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Abstract

Electrocatalytic glycerol oxidation to formic acid (FA) offers a sustainable route for biomass
valorization, yet non-noble metal catalysts generally suffer from sluggish C-C bond cleavage
and poor product selectivity. Here we report an amorphous nickel–cobalt oxyhydroxide
bearing both metal and oxygen vacancies (D-NiCoOxHy-VCr,O), grown on nickel foam via
one-step electrodeposition followed by electrochemical activation with Cr doping. The
coexistence of the dual vacancies is experimentally confirmed by X-ray photoelectron
spectroscopy (XPS), which reveals elevated Ni3+/Co3+ ratios and reduced lattice oxygen,
and by electron paramagnetic resonance (EPR), which shows a markedly enhanced signal at
g = 2.003. Building on prior Cr-leaching approaches in single-metal nickel oxides, this work
extends dual-vacancy engineering to an amorphous bimetallic NiCo oxyhydroxide and
correlates the defect structure with glycerol-induced interfacial responses, charge-transfer
behavior, and product selectivity. The catalyst delivers 200 mA cm−2 at 1.31 V vs. RHE and
achieves 100% Faradaic efficiency for formate at 1.32 V vs. RHE. In situ electrochemical
impedance spectroscopy further reveals a significantly reduced charge-transfer resistance.
These results establish Cr-assisted dual-vacancy engineering in amorphous bimetallic
oxyhydroxides as a promising strategy for selective biomass electrooxidation.

Keywords: vacancy; electrocatalytic; formic acid; glycerol electro-oxidation

1. Introduction
Glycerol is the major by-product of biodiesel manufacture and an abundant renewable

platform molecule for producing value-added chemicals [1–5]. Owing to its three hydroxyl
groups, glycerol oxidation can either retain the carbon skeleton to form C3 products or
involve C-C bond cleavage to generate C2 and C1 products [1,3–5]. Formate is particu-
larly attractive because complete conversion of one glycerol molecule can preserve all
three carbon atoms within the same C1 product class, while the anodic glycerol oxidation
reaction (GOR) can replace the kinetically sluggish oxygen evolution reaction (OER) in
paired electrolysis [4,6–9]. However, formate production requires coordinated glycerol
adsorption, dehydrogenation, oxygen-species transfer, C-C bond cleavage, and consecutive
oxidation of multicarbon intermediates. Incomplete cleavage leads to the accumulation
of glyceraldehyde, glycerate, glycolate, and oxalate, whereas excessive surface oxidation
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and competitive OER decrease carbon efficiency and Faradaic efficiency [1,3–9]. Therefore,
an effective glycerol-to-formate catalyst must regulate both reaction rate and pathway
selectivity rather than merely increase the anodic current.

Electrocatalytic GOR offers mild operating conditions, avoids stoichiometric chemical
oxidants, and can be coupled with hydrogen evolution or other cathodic reactions [4,6–9].
Nickel- and cobalt-based (oxy)hydroxides are promising non-noble catalysts because re-
versible Ni2+/Ni3+ and Co2+/Co3+ redox transitions can mediate alcohol dehydrogenation,
while bimetallic coupling regulates metal-oxygen covalency, interfacial charge transfer, and
intermediate adsorption [10–19]. Recent catalyst designs based on hydrogen-bond-network
regulation, NiOOH active-phase control, heterointerface construction, foreign-cation in-
corporation, amorphization, and multimetal electronic modulation have substantially
improved GOR kinetics and formate production [10–19]. Nevertheless, most introduced
elements remain as stable dopants, alloy components, or interfacial promoters. Such
strategies do not directly resolve whether a deliberately generated cation vacancy can coop-
erate with an oxygen vacancy to separate the functions of substrate adsorption, hydroxyl
activation, and C-C bond cleavage on amorphous NiCo oxyhydroxides.

Vacancy engineering provides a direct route to alter coordination number, charge
distribution, and adsorption strength at transition-metal sites. Xia et al. reported that
selective Cr leaching from NiCrO simultaneously creates Cr-site metal vacancies (VCr)
and oxygen vacancies (VO), enhances the co-adsorption of OH- and organic molecules,
and promotes glycerol-to-formate conversion [20]. Zhong et al. and Guo et al. showed
that oxygen-deficient oxide surfaces provide additional adsorption sites and accelerate
interfacial charge transfer [21,22], while Ren et al. linked VO formation to redistribution
of OH- adsorption sites [23]. In related oxyhydroxide electrocatalysis, Niu et al. demon-
strated that Cr vacancies redistribute charge on neighboring metal centers and optimize
oxygen-intermediate adsorption [24]. Zhai et al. further reported that multiple cation
and oxygen vacancies can regulate high-valent metal formation more effectively than an
isolated defect [25], whereas Zhao et al. and Rafei et al. associated cation deficiency or
sacrificial-metal dissolution with enhanced metal-oxygen covalency, distorted coordina-
tion, and accelerated oxyhydroxide reconstruction [26,27]. These studies indicate that a
Cr-induced metal vacancy is not an inert empty site: it can impose undercoordination and
electronic redistribution on adjacent Ni/Co centers, while the accompanying VO provides
a chemically distinct environment for hydroxyl adsorption and activation. The unresolved
issue is whether these two defects can be deliberately coupled in NiCo oxyhydroxide and
assigned complementary catalytic functions rather than treated simply as an increase in
total defect density.

Previous mechanistic studies also provide a basis for defining selective C-C bond
scission. Zhang et al. reported that electronically coupled Ni/Co sites lower the barrier
for active-*OH-mediated C-C cleavage and the subsequent dehydrogenation of C1 inter-
mediates [28]. Li et al. showed that Pd-Cu dual sites facilitate *OH generation, strengthen
glycerol adsorption, and decrease the energy barrier of the C-C-cleavage step [29], whereas
Han and Liu demonstrated that a direct C-C-cleavage route can suppress multicarbon side
pathways during formate electrosynthesis [30]. Zhang et al. further reported that differen-
tial adsorption of glycerol hydroxyl groups at Ni-O-Ce interfaces constrains the substrate in
a favorable configuration for directional C-C cleavage [31], and Wang et al. assigned com-
plementary adsorption and cleavage functions to different metal sites in multicomponent
nanosheets [32]. Conversely, catalysts and operating strategies that stabilize adsorbed C3

intermediates, promote their desorption, or alter potential-dependent surface coverage can
preserve glycerate or switch the dominant product pathway [33–36]. Suppressing inactive
high-valent Ni accumulation and competitive OER also broadens the potential window
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for formate formation [37–39]. Accordingly, selective C-C bond scission does not mean
indiscriminate rupture of every C-C bond. It denotes preferential adsorption of glycerol
and its C3/C2 intermediates in cleavage-prone configurations, followed by rapid sequential
conversion to C1 formate, while suppressing C3 retention, C2 accumulation, uncontrolled
overoxidation, and OER.

The postulation of coupled metal and oxygen vacancies is further supported by studies
that separate electronic regulation from oxygen-species activation. Shi et al. reported that
modulating the electron density of amorphous NiFe alloys changes oxygen-intermediate
adsorption and the formation of active Ni3+ species during biomass electrooxidation [40].
Ma et al. demonstrated that cooperative Lewis and Brønsted acid sites promote *OH
formation and formate selectivity [41], while Wu et al. showed that closely spaced oxygen
vacancies act cooperatively to facilitate charge transfer and the conversion of C2 intermedi-
ates into C1 products [42]. Other studies have established that interfacial hydrogen bonding,
oxygen-vacancy coordination, paired electrolysis, orbital-specific electron donation, and
controlled *OH coverage can determine whether oxygenated intermediates undergo C-C
cleavage or retain the multicarbon skeleton [43–49]. Beyond GOR, Li et al. reported that
phosphorus vacancies in ultrathin RuP nanosheets redistribute local charge and shift the
d-band center of neighboring Ru sites [50], and Fang et al. summarized how support
interactions, promoters, and adsorption energetics govern bond activation and product
selectivity in reforming catalysis [51]. These two studies are not direct GOR analogues, but
they reinforce the general defect-catalysis principle that vacancy-induced charge redistribu-
tion can tune adsorption and bond activation. Related glycerol electrolysis studies based on
high-entropy alloys, Mn-doped nickel phosphides, nickel selenides, vacancy-rich NiOxHy,
and composition-dependent active oxygen species further connect electronic structure,
oxygen adsorption, and product distribution [52–60]. In particular, Chen et al. showed that
vacancy-rich NiOxHy enables an adsorbed-oxygen-mediated C-C-cleavage pathway that is
inaccessible to oxygen-vacancy-poor beta-Ni(OH)2 [56]. Collectively, these results justify
a division-of-function hypothesis in which metal vacancies regulate the electron density
and adsorption strength of neighboring metal sites, whereas oxygen vacancies regulate
hydroxyl uptake and reactive oxygen coverage; their coupling should therefore influence
both GOR kinetics and cleavage selectivity.

Previous GOR studies have shown that oxygen vacancies can regulate OH- adsorption,
interfacial charge transfer, and C-C cleavage [21–23,42,56]. More directly, Xia et al. demon-
strated that selective Cr leaching in NiCrO simultaneously creates Cr-site metal vacancies
and oxygen vacancies and enhances the co-adsorption of OH- and organic molecules [20].
Relative to these reports, the present work extends Cr-assisted dual-vacancy engineering to
an amorphous bimetallic NiCo oxyhydroxide. Cr-assisted electrochemical reconstruction
generates coexisting Cr-derived metal and oxygen vacancies, while the combination of XPS
and EPR with in situ EIS, glycerol-induced OCP responses, ATR-FTIR, and product analysis
correlates the defect-modulated Ni/Co electronic structure with stronger glycerol-surface
interaction, lower interfacial charge-transfer resistance, and preferential conversion to C1

formate. D-NiCoOxHy-VCr,O reaches 200 mA cm−2 at 1.31 V vs. RHE and affords 100%
formate Faradaic efficiency at 1.32 V vs. RHE, with competitive activity among reported
non-noble-metal GOR catalysts. Thus, the principal contribution is the extension of Cr-
assisted dual-vacancy engineering from a single-metal oxide to an amorphous bimetallic
oxyhydroxide and the experimental support for a structure–performance relationship
between the coexisting vacancies and selective glycerol-to-formate conversion.
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2. Results and Discussion
2.1. Synthesis and Structural Characterization of Defect-Rich D-NiCoOxHy-VCr,O

NiCoCrOxHy was first grown on nickel foam (NF) by a one-step electrodeposition
method and then activated by cyclic voltammetry to generate metal and oxygen vacancies
(VM and VO), affording D-NiCoOxHy-VCr,O (Figure 1a). A control sample without Cr
doping, D-NiCoOxHy, was prepared under identical conditions for comparison. X-ray
diffraction (XRD) patterns of both D-NiCoOxHy and D-NiCoOxHy-VCr,O show no sharp
crystalline diffraction peaks across the 20 to 80 degree range (Figure S1), indicating an
amorphous structure for both samples. Transmission electron microscopy (TEM) images
reveal that D-NiCoOxHy-VCr,O adopts a nanosheet morphology (Figures 1b–d and S2) that
offers a large specific surface area favorable for exposing active sites. High-resolution
TEM (HRTEM) images (Figure 1e,f) show no long-range ordered lattice fringes, only a
maze-like disordered contrast consistent with the XRD result, and the corresponding fast
Fourier transform (FFT) pattern (Figure 1g) contains only two diffuse concentric rings
without discrete diffraction spots, confirming the amorphous nature of the catalyst at the
crystallographic level. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(Figure 1h) shows Ni, Co, Cr, and O uniformly distributed across the nanosheets without
detectable agglomeration or segregation. Beyond qualitative EDS mapping, quantitative
XPS analysis was performed to accurately determine the surface elemental composition
of D-NiCoOxHy-VCr,O. After excluding the ubiquitous surface carbon contamination, the
normalized atomic percentages of the inorganic elements were determined to be O = 66.0%,
Co = 13.8%, Ni = 13.9%, and Cr = 6.3%. This quantitative composition confirms the success-
ful incorporation of chromium into the NiCo oxyhydroxide lattice at a substantial level. The
quantitative XPS data thus provide a rigorous compositional basis for understanding the
dual-vacancy formation mechanism and the subsequent electronic modulation of Ni/Co
active sites.

2.2. Electronic Structure Modulation via Dual-Defect Engineering

XPS was used to probe the electronic structure of D-NiCoOxHy-VCr,O and D-
NiCoOxHy. The Ni 2p3/2 Ni2+/Ni3+ ratio of D-NiCoOxHy-VCr,O is 0.44, and the Co 2p3/2

Co2+/Co3+ ratio is approximately 0.39 (Table S1). In comparison, for the reference catalyst
D-NiCoOxHy, these ratios are 0.56 and 0.83, respectively (Figure 2a,b). Compared with
D-NiCoOxHy, D-NiCoOxHy-VCr,O exhibits an increased proportion of high-valence Ni3+

and Co3+ species, confirming that Cr-assisted electrochemical activation induces electronic
structure reconstruction. The formation of coupled metal and oxygen vacancies modi-
fies the local metal-oxygen coordination environment and promotes the stabilization of
electron-deficient Ni/Co active sites. This elevated oxidation state likely arises from two
cooperative effects: VM raises the local electron density at the catalyst surface while VO

withdraws electron density from neighboring metal ions, together stabilizing Ni3+/Co3+

species. The positive shift in O 1s binding energies after defect formation indicates a
modified oxygen coordination environment. This shift is associated with oxygen vacancy
generation, hydroxylation variation, and defect-induced electronic redistribution rather
than a simple electron-transfer process between oxygen and metal sites (Figure 2c). The
Cr 2p spectrum (Figure 2d) shows that Cr is present in a higher oxidation state after CV
activation, consistent with the formation of highly oxidized metal species. The decrease
in lattice oxygen indicates that Cr leaching disrupts the regular lattice coordination of the
NiCo oxyhydroxide, releasing lattice oxygen atoms and generating abundant surface oxy-
gen vacancies. Together, these results confirm the successful construction of a dual-vacancy
system combining VM and VO.
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Figure 1. Synthesis and structural characterization of D-NiCoOxHy-VCr,O. (a) Schematic illustration
of the synthesis process, including electrodeposition and electrochemical activation in 1.0 M KOH.
(b–d) TEM images of D-NiCoOxHy-VCr,O. (e,f) HRTEM images of D-NiCoOxHy-VCr,O. (g) FFT
pattern corresponding to (f). (h) EDS elemental mapping of D-NiCoOxHy-VCr,O.

The XPS survey spectra further confirm successful Cr incorporation into the NiCo
oxyhydroxide lattice, and the Cr signal intensity decreases after CV activation relative to
before activation (Figure 2e), indicating partial Cr leaching that generates metal vacancies
(VM) without removing the majority of doped Cr. Moreover, ICP-OES analysis reveals that
the Ni:Co:Cr atomic ratio changes from approximately 0.1422:0.2305:0.1077 before activation
to 0.1644:0.2393:0.0270 after activation, suggesting substantial Cr leaching and the formation
of metal-deficient structures. EPR spectra collected at g = 2.003 show a substantially
stronger signal for D-NiCoOxHy-VCr,O than for D-NiCoOxHy (Figure 2f), confirming a
high concentration of VO in D-NiCoOxHy-VCr,O. Together, these characterizations establish
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the coexistence of VO and VM in D-NiCoOxHy-VCr,O and point to their synergistic role in
generating the M-OOH species that drive GOR.

Figure 2. Electronic structure of D-NiCoOxHy-VCr,O and D-NiCoOxHy. High-resolution XPS spectra
of (a) Ni 2p, (b) Co 2p, (c) O 1s, and (d) Cr 2p. (e) Survey XPS spectra of D-NiCoOxHy-VCr,O before
and after activation. (f) EPR spectra of D-NiCoOxHy-VCr,O and D-NiCoOxHy at room temperature.

Beyond the steady-state defect characterization, it is essential to clarify how the dual
vacancies are kinetically generated during the electrochemical activation process. In the
as-deposited NiCoCrOxHy precursor, the incorporation of Cr3+ into the NiCo oxyhydroxide
framework introduces local lattice strain and weakens the neighboring M-O (M = Ni, Co)
bonding due to the distinct ionic radius and bond energy of Cr3+ relative to Ni2+/Co3+.
This chemical heterogeneity serves as the structural prerequisite for subsequent vacancy
formation. During the subsequent cyclic voltammetry activation in 1.0 M KOH, the applied
anodic potential drives the oxidation of Cr3+ to soluble high-valent chromate species,
which are leached out from the solid lattice. Importantly, this Cr leaching is not a simple
ion-exchange process; the rupture of the local M-O-Cr bridges simultaneously removes
both the Cr cation and adjacent lattice oxygen atoms that lose their coordination partners,
thereby generating coupled VM and VO in a single electrochemical corrosion event. In
contrast, the Cr-free D-NiCoOxHy control undergoes the same activation but yields only a
marginal EPR signal for VO, confirming that without the sacrificial “structural weak point”
provided by Cr, substantial metal vacancies cannot be formed.

2.3. Electrocatalytic GOR Performance

The electrocatalytic GOR performance of D-NiCoOxHy-VCr,O was evaluated in an
H-type cell with 1.0 M KOH electrolyte at ambient temperature. In glycerol-containing
electrolyte, D-NiCoOxHy-VCr,O reaches 100 mA cm−2 at 1.28 V vs. RHE, markedly lower
than the 1.57 V vs. RHE required for OER at the same current density (Figure 3a), reflecting
the kinetically favorable nature of GOR on this catalyst. To optimize the Cr doping level,
we prepared samples with different Cr precursor amounts. The LSV curves in Figure S3
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show that the standard Cr content gives the best GOR activity; excessive or insufficient Cr
both degrade the performance. For Ni-based oxyhydroxide catalysts, the anodic current
in this potential region is associated with the Ni2+/Ni3+ reconstruction process. However,
comparison between glycerol-containing and glycerol-free electrolytes demonstrates that
the significantly enhanced current in the presence of glycerol originates from glycerol elec-
trooxidation. In 100 mM glycerol solution, D-NiCoOxHy-VCr,O and D-NiCoOxHy require
1.31 V and 1.47 V vs. RHE, respectively, to reach 200 mA cm−2 (Figure 3b), confirming
the superior GOR activity of D-NiCoOxHy-VCr,O. Tafel analysis (Figure 3d) gives a slope
of 84.33 mV dec−1 for D-NiCoOxHy-VCr,O, substantially lower than the 180.32 mV dec−1

of D-NiCoOxHy. Because a smaller Tafel slope reflects faster charge transfer at a given
potential, this result confirms that D-NiCoOxHy-VCr,O has more favorable GOR kinetics. At
potentials of 1.3, 1.35, and 1.4 V vs. RHE, D-NiCoOxHy-VCr,O reaches current densities of
147, 320, and 412 mA cm−2, respectively, all substantially higher than those of D-NiCoOxHy

at the same potentials (Figure 3c). The electrochemical active surface area (ECSA) of the two
catalysts was estimated from the electrochemical double-layer capacitance (Cdl), derived
from CV curves at different scan rates (Figure S4). D-NiCoOxHy-VCr,O shows a Cdl of
1.69 mF cm−2, higher than the 0.99 mF cm−2 of D-NiCoOxHy (Figure 3e), indicating that
the coupled vacancies expose more active sites. The current densities shown in Figure 3
were normalized by the geometric electrode area. Although D-NiCoOxHy-VCr,O exhibits
a larger electrochemically active surface area due to the defect-rich nanosheet structure,
the higher ECSA-normalized current density further confirms that the enhanced GOR
performance originates not only from increased electrochemically accessible surface area
but also from the intrinsic electronic modulation of Ni/Co active sites induced by coupled
metal and oxygen vacancies (Figure S5). Beyond the geometric current density, we further
evaluated the intrinsic catalytic activity using mass activity and ECSA-normalized specific
activity to provide a comprehensive benchmark. The mass activity of D-NiCoOxHy-VCr,O

at 1.28 V vs. RHE reaches 12.99 mA mg−1, based on the total catalyst loading of 7.7 mg on
the electrode. Notably, the ECSA-normalized specific activity, derived from the Cdl with
a specific capacitance of 0.04 mF cm−2 for Ni/Co-based hydroxides in alkaline media, is
calculated to be 1.99 mA cm−2 at the same potential. Benchmarking against previously
reported catalysts further shows that D-NiCoOxHy-VCr,O requires a lower potential to reach
100 mA cm−2 than most non-noble-metal GOR catalysts (Figure 3f). To assess the repro-
ducibility of the electrochemical measurements, all LSV, CV, and EIS measurements were
independently repeated at least three times using separately prepared electrode batches
(Figures S6 and S7).

2.4. Reaction Kinetic Analysis via In Situ EIS

To gain further insight into how the dual-vacancy structure enhances GOR kinetics, in
situ electrochemical impedance spectroscopy (EIS) measurements were performed over
a frequency range of 10−2 to 103 Hz at stepwise increasing potentials, with the results
summarized in Figure 4.

The 3D Bode phase plots of D-NiCoOxHy-VCr,O and D-NiCoOxHy (Figure 4a,c) show
two distinguishable processes across the measured frequency range. The high-frequency
phase angle peak (10 to 103 Hz) reflects charge transport within the electrode bulk together
with electrochemical oxidation and reconstruction of the catalyst, while the low-frequency
response (10−2 to 1 Hz) corresponds to the interfacial Faradaic charge transfer associated
with GOR. As the applied potential increases, the low-frequency phase angle peak of both
catalysts attenuates, consistent with accelerated interfacial kinetics at higher driving force.
This attenuation is markedly faster for D-NiCoOxHy-VCr,O than for D-NiCoOxHy across
both frequency regions, showing that the dual-vacancy structure accelerates both bulk

https://doi.org/10.3390/catal16080747

https://doi.org/10.3390/catal16080747


Catalysts 2026, 16, 747 8 of 17

charge transport and interfacial GOR kinetics, consistent with the lower Tafel slope and
superior polarization performance described above.

Figure 3. Electrocatalytic GOR performance of D-NiCoOxHy-VCr,O. (a) Polarization curves of D-
NiCoOxHy-VCr,O for OER and GOR in 100 mM glycerol solution. (b) GOR polarization curves of
D-NiCoOxHy-VCr,O and D-NiCoOxHy in 100 mM glycerol solution. (c) Current densities at potentials
from 1.3 to 1.5 V vs. RHE. (d) Tafel plots. (e) Double-layer capacitance (Cdl). (f) Comparison of the
potential required for 100 mA cm−2 with recently reported non-noble-metal GOR electrocatalysts.

The corresponding Nyquist plots (Figure 4b,d), in which the semicircle diameter in
the high-to-medium frequency region reflects the charge transfer resistance (Rct), show
progressively smaller semicircles for both catalysts as the potential increases, consistent
with a lower reaction barrier and faster interfacial electron transfer at higher potential. The
fitted charge-transfer resistances are summarized in Tables S2 and S3 for D-NiCoOxHy-
VCr,O and D-NiCoOxHy, respectively. Across the entire potential range, the defect-rich
catalyst exhibits consistently lower Rct values, confirming its superior interfacial charge-
transfer kinetics. Above 1.25 V vs. RHE, D-NiCoOxHy-VCr,O exhibits a substantially smaller
semicircle, and thus a much lower Rct, than D-NiCoOxHy, providing direct evidence that
the dual-vacancy structure optimizes interfacial charge transfer. This improvement reflects
the complementary roles of the two vacancies: metal vacancies enhance the intrinsic
electrical conductivity of the surface, while oxygen vacancies promote hydroxyl adsorption
and the formation of active intermediates, together lowering the resistance to electron
exchange between reactants and active sites.

At higher potentials, the decline in Rct for D-NiCoOxHy-VCr,O slows slightly and the
low-frequency phase angle remains somewhat elevated relative to the low-potential range.
Rather than a kinetic disadvantage, this reflects strong substrate adsorption at the electron-
deficient metal sites of the dual-vacancy surface, where the abundant vacancies enhance
adsorption of glycerol and reaction intermediates. Under fast-reaction conditions at high
potential, transient accumulation of adsorbed intermediates slightly raises the interfacial
mass transfer resistance, consistent with the enhanced adsorption capacity confirmed by
the open-circuit potential measurements below. This strong adsorption enriches reactants
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at the active sites and promotes subsequent C-C bond cleavage, contributing to the high
GOR activity and selectivity of D-NiCoOxHy-VCr,O.

 

Figure 4. In situ EIS analysis during GOR. (a) 3D Bode phase plots and (b) Nyquist plots of D-
NiCoOxHy-VCr,O at various applied potentials in 1.0 M KOH with 0.1 M glycerol. (c) 3D Bode phase
plots and (d) Nyquist plots of D-NiCoOxHy under identical conditions.

Together, these in situ EIS results show that dual-vacancy engineering simultaneously
optimizes bulk charge transport, accelerates interfacial charge transfer, and strengthens
substrate adsorption, providing the kinetic basis for the excellent GOR performance of
D-NiCoOxHy-VCr,O.

2.5. Studies on the Structure–Performance Relationship over D-NiCoOxHy-VCr,O

The structure–performance relationship of D-NiCoOxHy-VCr,O in GOR was ex-
amined by HPLC and open-circuit potential (OCP) measurements. Across applied
potentials of 1.26 to 1.42 V vs. RHE, glycerol conversion increases markedly with
potential (Figure 5a), and at 1.32 V vs. RHE the yield, selectivity, and Faradaic effi-
ciency of formic acid all approach 100%, demonstrating highly selective, directional
conversion. The time-dependent concentration profiles (Figure S9) further verify that
formic acid accumulates steadily with reaction time, while the concentrations of C2

intermediates remain consistently low, confirming the rapid and selective C-C bond
cleavage enabled by the dual-vacancy structure. Cyclic electrolysis at a constant charge
of 77.2 C over eight consecutive cycles shows that the formate selectivity and Faradaic
efficiency remain nearly unchanged (Figure 5b), confirming the excellent operational
stability of D-NiCoOxHy-VCr,O during glycerol electrooxidation. To further evaluate the
long-term operational durability of D-NiCoOxHy-VCr,O, chronopotentiometry stability
tests were conducted at a constant current density of 10 mA cm−2 in 1.0 M KOH with
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0.1 M glycerol using a flow electrolyzer configuration. As shown in Figure S11, the
catalyst exhibits a stable potential plateau over 84 h of continuous electrolysis, with
only a negligible potential increase, demonstrating excellent long-term durability under
practical operating conditions. Comparing the product distributions of D-NiCoOxHy-
VCr,O and D-NiCoOxHy (Figure S10) shows that D-NiCoOxHy-VCr,O converts glycerol
more efficiently, whereas D-NiCoOxHy generates substantially more by-products such
as oxalic acid and glyceraldehyde, indicating that the coupled vacancies suppress side
reactions and promote selective conversion to formic acid. The corresponding HPLC
chromatograms for D-NiCoOxHy-VCr,O (Figure S8) also confirm the disappearance of
the glycerol peak and the dominant formate signal over time. Open-circuit potential
(OCP) measurements (Figure 5c) show that injecting 0.1 M glycerol into the 1 M KOH
electrolyte at 100 s produces a potential drop of 73.3 mV for D-NiCoOxHy-VCr,O, com-
pared with only 4.5 mV for D-NiCoOxHy, suggesting enhanced glycerol adsorption
interaction on the defect-modulated catalyst surface. Multi-potential-step chronoamper-
ometry (Figure 5d) shows a rapid, pronounced current response upon glycerol injection
at each potential, confirming the strong electrocatalytic activity and fast electron transfer
kinetics of D-NiCoOxHy-VCr,O. Based on the product analysis, we propose a reaction
pathway in which glycerol is first dehydrogenated to glyceraldehyde and then oxidized
to glyceric acid (GLA), from which C-C bond cleavage generates formic acid together
with glycolic acid (GCA). GCA is further oxidized via glyoxylic acid to formic acid
(Figure 5e).

Collectively, the HPLC, in situ spectroscopic, and electrochemical results show that
the dual-vacancy structure of D-NiCoOxHy-VCr,O couples enhanced substrate adsorption
with selective C-C bond activation. VM-induced electronic modulation of the active metal
sites improves glycerol mass transfer and conversion, while VO drives directional C-C
bond cleavage toward formic acid. Together, these effects give D-NiCoOxHy-VCr,O its
high activity and selectivity, and establish vacancy engineering as an effective strategy for
designing selective biomass electrooxidation catalysts.

2.6. In Situ FTIR Spectroscopic Evidence for the Reaction Pathway

To corroborate the proposed reaction pathway (Figure 5e), in situ electrochemical
attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy was em-
ployed. Figure 6a displays the potential-dependent in situ FTIR spectra of the defect-rich
D-NiCoOxHy-VCr,O catalyst. Upon stepping the potential from OCP to 1.8 V vs. RHE, the
characteristic absorption bands of FA are clearly observed, specifically the symmetric v(O-
C-O) stretching vibration at ~1340–1385 cm−1 and the asymmetric νas (O-C-O) vibration at
~1576 cm−1 [61]. Notably, these FA peaks increase in intensity and dominate the spectra
with rising potentials. Meanwhile, the characteristic ν(C-O) vibration of glyceraldehyde
(GLAD) at ~1050 cm−1 is essentially undetectable, whereas transient peaks corresponding
to glycolic acid (GCA) at ~1058 cm−1 and glyceric acid (GLA) at ~1428 cm−1 are observable
during the reaction process [16].

In striking contrast, the in situ FTIR spectra of the vacancy-poor D-NiCoOxHy control
catalyst (Figure 6b) reveal a prominent and persistent accumulation peak of GLAD at
~1070 cm−1 accompanied by relatively weak FA features. This stark difference demon-
strates that without the synergistic coupling of metal and oxygen vacancies, the reaction
is kinetically trapped at the GLAD intermediate stage due to sluggish C-C bond cleavage.
However, for D-NiCoOxHy-VCr,O, the generated VO promotes the formation of active VO-
OHads intermediates, which serve as critical reactive species to facilitate C-C bond cleavage.
Meanwhile, the VM enhances the local electron deficiency of the active Ni3+/Co3+ sites,
favoring the initial adsorption of glycerol. Consequently, the dual-vacancy structure effec-
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tively drives the reaction along the GLA → GCA pathway while simultaneously avoiding
the accumulation of by-products. The rapid conversion of unstable glyoxylic acid yields
the nearly 100% selectivity toward formate, fully consistent with the HPLC and Faradaic
efficiency results.

Figure 5. Structure–performance relationship of D-NiCoOxHy-VCr,O in GOR. (a) Conversion, yield,
selectivity, and Faradaic efficiency (F.E.) for formic acid across 1.26 to 1.42 V vs. RHE. (b) Cyclic
stability over eight consecutive electrolysis cycles, showing formic acid selectivity and F.E. (1.32 V
vs. RHE) (c) Open-circuit potential (OCP) curves of D-NiCoOxHy-VCr,O and D-NiCoOxHy in 1.0 M
KOH before and after injecting 0.1 M glycerol at 100 s. (d) Chronoamperometric (CA) responses upon
addition of 0.1 M glycerol. (e) Proposed reaction pathway for glycerol electrooxidation.
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Figure 6. (a) In situ electrochemical ATR-FTIR spectroscopy over D-NiCoOxHy-VCr,O at varied
potentials. (b) In situ electrochemical ATR-FTIR spectroscopy over D-NiCoOxHy at varied potentials.

3. Experimental Section
3.1. Chemicals and Materials

Cobalt nitrate hexahydrate (Co(NO3)2·6H2O) and chromium nitrate nonahydrate
(Cr(NO3)3·9H2O) were purchased from Thermo Fisher (Shanghai, China) Scientific Co.,
Ltd. Potassium hydroxide (KOH) and hydrochloric acid (HCl) were purchased from Tianjin
Fuyu Fine Chemical (Tianjin, China). Nickel foam (NF) was purchased from Suzhou
Sinero Technology Co., Ltd. (Suzhou, China). Ethanol (C2H6O) and acetone (C3H6O) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals
were of reagent grade and used without further purification.

3.2. Synthesis of D-NiCoOxHy-VCr,O

The nickel foam (NF, 1.0 cm × 2.0 cm) substrate was first cleaned in an ultrasound
bath with 3 mol/L HCl, acetone, deionized (DI) water, and ethanol successively (the
same cleaning procedure was used for all substrates described below). Ni(NO3)2·6H2O
(1.047 g), Co(NO3)2·6H2O (1.048 g), and Cr(NO3)3·9H2O (1.441 g) were dissolved in 30 mL
of deionized water and stirred for 5 min in a 50 mL beaker. The cleaned NF was mounted
on the electrode clamp, immersed in the prepared solution, and polarized at a constant
potential of −1.0 V vs. Ag/AgCl for 600 s at room temperature. During this process, partial
dissolution of the NF substrate provides Ni2+ ions that combine with Co2+, Cr3+, and OH−

ions to form NiCoCrOxHy on the NF surface. The resulting NiCoCrOxHy sample was then
removed, rinsed with DI water and ethanol, and dried at 60 ◦C overnight.

The NiCoCrOxHy sample was then soaked in 10 mL of 1.0 mol/L KOH at room
temperature and activated by cyclic voltammetry in 1.0 M KOH within a potential window
of −0.1 to 0.8 V vs. Hg/HgO at a scan rate of 50 mV s−1 for 50 cycles, inducing structural
reconstruction through hydroxyl interaction with the metal sites. The resulting product
was ultrasonically washed several times with DI water and dried under vacuum at 60 ◦C
overnight to afford D-NiCoOxHy-VCr,O for characterization and catalytic testing.

3.3. Synthesis of D-NiCoOxHy

To evaluate the effect of Cr doping on GOR performance, a Cr-free control catalyst con-
taining only Ni and Co was prepared under otherwise identical conditions. Ni(NO3)2·6H2O
(1.047 g) and Co(NO3)2·6H2O (1.048 g) were dissolved in 30 mL of deionized water and
stirred for 5 min in a 50 mL beaker. The cleaned NF was mounted on the electrode clamp,
immersed in the prepared solution, and polarized at a constant potential of −1.0 V vs.
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RHE for 600 s at room temperature. The resulting NiCoOxHy sample was removed, rinsed
with DI water and ethanol, and dried at 60 ◦C overnight. The NiCoOxHy sample was
then soaked in 10 mL of 1.0 mol/L KOH at room temperature and activated by cyclic
voltammetry, followed by ultrasonic washing with DI water and drying at 60 ◦C overnight
to afford D-NiCoOxHy for catalytic testing.

3.4. Electrochemical Measurements

All electrochemical measurements were conducted on a CORRTEST electrochemical
workstation (model CS310MA) using a standard three-electrode system in a 1.0 M KOH
electrolyte (pH = 13.8) within a standard two-compartment H-cell separated by a Nafion
117 membrane. Each compartment had a volume of 10 mL and was filled with 10 mL of
electrolyte. The working electrode compartment contained 1.0 M KOH with 0.1 M glycerol
while the counter electrode compartment was filled with 1.0 M KOH. A standard Hg/HgO
electrode and a graphite electrode were used as the reference and counter electrodes,
respectively. The distance between the working and counter electrodes was approximately
5.0 cm. Nickel foam (NF, thickness of 1 mm) with self-supported active catalysts served as
the working electrode. The geometric working area of the nickel foam electrode was fixed at
1.0 × 1.0 cm2 (1.0 cm2). All measured potentials were converted to the reversible hydrogen
electrode (RHE) using the following equation: ERHE = EHg/HgO + 0.098 + 0.059 × pH.
All data provided in this work were iR-corrected (80% iR compensation) according to the
equation: Ecompensated = Emeasured − iR, where Ecompensated is the compensated potential,
Emeasured is the measured potential, and R is the equivalent series resistance determined by
the current interruption technique.

Linear sweep voltammetry (LSV) polarization curves were recorded in a 1.0 M KOH
solution at a scan rate of 5 mV s−1. Prior to the LSV measurements, 50 cycles of cyclic
voltammetry (CV) were performed to stabilize the current. The Tafel slope was determined
from the LSV data. Similarly, in-situ EIS was performed on the same workstation at various
potentials (1.0, 1.05, 1.1, 1.15, 1.2, 1.25, 1.3, 1.35, 1.4, 1.45, 1.5, 1.55, 1.6) with identical
and frequency range settings. The electrochemical surface area (ECSA) was assessed by
measuring the electrochemical double-layer capacitance (Cdl), derived from a series of
CV curves at different scan rates (20, 40, 60, 80, 80 and 100 mV s−1) within a potential
range of 0.86 to 0.96 V vs. RHE. The ECSA was represented by the slope of the linear fit of
∆J = Ja − Jc at the scan rate at 0.91 V vs. RHE, where Ja is the anodic current density and
Jc is the cathodic current density.

3.5. Product Analysis

The oxidation products of glycerol during the electrolysis process were monitored
using high-performance liquid chromatography (HPLC, 1260 Infinity II, Agilent, Santa
Clara, CA, USA). Quantification was performed using external standard calibration curves
for glycerol, oxalic acid, and formic acid (Figures S12–S14), with detection limits listed
in the Supporting Information. A 5 Mm H2SO4 solution served as the mobile phase at
flow rate of 0.5 mL min−1. The electrolyte (10 µL) was directly injected into an Agilent
Technologies Hi-Plex H column at 25 ◦C, and the products were identified by comparing
their retention times with those of corresponding reference standards. The yield of the
oxidation product was obtained according to the following equation:

Yield(%) =
mole o f oxidation product

mole o f initial glycerol
× 100 (1)
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The Faraday efficiency (FE) was calculated using the following equation:

Faraday e f f iciency(%) =
mole o f oxidation product × n × F

total passed charge
× 100 (2)

where n represents the number of electrons transferred, and F is the Faraday constant.

4. Conclusions
In summary, coupling metal and oxygen vacancies in amorphous D-NiCoOxHy-VCr,O

modulates the local electronic environment of Ni and Co, raises their oxidation states,
strengthens hydroxyl uptake, and promotes the generation of active oxygenated inter-
mediates. These effects lower the reaction barrier, accelerate charge transfer, and enable
preferential C-C bond cleavage while suppressing side reactions, allowing the catalyst
to reach 200 mA cm−2 at only 1.31 V vs. RHE with a Faradaic efficiency of 100% and
stable performance over repeated electrolysis cycles. This work provides a non-noble-metal
catalyst for glycerol valorization and establishes vacancy coupling as a design principle for
selective biomass electrooxidation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal16080747/s1, Figure S1: XRD patterns of D-NiCoOxHy and D-
NiCoOxHy-VCr,O.; Figure S2: HRTEM images of D-NiCoOxHy-VCr,O; Figure S3: The LSV curves of the
high-Cr, less-Cr samples, bare Ni foam (NF), and D-NiCoOxHy-VCr,O in 1.0 M KOH + 0.1 M glycerol,
recorded at a scan rate of 5 mV s−1 (80% iR-corrected); Figure S4: CV curves of (a) D-NiCoOxHy-VCr,O

and (b) D-NiCoOxHy at different scan rates for double-layer capacitance measurement; Figure S5:
ECSA normalized LSV curves of D-NiCoOxHy-VCr,O and D-NiCoOxHy for GOR; Figure S6: Repeated
polarization curves (n = 3) of D-NiCoOxHy-VCr,O in 1.0 M KOH + 0.1 M glycerol. (No iR-corrected);
Figure S7: Repeated polarization curves (n = 3) of D-NiCoOxHy in 1.0 M KOH + 0.1 M glycerol.
(No iR-corrected); Figure S8: Time-resolved HPLC chromatograms of glycerol electrooxidation over
D-NiCoOxHy-VCr,O; Figure S9: Concentration evolution of reactant and products during glycerol
electrooxidation over D-NiCoOxHy-VCr,O; Figure S10: Product selectivity comparison between
D-NiCoOxHy-VCr,O and D-NiCoOxHy for glycerol electrooxidation; Figure S11: Stability test of D-
NiCoOxHy-VCr,O in the flow electrolyzer at 10 mA cm−2; Figure S12: Calibration curves for glycerol
(GLY) using high-performance liquid chromatography (HPLC); Figure S13: Calibration curves for
oxalic acid (OA) using high-performance liquid chromatography (HPLC); Figure S14: Calibration
curves for formic acid (FA) using high-performance liquid chromatography (HPLC); Table S1: Peak-
fitting results of Ni 2p and Co 2p of XPS spectra for the D-NiCoOxHy-VCr,O and D-NiCoOxHy after
GOR; Table S2: The resistance of each component for D-NiCoOxHy-VCr,O in 1 M KOH with 0.1 M
GLY; Table S3: The resistance of each component for D-NiCoOxHy in 1 M KOH with 0.1 M GLY. etc.
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