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Optimization of competitive adsorption via
oxygen vacancies on NiCo hydroxides for
selective electrosynthesis of adipic acid coupled
with hydrogen productiont

Xun Pan, Lingzhi Sun, Kuang Chen, Jingui Zheng, Shaohan Xu, Chao Miao and
Guohua Zhao =/ *

The electrosynthesis of adipic acid through the cyclohexanol oxidation reaction (COR) can address the
pollution issues associated with the traditional process. However, the complexity of the electrooxidation
process and unclear dehydrogenation and oxidation mechanisms limit its application. Herein, we report
oxygen vacancy (Vo) modification on NiCo hydroxides for the selective electrosynthesis of adipic acid.
In situ IR and DFT calculations revealed significantly enhanced adsorption capacity and an optimized
process for the co-adsorption of OH™ and organic compounds. The Vo promotes the conversion of
ketone intermediates into glycol with the addition of H,O while inhibiting the formation of ketone
alcohols. In situ synchrotron radiation and Raman analyses reveal the reversible remodeling processes of
Ni2*—~OH and Ni**—~OOH during the COR. Consequently, Vo-NiCo demonstrated excellent COR perfor-
mance (1.32 V vs. RHE onset potential) with conversion, adipic acid selectivity, and faradaic efficiency
values of 98.4%, 95.6%, and 95.2%, respectively. The system generates 8.2 times more hydrogen com-
pared with pure water splitting at the cathode. This integrated electrocatalytic system shows potential
for large-scale production of H, and adipic acid, offering new insights for designing advanced electroca-
talysts for cost-effective and sustainable energy conversion.

The electrosynthesis of adipic acid via the cyclohexanol oxidation reaction (COR) is a green and sustainable method for upgrading biomass resources, which

can address the pollution issues associated with traditional processes. However, the COR involves an eight-electron transfer process, and the dehydrogenation
and oxidation mechanisms are not well understood, limiting its further application. In this study, we utilized oxygen vacancies to modulate the adsorption
properties of cyclohexanol and OH™ on NiCo hydroxides to improve the conversion and selectivity for adipic acid. Oxygen vacancies promoted the addition
reaction between the ketone intermediate and water to form geminal diols while inhibiting the formation of the ketol intermediate. This is crucial for steering

the reaction towards the desired product. In situ synchrotron radiation and Raman spectroscopic analysis reveal the reversible remodeling processes of Ni**~
OH and Ni*'~OOH during the COR. Consequently, Vo-NiCo demonstrated excellent COR performance (1.32 V vs. RHE onset potential) with conversion, adipic
acid selectivity, and faradaic efficiency values of 98.4%, 95.6%, and 95.2%, respectively. Moreover, this integrated electrocatalytic system generates 8.2 times
more hydrogen compared with pure water splitting, offering new insights for cost-effective and sustainable energy conversion.

Introduction

renewable energy.' ® Biomass resources, owing to their abun-
dance and renewability, have become a crucial pillar for sus-

Globally, the continuous consumption of fossil fuels and the tainable development in the chemical industry. Through
resulting environmental pollution have increased the focus on  biomass conversion technologies, biomass can be efficiently
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transformed into various high-value chemicals and fuels,
thereby reducing reliance on traditional fossil resources and
mitigating environmental burdens.! Cyclohexanol (CHA) plays
a significant role in green chemistry and sustainable develop-

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ ment and is a widely utilized chemical raw material that can
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produce a variety of high-value organic intermediates.”””
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Scheme 1 (a) lllustration of the current industrial route. (b) Electroche-

mical route for the synthesis of AA from CHA.

Among these, adipic acid (AA) stands out as a highly valuable
downstream product of CHA, serving as an essential raw
material for various polymers, pharmaceuticals, lubricants,
plasticizers, and food additives, with significant global market
demand anticipated in the future.'*™*?

The conventional industrial method involves reacting a
mixture of CHA and cyclohexanone (CHN) with nitric acid to
produce AA. The procedure requires the use of a significant
quantity of catalysts (such as Mo, W, and Cu) and various
chemicals, leading to the production of considerable amounts
of pollutants, including nitrogen oxides, nitrates, and heavy
metals. This necessitates the implementation of efficient waste
treatment systems to manage these hazardous materials. Con-
sequently, this not only increases environmental strain but also
results in increased treatment costs and presents technical
challenges (Scheme 1a)."*™*® Electrochemical CHA oxidation
(COR) provides an alternative method for producing AA under
ambient conditions, and it can replace the slow oxygen evolu-
tion reaction (OER) at the anode, leading to more efficient
hydrogen generation at low cell potentials (Scheme 1b).'*™°
The process is powered by renewable energy with no additional
pollution. Unlike the OER, the COR encompasses the adsorp-
tion and conversion processes of CHA and OH ™. Many reports
indicate that OH~ adsorbed on the catalyst surface gradually
transforms into *OH or *OOH intermediates, which are crucial
active species for the dehydrogenation and oxidation of various
alcohols.”>® Hence, managing the competition between CHA
and OH™ adsorption on the catalyst surface is essential for the
efficient production of AA. Moreover, the COR process includes
the ring cleavage of CHN, frequently yielding by-products such
as glutaric acid (GA) and succinic acid (SA).>*** The primary
challenge is to adjust the electronic structure of the catalyst and
develop a rational catalyst to enhance the selectivity of AA.

Transition metal hydroxyl oxides (NiOOH, CoOOH and
CuOOH etc.) can exhibit stunning performance in organic-
electrolytic oxidation reactions in alkaline solution, such as
the electrooxidation of 5-hydroxymethylfurfural (HMFOR),*¢"*
benzyl alcohol (BOR),*** and amine (AOR)***° and there have
been a few reports of this process in COR.'®'®?>*° When
voltages surpass approximately 1.35 V vs. RHE, NiOOH species,
which function as the true active phase in Ni-based catalysts,
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typically exhibit a high reaction energy barrier.>>*' Conversely,
Co-based catalysts often show the capability of oxidizing at
significantly lower onset potentials.**** Thus, the combination of
Ni and Co sites is expected to produce a synergistic effect in the
electrocatalytic oxidation of COR, leading to reduced onset poten-
tials and increased oxidation current densities. Furthermore, the
catalytic performance of the active site can be enhanced by
modifying the ligand structure of the catalyst and optimizing
the competitive adsorption of organic molecules and OH™ in
alkaline environments. Oxygen vacancies (Vo) defects offer a
promising strategy to modify the surface electronic structure
and the intrinsic electrocatalytic activity.*"***® Previous research
has indicated that Vo can optimize the surface adsorption energy
and coupling of biomass substrates and OH™ on the electrocata-
lyst surface.”” This optimization is crucial for enhancing the CHA
dehydrooxidation and ring cleavage processes, thereby facilitating
the efficient and highly selective production of AA.*®

In this study, we introduce a NiCo hydroxide catalyst featuring
oxygen vacancy defects (Vo-NiCo(OH),) for the conversion of CHA
into AA. Density functional theory (DFT) computations reveal that
Vo significantly improve the adsorption capabilities for both
hydroxide (OH™) species and organic molecules. The combination
of in situ Raman spectroscopy and synchrotron radiation techni-
ques has confirmed that the presence of V, promotes the
electrochemical transformation of NiCo(OH), into NiCoOOH,
thereby expediting the dehydrogenation of CHA. Further DFT
and in situ infrared (IR) studies indicate that the V, favors the
preferential conversion of the CHN intermediate into glycol over
ketol on the catalyst surface, leading to an enhanced selectivity for
AA at 95.6%. This research underscores the efficacy of vacancy-
engineered electrochemical pathways for the conversion of CHA
into AA, highlighting a promising approach for the valorization of
biomass into high-value chemicals.

Results and discussion
Preparation and characterization of electrocatalyst

Initially, we synthesized NiCo ultrathin metal-organic frameworks
(NiCo-UMOFNs) derived from terephthalic acid through a
straightforward ultrasonic fabrication technique. As illustrated
in Scheme S1 (ESIY), oxygen vacancy-enriched Vo-NiCo(OH), was
synthesized through a NaNH, chemical reduction method. For
comparative analysis, a vacancy-deficient NiCo(OH), was pro-
duced via a similar technique, utilizing NiCo-UMOFNs that had
been immersed in a strong alkali solution (3 M KOH). The powder
X-ray diffraction (XRD) pattern of the as-prepared samples Vo-
NiCo(OH), and NiCo(OH), (Fig. S1, ESIt) indicated that the Ni-Co
precursor was composed of the mixed phases of Ni(OH), (JCPDS
no. 38-0715) and Co(OH), (JCPDS no. 02-0925).*° Scanning elec-
tron microscopy (SEM) images revealed that Vo-NiCo(OH), con-
sists of nanoflakes with a thickness of 10-20 nm, which can
improve electrical conductivity and expose more active sites,
contributing to enhanced electrocatalytic performance (Fig. S2a,
ESIt). Transmission electron microscopy (TEM) also verified
the ultrathin structure of Vo-NiCo(OH), (Fig. S2b-d, ESI}).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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High-resolution TEM (HR-TEM) images revealed a lattice spacing
of 0.452 nm for Vo-NiCo(OH),. Energy-dispersive spectroscopy
(EDS) elemental mapping confirmed the homogeneous distribu-
tion of Ni, Co, and O elements across the Vy-NiCo(OH),
nanosheets (Fig. 2e-h).

To precisely elucidate the defects present in the synthesized
nanosheets, an initial investigation was conducted using X-ray
photoelectron spectroscopy (XPS) analysis. As depicted in
Fig. 1a, the Ni 2p core level spectra for both Vo-NiCo(OH),
and NiCo(OH), reveal a pair of spin-orbit doublets, namely Ni
2ps/» and Ni 2py,, which are indicative of the Ni** ion, along
with their respective shakeup satellite features. Notably, the
distinctive absorption peaks of Vo-NiCo(OH), exhibit a shift
towards lower energy levels in comparison to the benchmark
NiCo(OH),, indicating that the presence of oxygen vacancies
contributes to a reduction in the oxidation state of nickel. A
similar trend is also evident in the Co spectrum (Fig. 1b).
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Analysis of the O 1s spectrum (Fig. S3, ESIf) reveals three
distinct peaks at 530.86, 531.85, and 533.11 eV, corresponding
to metal-hydroxide interactions, oxygen atoms adjacent to
oxygen vacancies, and water molecules adsorbed on the sur-
face, respectively. In comparison to the O 1s spectra of
NiCo(OH),, it is clear that Vo-NiCo(OH), exhibits a higher
concentration of oxygen vacancies. Electron paramagnetic reso-
nance (EPR) spectroscopy (Fig. S4, ESIt) was conducted at
ambient temperature to investigate the chemical milieu sur-
rounding the unpaired electrons. A pronounced EPR signal was
detected at g = 2.002, suggesting that the electrochemically
modified material exhibits an increased density of unpaired
electrons and the presence of oxygen vacancy defects. To
investigate the atomic architecture in greater detail, X-ray
absorption fine structure spectroscopy (XAFS) was utilized. As
illustrated in Fig. 2c, the Ni K-edge X-ray absorption near-edge
structure (XANES) spectra indicate that the reduction by NaNH,
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Fig. 2 PDOS of (a) Vo-NiCo(OH), and (b) NiCo(OH),. (c) The dehydrogenation energy of *H on NiCo(OH),. (d) The adsorption energy of *OH on Vo-
NiCo(OH),. Charge density differences of CHN adsorbed on (e) NiCo(OH), and (f) Vo-NiCo(OH),. Adsorption energy of CHA and CHN on the Ni and Co
sites of (g) NiCo(OH), and (h) Vo-NiCo(OH),. 'H NMR spectra of the reaction using Vo-NiCo(OH), electrodes, (i) e-caprolactone and (j) cyclohex-
anedione. (k) Pathways of CHA oxidation on Vo-NiCo(OH), and (b) NiCo(OH),.

causes a displacement of the Ni atom towards lower energy
levels, implying that the average oxidation state of the Ni cation
in Vo-NiCo(OH), is notably diminished compared to that in
NiCo(OH),. The presence of abundant oxygen vacancies in V-
NiCo(OH), results in a plethora of coordination-unsaturated Ni
sites characterized by a reduced oxidation state.

The Ni K-edge Fourier-transformed extended X-ray absorp-
tion fine structure (FT EXAFS) spectra of Vo-NiCo(OH), and
NiCo(OH), reveal two distinct peaks at approximately 1.6 A and
2.7 A, corresponding to the first Ni-O shell and the second

1348 | EES Catal., 2025, 3,1345-1357

Ni-Ni (Ni-O-Ni) shell contributions, respectively (Fig. 2d). The
intensities of the Ni-O and Ni-Ni peaks in V,-NiCo(OH), are
markedly diminished compared to those in NiCo(OH),, indicating
that the average coordination numbers for Ni-O and Ni-Ni
in Vo-NiCo(OH), are significantly lower than in NiCo(OH),.
Furthermore, the defect structure, characterized by reduced coor-
dination numbers, contributes to a contraction of the Ni-O-Ni
bond length in Vo-NiCo(OH),. In an ideal NiCo(OH), devoid of
oxygen vacancies, the theoretical coordination number for Ni-O is
5.87. The outcomes of EXAFS fitting the R-space for Ni and Co in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the two catalysts are presented in Fig. S5, S6 and Tables S1, S2
(ESIt). The analysis reveals coordination numbers of 4.71 for Ni-O
in Vo-NiCo(OH),, respectively, thus confirming the presence of
oxygen vacancies in this sample. The EXAFS analysis for Co
demonstrated a similar pattern to that of Ni (Fig. 2e and f),
indicating that oxygen vacancies lead to a reduction in the Co
valence state and a concomitant decrease in the coordination
number, with peaks identified at approximately 1.6 A and 2.3 A.
Collectively, these observations suggest that the electrochemical
treatment facilitates the formation of oxygen vacancies in
NiCo(OH),, resulting in a slight decrease in metal valence states
and the emergence of numerous unsaturated coordinated Ni and
Co centers. This enhancement is critical for the subsequent
formation of potential oxidatively active species, such as NIOOH
and CoOOH. Additionally, the presence of oxygen vacancies may
improve the adsorption affinity of active sites for organic mole-
cules, influence intermediate reaction pathways, and enhance the
selectivity for the conversion of target molecules, which is pivotal
for the efficient transformation of CHA into AA.

Theoretical analysis of the role of oxygen vacancies

To elucidate the influence of oxygen vacancies on the intrinsic
catalytic activity, we conducted density functional theory (DFT)
simulations. As depicted in Fig. 2a and b, the d-band centers of
Vo-NiCo(OH), exhibited an upward shift relative to NiCo(OH)s,
signifying a modification in the local electronic environment
due to the presence of oxygen vacancies, which enhances the
interaction with adsorbates. Furthermore, the charge density at
the Fermi level increased, resulting in a greater overlap between
the Ni/Co d orbitals and the O p orbitals near the Fermi energy.
This observation indicates an elevated degree of hybridization
between the d orbitals of Ni/Co and the p orbitals of O,
facilitating a more rapid charge transfer between Ni/Co and
0. Consequently, oxygen vacancies have been demonstrated to
augment the intrinsic activity of the catalysts.

Existing literature indicates that during electrooxidation, Ni
and Co catalysts are typically transformed into high-valent
oxidatively active species such as NiOOH or CoOOH.>***>° In
the case of NiCo bimetallic materials, NIOOH generally displays
more pronounced oxidative activity, while Co primarily serves
to modulate Ni’s electronic structure and reduce the onset
potential from Ni** to Ni**.>'* Therefore, our theoretical
investigations into the formation of active species focus on
the variations associated with Ni. The coordination-saturated
NiCo(OH), typically undergoes a preferential one-electron oxi-
dation to yield the active species NiOOH during electrooxida-
tion, subsequently participating in the oxidation of organic
substrates (Fig. 2¢). Thus, we initially calculated the free energy
of the reaction for NiCo(OH), undergoing one-electron oxida-
tion, which was determined to be 1.20 eV. In parallel, we
performed a similar theoretical assessment for Vo-NiCo(OH),,
yielding a free energy of 1.18 eV (Fig. S7, ESIt). This indicates
that the introduction of oxygen vacancies does not alter the
one-electron dehydrogenation process of NiCo hydroxide to
form NiOOH. Notably, Vo-NiCo(OH),, with its oxygen vacancies,
can also transition to high-valent metal species via the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption of OH . Accordingly, we calculated the reaction free
energy for the formation of NiOOH through this pathway,
resulting in a value of 0.79 eV, which is significantly lower than
that of the dehydrogenation pathway (Fig. 2d). Based on the
aforementioned analysis, we propose that the introduction of
oxygen vacancies modifies the generation pathway of the
originally active species while enhancing the conversion effi-
ciency of NiOOH.

The incorporation of oxygen vacancies modulates the
adsorption behavior of OH™ and organic molecules at the active
sites, significantly impacting the dehydrogenation of cyclohex-
anol (CHA) and the subsequent oxidation reactions. Given that
the more precisely defined reactants in the synthetic pathway of
acetic acid (AA) are CHA and cyclohexanone (CHN), we con-
ducted a comparative analysis of the adsorption of these two
organic compounds on the two catalysts individually. For the Ni
site, as illustrated in Fig. 2g and h, the adsorption energies for
CHA and CHN on NiCo(OH), were measured at —1.25 eV and
—1.62 eV, respectively, which are notably lower than the values
of —2.15 eV and —2.73 eV observed on V-NiCo(OH),. This
suggests that the presence of oxygen vacancies enhances the
adsorption of hydroxyl and keto oxygens at the active sites,
promoting subsequent oxidation processes. This observation
aligns with our intended catalyst design principles. Further-
more, to elucidate the adsorption characteristics of the NiCo
bimetallic materials, we also determined the adsorption ener-
gies for CHA and CHN on Co within V5-NiCo(OH),. The
findings indicate that the adsorption energies for Co are
inferior to those for Ni concerning both CHA and CHN, likely
attributable to the more pronounced vacancy interactions
associated with Ni. An increased number of oxygen vacancies
leads to a greater electron deficiency in the d orbitals of Ni,
thereby enhancing the likelihood of hydroxyl and keto oxygen
attack.

The reaction pathway of CHA on V-NiCo(OH), and
NiCo(OH), is illustrated in Fig. 2k. The electrooxidation process
of CHA to CHN involves a transfer of 8 electrons in total, with
CHN identified as the most distinct intermediate arising from
the initial 2-electron oxidation, according to existing
literature.”®**"® In the blue section of Fig. 2k, it can be seen
that the reaction energy barrier for CHA on Vo-NiCo(OH), is
—0.58 eV, which is greater than the —0.37 eV barrier for
NiCo(OH),, suggesting that the presence of oxygen vacancies
facilitates the electrooxidation of CHA. The following steps,
involving the ring opening and oxidation of CHN, require
further investigation, as the intermediates are not easily detect-
able. It has been noted that CHN can reversibly convert to the
enol in alkaline environments, followed by a 2-electron oxida-
tion to yield the intermediate 2-hydroxycyclohexanone. This is
succeeded by another 2-electron oxidation, resulting in the
critical intermediate cyclohexanedione. Ultimately, cyclohexa-
nedione undergoes C-C bond cleavage and a 2-electron transfer
to produce AA. An alternative pathway suggests that CHN may
first engage in an addition-like reaction in alkaline conditions,
where OH™ preferentially attacks the C, position, forming the
key intermediate 1,1-dihydroxycyclohexane, which is then

EES Catal,, 2025, 3,1345-1357 | 1349
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oxidized via a 2-electron process to yield e-caprolactone. Finally,
g-caprolactone undergoes a 4-electron oxidation leading to the
formation of AA. To elucidate the intermediates involved in the
oxidation of CHN to AA and to assess the influence of oxygen
vacancies on selectivity enhancement, we chose the crucial
intermediates from both pathways, e-caprolactone and cyclo-
hexanedione, as substrates for electrooxidation and analyzed
the product distribution using NMR. As depicted in Fig. 2i, &-
caprolactone undergoes complete conversion, yielding only AA
with a selectivity nearing 100%. In contrast, the products
derived from cyclohexanedione are exclusively glutaric acid
and succinic acid (Fig. 2j). Consequently, we propose that the
key to achieving high selectivity in the production of AA from
CHA as a substrate lies in enhancing the attack of *OH on the
C, atoms to produce 1,1-dihydroxycyclohexane, which subse-
quently leads to the formation of e-caprolactone. Thus, we
conducted a differential charge density analysis on the adsorp-
tion models of CHN on the catalysts Vo-NiCo(OH), and
NiCo(OH),. A comparative examination of Fig. 2e-f reveals that
the charge density associated with CHN is significantly greater
on V,-NiCo(OH),, suggesting its superior catalytic efficacy for
CHN conversion. The electron deficiency is particularly pro-
nounced at the C, position, facilitating the nucleophilic attack
of *OH on C,, thereby yielding the targeted intermediate 1,1-
dihydroxycyclohexane. Subsequently, we analyzed the reaction
pathways for cyclohexanone on both Vo-NiCo(OH), and
NiCo(OH), through theoretical computations. As illustrated in
the green region of Fig. 2k, pure NiCo(OH), shows minimal
differentiation between the two reaction pathways. In contrast,
the presence of oxygen vacancies substantially decreases the
free energy barrier for the transformation from cyclohexanone
to 1,1-dihydroxycyclohexane, reducing it from 1.44 eV to
—0.84 eV. A plausible mechanistic insight is that the hydroxide
ions (OH™) adsorbed at the oxygen vacancies are more predis-
posed to attack the C, atoms of CHN, thereby favoring the
selectivity toward the formation of 1,1-dihydroxycyclohexane
and suppressing the production of 2-hydroxycyclohexanone.
The reaction pathways for cyclohexanone on Vg-NiCo(OH),
and NiCo(OH), are presented in the inset of Fig. 2k. This
discussion supports the conclusion that the incorporation of
oxygen vacancies not only enhances the catalytic activity of the
metal active sites but also optimizes the adsorption dynamics
of reactants and hydroxide ions on the catalyst surface, effec-
tively facilitating the delivery of active OH™ species and pro-
moting the selective and efficient synthesis of AA.

Electrochemical cathodic COR performance

The electrocatalytic performance of Vg-NiCo(OH),
NiCo(OH), for cathodic and anodic reactions was assessed
using a standard three-electrode configuration in a 1.0 M
KOH electrolyte, with and without the addition of 20 mM
CHA. Analysis of the linear sweep voltammetry (LSV) data
presented in Fig. 3a reveals that the onset potential for V-
NiCo(OH), during COR was 1.32 V vs. RHE. It can achieve a
current density of 10 mA cm > at 1.36 V vs. RHE, which is
significantly lower than the 1.42 V vs. RHE required for

and
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NiCo(OH),. Moreover, in the absence of CHA, V5-NiCo(OH),
demands a potential of 1.55 V vs. RHE to reach the same
current density, suggesting a greater propensity for COR com-
pared to OER. To elucidate the roles of Ni and Co in the COR
progress on Vo-NiCo(OH),, we conducted LSV tests for Vo-
Ni(OH), and V5-Co(OH),. As shown in Fig. S8a, b (ESIY), it is
evident that both Vo-Ni(OH), and Vo-Co(OH), have a catalytic
effect on COR, as indicated by the increase in current density
upon the addition of CHA. In Fig. S8c, d (ESI{) the current
densities of the three catalysts during the COR reaction are
compared, showing that the Vo-Co(OH), catalyst has the weak-
est capability for COR, while V,-Ni(OH), exhibits better cataly-
tic performance. Moreover, with the introduction of the second
metal Co, Vo-NiCo(OH), demonstrates a lower onset potential
and higher current density. Therefore, Ni is primarily respon-
sible for the catalytic oxidation, while Co functions to modulate
the electronic structure of Ni, facilitating the formation of the
active oxidation species NiOOH at lower potentials, thereby
enhancing the catalytic oxidation of CHA.

To verify the effect of Vo for balancing the competing
adsorption of OH™ and CHA on the catalyst surface, we
analyzed the formation rate of AA at different substrate con-
centrations (Fig. 3b). Chronoamperometry measurements were
conducted to examine the electrochemical kinetic process from
CHA to AA, and the potential was 1.46 V vs. RHE.>®>” We first
tested the dependency of the partial current density for AA at
different OH™ concentrations (0.1-2 M) with 20 mM CHA. Both
catalysts demonstrated a linear relationship between the rate of
AA and OH™ concentration, whereas the Vo-NiCo(OH), (0.60)
showed a higher reaction order than NiCo(OH), (0.48). Under a
constant KOH concentration (1 M), the formation rate of AA on
Vo-NiCo(OH), also showed a linear relationship when the CHA
concentration was below 200 mM. In contrast, for NiCo(OH),,
the reaction order decreased from 0.48 to 0.05 after 100 mM.
This indicates that the presence of oxygen vacancies can
enhance the adsorption of CHA on the catalyst surface, thereby
promoting the reaction kinetics of COR. Additionally, V-
NiCo(OH), demonstrates a significantly reduced Tafel slope
of 53.5 mV dec ™, in contrast to the 83.5 mV dec ' observed for
NiCo(OH), (Fig. 3c), indicating a more rapid electron transfer
kinetics for COR. The turnover frequency (TOF) analysis further
indicates that the Vo-NiCo(OH), catalyst possesses an elevated
TOF, signifying enhanced intrinsic activity at its active sites.
Furthermore, a comparative assessment of the electrochemical
surface areas (ECSA) for both catalysts was performed. As shown
in Fig. S9 (ESIT), the double-layer capacitance (Cq4j) values for Vo-
NiCo(OH), were found to be 4.5 and 3.9 mF cm™ > during OER
and COR, respectively, while the corresponding values for
NiCo(OH), were 4.0 and 3.4 mF cm ™. These results demonstrate
that the incorporation of oxygen vacancies improved the catalytic
efficacy for NiCo(OH), during COR (Fig. S10, ESIt). To gain a
deeper insight into the high current density achieved by CHA at
low potentials, intermittent electrochemical measurements were
performed by applying potentials to Vo-NiCo(OH), to investigate
the COR adsorption behavior. Initially, a potential of 1.46 V vs.
RHE was applied in 1 M KOH to activate the catalyst and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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substrate concentration (OH™ and CHA) in a 20 mM CHA electrolyte over Vo-NiCo(OH), and Vo-NiCo(OH),. (c) The Tafel data of the prepared Vo-
NiCo(OH), and NiCo(OH), for the COR and OER. (d) H, production for the COR and OER in 1.46 V vs. RHE. (e) CHA conversion, AA selectivity and faradaic
efficiency obtained for Vo-NiCo(OH), at different potentials. (f) AA faradaic efficiency and H, production obtained for five cycles. Bode phase plots of the
in situ electrochemical impedance spectra of (g) NiCo(OH), and (h) Vo-NiCo(OH), during the COR. (i) The resistance of the interfacial charge transfer

reaction of NiCo(OH), and Vo-NiCo(OH), during the OER and COR.

facilitate the transition from low- to high-valent metal species.
Subsequently, a potential of 1.00 V vs. RHE was applied after
maintaining the open circuit potential for a period, resulting in a
pronounced transient current. This transient current was signifi-
cantly reduced when CHA was introduced midway or directly
during COR (Fig. S11, ESI{). It indicates that CHA oxidation is
associated with the formation of high-valent metal species at low
potentials, which is crucial for achieving higher anodic current
in COR compared to OER.

To further demonstrate the advantage of COR over OER for
synergistic hydrogen production, we compared the hydrogen
production performance at 1.46 V vs. RHE. As depicted in
Fig. 3d, the total hydrogen production from the electrochemical
oxidation of 20 mM CHA substrate at 1.46 V vs. RHE was
1185.6 umol cm ™2, whereas the OER was 31.4 pmol cm 2,
indicating that COR enhances H, production at the cathode.

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

The effectiveness of COR was evaluated by characterizing the
product using NMR at different potentials. An H-type two-
compartment cell was employed as the reaction setup, containing
15 mL of electrolyte with 20 mM CHA in the anodic compartment,
and the total charge for complete reaction was 232 C. As shown in
Fig. 3e and Fig. S12 (ESIf), CHA was almost entirely converted
when the transferred charge reached 232 C. The optimal potential
for the reaction was 1.46 V vs. RHE, yielding a 95.6% selectivity for
AA and a 95.2% Faraday efficiency. However, all COR indicators
significantly declined at 1.50 V vs. RHE due to the weak compe-
titive OER. Additionally, similar tests with NiCo(OH), electrodes at
1.46 V vs. RHE demonstrated a marked decrease in the conversion
and selectivity of AA in systems lacking oxygen vacancies, suggest-
ing their role in enhancing adipic acid selectivity (Fig. S13, ESIT).
Fig. S14 (ESIt) represents the product test of Vo-NiCo(OH),, Vo
Ni(OH), and V4-Co(OH), electrodes for the COR after 10 h with a
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reaction potential of 1.46 V vs. RHE. The conversion rate of CHA
on Vo-Ni(OH), is relatively low, and the unreacted intermediate
CHN is clearly observed. Vo-Co(OH), shows even poorer catalytic
performance for COR, with the initial reactant CHA still detectable
in the electrolyte. This indicates that Ni serves as the primary
active site during COR on the V5-NiCo(OH),. Catalyst stability was
assessed as shown in Fig. 3f, demonstrating that the Faraday
efficiency of anodic adipic acid remained at 90% after five
reaction cycles, while the cathodic hydrogen production efficiency
remained close to 100%. We performed XPS characterization of
the Vo-NiCo(OH), after the COR. As shown in Fig. S15 (ESIY), the
Ni 2 pz; peak of Vo-NiCo(OH), centered at 855.6 eV, which is
almost identical to the value of 855.3 eV before the reaction. The
Co 2 ps/, shows a new peak at 782.6 €V, which can be attributed to
the Co®*~O0H generated during the electrocatalytic process. As
reported in the literature, both Ni and Co will be transformed into
Ni**-~OOH and Co®*~OOH with an applied potential.>*~>* Since the
main reactive species is Ni**~OOH, which can undergo a redox
reaction with cyclohexanol, the valence state of Ni will decrease to
Ni*" after the COR, while Co can remain Co®*. Meanwhile, O 1s
exhibits a stronger peak at 531.67 €V, which corresponds to the
OH™ adsorbed at the oxygen vacancies. This indicates that the
oxygen vacancies remain stable after the reaction. To further
demonstrate the stability of the oxygen vacancies during COR,
EPR analysis was used to examine the catalyst after the COR. As
shown in Fig. S16 (ESIT), the catalysts exhibited almost the same
oxygen vacancy strength, indicating that the oxygen vacancies can
be stabilized to function in COR.

Electrochemical impedance spectroscopy (EIS) was utilized
to examine the electron transfer processes and reaction kinetics
of NiCo(OH), and Vo-NiCo(OH),. The high-frequency interface
corresponds to the oxidation occurring within the electrode,
whereas the low-frequency region is associated with charge
distribution resulting from the generation of oxidizing species
at the electrode surface. An inflection point indicating sluggish
OER kinetics was detected in the low-frequency range (10 2-
10° Hz) beyond 1.55 V vs. RHE (Fig. S17, ESIf), consistent with
earlier findings.*®>® For NiCo(OH), during COR, the introduc-
tion of CHA shifted this inflection point to 1.40 V vs. RHE, with
the COR signature appearing in the mid-frequency domain
(10710 Hz) (Fig. 3g). In comparison to NiCo(OH),, the phase
angle of the transition peaks related to COR on the surface of
Vo-NiCo(OH), is reduced at the same voltage. This indicated
that the introduction of Vo can enhance the proton transfer
process of CHA at the electrode interface. (Fig. 3h). As demon-
strated in Fig. 3i, the introduction of Vo can significantly
improve the conductivity of the catalyst. During the COR
process, the charge transfer resistance (R.) decreases
rapidly as the voltage increases from 1.35 to 1.40 V vs. RHE,
indicating the commencement of the CHA reaction. At a
potential of 1.45 V vs. RHE, the interfacial reaction impedance
of Vo-NiCo(OH), is significantly lower than that of catalyst
NiCo(OH),, with R, values of only 46.8 Q for V,-NiCo(OH),
and 249 Q for NiCo(OH),. This indicates that the introduction
of Vo induces faster charge transfer and reaction kinetics on
the catalyst interface. When the potential increases to 1.50 V vs.
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RHE, the competitive OER reaction leads to a slight increase in
interfacial resistance.

Mechanistic study by in situ XAS, Raman and IR spectroscopy

To elucidate the dynamic changes in the electronic configu-
ration and atomic surroundings of the Ni and Co active sites
within Vo-NiCo(OH), during COR, in situ X-ray absorption
spectroscopy (XAS) analyses were conducted. As illustrated in
Fig. 4a, the Ni K-edge XANES spectra reveal variations in the
absorption edge position of Ni at different potentials. Initially,
the spectrum for Ni at 1.20 V vs. RHE aligns with that at the
open-circuit potential (OCP), suggesting minimal alterations in
Ni electronic structure. As the voltage is incrementally raised
from 1.30 V to 1.50 V vs. RHE, a positive shift in the near-edge
absorption of Ni is observed, indicating an increase in the
average oxidation state of Ni throughout the OER. The notable
valence change between 1.30 and 1.40 V vs. RHE indicates that
at 1.40 Vvs. RHE, high-valent nickel species are produced more
rapidly.>®*"° Conversely, the valence state of Ni undergoes a
negative shift at 1.60 V vs. RHE, likely due to the occurrence of
the oxygen evolution reaction, which depletes some high-valent
Ni species, resulting in a lower valence state. In contrast to the
OER, the valence state of Ni increases gradually during COR at
1.40 V vs. RHE (Fig. 4b), indicating that the presence of CHA
inhibits the formation of high-valent Ni species. This observa-
tion correlates with in situ impedance measurements, whereby
CHA reacts at 1.40 V vs. RHE. The Co K-edge XAS spectra shown
in Fig. 4c-d indicate that Co undergoes a valence transition
starting at a lower potential of 1.20 V vs. RHE during the OER,
with a significant increase at 1.30 V vs. RHE. This behavior is
linked to more favorable transitions from Co®" to Co** and Co®*
to Co**, in contrast to those observed with Ni. Furthermore,
CHA inhibits the valence increase of Co, resulting in a notably
lower valence state at 1.30 V vs. RHE during the COR. Thus, it
can be inferred that the electrooxidation of CHA first produces
high-valent metal species, which facilitate the oxidation of
CHA, eventually returning to the original low-valent state, as
illustrated in Fig. 4e.

The coordination environment of the metal centers in the
catalyst was further scrutinized through in situ EXAFS analysis.
Fig. 4f-i illustrates the changes in metal-oxygen bonds and
metal-metal bonds of the Ni K-edge during the OER and COR
process. As shown in Fig. 4f, measurements taken at OCP reveal
peaks at 1.65 A and 2.71 A, which are associated with Ni-O and
Ni-M (M = Ni and Co) bonds. As the potential increases to
1.30 V vs. RHE, Ni-O and Ni-M move to 1.48 A and 2.45 A,
implying the conversion of Ni**-OH into Ni**~OOH. The ana-
logous transition can be observed during COR, with the excep-
tion of a propensity for Ni-O and Ni-M bonds to augment at
1.50 V vs. RHE, which validates the redox reactions between
CHA and NiOOH (Fig. 4g). No noticeable alteration is seen in
Co-O bond length during OER and COR, while a significant
reduction is observed in Co-M bond at 1.30 V vs. RHE, possibly
due to the impact of the absorbed Ni change (Fig. 4h and i).
This result suggests that in the Vo-NiCo(OH), mediated trans-
formation of CHA, Co serves solely as a catalyst for Ni, rather

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Co K-edge during (h) the OER and (i) COR.

than participating directly in the oxidation process of CHA (Fig.
S18, ESIt). The fitted data for Ni and Co K-edge are summarized
in Fig. $19-S23 and Tables S3, S4 (ESIt), in which the coordina-
tion numbers of Ni and Co in COR are higher than those in the
OER, indicating that the presence of oxygen vacancies provides
adsorption sites for CHA and intermediates, which enhances
the efficiency of the electrosynthesis of AA.

In situ Raman spectroscopy was utilized to elucidate the
active catalytic species and the role of oxygen vacancies during
the OER and COR processes. For Vo-NiCo(OH), at OCP, char-
acteristic peaks around 461 and 527 cm ' were observed
(Fig. 5a and b), attributed to Ni**/Co**-OH and Ni**/Co**-
0.°>** During the OER process, new peaks emerged at 470
and 550 cm ™' when the potential was increased to 1.32 V vs.
RHE, corresponding to E; bending and A, stretching vibrations
of Ni**-0 in B-NiOOH.***3¢%6! In the presence of CHA, the
typical B-NiOOH peaks were delayed until 1.36 V vs. RHE,
indicating that Ni**~OOH formed at lower potentials could be
reduced to Ni**~OH by CHA. The intensity of B-NiOOH at 470
and 550 cm ™' in COR decreased progressively with increasing
potential compared to OER, demonstrating that -NiOOH was
the primary active species.”®*>°86263 Additionally, it can be

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

seen that CHA exhibits reactivity at a low potential of 1.32 V,
which aligns with the electrochemical linear sweep voltamme-
try (LSV) data. Fig. 5¢ shows the in situ Raman spectra of
NiCo(OH), during COR. When the potential was increased to
1.40 Vvs. RHE, the characteristic peak of B-NiOOH was detected
on the catalyst surface, indicating the conversion of Ni** into
Ni**. Contrary to Vo-NiCo(OH),, the B-NiOOH peak for
NiCo(OH), was not significant at 1.36 V vs. RHE, indicating
that NiCo(OH), is less efficient in generating active species
compared to Vp-NiCo(OH),. Additionally, there was no
reduction in the intensity of B-NiOOH in NiCo(OH), from
1.40 V to 1.52 V vs. RHE. This finding suggests that the
incorporation of oxygen vacancies not only enhances the pro-
duction of active species but also modulates the competitive
adsorption of CHA,q4s and OH,qs on the catalyst surface, thereby
facilitating the CHA conversion (Fig. 5d). Concurrently, the
adsorption and reaction process of CHA was initially character-
ized by in situ Raman spectroscopy. As depicted in Fig. 5¢ and
S24, the peaks at 791, 1030, 1260, 1446, 2862, and 2948 cm™ " at
OCP correspond to the characteristic peaks of CHA. When the
potential was increased from 1.36 to 1.42 V vs. RHE, these peaks
almost completely vanished, and new peaks appeared at 934,
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1323, 1403, and 2908 cm™ ', indicating the transformation from We further explored the use of in situ infrared spectroscopy to
CHA to CHN and AA. observe surface transformations during the COR process directly.
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To elucidate the role of oxygen vacancies in the modulation of CHA
and OH™, we initially examined the OER process independently.
As depicted in Fig. 5f, notable OH,q4s stretching and bending
vibration peaks emerged at 1643 and 3498 cm ' upon applying
a potential of 1.20 V vs. RHE, attributable to the accumulation of
H,0 and OH . When the potential was elevated from 1.32 to
1.52 V vs. RHE, a negative absorption of the OH,qs vibrational
peaks was clearly observed. This phenomenon indicates that the
surface-enriched OH ™~ was involved in the catalytic transformation
under potential modulation, leading to the formation of Ni/Co-
OOH active species. Conversely, for NiCo(OH), shown in Fig. S25
(ESIT), no negative OH,45 absorption was observed at low poten-
tials, implying that the OH,q4s conversion was less efficient and not
conducive to the generation of active species Ni/Co-OOH. The OER
commenced at potentials exceeding 1.56 V vs. RHE, and the OER
intermediate was identified at 1266 cm ™. During the COR process
(Fig. 5g and h), initially, the OH,q, vibrational peak was undetected
at 1.20 V vs. RHE, indicating a substantial presence of CHA and
OH™ on the catalyst surface in equilibrium. Upon increasing the
potential to 1.36 V vs. RHE, a distinct -C—O0 stretching vibrational
peak appeared at 1705 cm™', marking the onset of the CHA
reaction at that potential. With further potential increase, the peak
shifted negatively to 1697 cm ™', indicating the continued oxida-
tion of CHA leading to the formation of AA. Similar alterations
were observed at 1573 and 1409 cm ™.

Conclusions

A Vo-NiCo(OH), electrocatalyst was developed for the proficient
electrosynthesis of AA from CHA. Computational analysis indicates
that oxygen vacancies modulate the electronic configuration of the
metal active sites, thereby optimizing CHA activation and OH ™
adsorption on the catalyst surface. This adjustment enhances the
OH™ mediated attack on the C,, position, facilitating the formation
of the pivotal intermediate 1,1-dihydroxycyclohexane, and subse-
quently promoting the highly selective production of AA. Electro-
chemical evaluations demonstrated that Vo-NiCo(OH), exhibited
exceptional catalytic performance with conversion efficiency, AA
selectivity, and faradaic efficiency rates of 98.4%, 95.6%, and
95.2%, respectively, and generated hydrogen at a rate 8.2 times
higher than that achieved by pure water electrolysis at the cathode.
In situ Raman and infrared spectroscopy corroborated that oxygen
vacancies aid in the formation of the active species NiOOH,
enhance CHA adsorption and activation on the catalyst surface,
and expedite electron transfer processes between CHA and
NiOOH. This methodology introduces an innovative strategy for
producing clean energy materials from renewable feedstocks using
cost-effective catalysts, addressing the pressing issues of energy
resource depletion and environmental pollution, thus contributing
to sustainable energy development.
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