabilized
Cu(0/1) mixed-valence active sites played a key role. Cu() sites
enhance the adsorption of the Caryl-O(C) bond and lower the
reaction energy barrier, achieving high yields of hydroquinone
(95.3%) and benzyl alcohol (88.6%) at —0.4 V (vs. RHE). In the
depolymerization of poplar lignin, a guaiacyl glycerol yield of
10.9 wt% with over 63% selectivity was obtained."*® In situ
Raman spectroscopy (Fig. 8f and g) confirmed that the reactant
PPE effectively suppressed the further reduction of Cu(l),
thereby maintaining its stability during the reaction. DFT cal-

View Article Online

Green Chemistry

culations (Fig. 8h) and QCM mass response analysis (Fig. 8i)
revealed that the adsorption energy of the Caryl-O(C) bond in
PPE on Cu(0/1) sites (—2.11 eV) was significantly stronger than
that on pure Cu (—1.52 eV). Moreover, the bond is directionally
activated via a specific adsorption configuration involving the
oxygen atom and the catalyst surface. Additional energy barrier
analysis (Fig. 8j) indicated that the Cu(0/1) sites reduced the
energy barrier of the rate-determining step for Caryl-O(C)
bond cleavage from 0.83 eV on pure Cu to 0.53 eV, markedly
enhancing the reaction kinetics. For NiFe,O, spinel, Ni-Fe
synergy homogenizes the electron distribution, reducing the
C-0 bond cleavage activation energy. In 1.0 M KOH, it demon-
strates 82% PPE conversion with 72% phenol selectivity,
requiring an overpotential of only 190 mV at 10 mA cm™?, suit-
able for alkaline lignin depolymerization.'*® Table 6 highlights
the critical influence of catalyst composition and electrolyte
media on the C-O bond cleavage efficiency. A key trend is the
superior performance of multi-metallic systems and integrated
carbon architectures across diverse solvent environments. For
instance, while NiFe,0, (entry 4) achieves 82% conversion in
alkaline methanol, more sophisticated PtNiBi (entry 2) demon-
strates near-quantitative conversion 98.6% in ionic liquids.
Additionally, the data reveal high versatility in reaction con-
ditions, ranging from high-current-density organic systems for
Ni-Co/C (entry 1) to acidic aqueous media for CuO (entry 7),
yielding 98.8% hydroquinone. This comparison underscores
that optimizing the electrode-electrolyte interface is pivotal for
tailoring adsorption-cleavage pathways of specific aryl-ether
linkages. Catalyst stability is a key bottleneck in the practical
application of lignin electrocatalytic conversion. Data from
Table 6 show that polymetallic systems (e.g., PtNiBi) and
carbon composite structures exhibit excellent stability (>72 h)
in special media such as ionic liquids. In contrast, in aqueous
or alcoholic phases, metal oxide catalysts (e.g., NiFe,0,) may
deactivate due to agglomeration during prolonged operation.
Therefore, designing catalysts that can withstand complex reac-

Table 6 Summary of the electrochemical performance of representative catalysts for C—O bond cleavage of lignin-derived monomers

Catalyst
Conc. Conv. FE stability Deactivation
No. Catalyst  Electrolyte (mM) Conditions (%) Yield (%) (%) (h) mechanism Ref.
1 Ni-Co/C* DES/CH;CN 0.1 PPE 80 mA cm™> 91.86 Benzaldehyde: 36.3, — 6 — 134
benzoic acid: 44.64,
acetophenone: 23.29
2 PtNiBi®  [Emin][BF,/MeCN 5PPE  —2.0 Vvs. Ag/AgCl 98.6  Phenol: 79.5, — 72 — 139
acetophenone: 86.9
3 ZnIn,S,“  Borate buffer/ 10 BPE 2.0 Vvs. Ag/AgCl — 534 24 — 135
acetonitrile
4 NiFe,0,“ KOH/CH;0H 1 PPE 25 mA cm ™2 Phenol: 72 — 30 Catalyst 136
agglomeration
5 pt? NaCl/CH;0H 20 BPE 25 mAcm™> 95.2 Benzaldehyde — — — 137
dimethyl acetal: 94.5
6 Carbon TBAPF¢/NiCl, 10 BPE 20 mA cm™? Toluene: 90, phenol: 84 14.5 25 — 138
paper”
7 CuO* Acidic aqueous 5 BPE —0.4 Vvs. RHE 96.5 Hydroquinone: 98.8, — 20 — 133

“ H-cell. ? Single-cell.
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tion media while resisting leaching or aggregation of active
components is essential for achieving efficient and stable
lignin electrolysis.

System optimization involves adjusting the reaction
medium, temperature, current density, and applied potential.
Medium selection must balance lignin solubility, ionic con-
ductivity, and intermediate stability. Methanol exhibits an
excellent performance in a-O-4 cleavage by hydrogen bonding
with BPE. Deep eutectic solvents (DES, such as choline chlor-
ide-ethylene glycol) promote the cleavage of p-O-4 through a
free radical-stabilized hydrogen bond network. Ionic liquids
(e.g., [Emim][BF,]) inhibit the hydrogen evolution reaction in
the reduction system, and a co-solvent with methanol can
enhance mass transfer. The electrolyte usually participates in
the reaction outside of ion conduction. For example, TBAPF6
is superior to NaClO, in the Ni system by avoiding phenol oxi-
dation. The conversion rate of BPE reached 95.2% by chlorine-
free radicals generated in NaCl solution. The alkaline electro-
lyte (e.g., 1.0 M KOH) deprotonated the phenolic hydroxyl
group, which reduced the overpotential of nickel ferrite by
50 mV and increased the conversion rate by 15%. Temperature
modulates reaction kinetics. Although most electrocatalytic
systems operate at room temperature, R-ZIS requires 65 °C to
accelerate the formation of "OH (increasing the BPE conversion
from 70% to 99%). Electrical parameters dictate performance
boundaries. For the electrochemical reduction reaction, the
CuO peak has a more negative potential at —0.4 V vs. RHE, and
the hydrogen evolution reaction will reduce the yield of benzyl
alcohol. During the oxidation process, Ni-Co/C reached the
maximum value of PPE depolymerization at 80 mA cm?,
while the product was overoxidized to CO, when the current
was over 100 mA cm ™2,

Wijaya et al. leveraged a stirred slurry electro-reactor (SSER)
to realize the electrocatalytic hydrogenation of guaiacol under
mild conditions. Kinetic studies elucidated that the reaction
was governed by mass transport and particle-electrode
contact, with demethoxylation identified as the rate-determin-
ing step (RDS). Notably, the system maintained superior stabi-
lity at industrially relevant current densities (>100 mA cm™2),
thereby validating its scalability for biomass valorization."*
Conversely, to circumvent the economic constraints of mem-
brane-dependent architectures, Huang et al. engineered a
membraneless paired electrolysis platform. This system facili-
tated the synergistic coupling of cathodic lignin hydrogenoly-
sis with anodic C-H/N-H cross-coupling. Operating with a
carbon felt anode and Ni foam cathode, the protocol achieved
the quantitative cleavage of C-O linkages in -O-4 models, con-
currently yielding acetophenone and triarylamine derivatives
with high selectivity. Importantly, this strategy demonstrated
broad compatibility with various functional groups. It was par-
ticularly effective for oxidation-sensitive phenolic hydroxyl
groups. The approach also featured a simplified and cost-
efficient reactor design.™**

In the electrocatalytic activation of C-O bonds in biomass-
derived compounds, transition metal-based catalysts (such as
nickel, cobalt, copper, silver, etc.) can enhance the reaction

This journal is © The Royal Society of Chemistry 2026
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activity and selectivity through structural optimization (alloy-
ing, single-atom modification, heterostructure construction,
etc.). However, this field still faces multiple challenges. Firstly,
the types of C-O bonds in biomass are complex (ether bonds,
hydroxyl groups, epoxy groups, etc.), and the bond dissociation
energies and reactivity vary significantly, making it difficult to
precisely regulate the activation pathways. Secondly, the stabi-
lity of the catalysts is insufficient; some systems are prone to
performance degradation during cyclic use due to the loss of
active sites or carbon deposition. In addition, it is challenging
to control product selectivity, which is easily interfered by com-
peting side reactions such as excessive hydrogenation and C-C
bond cleavage. Therefore, future research should utilize high-
precision theoretical calculations (DFT) and in situ characteriz-
ation techniques to analyze the dynamic reaction pathways of
C-0O bond activation and the evolution laws of intermediates,
and establish a structure-activity relationship model between
the electronic structure of the catalyst and reaction perform-
ance. It is necessary to systematically study the interaction
mechanism between complex components and the catalyst
surface, and develop anti-poisoning and high-stability catalytic
systems to overcome the bottlenecks of selectivity and stability,
thereby promoting the transition of electrocatalytic C-O bond
activation technology from model systems to practical indus-
trial applications.

4 Electrocatalytic activation of C-C
bonds

The targeted valorization of biomass into high-value chemicals
represents a critical pathway toward achieving carbon neutrality
and advancing sustainable development.'**>'** The activation of
C-C bonds is the key to achieving the conversion of biomass.
Electrocatalytic cleavage of C-C bonds enables precise molecular-
level product control through selective bond scission, yielding
target products.'**'*> However, the efficiency of electrochemical
C-C bond cleavage is largely determined by electrocatalyst pro-
perties, including electronic structure, crystallinity, and coordi-
nation environment, which control substrate/intermediate
adsorption-desorption.'**'*® At present, the strategies for modu-
lating and designing electrocatalysts are widely applied to the
cleavage of C-C bonds in biomass-derived compounds. In this
section, we introduce two types of biomass-derived compounds,
namely, polyols and lignin-based compounds.

4.1 Polyol cleavage: valorization of small molecules

Glycerol, a low-value byproduct of biodiesel production, is a
common biomass model compound. Controlled C-C bond
cleavage can convert glycerol into valuable products such as
formic acid (C1), glycolic acid (C2), and oxalic acid (C2).
Precise catalyst and reaction system design is essential for con-
trolling product formation.

Formic acid (FA), produced through complete C-C bond
cleavage of glycerol, serves as a vital industrial feedstock and
an efficient hydrogen storage carrier. Research on the electro-
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catalytic oxidation of glycerol into FA primarily focuses on
non-precious metal systems, due to their low cost and great
activity. Li et al. developed nickel-molybdenum-nitride nano-
plates on carbon cloth (Ni-Mo-N/CFC) as electrocatalysts,
enabling FA production from glycerol in alkaline solutions at a
cell voltage of 1.36 V (10 mA cm?) with 95% FE.'*” Doping
strategies are commonly used to enhance electrocatalyst per-
formance. Han et al. reported doping Co;0, with transition
metals (M = Mn, Fe, Co, Ni) to synthesize MCo0,0, spinel-struc-
tured catalysts for glycerol electrooxidation.’*® The CuCo,0,
catalyst exhibited a superior performance, achieving up to
80.6% FA selectivity. However, the cleavage mechanism of the
C-C bond was unexplained. Duan et al. demonstrated that Bi-
doped Co;0, achieved efficient glycerol conversion with a
current density of 400 mA cm™> at 1.446 V vs. RHE and 97%
FE of FA (Fig. 9a)."*° DFT calculations reveal that Bi doping
modulates the active sites of Co;0,, promoting OH* generation
at adjacent Co>(Td) sites and facilitating C-C bond cleavage,
while significantly lowering the energy barrier of the rate-deter-
mining step (from 1.00 to 0.67 eV). Electronic structure ana-
lysis further indicates that Bi enhances Co-O covalency and
reduces charge-transfer energy, thereby accelerating C-C clea-
vage and enabling more efficient FA production. He et al
demonstrated that the incorporation of Co into Ni(OH),
enabled a current density of 100 mA cm™> at 1.35 V with 94.3%
formate selectivity."”® DFT calculations and in situ Raman
measurements indicate that proton deintercalation from the
hydroxide lattice is a key step in the glycerol oxidation process.
The high deprotonation energy of Ni hydroxide (2.73 eV) limits
the glycerol oxidation rate, whereas Co doping lowers the
deprotonation energy (NiCo: 2.37 eV), accelerating proton dein-
tercalation, exposing more active oxygen sites, and thereby
facilitating charge transfer during C-C bond cleavage and
enhancing the overall reaction efficiency. Besides catalyst
design, cation effects in the electrochemical microenvi-
ronment are another key factor controlling formate selectivity.
Catalyzed by NiOOH, Gong et al. found that alkali metal
cations (Li", K, etc.) interacted specifically with glyceraldehyde
intermediates, significantly altering the product distribution
of glycerol electrooxidation (Fig. 9b).">" Li* can stabilize the
aldehyde intermediates, suppress oxidative pathways, and
promote non-oxidative C-C bond cleavage. In the LiOH electro-
lyte, in situ IRRAS revealed that the aldehyde intermediates
appeared during the first scan but rapidly vanished, while the
glycerate signals were weakened, indicating suppressed oxi-
dative pathways. DFT calculations further showed an adsorp-
tion energy trend of Li" > K" > no cations, suggesting that
cation-intermediate interactions weakened the adsorption of
aldehydes on the NiOOH surface, favoring C-C bond cleavage
and directing product selectivity.

Compared with FA, the selective generation of C2 products
is more challenging due to uncontrollable C-C bond cleavage
in glycerol. Moreover, each C2 molecule formed generates one
FA molecule. Consequently, high selectivity of C2 products
requires catalysts that balance C-C bond cleavage activity and
oxidation capability. The Au-based catalyst has been found to
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be suitable for generating C2 products. Zhang et al. achieved
the electro-conversion of glycerol to glycolate using a carbon
nanotube-supported gold catalyst (Au/CNT) in alkaline electro-
Iyte, with up to 85% glycolate selectivity at 50% glycerol con-
version.'®? Kim et al. prepared nanostructured Au catalysts via
electrochemical reduction of anodically treated Au films,
achieving 50.9% glycerol conversion and 47% glycolic acid
selectivity under optimized conditions (1.0 V vs. RHE, 1 M
KOH, 2 h) due to enhanced facet-dependent OH adsorption at
(100) and (110) sites and increased surface area (Fig. 9c).'>
Similarly, Shen et al. developed hollow bimetallic Au,Cu, cata-
lysts, delivering 90% glycerol conversion and 45% glycolic acid
selectivity.'> To gain insights into the role of copper in the
Au;Cu, catalyst, electrochemical in situ FTIR and DFT studies
were conducted to investigate the glycerol reaction pathways.
The results indicate that Au;Cu, exhibits stronger adsorption
of glycerol and its intermediates compared to monometallic
Ay, favoring the formation of glyceric acid, glycolic acid, and
formic acid, whereas Au tends to produce lactic acid. Notably,
tartronic acid, although detected in the FTIR spectra, was
absent from the solution after 30 min over Au,Cu,, suggesting
strong surface adsorption and subsequent cleavage, which
explained the increased yields of glycolic acid and formic acid.
These findings highlight the crucial role of copper in enhan-
cing the adsorption capacity and directing product selectivity
on Au;Cu;. Compared with precious metals, non-precious
metals have cost advantages. Gong et al. regulated C1/C2
(formate/oxalate) selectivity in glycerol electro-reforming by
incorporating phenanthrolines with electron-donating/with-
drawing groups into Ni(OH),. In situ Raman spectroscopy and
ultraviolet photoelectron spectroscopy (UPS) analysis indicate
that electron-donating groups promoted (-OMe) C-C cleavage
to product FA (C1), while electron-withdrawing groups (-NO,)
accelerated oxidation to oxalate (C2). Selectivity correlated line-
arly with Hammett parameters, with Ni-phen-NO, achieving
45.3% FE for oxalate in 2 M KOH (Fig. 9d).**>

Glucose is a common small molecule derived from
biomass. During the electro-oxidation of glucose to FA, Ni- and
Co-based catalysts exhibit excellent C-C bond cleavage per-
formance. Wang et al. developed a nanostructured NiCoP cata-
lyst supported on 3D Ni foam, achieving efficient glucose elec-
trooxidation to FA with 85% yield and a current density of
200 mA cm > at 1.47 V vs. RHE."®® The mechanism involves
anodic oxidative reconstruction of the catalyst to form a sand-
wich-structured NiCoOOH/NiCoP/Ni foam, where NiCoOOH
serves as the active site for glucose oxidation, while NiCoP
facilitates electron conduction to synergistically enhance the
reaction efficiency (Fig. 9e). Co doping lowers the Ni oxidation
potential and facilitates the Ni to NiOOH transformation,
thereby enhancing activity. In situ Raman and colorimetric
tests confirm an indirect oxidation pathway, where oxidized
NiCoOOH spontaneously converts sugars into formic acid.
Post-reaction characterization studies further show that bulk
NiCoP remains intact while an amorphous NiCoOOH layer
forms on the surface, clarifying the structure-activity relation-
ship. Chen et al. developed a nanostructured NiCuO catalyst

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 (a) Schematic illustration of the promoting effects of single-atom Bi doping on the coadsorption of OH* and glycerol; reproduced from ref.
149 with permission from the American Chemical Society, copyright 2022. (b) FEs of the glycerol oxidation products under 1.5 V vs. RHE for 30 min
in different alkaline solutions and 0.1 M glycerol; reproduced from ref. 151 with permission from Wiley-VCH GmbH, copyright 2022. (c) Schematic of
the mechanism of glycerol oxidation with OH and adsorption of intermediates on the surface of planar and RA—Au catalysts; reproduced from ref.
153 with permission from the American Chemical Society, copyright 2021. (d) Schematic illustration of the glycerol oxidation pathway and its corre-
lation with the Hammett parameters; reproduced from ref. 155 with permission from Wiley-VCH GmbH, copyright 2023. (e) Reaction cycle diagram
of electrocatalytic polyol on NiCoP/NF; reproduced from ref. 156 with permission from the American Chemical Society, copyright 2024. (f) Bader
charge of the Ni atom in NiCuO and NiO; reproduced from ref. 157 with permission from Elsevier, copyright 2024. (g) Schematic illustration of the
synthesis process for NiO/NiCo,0,4/NF; reproduced from ref. 158 with permission from Elsevier, copyright 2024. (h) The roles of y;-OH-Co** and
n2-O—Co®" in the GOR under alkaline conditions; reproduced from ref. 159 with permission from Wiley-VCH GmbH, copyright 2023.

derived from a bimetallic NiCu alloy on 3D Ni foam, achieving
94.6% FE and 93.3% selectivity for FA at 1.29 V (360 mV lower
than water splitting).'>” DFT analysis revealed that Cu incor-
poration reduced the Ni Bader charge in NiCuO, enhancing
the electron density for proton release (Fig. 9f), while the Ni

This journal is © The Royal Society of Chemistry 2026

d-band center closer to the Fermi level improved intermediate
adsorption/desorption and the catalytic activity. In addition,
Zhang et al. constructed a NiO/NiCo,O, porous nanowire
heterostructure on nickel foam, leveraging the high specific
surface area and rapid mass transfer capability of the one-
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dimensional porous structure, enhanced electron transfer via
bicomponent interfacial synergy, and modulation of the
d-band center by bimetallic sites to optimize the intermediate
adsorption energy, thereby achieving an efficient electro-
catalytic performance for the glucose oxidation reaction
(Fig. 9¢)."”® Duan et al. used cobalt oxyhydroxide (CoOOH) as a
catalyst and employed DFT to investigate the C-C bond clea-
vage mechanism in glucose oxidation.> The results indicate
that cleaving the C-C bond in R-CHOH-CHO to generate
HCOOH and R-CHO involves simultaneous oxidation and
dehydrogenation driven by two oxygen species: p;-OH-Co*
oxidizes the CHO group to form HCOOH, while p,-O-Co**
abstracts the H atom from R-CHOH to generate R-CHO
(Fig. 9h). Recently, Ma et al. prepared bimetallic oxide ultra-
thin nanosheets with Ni-O-Co electronic channels on nickel
foam (NiCoO-NS/NF) via a Cl™-corrosion and calcination strat-
egy. Leveraging the abundant active sites from the ultrathin
structure, efficient electron channels formed by Co®**-mediated
electron migration from Ni to Co via p-O ligands, and rapid
NiOOH active species formation, NiCoO-NS/NF achieved a
current density of 222.7 mA cm ™2 (at 1.4 V vs. RHE) and over
90% FE for glucose electrooxidation."®® DFT analysis further
revealed the mechanistic pathway of glucose oxidation.
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NiOOH-mediated glucose conversion begins with dehydro-
genation at the a-H position, forming CH,OH-(CHOH);-CHO-
CHO, which adsorbs onto the NiOOH surface. Under applied
potential, it transfers an electron to the circuit, generating
CeH;1106*. a-C is then oxidized by NiOOH, inducing C-C bond
cleavage to yield arabinose and formate, while NiOOH is
reduced to Ni(OH), and subsequently regenerated. Iterative
oxygenation, C-C cleavage, and dehydrogenation continue
until HCHO* is formed, which hydrates to the gem-diol (H,C
(OH),*) and is finally dehydrogenated by NiOOH to produce
formate as the final product. Table 7 highlights the synergistic
impact of catalyst composition and electrolyte environment on
the deep oxidation of polyols. The data reveal that Ni-based
non-noble systems (e.g., Ni-Mo-N/CFC and NiCoP/NF, entries
1 and 21) exhibit superior C-C bond cleavage capabilities at
1.3-1.5 V, converting glucose or glycerol into FA with high
selectivities (>85%). In contrast, while Au-based noble metal
systems (entries 10-17) are capable of driving the reaction,
they generally underperform compared to optimized tran-
sition-metal heterostructures in terms of selectivity or poten-
tial requirements. Furthermore, the performance of Ni(OH),/
NF in various alkaline media (entries 6-9) underscores the
critical role of electrolyte cations (e.g., Li*) in enhancing fara-

Table 7 Summary of the electrochemical performance of representative catalysts for C—C bond cleavage of polyols

Conc. Potential Conv. FE Catalyst Deactivation
No. Catalyst Electrolyte ~ (mM) (Vvs. RHE) (%) Sel. (%) (%)  stability (h) mechanism Ref.
1 Ni-Mo-N/CFC®* 1.0MKOH 100 (glycerol)  1.30 100 92(FA) 96 — — 147
2 CuCo0,0, “ 0.1 MKOH 100 (glycerol)  1.30 79.7  80.6(FA) 89.1 5 Substrate depletion 148
and pH drop
3 NiCo0,° 0.1MKOH 100 (glycerol)  1.26 61.6  65.3(FA) 85.5 — — 148
4 Bi-Co;0,” 1.0 MKOH 100 (glycerol)  1.35 — 97.0(FA) 97.1 200 Potential leaching 149
of Bi species
5  NiCo 1.0MKOH 100 (glycerol)  1.474 — 94.3(FA) 100 90 — 150
hydroxide”
6 Ni(OH),/NF* 2.0 MLIOH 100 (glycerol)  1.50 — — 81.3 24 (crude Impure component 151
glycerol) of the crude glycerol
7 Ni(OH),/NF* 2.0 M NaOH 100 (glycerol)  1.50 — — 73.0 — — 151
8  Ni(OH)/NF*  2.0MKOH 100 (glycerol)  1.50 — — 64.0 — — 151
9 Ni(OH),/NF* 2.0 M CsOH 100 (glycerol)  1.50 — — — — — 151
10  Au/CNT? 2.0MKOH 1000 (glycerol) 2.44 50 85(GLOA)  — 12 — 152
11 RA-Auon Si’ 1.0MKOH 100 (glycerol) 1.0 72.4  46.6(GLOA) — 2 . 153
12 RA-AuonNF’ 1.0MKOH 100 (glycerol) 1.0 68.7 41.2(GLOA) — 2 — 153
13 Planar Au” 1.0MKOH 100 (glycerol) 1.0 12.4  42.3(FA) 38.66 2 — 153
14  AulCu1® 1 M KOH 100 (glycerol)  1.23 72.9  48.3(GLOA) 404 C Consumption of 154
electrolyte solution
15 AulCu2’ 1 M KOH 100 (glycerol)  1.23 59.9  43.0(GLOA) 46.5 — — 154
16  Au2Cut” 1M KOH 100 (glycerol)  1.23 50.4  47.1(GLOA) 484 — — 154
17 A’ 1 M KOH 100 (glycerol)  1.23 53.9  34.2(LA) 152 — — 154
18  Ni(OH),” 2 M KOH 100 (glycerol)  1.50 — — 400 — — 155
19  Ni-phen-NO,” 2 M KOH 100 (glycerol)  1.50 — — 45.3 50 — 155
20  Ni-phen-OMe’ 2 M KOH 100 (glycerol)  1.50 — — 927 — — 155
21 NiCoP/NF* 1 M KOH 50 (glucose) 1.47 100  85.2(FA) 82.0 4 (8 cycles) — 156
22 NiCuO” 1.0MKOH 100 (glucose)  1.15 100  93.3(FA) 94.6 24 — 157
23 NiO/NiCo,0,/ 1.0 MKOH 100 (glucose)  1.45 — 72.0(FA) 100 24 Change in the 158
NF? substrate
concentration
and pH value
24  CoOOH/CC’ 1.0 MKOH 100 (glucose)  1.48 — — 740 30 — 159
25  NiCoO-NS/NF* 1.0 MKOH 100 (glucose)  1.50 95.6  71.0(FA) 732 50 — 160

GIOA: glycolic acid; LA: lactic acid; FA: formic acid. * Single-cell. * H-cell. ¢ Flow-cell.
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daic efficiency. In conclusion, the rational design of transition-
metal heterojunctions combined with electrolyte microenvi-
ronment optimization offers a highly effective, low-energy
alternative to noble metals for the sustainable valorization of
complex polyols into high-value small-molecule organic acids.
Catalyst stability is equally crucial for continuous C-C bond
cleavage processes. As shown in Table 7, Ni- and Co-based
non-precious metal catalysts demonstrate stability ranging
from several to tens of hours during the deep oxidation of
glucose and glycerol. However, under high substrate concen-
trations, strongly alkaline conditions, or prolonged operation,
deactivation may occur due to oxidation of active sites, surface
reconstruction, or drastic local pH changes during the reac-
tion. For example, the deactivation of CuCo,0, (entry 2) is
associated with substrate depletion and pH decrease.
Therefore, developing new catalyst systems that maintain struc-
tural stability and resist deactivation under industrial operat-
ing conditions is essential for achieving the efficient electro-
lytic refining of biomass-derived polyols.

The accurate resolution of reaction pathways is the corner-
stone of electrocatalytic mechanism research, yet traditional
H-type electrolytic cells are prone to artifacts due to the poor
stability of reactive intermediates. A prime example is the
electro-oxidation of glucose to formic acid, which was long
believed to proceed via the aldonic acid route. Duan et al. over-
turned this conventional wisdom by deploying a single-pass
continuous flow reactor (SPCFR). Through the optimization of
fluid dynamics and a separated feeding strategy, they effec-
tively mitigated the non-faradaic degradation of aldehyde
intermediates. By integrating an in situ acid-quenching mecha-
nism within the SPCFR, the team successfully captured transi-
ent aldehyde species, thereby validating that the reaction pro-
ceeded via a stepwise a-scission aldose route. Beyond mechan-
istic insights, the nine-module stacked SPCFR exhibited excep-
tional productivity (81.8% single-pass conversion; 562.8 mM
concentration), bridging the gap between fundamental
mechanistic inquiry and scalable biomass upgrading.’® With
the reaction mechanism clarified, the next frontier lies in the
precise manipulation of C-C bond cleavage depth to maximize
product value. Ma et al. addressed this by designing a Pt@Ni
(OH),., catalyst enriched with Ni-O-Pt interfaces and oxygen
vacancies. This architecture enabled the tunable electro-oxi-
dation of glycerol, allowing for a decisive switch between C-C
bond preservation (C2 pathway) and deep scission (C1
pathway). At industrial current densities, the system delivered
remarkable selectivities for glycolic acid (95%) and formic acid
(92%). A solar-powered reactor with an Internet system-inte-
grated reactor platform facilitated the ‘one-click switching’ of
target products from real-world substrates, underscoring the
transformative potential of controllable C-C activation in sus-
tainable plastic upcycling and biorefineries."®*

4.2 Lignin depolymerization: strategies for C-C bond cleavage

Lignin, a major component of lignocellulosic biomass, is the
largest natural source of renewable aromatics, offering signifi-
cant potential to replace fossil resources in producing high-

This journal is © The Royal Society of Chemistry 2026
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value chemicals.'®*'® Electrooxidation can selectively break
C-C bonds in lignin, such as C,~Cg bonds in the f-O-4 lin-
kages, under mild conditions through catalyst design or
applied potential/current regulation. Selective cleavage of C,—
Cp bonds or Cg-O bonds can improve the yield of target pro-
ducts. However, selective cleavage of C,~Cp bonds (84-90 keal
mol™') is particularly challenging due to their higher dis-
sociation energy compared to Cg-O bonds (62-70 kcal
mol)."®*'% Therefore, enhancing the activity and selectivity
of the catalyst remains a key research focus.

The p-O-4 linkage, which constitutes nearly 50% of lignin’s
structural units, poses significant challenges for selective clea-
vage due to a high C,-Cg bond dissociation energy, poor
selectivity control, and steric hindrance, creating a major bot-
tleneck for lignin’s targeted conversion into high-value
chemicals.'*>'%*%” Wang et al. reported a strategy employing
an atomically dispersed platinum electrocatalyst (Pt;/N-CNTs)
to facilitate C,~Cp bond cleavage by promoting Cg radical inter-
mediates (Fig. 10a).'°® DFT calculations revealed that tert-butyl
hydroperoxide (‘BuOOH), used as a radical initiator, generated
‘BuO- or ‘BuOO- radicals via highly exothermic processes
(-2.85 eV and -2.32 eV, respectively), which subsequently
underwent C-O coupling with Cy radicals to form an unstable
adduct. The adduct readily undergoes C,~Cg bond cleavage,
producing benzaldehyde, phenyl formate, and tert-butanol,
achieving 99% dimer conversion and 81% benzaldehyde yield.
Similarly, Fang et al. proposed a method for breaking the C,-
Cs bond using a dodecyl sulfate-intercalated cobalt sulfide
(DS-CoS) nanocone catalyst.'®® DFT calculations indicate that
surface Co®>" on DS-CoS nanocones is oxidized to Co**OH at
low potential, generating hydroxyl radicals, which abstract an
H-atom from C,—OH of p-O-4 to form C,-O°, which signifi-
cantly reduces the Cg-O bond dissociation energy from 64 to
40 kcal mol™, thereby enabling adjacent C-C bond cleavage
via p-scission (Fig. 10b).

Phenethyl alcohol and its derivatives with C(OH)-C or
C(0)-C units are commonly used as model compounds to
imitate the study of the B-O-4 bond. Duan et al. reported a
novel C-C bond scission mechanism using a manganese-
doped cobalt oxyhydroxide (MnCoOOH) catalyst with phe-
nethyl alcohol and acetophenone as substrates (Fig. 10c).’”®
Mechanistic studies indicate that C,-Cg bond cleavage is
driven by in situ-generated OH* radicals under alkaline con-
ditions, proceeding via the generation of OH (barrier: 1.29 eV)
rather than the more energetically demanding deprotonation
step (1.66 eV). Specifically, phenethyl alcohol undergoes
a-hydrogen (H,) deprotonation to form a nucleophilic alkox-
ide. Subsequently, the adsorbed hydroxyl radical (OH*) species
promote p-hydrogen (Hg) elimination to generate the corres-
ponding ketone. Hydroxide ions facilitate the formation of a
carbanion intermediate during keto-enol tautomerization that
is readily attacked by electrophilic OH* to yield 2-hydroxyaceto-
phenone. Benzoate is ultimately formed through dehydrogena-
tion, geminal diol formation, and C-C bond cleavage.

Ketone-alcohol (KA) oil, derived from the hydrogenation of
lignin-derived phenolics, primarily comprises cyclohexanol
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Fig. 10 (a) Proposed mechanism of Pt;/N-CNT-catalyzed conversion of 2-phenoxy-1-phenylethanol (representative -O-4 dimeric model com-
pound); reproduced from ref. 168 with permission from the American Chemical Society, copyright 2021. (b) Proposed mechanism for the electro-
catalytic oxidation of $-O-4 over DS-CoS nanocones; reproduced from ref. 169 with permission from Elsevier, copyright 2023. (c) A plausible
tandem nucleophilic oxidation reaction (NOR) mechanism for the electrochemical oxidation of 1-phenylethanol; reproduced from ref. 170 with per-
mission from Wiley-VCH GmbH, copyright 2021. (d) The time sequence of typical snapshots of cyclohexanone diffusion dynamics on pure Ni(OH),
and Ni(OH),-SDS; reproduced from ref. 172 with permission from Springer Nature, copyright 2022. (e) The time sequence of typical snapshots of
cyclohexanone diffusion dynamics on (g and h) Coz04 and (i and j) Coz04/GDY; reproduced from ref. 173 with permission from Wiley-VCH GmbH,
copyright 2023. (f) The electrooxidation performance of cyclohexanol to adipic acid over Cu—Ni(OH), and Ni(OH),; reproduced from ref. 174 with
permission from Wiley-VCH GmbH, copyright 2022. (g) The proposed reaction process for the cyclohexanol/cyclohexanone oxidation reaction on
the Cug g1Nig 19 catalyst; reproduced from ref. 175 with permission from Elsevier, copyright 2025. (h) OCP curves of Mn—Ni(OH),/CP-1 and Ni(OH),/
CPin 1 M KOH and 0.1 M KA oil; reproduced from ref. 176 with permission from the American Chemical Society, copyright 2024.

and cyclohexanone. Electrocatalytic oxidation of KA oil offers a  the oxidation of KA oil, the cleavage of C(OH)-C bonds within
sustainable alternative route for synthesizing adipic acid, a cyclohexanol and C(O)-C bonds within cyclohexanone rep-
critical structural unit in industrial nylon 66 production. In resents the core step for achieving the synthesis of adipic acid.
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Ni-based catalysts have garnered significant attention due to
their excellent activity in KA oil electrooxidation. In 2004,
Petrosyan et al. reported the electrocatalytic oxidation of KA oil
to adipic acid using a nickel oxyhydroxide (NiOOH) catalyst.'”*
However, the low current density remains an unresolved issue.
To enhance the performance of Ni-based catalysts, Duan et al.
proposed an electrocatalytic strategy using sodium dodecyl sul-
fonate (SDS)-modified nickel hydroxide (Ni(OH),), achieving
efficient electrocatalytic oxidation of cyclohexanone to adipic
acid (Fig. 10d)."”* Crucially, SDS intercalation promotes the
enrichment of immiscible cyclohexanone in the aqueous
phase, resulting in a 3.6-fold enhancement in adipic acid pro-
ductivity and a FE increase from 56% to 93% compared to
unmodified Ni(OH),. To elucidate the diffusion mechanism of
cyclohexanone from the bulk electrolyte to the catalyst surface,
coarse-grained molecular dynamics (CGMD) simulations were
performed. The results indicate that cyclohexanone exhibits
low affinity toward the Ni(OH), surface and predominantly
remains in the bulk solution, whereas on SDS-intercalated Ni
(OH),, cyclohexanone primarily accumulates at the nanosheet
edges, facilitating its oxidation. DFT calculations further reveal
that during KA oil electrooxidation, cyclohexanol is first dehy-
drogenated on NiOOH to form cyclohexanone, which can
reversibly convert into enol or gem-diol intermediates under
alkaline conditions. Subsequent nucleophilic dehydrogenation
generates cyclohexane-1,2-dione, which is finally oxidized to
adipic acid. Similarly, Chen et al. employed a synergistic sub-
strate enrichment and adsorption activation strategy by con-
structing a Co;0,/graphdiyne (GDY) interfacial system."”* They
utilized the hydrophobic = domain of GDY to enrich cyclohexa-
none and simultaneously adjusted the d-band center of Co
sites to enhance adsorption activation, achieving efficient
adipic acid production (Fig. 10e). To investigate the synergistic
effect of Co;0, and GDY on adsorption and catalytic perform-
ance, DFT calculations and MD simulations were performed.
The results show significant interfacial charge transfer
between GDY and Co;0,, which shifts the d-band center of Co
sites closer to the Fermi level, enhancing the adsorption and
activation of cyclohexanone, H,O, and OH™. MD simulations
indicate that cyclohexanone is dispersed in the bulk electrolyte
over Coz0,4, while it predominantly accumulates at the edges
of Co;0,/GDY nanosheets, favoring electrocatalytic oxidation.
In addition, Wang et al. utilized Cu**-doped Ni(OH), electroca-
talysts, achieving 84% yield and 87% selectivity for adipic acid
via cyclohexanol oxidation (Fig. 10f).'”* To elucidate the reac-
tion pathway and intermediates, in situ IRRAS measurements
were conducted on Ni(OH), and 2% Cu-Ni(OH),. During elec-
trolysis, cyclohexanol characteristic peaks gradually decreased,
while cyclohexanone peaks appeared transiently before disap-
pearing, leading to the formation of adipic acid; additional
peaks at 1314 and 1190 cm ™" were attributed to accumulated
intermediates. Cu®** doping accelerated the consumption of
cyclohexanone and suppressed intermediate accumulation,
indicating that Cu facilitated C-C bond cleavage by promoting
radical formation. DFT calculations further revealed that cyclo-
hexanol first adsorbed and lost a hydroxyl hydrogen to form
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radicals, followed by cyclohexanone formation and C,~Cg bond
cleavage to yield adipic acid. Cu doping substantially lowers
the energy barrier for radical generation (from +0.54 to —1.02
eV), thereby accelerating the oxidation process. Recently, Chen
et al. developed 3D dendritic nickel-copper alloy arrays
(Cug.g1Nig 19/NF) via electrodeposition, achieving co-electro-
synthesis of adipic acid from KA oil (>90% FE, 0.6 mmol h™*
yield) in a membrane-free flow electrolyzer.'”> In situ spec-
troscopy reveals that the alloy promotes the direct formation of
active NiOOH species for cyclohexanone-to-adipic acid conver-
sion through 2-hydroxycyclohexanone and 2,7-oxepanedione
intermediates (Fig. 10g). DFT calculations indicate that cyclo-
hexanone adsorption on CuggNig, (—1.82 eV) is lower than
that on Ni (-1.77 eV) and Cu (-1.40 eV), and differential
charge density analysis shows enhanced electron density in
the alloy layers, suggesting a significant electronic interaction
between Ni and Cu. Furthermore, Mn can also enhance the
electrochemical performance of Ni(OH),. Shen et al. achieved
selective electrooxidative cleavage of C(OH)-C/C(O)-C bonds in
KA oil to adipic acid (46.8% selectivity) at 50 mA mg™"' using
Mn-doped Ni(OH), freestanding electrodes, where Mn-Ni elec-
tronic interactions optimize substrate adsorption while main-
taining oxygen evolution inertness (Fig. 10h).'”®

Optimizing the reactor design offers an effective route to
address the depolymerization challenges posed by lignin’s
highly complex cross-linked network. Stiefel et al. innovatively
constructed an electrochemical reaction system coupling a 3D
structured electrode with membrane separation technology,
achieving efficient lignin depolymerization at ambient temp-
erature and pressure. Benefiting from this unique reactor
design, the system effectively disrupts intricate C-C and C-O
bond networks within 4 h, converting lignin into monomers.
Crucially, by integrating membrane filtration, the system success-
fully realizes the continuous online separation of products,
offering a new paradigm for mild lignin conversion."”” Building
upon efficient depolymerization and separation, exploring energy
coupling and product valorization becomes increasingly signifi-
cant. Se-Jun Yim et al designed an integrated modular flow
system utilizing redox-active phosphomolybdic acid (PMA) as
both a catalyst and an electron mediator. This approach success-
fully achieved the synergistic co-production of continuous lignin
valorization and low-voltage green hydrogen. Through tandem
flow operation, the system effectively circumvents the energy-
intensive oxygen evolution reaction (OER), reaching a hydrogen
production current density of 20.5 mA cm™> at a low voltage of
1.5 V. This provides a novel paradigm for coupling biomass con-
version with energy storage.'”®

Electrocatalytic C-C bond cleavage in biomass-derived com-
pounds is a pivotal strategy for biomass valorization.
Transition metal-based catalysts (e.g., Ni, Co) enhance the reac-
tion efficiency through structural optimization, but challenges
include ambiguous mechanisms, catalyst stability, and
product selectivity. Additionally, while most current research
focuses on model compounds like glucose, the electrocatalytic
conversion of native biomass materials (e.g., lignin, crude gly-
cerol) remains underdeveloped due to complex challenges
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arising from multicomponent mixtures, including competing
reactions, mass transfer resistance, and catalyst degradation.
Therefore, future efforts should leverage high-precision theore-
tical calculations and machine learning to decode the dynamic
mechanisms of C-C bond cleavage in model compounds and
establish structure-activity relationship models, while simul-
taneously conducting studies on native biomass conversion to
reveal the interaction rules between their components and
catalyst surfaces, thereby overcoming selectivity and stability
hurdles to facilitate the transition of electrocatalysis from
model systems to practical applications.

5. Conclusions and perspectives

Electrocatalytic bond activation has emerged as a transforma-
tive strategy for sustainable biomass valorization, enabling
precise molecular reconstruction under mild conditions. This
review comprehensively analyzed the mechanisms, catalyst
design principles, and reaction engineering strategies for the
activation of C-H, C-O, and C-C bonds in key biomass plat-
forms (e.g., glucose, glycerol, HMF, lignin derivatives). Key con-
clusions and future perspectives are outlined as follows.

5.1 Key advances

In terms of mechanistic insights, significant progress has
been made in understanding the activation of different bonds.
For the C-H bond, surface-mediated PCET pathways enable
the selective oxidation of carbohydrates (such as glucose C1/
C6), polyols (like glycerol primary/secondary -OH), and furans
(including HMF aldehyde/hydroxymethyl). This achieves high-
value products (glucaric acid, DHA, FDCA) with over 90%
selectivity. Regarding the C-O bond, reductive hydrogenolysis
(via Haqs species) and oxidative cleavage (via ROS such as
‘OH/"0,") allow for the selective scission of lignin $-O-4 lin-
kages and furfural C=0 bonds, yielding monomeric aromatics
and BHMF with FE exceeding 95%. As for the C-C bond,
radical-driven (e.g., "OH) or bifunctional-site-mediated cleavage
strategies convert lignin C-C bonds and polyols (glycerol/
glucose) into adipic acid, formate, and glycolate, overcoming
high bond dissociation energies. In catalyst innovations, elec-
tronic modulation through methods such as alloying, doping,
and heterojunctions optimizes d-band centers to enhance
bond adsorption and activation. Structural engineering,
including the development of single-atom catalysts, high-
entropy alloys, and defect-rich oxides, maximizes atomic
efficiency and stabilizes intermediates. Interface design with
synergistic sites helps suppress side reactions like C-C clea-
vage and over-oxidation. Process optimization has also seen
advancements. Potential-dependent selectivity, such as low
potential for C3 retention in glycerol oxidation, allows for con-
trolled reactions. pH-controlled pathways, where alkaline
media are suitable for C-H oxidation and neutral media are
favorable for C=0O hydrogenation, contribute to efficient pro-
cesses. In addition, the rational design of catalysts coupled
with the synergistic innovation of reactor engineering serves as
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the twin pillars underpinning the evolution of biomass electro-
catalysis. Advanced reactor configurations, such as flow cells
and SPE systems, have proved to be instrumental in optimizing
mass transport and steering reaction pathways, thereby suc-
cessfully spanning the divide between fundamental mechanis-
tic exploration (e.g., intermediate capture) and engineering-
scale application. The development of intelligent, integrated
platforms that combine conversion, separation, and energy
coupling represents a critical frontier. Such an integrated
approach is necessary to overcome existing technological bar-
riers and enable viable commercial-scale industrialization.

5.2 Persistent challenges

Selectivity control remains a major hurdle, particularly in
differentiating chemically similar bonds, such as primary
versus secondary -OH in glycerol and C,-Cy versus Cg-O in
lignin. Additionally, suppressing competing reactions, such as
furan ring opening during HMF reduction and repolymerization
of lignin fragments, poses significant challenges. Catalyst limit-
ations are another key issue. The dependence on noble metals
(e.g., Pt/Pd for C-H activation) leads to high costs. Deactivation
due to the strong adsorption of intermediates or products (e.g.,
glucaric acid poisoning) and structural instability under oper-
ational conditions (e.g;, aggregation of single-atom sites) further
restricts the efficiency and longevity of catalysts. System compat-
ibility is also problematic. The reliance on harsh electrolytes (e.g.,
strong alkalis cause corrosion) can limit the applicability of the
processes. Low mass transfer efficiency for macromolecular
biomass (e.g., lignin) and scalability barriers in coupled reactions
(e.g., anodic oxidation/cathodic reduction pairing) hinder the
practical implementation of electrocatalytic bond activation for
biomass valorization.

5.3 Future perspectives

For next-generation catalysts, bio-inspired precision is a prom-
ising direction, involving the design of catalysts with spatial
confinement (e.g., SACs@MOFs) or multiple interaction sites
to distinguish similar functional groups. At present, achieving
peak performance in electrocatalysis remains heavily reliant
on precious metal catalysts, particularly for C-H bond acti-
vation. Consequently, there is an urgent need to develop non-
precious metal catalysts (e.g., Ni, Fe, and Cu-based materials)
that exhibit noble-metal-like activity. Additionally, creating
dynamic interfaces with self-healing or potential-adaptive sur-
faces to resist poisoning can enhance catalyst stability.
Mechanism-driven innovation will play a vital role. The use of
in situloperando techniques, such as time-resolved spec-
troscopy (e.g., IR, Raman) and computational Al, to map reac-
tion dynamics at solid-liquid interfaces can deepen our under-
standing of the underlying processes. Machine learning appli-
cations to predict bond dissociation pathways and optimize
catalyst descriptors (e.g., d-band center, O/P adsorption
energy) will accelerate catalyst development. Integrated system
design is another area of focus. Exploring mild-condition cata-
lysis, such as non-oxygen-dependent pathways (e.g., halogen-
mediated radical reactions) for neutral-pH operation, can
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improve process compatibility. Energy-coupled systems that pair
anodic biomass oxidation with cathodic H,0, production or CO,
reduction to achieve net-zero energy consumption are also prom-
ising. Prioritizing native biomass valorization using real feed-
stocks (e.g, crude glycerol, lignocellulose) over model com-
pounds, while addressing multicomponent interference, is essen-
tial for practical applications. In terms of sustainability metrics,
developing life-cycle assessment frameworks to quantify environ-
mental and economic benefits (e.g., carbon footprint, E-factor
reduction) and establishing standardized testing protocols for
catalyst stability (>1000 h operation) and product separation
efficiency are necessary to ensure the long-term viability and sus-
tainability of electrocatalytic biomass valorization.
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