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Anion doping promotes electrocatalyst
reconfiguration for efficient C—C bond cleavage of
4-methylcyclohexanolt
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Suiging Li,? Jinfu Cai,® Chuang Qi,? Pan Hu,? Yongyong Cao, (2 ** Xing Zhong () *®
and Jianguo Wang (=) *@

Electrochemical cleavage of the C—C bond is primarily employed to transform organic molecules derived
from biomass into valuable short-chain chemicals. However, achieving high reaction activation for the
cleavage of C-C bonds under mild conditions continues to present a significant challenge. We prepared
NiX/GF (X represents doped anionic elements, S, Se, P) and obtained NiX-R/GF through reconfiguration
by electrochemical activation using cyclic voltammetry. Among the prepared materials, Ni,P-R/GF exhibi-
ted favorable electrochemical activity and achieved a high yield (88.1%) of 3-methyladipic acid through
the oxidation of 4-methylcyclohexanol. Comprehensive ex/in situ electrochemical experiments demon-
strate that incorporating P results in a reduced reconfiguration potential and a heterogeneous interface
between NiOOH and Ni,P. Density functional theory (DFT) calculations demonstrate that the enhanced
performance exhibited by the reconfigured electrocatalyst is attributed to its unique geometric and elec-
tronic structural characteristics. The strategy of anion doping to enhance the electrochemical oxidation
performance of anodes presents a sustainable approach for breaking C-C bonds.

1. The present study proposes an eco-friendly electrocatalytic synthesis of 3-methyladipic acid, which is a promising
alternative to conventional oxidation processes that generate polluting emissions.

2. The Ni,P-R/GF electrocatalyst reported herein demonstrated remarkable efficacy in the electrooxidation of 4-methyl-
cyclohexanol, achieving 98.0% conversion and 89.9% selectivity. The method demonstrated an efficient electrooxidation
capability, which facilitated the C-C bond cleavage process to produce the desired carboxylic acid products while minimiz-
ing the emission of hazardous substances. Furthermore, the utilization of non-homogeneous catalysts facilitates the re-
cycling of catalysts, thereby aligning with the principles of green chemistry.

3. Future research endeavours could concentrate on exploring methodologies to augment the scale of continuous flow
3-methyladipic acid production, further reducing costs and energy consumption, thereby advancing the potential future
industrial applications of this chemical.

Introduction

The catalytic cleavage of C-C bonds facilitates the efficient syn-
thesis of novel compounds with desirable properties. However,
achieving high reaction activation for the cleavage of C-C
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bonds under mild conditions remains a significant challenge.
As an illustrative example, the commonly employed prepa-
ration methods for 3-methyladipic acid (3-MAA) are as follows:
the use of 4-methylcyclohexanol (4-MA) as a substrate allows
for the realization of C-C bond breakage through the appli-
cation of nitric acid oxidation, trifluoroacetic acid oxidation, or
the use of ruthenium trichloride and osmium tetrachloride as

This journal is © The Royal Society of Chemistry 2025
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a non-homogeneous catalyst. The cleavage reaction of C-C
bonds requires using reagents and catalysts that are potentially
hazardous or expensive, leading to a substantial increase in
the production costs of the acid (Scheme 1). Electrochemical
synthesis is an efficient, environmentally friendly, and control-
lable method for organic synthesis.>* A substantial body of evi-
dence from numerous studies has demonstrated that tran-
sition metal catalysts, due to their rich electronic structures,
enhance the covalent bonding between the transition metal
and oxygen. Consequently, they have been widely employed in
organic electrosynthesis.*”® More recently the electrochemical
cleavage of C-C bonds has been reported, primarily for the
conversion of biomass-derived organic molecules, such as
cyclohexanol, into high-value short-chain chemicals.””
Nevertheless, the coexistence of purely chemical and electro-
chemical steps in the oxidation of cyclohexanol, combined
with the slow reaction kinetics associated with the multi-elec-
tronic process from secondary alcohol to carboxylic acids, pre-
sents a significant limitation to the practical application of
this approach.

Therefore, it is crucial to develop highly active, low-cost cat-
alysts and to employ in situ electrochemical methods to eluci-
date the reaction mechanism of intermediates on the electrode
surface and in solution. Nickel-based electrocatalysts are exten-
sively utilized in oxygen evolution and nucleophilic oxidation
reactions due to their low price and high performance.'®"!
Various modification design methods for nickel-based electro-
catalysts have been widely reported. Both cation and anion
doping have emerged as effective strategies for the rational
design of these electrocatalysts.">"? Ton doping can result in
the generation of oxygen vacancies, the occurrence of phase
transitions, the exposure of active sites, and the modulation of
the electronic structure of metal centers.’*® In these reports,
ion-regulated Ni-based electrocatalysts served as the initial
electrocatalysts, which subsequently underwent an irreversible
reconfiguration process to form nickel oxyhydroxide (NiOOH),
which is generally considered to be the active catalytic
species.'”'® Despite their similar chemical compositions, Ni-
based electrocatalytically reconstituted NiOOH, which is
derived from ionic modulation, typically demonstrates better
catalytic activity when compared to directly synthesized

Conventional catalytic methods for the oxidation of cyclohexanol derivatives
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Scheme 1 Schematic comparison of 3-methyladipic acid production
pathways.
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NiOOH."®?° In recent years, electrocatalytic oxidation of 4-MA
has been reported (Table S171); however, the effects of doped
anions and recombinant electrocatalysts on C-C bond cleavage
remain to be explored. Consequently, it is essential to investi-
gate the mechanism underlying the conversion of 4-MA over
reconstituted anion-doped Ni-based electrocatalysts.

This study initially investigates the effects of modifying
nickel-based catalysts with various anions (P, S, Se) on their
properties related to the electrooxidation of 4-MA. Ni-based
electrocatalysts were synthesized on graphite felts (GF) using a
one-step hydrothermal method, with the anions doped into
the Ni-based catalysts (Ni(OH),, Ni,P, NiS,, NiSe) through cal-
cination in a tube furnace. Subsequently, the reconfigured
nickel-based electrocatalysts (Ni(OH),-R, Ni,P-R, NiS,-R, NiSe-
R) were produced by in situ anodic electrochemical reconfi-
guration. This process results in the formation of an NiOOH
layer on the surface of the electrocatalyst, subsequently enhan-
cing the electrocatalytic activity. Electrochemical experiments
demonstrated that Ni,P-R exhibits high reactivity (3-MAA
yields of 88.1%, at 1.55 V vs. RHE) among various samples fea-
turing the same active center, Ni*". In situ Raman spectroscopy
demonstrated that anionic doping optimized the local ligand
environment, making it possible to make the catalyst more
active through the electrochemical reconfiguration method,
thereby improving its oxidation characteristics. In situ electro-
chemical infrared spectroscopy was employed to elucidate the
changes in the surface groups of the catalyst during the reac-
tion process, offering insight into the underlying reaction
mechanism. Furthermore, experimental results showed that
the reconfigured Ni,P-R catalysts feature a distinct heterojunc-
tion interface. Subsequent density functional theory (DFT) cal-
culations revealed that the unique geometric and electronic
properties of the heterojunction influence the adsorption and
desorption behavior, thereby enhancing catalytic reactivity.
These insights can inform the development of surface modu-
lation techniques to enhance the activity of electrocatalysts
employed in 4-MA oxidation, extending beyond the application
of nickel-based electrocatalysts.

Experimental
Pre-treatment of graphite felt

The graphite felt (GF) was sliced into pieces measuring
approximately 3 cm X 4 cm, and then these GF pieces were
placed in a muffle furnace and heated to 500 °C for 30 min.

Preparation of Ni(OH),/GF

To prepare Ni(OH),/GF, Ni(NO3),-6H,0 (2 mmol), CO(NH,),
(1 mmol), and NH,F (1 mmol) were dissolved in 80 mL of DI
water. After the addition of the treated GF, the mixture was
homogeneously dispersed by ultrasound and transferred to a
PTFE liner. Ni(OH),/GF was obtained by hydrothermally
heating the dispersion at 120 °C for 12 hours.

Green Chem., 2025, 27,2008-2018 | 2009
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Preparation of NiX/GF (X = P, S, or Se)

To synthesize Ni,P/GF, Ni(OH),/GF was put next to sodium
hypophosphite monohydrate (NaH,PO,, 600 mg) under an Ar
atmosphere in the middle of a tube furnace. After flushing
with Ar for ~30 min, the sample was heated to 300 °C with a
heating rate of 5 °C min™" for 1 h and then programmed to
cool to ambient temperature. The other catalysts were syn-
thesized in a similar way to that of the above procedure, except
that the anionic precursors for the tube furnace heating were S
and Se powders. As a comparison, the anion-undoped Ni
(OH),-H/GF was obtained by direct heating in a tube furnace
without any anion source.

Synthesis of NiX-R/GF

NiX-R/GF was prepared by electrochemical activation of the
NiX/GF samples via application of cyclic voltammetry (CV) in 1
M KOH medium at 100 mV s~ from 1.0-1.6 V vs. RHE for 200
cycles without iR compensation. NiX/GF was the working elec-
trode, while a Pt plate acted as the counter electrode, and Hg/
HgO was utilized as the reference electrode to establish a
three-electrode system.

Structural characterizations

The morphology and microstructure of these electrocatalysts
were investigated by scanning electron microscopy (SEM,
Hitachi FE-SEM $-4700) and scanning transmission electron
microscopy (TEM, JEM-ARM300F). Powder X-ray diffraction
(XRD) was conducted using an X-ray diffractometer with graph-
ite monochromatized Cu Ka irradiation (1 = 1.54 A). Based on
the XRD results, the corresponding cell parameters of each
sample were calculated using Jade software. X-ray photo-
electron spectroscopy (XPS) data were recorded with an X-ray
photoelectron spectrometer (Thermo Scientific ESCALAB
250Xi). The Brunauer-Emmett-Teller (BET) specific surface
areas and pore distributions were carried out on an ASAP2460
analyzer. In situ Raman spectra were characterized utilizing the
confocal Raman imaging microscope (Renishaw InVia, 532 nm
laser) under different potentials (1.20-1.70 V vs. RHE) employ-
ing an Ivium-n-Stat electrochemical workstation in a three-
electrode system. Inductively coupled plasma optical emission
spectrometry (ICP-OES) data were obtained using the
Agilent720ES.

Results and discussion
Morphology analysis of electrocatalysts

The Ni(OH),/GF electrocatalyst precursor was synthesized on
GF using a one-step hydrothermal method. The subsequent
calcination of the NiX/GF electrocatalyst in a tube furnace uti-
lized S, Se powder, and Na,HPO, particles as anion sources
(Fig. 1a). Scanning electron microscopy (SEM) images revealed
that the Ni(OH),/GF precursor exhibited a dense nanosheet
structure, in contrast to the smooth surface of the GF (Fig. S1
and S271). The morphology of NiSe/GF closely resembled that
of Ni(OH),/GF. In contrast, NiS,/GF displayed multiple holes
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Fig. 1 (a) Schematic illustration of the synthesis route for the Ni,P/NiS,/
NiSe. All the experimental procedures are kept the same except for the
anion source. SEM images of Ni,P/GF (b), NiS,/GF (c) and NiSe/GF (d).
Elemental mapping of Ni,P/GF (e), NiS,/GF (f) and NiSe/GF (g).

on the nanosheet surfaces, while Ni,P/GF exhibited fine
whisker-like structures at the nanosheet edges (Fig. 1b-d).
These structural variations may enhance the accessibility of
the electrocatalytic sites. Furthermore, energy-dispersive X-ray
spectroscopy (EDS) mapping confirmed that the predominant
elements Ni, X, and O (X =S, Se, P) were uniformly distributed
across the nanosheets, indicating the successful loading of
NiX (X = P, S, Se) onto the GF (Fig. 1e-g).

The structures of the electrocatalysts were further character-
ized using transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM). TEM
images revealed that NiX/GF exhibited a lamellar structure,
consistent with the SEM results (Fig. S31). However, the TEM
images of different anion-doped electrocatalysts revealed sig-
nificant differences. Ni,P/GF displayed a sheet-like structure
with Ni,P distributed across the surface. TEM images of NiS,/
GF revealed nanoparticles aggregated into nanosheets, while
those of NiSe/GF displayed a greater number of nanoparticles
and nanowires at the edges of the nanosheets (Fig. S47).
HRTEM revealed lattice fringes with a spacing of 0.221 nm on
the Ni,P/GF surface,”'™ corresponding to the (111) lattice
plane of Ni,P (Fig. 2a). Similarly, in NiS,/GF, lattice fringes
with spacings of 0.232 nm and 0.254 nm were observed, which
were associated with the (121) and (—201) lattice planes of
NiS,, respectively (Fig. 2b).>* In the case of NiSe/GF, distinct
lattice fringes were only observed on the nanoparticles at the
edges of the nanosheets, exhibiting a pitch of 0.272 nm, which
corresponds to the (101) crystal plane of NiSe (Fig. 2¢).>* These
observations indicate the successful synthesis of Ni,P, NiS,,
and NiSe on GF.

The composition of the electrocatalysts was analyzed using
X-ray diffraction (XRD). The pronounced diffraction peaks of
the precursor Ni(OH), at 12.1°, 23.8°, 33.7°, 35.2°, and 59.6°

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a—c) HRTEM images of Ni,P/GF (a), NiS,/GF (b), and NiSe/GF (c).
(d) XRD patterns for NiyP, NiS,, NiSe, Ni(OH),, and Ni(OH),-H. (e) N,
adsorption—desorption isotherms of the Ni,P, NiS,, NiSe, and Ni(OH),
catalysts. (f) Cq calculations of Ni,P/GF, NiS,/GF, NiSe/GF, and Ni(OH),/
GF. High-resolution XPS spectra of Ni 2p levels for Ni,P (g), NiS; (h), and
NiSe (i).

correspond to the standard pattern of a-Ni(OH), (JCPDS No.
00-022-0444), representing the (001), (002), (110), (111), and
(300) lattice planes of the electrocatalyst, respectively. Ni(OH),-
H was obtained by calcining the precursor Ni(OH), in a tube
furnace without an anion source. The original diffraction peak
at 12.1° shifts to a higher angle, the diffraction peak at 23.8°
disappears, and the diffraction peaks at 33.7° and 59.6°
exhibit increased intensity (Fig. 2d). These changes indicate a
reduction in crystal plane spacing and an increase in crystalli-
nity during the calcination process. Meanwhile, the character-
istic peaks of Ni(OH),-H were identified in the Ni,P, NiS,, and
NiSe samples. For example, in the XRD pattern of Ni,P, the
diffraction peaks at 40.7°, 44.6°, and 47.4° correspond to the
(111), (201), and (210) crystal planes of Ni,P (JCPDS No. 01-
074-1385), indicating the presence of diffraction peaks of both
substances in the Ni,P electrocatalysts. Similarly, for NiS, and
NiSe, the diffraction peaks align with the standard patterns of
Ni(OH),-H, NiS,, and NiSe, respectively (Fig. 2d and Fig. S57).
These results suggest that incomplete phase transitions may
occur during the synthesis of NiX/GF (where X = P, S, and Se),
leading to the formation of an NiX-Ni(OH), hybrid phase.
However, no lattice fringes related to Ni(OH), were observed in
HRTEM. This absence was attributed to XRD primarily detect-
ing the bulk phase of the catalyst, resulting in limited exposure
of surface Ni(OH), crystallites, or it may be due to a decrease
in Ni(OH), crystallinity after annealing, which manifests as an
amorphous layer on the catalyst surface.

To evaluate the specific surface area and pore structure of
the electrocatalysts, Brunauer-Emmett-Teller (BET) testing
and pore size distribution analysis using the Barrett-Joyner—
Halenda (BJH) method were performed. The results indicate
that Ni(OH),, NiSe, NiS,, and Ni,P exhibit type IV isotherms
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featuring prominent H3-type hysteresis loops and no discern-
ible saturated adsorption platforms, signifying irregular pore
structures (Fig. 2e). Pore size distribution ranging analysis
reveals that the pore sizes of Ni(OH),, NiSe, NiS,, and Ni,P are
predominantly mesoporous, with distribution of between 2
and 50 nm (Fig. S6t). Furthermore, the electrochemical
surface area (ECSA) was evaluated based on the calculated
electrochemical double layer capacitance (Cyq;) in the non-fara-
daic regions using cyclic voltammetry (Fig. S77). As illustrated
in Fig. 2f, the Cy of Ni(OH), is 10.9 mF c¢cm™>, considerably
higher than that of NiSe (6.1 mF cm™2), NiS, (3.8 mF cm™2),
and Ni,P (3.5 mF cm™2). This suggests that the active electro-
chemical region is diminished as a result of anionic doping in
the Ni(OH), material, which aligns with the BET results. The
variations in the specific surface area, pore size, and active
surface area of anion-doped catalysts may lead to differences
in reactivity.

X-ray photoelectron spectroscopy (XPS) was utilized to
determine the chemical composition of the surfaces of Ni,P,
NiS,, NiSe, and Ni(OH), samples and to evaluate the influence
of anion doping on the electronic structure of these materials.
The analysis of the samples indicated the presence of the
elements Ni, P, S, and Se (Fig. S8f). Additionally, the high-
resolution Ni 2p spectra (Fig. 2g-i) demonstrated that anion-
doped nickel catalysts, as determined through deconvolution,
commonly exhibit six primary peaks along with two satellite
peaks (labeled as “Sat.”).?° In the case of Ni,P, the peaks with
binding energies (BE) of 856.9 and 874.6 eV correspond to Ni
2ps» and Ni 2py, of Ni**; the peaks at 859.1 and 876.7 €V are
attributed to Ni*" resulting from oxidation on the Ni,P surface;
while the two peaks at 853.1 and 870.7 eV are associated with
Ni®" (8 close to 0).*”>° The binding energies of the corres-
ponding peaks derived from the deconvolution of NiS,, NiSe,
and Ni(OH), in the high-resolution spectra of Ni 2p are docu-
mented in Table S2.1 A comparison of the peak positions indi-
cates that the peaks corresponding to Ni*" and Ni** shift
towards higher binding energies following P elemental
doping. Notably, the Ni’* peaks appearing after the introduc-
tion of P indicate an enhancement of the electronic coupling
of Ni-P. Furthermore, in comparison to S and Se doping, P
doping resulted in more significant shifts in the binding
energy of Ni** and stronger Ni’* peaks. This suggests that P
doping has a greater influence on the electronic structure of
Ni, thereby promoting electron transfer and enhancing the
proton affinity of the electrocatalysts. Additionally, the anions
were characterized using XPS (Fig. S9t). In the P 2p spectrum,
the characteristic peaks at 129.2 eV and 130.5 eV correspond to
the 2p;, and 2p,, orbitals of phosphorus, respectively.
Furthermore, the peaks at 133.8 eV correspond to phosphorus
oxides.*® In the S 2p spectrum, the characteristic peaks at
162.6 eV and 163.8 eV represent the 2p,,, and 2ps,, orbitals of
sulfur, which align well with the values for metal-coordinated
S,>~ dimers.*’** In the Se 3d spectrum, the Se 3d;, and Se
3ds/, peaks at 54.2 eV and 55.2 eV suggest the presence of Se>~
ions, while the peak near 59.0 eV corresponds to SeO,
species.*® The binding energies of P 2p;,, S 2P3/2, and Se 3ds),

Green Chem., 2025, 27,2008-2018 | 2011
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are shifted by 0.7 eV, 0.2 eV, and 0.4 eV, respectively, compared
to the standard values in the XPS handbook, which also indi-
cates the presence of Ni-P, Ni-S, and Ni-Se interactions, and
the binding energies of P have larger shifts in agreement with
the above findings. The shift of the binding energy to a higher
level indicates a reduction in electron density near the Ni
atom. This change enhances the electron affinity of the Ni
atom, making it more favorable for the rapid adsorption of
substrate intermediate radicals.

Morphology analysis of reconfigured electrocatalysts

The surface reconfiguration of NiX/GF was accomplished
through cyclic voltammetry (CV) over 200 cycles in a 1.0 M
KOH electrolyte, utilizing a sweep rate of 100 mV s™*, across a
potential range of 1.0-1.6 V vs. RHE. The reconfigured electro-
catalysts were designated as NiX-R/GF. Fig. S107 illustrates the
variation of CV curves from the 5th to the 200th cycle. The
area of the Ni oxidation peaks (Ni** to Ni*") and the oxygen
evolution reaction (OER) currents increased with the number
of cycles. Furthermore, peak cathodic current (I,.) and peak
anodic current (I,,) were extracted at different cycles and at a
voltage of 1.5 V vs. RHE to illustrate their evolution (Fig. 3a
and Fig. S11}). All NiX/GF samples exhibited a similar trend,
wherein the oxidation and reduction currents gradually
increased before reaching equilibrium. Initially, the current
decreased and then increased, likely due to the oxidation of P
and S monomers on the surface. Notably, Ni,P achieved a
stable current density exhibiting a higher anodic current peak
and a lower peak cathodic current with fewer CV cycles com-
pared to NiSe, NiS,, and Ni(OH),. This suggests that Ni,P
undergoes the reconstruction process more rapidly and pos-
sesses enhanced electrochemical activity.

To achieve a more accurate understanding of the changes
in electrochemical properties influenced by anions during the
reconfiguration process, multiple linear scanning voltametric
curves of Ni,P, NiS,, NiSe and Ni(OH), were recorded in 1 M
KOH solution at a scan rate of 5 mV s~ " (Fig. 3b and Fig. S121).
The oxidation peaks of the anion-modified catalysts exhibited
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Fig. 3 (a) Current variation curves during electrochemical activation at
a voltage of 1.5 V vs. RHE. (b) LSV curves of Ni,P in 1 M KOH. (c) Cq cal-
culations of Ni,P and Ni,P-R. (d) HRTEM image of Ni,P-R. (e) Raman
spectrogram and (f) high-resolution XPS spectra of Ni 2p levels for Ni,P
and NiyP-R.
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a forward shift and a gradual increase compared to those of Ni
(OH),, indicating a reduction in the potential required for gen-
erating active species. Moreover, the electrochemical surface
area (ECSA) was assessed by comparing the Cq4; within the non-
faradaic zone, calculated through CV (Fig. S13t). As illustrated
in Fig. 3c, the Cq of Ni,P-R/GF was 11.8 mF cm™>, whereas
that of Ni,P/GF before activation was merely 3.5 mF cm™?,
representing a 3.4-fold enhancement. This suggests that the
electrochemical activation process resulted in a significantly
larger active surface area for the activated electrocatalyst. The
inset in Fig. 3c presents SEM images of Ni,P before and after
activation, demonstrating that the surface of the nanosheets
displays a more refined lamellar structure. A similar structure
was also observed on the surface of NiS,-R (Fig. S14}). This
structure may facilitate the formation of additional active sites
on the electrocatalysts, thereby enhancing mass transfer
between the electrocatalysts and the reactant molecules.

In the high-resolution transmission electron microscopy
(HRTEM) of Ni,P-R, a less crystalline NiOOH layer was
observed at the edges of the nanosheets, displaying lattice
fringes of 0.243 nm and 0.217 nm corresponding to the (111)
and (202) crystalline planes of NiOOH, respectively (JCPDS No.
97-016-5961) (Fig. 3d).>* In addition, HRTEM reveals the pres-
ence of a distinct NIOOH/Ni,P heterogeneous interface, which
could potentially influence the electrochemical performance
of the reconfigured catalysts.>>*® The Raman spectra of Ni,P
and Ni,P-R, before and after activation, exhibits two signal
peaks at 471.5 ecm™' and 552.4 cm™" in the activated Ni,P-R,
corresponding to the bending vibration (6x;-o) and the stretch-
ing vibration (vnio) of Ni**-O in NiOOH, respectively
(Fig. 3€).>’° In the high-resolution Ni 2p spectra, the peak
corresponding to Ni-P was no longer present in the activated
Ni,P-R, indicating the precipitation of anions on the surface.
Furthermore, the proportion of the Ni** peak area increased
significantly from Sy;**/Sni>" = 0.28 to 0.60 (Fig. 3f). These
findings suggest that anion-doped electrocatalysts generate a
substantial quantity of Ni** on the surface following electro-
chemical activation, which is believed to enhance electro-
chemical activity by serving as an active site for oxidation reac-
tions. In addition, in the high-resolution O 1s spectra of
Ni,P-R (Fig. S15a and bt), there are four fitted peaks at
binding energies of 529.4, 530.6, 532.0 eV, and 535.2 eV corres-
ponding to the peaks of lattice oxygen, metal hydroxide,
adsorbed oxygen, and adsorbed water, respectively, and the
extra peaks of lattice oxygen indicate the formation of NIOOH
compared to that of unreconstructed Ni,P.*® In addition, in P
2p of Ni,P-R, the Ni-P peak disappeared and the P-O bond
still existed (Fig. S15c7), which indicated that Ni,P on the cata-
lyst surface was transformed into NiOOH during electro-
chemical reconstruction, and that phosphorus oxide species
existed on the surface although part of elemental P precipi-
tated out. A small amount of PO, doping is beneficial to opti-
mize the coordination environment near the Ni site to
enhance the oxidation capacity.’® Inductively coupled plasma
optical emission spectrometry (ICP-OES) measurements were
carried out on the electrolyte after CV electrolysis of Ni,P
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(Table S3+t). The results showed that the P content in the elec-
trolyte was 29.6198 mg L™ and the Ni content was 0.1851 mg
L™', which indicated that the catalyst reconstruction process
was accompanied by the leaching of P, while Ni was hardly
lost.

Electrochemical and reactive properties

LSV tests were conducted on reconstituted NiX-R in 1.0 M
KOH solution at a sweep rate of 5 mV s*. The results demon-
strated that Ni,P-R/GF exhibited a higher current density than
other reconstituted electrocatalysts, regardless of the presence
or absence of the substrate 4-MA. Additionally, the oxidation
potential of Ni,P-R/GF was significantly advanced, indicating
enhanced reactivity and reduced energy requirements in the
electrochemical oxidation of 4-MA. This advancement suggests
that Ni,P-R/GF promotes the oxidation reaction at a lower
voltage, thereby decreasing energy consumption, which is a
notable advantage for Ni,P-R in the electrochemical oxidation
of 4-MA (Fig. 4a, b and Fig. S161). Upon the addition of 4-MA,
two distinct oxidation peaks were observed in the LSV curves
of Ni,P-R at voltages of 1.45 V and 1.55 V vs. RHE. It is hypoth-
esized that these peaks correspond to the oxidation of Ni** to
Ni** and the subsequent oxidation of the substrate by the Ni**
active site, respectively. As illustrated in Fig. 4c, the Nyquist
plots in 1.0 M KOH solution indicate that the plots for Ni
(OH),-R at 1.50 V vs. RHE are close to being approximately
linear. This signifies that the electrode processes on the
surface of Ni(OH),-R are predominantly governed by diffusion,
resulting in sluggish reaction kinetics. In contrast, the Nyquist
plots for Ni,P-R display a semicircular shape, indicating that
the rate-limiting step in the electrode process is a charge trans-
fer step. This suggests that reactants can rapidly reach the elec-
trode surface, indicating that Ni,P-R exhibits superior electro-
chemical reactivity compared to Ni(OH),-R. Furthermore, a
comparison of the Nyquist plots before and after the addition
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(f) Relative concentration of the reaction intermediates and products
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of 4-MA demonstrates that the substrate addition leads to a
reduction in the radius of the semicircle, indicating that the
substrate undergoes rapid charge transfer on the electrocata-
lyst’s surface. This observation suggests that the oxidation
reaction of 4-MA is more electrochemically favorable than the
OER. A comparison of the Nyquist plots for NiSe-R, NiS,-R,
and Ni,P-R in 1 M KOH with 4-MA at 1.50 V vs. RHE indicates
that Ni,P-R exhibits a smaller semicircular radius (Fig. S177),
signifying lower charge transfer resistance at the Ni,P-R
surface in the presence of the substrate. This finding is favor-
able for the reaction. To further understand the role of anionic
modification, the Tafel slopes on Ni(OH),-R and anion-modi-
fied Ni-based catalysts were measured for analyzing the kine-
tics of the OER and the 4-MA oxidation reaction. Notably, the
current density within the Tafel region during LSV testing
increases with potential due to the oxidation of Ni** to Ni*".
To minimize the interference of Ni*" oxidation on the Tafel
slope measurement of 4-MA, the catalyst was first oxidized at
1.8 V vs RHE for 10 min and then LSV tested in reverse scan
mode (Fig. S18a and bt), thereby deriving the Tafel slope.*! In
the absence of substrate, the Tafel slope of Ni,P-R (41.1 mV
dec™) was lower than that of the other catalysts, indicating
that P modification enhances the kinetics of the OER
(Fig. S18ct). After the introduction of substrate, the Tafel slope
on Ni,P-R (32.3 mV dec™") was lower than that on Ni(OH),-R
(82.8 mV dec™"), suggesting that the effect of P-modification
on the kinetics of the 4-MA oxidation reaction was more pro-
nounced than that on the OER (Fig. S18dt). These findings
imply that while P modification promotes the OER to some
extent, it significantly accelerates the kinetics of the 4-MA oxi-
dation reaction.

The oxidation reaction of 4-MA was conducted using the
prepared electrocatalysts, and the yield of 3-MAA was quanti-
fied using high-performance liquid chromatography with a
refractive index detector (HPLC-RID) (Fig. S19%). The reaction
conditions were evaluated with Ni,P-R/GF as the electrocata-
lyst, applying voltages ranging from 1.40 to 1.70 V vs. RHE in
increments of 0.05 V, for two hours at each potential, with a
deviation of the results of less than 5%. The results showed
that the yield of 3-MAA increased with increasing voltage.
However, the faradaic efficiency (FE) exhibited a distinct
volcano trend, initially rising and then declining. The Ni,P-R/
GF achieved higher liquid-phase yield and faradaic efficiency
at 1.55 V, indicating that this voltage is the optimal reaction
voltage (Fig. 4d). Additionally, the effects of reaction tempera-
ture, electrolyte composition, and electrolyte concentration
were investigated (Fig. S201 and Table S47). The optimal con-
ditions were established as 1.55 V vs. RHE, a reaction tempera-
ture of 40 °C, and 1 M KOH as the electrolyte. Under these con-
ditions, a comparison of various electrocatalysts revealed that
the reconstituted catalysts yielded higher 3-MAA production
quantities, as illustrated in Fig. S21.f Among these, Ni,P-R
achieved a higher yield of 58.9%, surpassing the performance
of the other electrocatalysts. The Ni,P-R demonstrated superior
reactivity compared to Ni(OH),-R, NiS,-R, and NiSe-R.
Additionally, the stability of Ni,P-R was evaluated through
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cycling experiments. The yield decreased after every three
cycles; however, its reaction performance was partially restored
through reactivation via cyclic voltammetry. This indicates that
the reconstituted catalyst possesses high stability, and its
activity can be revived using a straightforward activation
method (Fig. 4e). Due to the difficulty in detecting 4-MA and
4-methylcyclohexanone (4-MK) via HPLC, nuclear magnetic
resonance (NMR) spectroscopy was employed to monitor the
trends of substrate, products, and by-products using deute-
rated-dimethyl sulfoxide (DMSO) as an internal standard
(Fig. S21 and S22%). The accumulation of 4-MK intermediates
during the reaction was evident, alongside the production of
3-MGA and 3-MAA. At a total charge of 300 C, 4-MA was nearly
completely converted (98.0%), while 3-MAA achieved a higher
yield (88.1%) and selectivity (89.9%). Consequently, the recon-
structed electrocatalysts doped with phosphorus demonstrate
exceptional electrochemical oxidation performance for 4-MA.
However, the source of their activity remains uncharacterized,
necessitating an exploration of its origin through a series of
in situ electrochemical techniques.

In situ experiments to reveal reaction mechanisms

To provide a more detailed illustration of the reconfiguration
phenomena occurring on the Ni,P/GF surface, in situ Raman
analysis was employed. Fig. 5a illustrates the in situ electro-
chemical Raman spectra of Ni(OH), in 0.5 M KOH recorded
between 1.20 V and 1.70 V vs. RHE. Before reaching 1.40 V, no
discernible Raman peaks were observed within the range of
200-1200 cm™". Upon reaching 1.40 V, two new peaks emerged
at 471.5 cm™" and 552.4 cm™!, exhibiting increased sharpness.
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Fig. 5 In situ Raman spectra for (a) Ni(OH), and (b) Ni,P in 0.5 M KOH.
(c) In situ Raman spectra for Ni,P in 0.5 M KOH with 0.1 M 4-MA. Multi-
potential step experiments for (d) Ni(OH), and (e) Ni,P, consisting of
three stages: (1) 1.6 V vs. RHE to enrich NiOOH; (2) OCP to detect the
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The peaks observed at 1.45 V are attributed to bending
vibrations (dyi-0) and stretching vibrations (inio). As the
potential was increased to 1.65 V, the intensity of these peaks
diminished, and at 1.70 V, they almost disappeared. This
attenuation can be attributed to the OER, which generates
bubbles on the electrocatalyst surface, thereby weakening the
Raman signal. The electrochemical Raman experiments con-
ducted on Ni,P yielded comparable results to those observed
for Ni(OH), under identical conditions. This suggests that
Ni,P undergoes reconstruction at lower potentials than Ni
(OH),, indicating that doping with phosphorus facilitates the
reconstruction process. The OER at 1.60 V results in the for-
mation of bubbles that interfere with the Raman signal, as evi-
denced by the disappearance of the carbon peaks at 1348 cm™*
and 1598 cm ~.** Cyclic voltammetry activation in the
1.00-1.60 V vs. RHE potential range, in conjunction with
in situ Raman testing (Fig. S247), demonstrates that the charac-
teristic peaks corresponding to Ni**-O appear after fewer
cycles and stabilize at around 100 cycles. This trend is consist-
ent with the CV curves, indicating that this electrochemical
activation process effectively generates Ni** active sites on the
electrocatalyst surface. Two potential reaction mechanisms
have been identified for the nucleophilic oxidation of tran-
sition metal-based electrocatalysts. The initial mechanism pro-
poses direct oxidation facilitated by adsorbed hydroxyl
groups.”®** In contrast, the second mechanism involves an
indirect oxidation process, in which the nucleophilic reagent
undergoes a spontaneous reaction with the transition metal
(oxygen) hydroxide.”>™*” To demonstrate the spontaneous reac-
tivity of Ni** toward the substrate, in situ electrochemical
Raman experiments were conducted in 0.5 M KOH solution
supplemented with 4-MA. The circuit was activated at 1.50 V
for 200 seconds to excite Ni** on the catalyst surface.
Subsequently, the circuit was disengaged, and the Raman
spectrum of the material was recorded at 100-second intervals.
The characteristic peaks at 471.5 ecm™" and 552.4 cm™' were
observed to diminish over time, essentially disappearing after
approximately 600 seconds. Conversely, the same experiment
conducted in a solution-free substrate demonstrated that the
diffraction peaks remained unaltered after 600 seconds
(Fig. S251). This outcome suggests that Ni** exhibits spon-
taneous reactivity towards 4-MA.

The distinctive peak observed at 914 cm™ in Fig. 5c is
attributed to tetrahydrofuran (THF).*® The addition of THF
was performed to enhance the aqueous solubility of 4-MA,
thereby facilitating its contact with the catalyst surface.
However, in situ Raman experiments on Ni,P in 0.5 M KOH
with 0.1 M substrate solution demonstrated that the peak of
NiOOH does not disappear and that its appearance is delayed
during the reaction (Fig. S26t). This phenomenon may be
attributed to the low solubility of the substrate in the solution.
Only a limited quantity of substrate is adsorbed on the catalyst
surface, and the regeneration rate of NiOOH is considerably
faster than the consumption rate. However, a delay in the
decrease of the NiOOH peak potential was observed, indicating
that the addition of the substrate may have inhibited the OER.

1
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Consequently, the oxidation of 4-MA occurring on the NiOOH
surface may be more favorable compared to the OER.

The reaction mechanism of NiOOH-electrocatalyzed 4-MA
was further investigated using the multiple potential step
(STEP) method (Fig. 5d and e). Initially, an oxidation potential
of 1.6 V vs. RHE, which exceeds the potential for the oxidation
of Ni** to Ni**, was applied to the prepared electrocatalysts (Ni
(OH),-R and Ni,P-R) in 100 mL of 1 M KOH solution, resulting
in the formation of NiOOH on the -catalyst surface.
Subsequently, the applied potential was converted to an open
circuit potential (OCP) and 0.1 M substrate was added to the
solution. Finally, the voltage was set to 1.0 V vs. RHE, causing
NiOOH to be electrochemically reduced to Ni(OH),. During
this period, the potential reaction between the active substance
and the substrate was investigated. As illustrated in Fig. 5a, the
reduction current response at 1.0 V with the addition of the
substrate exhibited a diminished response compared to the
reduction current response without the substrate during the
OCP phase, indicating that the substrate was partially con-
sumed. Previous studies have suggested that this phenomenon
may be attributed to the trapping of protons (Hyy) and elec-
trons (en, ) from the substrate by NiOOH. The following

process occurs:*>°

NiOOH + Hy, + exy~ = Ni(OH),

A series of analogous experiments were conducted on
Ni,P-R, yielding similar conclusions to those observed in the
Ni(OH),-R experiments (Fig. 5e). Furthermore, the STEP
method performed with the substrate in solution resulted in a
notable enhancement in current at 1.60 V for the Ni,P-R cata-
lyst compared to Ni(OH),-R. Additionally, the reduction
current disappeared at 1.0 V after OCP, indicating heightened
reactivity toward 4-MA.

To investigate the catalytic kinetics and surface behavior of
the catalysts in OER and the oxidation of 4-MA, in situ electro-
chemical impedance spectroscopy (EIS) tests were conducted
on Ni,P both in the presence and absence of substrate in 1.0
M KOH. The response in the high-frequency region was associ-
ated with the surface electrooxidation of the electrocatalyst,
while the response in the low-frequency region was attributed
to a non-uniform charge distribution, possibly caused by the
presence of surface-adsorbed oxidizing substances. Bode plots
at voltages ranging from 1.20 to 1.70 V vs. RHE, without sub-
strate addition, exhibit a distinct response peak in the high-fre-
quency region between 1.20 and 1.40 V, which diminishes with
increasing voltage. This response may correspond to the
adsorption and oxidation of OH* on the -electrocatalyst
surface, facilitating the generation of Ni** After the voltage
reaches 1.45 V, an electrochemical response peak appears in
the low-frequency region and shifts towards the high-frequency
region as the voltage increases, accompanied by a decrease in
the phase angle. The response occurring beyond 1.45 V is
regarded as the onset of the OER.'® Nyquist plots reveal a
straight line, suggesting diffusion control, observed up to 1.40
V. A semicircle indicative of charge transfer control appears at
1.40 V, accompanied by a slanted straight line that indicates

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

diffusion control. Beyond 1.50 V, the curve demonstrates an
increase in impedance concomitant with rising voltage, along-
side a reduction in the phase angle. The curve exhibits a semi-
circle with a decreasing radius as the voltage increases and
oxygen precipitation becomes more prominent after 1.50
V. Collectively, the Bode and Nyquist plots indicate that Ni,P
facilitates a possible OER beyond 1.45 V, with this response
becoming increasingly favorable as the voltage rises (Fig. 5f
and Fig. S27at). Upon the addition of the reactive substrate,
the response peak at 1.40 V decreases sharply compared to the
OER process and shifts to a higher frequency region. This shift
indicates that the introduction of the substrate accelerates the
oxidation of additional adsorbed substrate molecules, thereby
promoting faster interfacial charge transfer. Consequently, at
this voltage, the catalyst exhibits a higher tendency to oxidize
the substrate.”™*> The phase angle of the response peak in the
high-frequency region reaches its minimum at 1.55 V, confirm-
ing the results of the oxidation reaction. Thus, 1.55 V is identi-
fied as the optimal reaction potential for substrate oxidation.
Beyond 1.60 V, the phase angle of the response peak increases
and shifts toward the low-frequency region, suggesting compe-
tition between the OER and substrate oxidation. This indicates
that substrate oxidation can occur on the catalyst surface
between 1.40 and 1.60 V. Analysis of the Nyquist plots reveals
that the curve radius initially decreases before increasing,
becoming larger at 1.60 V. This change suggests that at this
voltage, the competition between the OER and substrate oxi-
dation impacts surface charge transfer, resulting in increased
impedance (Fig. 5g and Fig. S27b¥).

To investigate changes in adsorbates on the electrocatalyst
surface during the oxidation reaction and to study the reaction
process, in situ attenuated total reflection infrared (ATR-IR)
spectroscopy was carried out using Ni,P-R in 1.0 M KOH solu-
tion containing 0.1 M 4-MA (Fig. 5h). The electrode potential
for oxidation of 4-MA was maintained at 1.55 V vs. RHE, and
Fourier transform infrared (FT-IR) spectra were continuously
recorded. The broad peak at 1640 cm™" and the nearby succes-
sive small peaks are considered to be the bending vibration of
H,O (Fig. $281). The peaks near 1442 cm™', 1302 cm™", and
1120 ecm™' show similar intensity variations and are con-
sidered to be the characteristic peaks of C=0, C-O, and C-OH
of the carboxylic acids, which collectively represent 3-MAA.>?
The peak at 1230 cm™" is considered to be the characteristic
peak of 4-MK,” and the peak near 1100 cm™" is considered to
be the characteristic peak of C-OH of 4-MA. This observation
shows that the characteristic peak of 4-MK appears first and
disappears with time, accompanied by the enhancement of
the characteristic peak of 3-MAA and the weakening of the
characteristic peak of 4-MK. The electrochemical oxidation of
4-MA involves the formation of 4-MK by oxidation and the for-
mation of a product of 3-MAA by further oxidation.

Mechanistic studies of electrocatalytic oxidation

To elucidate the exceptional catalytic performance of the
NiOOH/Ni,P heterostructure for the electrooxidation of 4-MA,
DFT calculations were performed to investigate the electronic
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structures of Ni,P, NiIOOH, and NiOOH/Ni,P catalysts, as well
as the intrinsic relationship between adsorption and desorp-
tion behavior (Fig. 6a). The total density of states (TDOS) ana-
lysis reveals a lower d-band center (g4) for NiOOH/Ni,P (—1.87
eV) compared to Ni,P (—1.70 eV) and NiOOH (—1.77 eV) as
shown in Fig. 6b. The result of charge density difference (CDD)
further highlights significant charge redistribution at the inter-
face in NiOOH/Ni,P (Fig. 6¢). These findings suggest that the
unique structural properties of NiOOH/Ni,P effectively modulate
the adsorption and desorption of organic molecules. Further ana-
lysis of the adsorption behavior of the reactants, intermediates,
and products on the surfaces of the different catalysts (Fig. 6d-f)
reveals that the NiOOH/Ni,P heterostructure exhibits stronger
adsorption of reactants and intermediates. This is particularly
true for the enolate isomers that are prone to bond-breaking reac-
tions, while the heterostructure also enhances the desorption of
products. Fig. 6g shows the adsorption of reactants at the stepped
NiOOH/Ni,P interface. A charge transfer of 1.74 |e| is observed,
effectively activating the hydroxyl group (OH) in the reactants
(Fig. 6h). Therefore, the interface of NiIOOH/Ni,P is more favor-
able for the accumulation and reaction of enolate intermediates,
while facilitating product desorption. This enhancement in cata-
lytic performance is attributed to the stepped interface structure
and the optimal charge distribution at that site in the NiOOH/
Ni,P heterostructure. In conclusion, Fig. 6i illustrates the poten-
tial reaction pathways of 4-MA at the NiOOH/Ni,P interface.

Conclusions

In summary, this study introduces a novel strategy for enhan-
cing the electrochemical oxidation activity of 4-MA by lever-
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aging CV activation of nickel-based catalysts doped with
anionic elements (P, S, Se). Following the electrocatalyst per-
formance tests, the Ni,P-R/GF catalyst, which demonstrated
high activity, was selected for further investigation in the oxi-
dation of 4-MA. This resulted in the achievement of high 4-MA
conversion and 3-MAA selectivity. Experiments conducted ex/
in situ demonstrate that the oxidation mechanism of 4-MA
involves an indirect electrooxidation process facilitated by
NiOOH active centers, which are generated through electro-
chemical reconstruction. The doping of P enhances the elec-
trocatalyst’s ability to generate additional active centers at
lower potentials. Furthermore, DFT analysis revealed that the
enrichment of reactants and intermediates at the NiOOH/Ni,P
heterojunction interface of Ni,P-R/GF facilitated the cleavage
of C-C bonds on the catalyst surface, while also promoting
product desorption, thereby increasing the yield of 3-MAA.
Therefore, Ni,P-R/GF is considered to be a promising catalyst
for 4-MA oxidation. This study introduces an efficient
approach for designing high-performance electrocatalysts for
4-MA oxidation reactions via reconstruction. This method has
the potential to guide the development of electrocatalysts for
various applications in the field of electrocatalytic biomass
valorization.
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