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Nickel-vanadium bimetallic phosphide derived from layered double hydroxide:
a high-performance electrocatalyst for selective hydroxylation of phenol to
hydroquinone
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Replacing energy-intensive thermal synthesis, we report a green electrocatalytic strategy for
phenol hydroxylation to hydroquinone (HQ) using a novel Ni-V bimetallic phosphide (P-
NiV) catalyst. Synthesized via phosphating NiV-LDH, P-NiV exhibits enhanced
conductivity, stability, and active site regulation, confirmed by SEM/XRD. Under optimal
conditions (0.5 V vs RHE, 40°C), P-NiV achieved 57.7% phenol conversion and 62% HQ
selectivity. This electrocatalytic approach significantly lowers energy consumption and
operating temperature compared to thermal methods, offering a sustainable alternative for
industrial HQ production.
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1. Introduction

Hydroquinone (HQ), together with its isomers catechol and resorcinol, is utilized as a
pivotal reaction intermediate in the generation of fragrances, dyes, pharmaceuticals, and rubber
additives.[1] However, conventional industrial synthetic methods—primarily aniline oxidation and
cumene oxidation—are associated with complex production processes, reliance on toxic auxiliary
reagents, and generation of a large amount of hazardous waste, all of which pose significant
environmental and safety concerns. As an alternative, Atom-economic hydroxylation of phenol
directly yielding HQ in one catalytic step is widely acknowledged as a promising and
environmentally friendly approach.[2-4] Nevertheless, the inherent conjugation of the aromatic ring
renders phenol highly stable, and selective hydroxylation remains challenging due to poor catalyst
reusability and rapid deactivation.

Electrocatalytic oxidation for phenol hydroxylation, as an alternative to traditional thermal
and photocatalytic strategies enabling the in-situ generation of highly reactive radical species via
single-electron transfer pathways, has attracted increasing attention. In this method, electrons act as
clean oxidants, selectively activating the inert Csp>~H bonds under mild conditions and guiding the
transformation toward HQ.[5] However, current systems frequently rely on noble metal catalysts to
achieve sufficient C—H activation efficiency, which leads to high material costs and limits scalability.
Therefore, developing efficient, non-noble metal electrocatalysts is of great significance.[6, 7]

Vanadium (V), an earth-abundant transition metal, exhibits multiple valence states and
unsaturated 3d orbitals, making it suitable for Csp>~H bond activation through strong coordination
interactions.[8-12] V-based electrode materials, such as V:0s-derived metal oxides, have been
investigated for the electrochemical oxidation of benzene to phenol, achieving high selectivity (up
to 94.7%), but suffering from low overall yields due to limited active surface area.[8] In addition,
the monometallic V-based catalyst system face two major drawbacks: high intrinsic activation
barriers and poor charge transfer efficiency, both of which significantly hinder catalytic performance.
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To address these limitations, bimetallic synergistic strategies have been proposed. In
particular, nickel (Ni), with its partially filled 3d orbitals, readily undergoes charge redistribution
with vanadium ions, thereby enhancing electron transfer and overall activity.[13-15] Furthermore,
the slim energy separation within the d-band center of Ni atoms and the Fermi energy level promotes
the adsorption of intermediates in thermodynamic reactions,[16] while the occurrence of Ni
substantially improved the long-term performance retention of the electrode materials.[17] Layered
double hydroxides (LDHs), as a distinctive class of 2D layered anionic materials, have the general
formula of composition as follows: [M2*, M3*(OH),J* " (A™)y» mH,0, where M** denotes divalent
metallic ions, M*>" represents trivalent metal ions, and A™ signifies charge-balancing interlayer
anions. On account of their adjustable metal composition, enhanced interfacial area with high
density of active centers, LDHs has been regarded as a versatile platform for electrocatalyst design.
However, LDHs often suffer from poor electrochemical stability due to structural collapse or surface
oxidation during electrocatalysis. Modification of LDHs by topological transformation, such as
calcination or phosphating, can effectively modulate their electronic structure and surface defects,
thereby enhancing catalytic activity and durability.[18] Despite the demonstrated promise of
bimetallic phosphides derived from LDHs in electrocatalytic phenol hydroxylation remains
underexplored.

Herein, the HQ was efficiently synthesized via electrocatalytic oxidation hydroxylation of
phenol using a P-NiV catalyst derived from the NiV-LDH precursor by phosphating treatment. This
structural modification, yielding P-NiV catalyst with increased surface-active sites, significantly
promoted the adsorption and activation of para-substituted phenol molecules, resulting in boosting
the performance of the electrocatalytic hydroxylation process. The formation of HQ as the target
product was verified by high-performance liquid chromatography (HPLC). Among the synthesized
catalysts, P-NiV exhibited superior phenol conversion and HQ selectivity. Specifically, the optimal
conditions for phenol conversion were identified under potentiation control at 0.7 V and a reaction
temperature of 50 °C, while the highest HQ selectivity was achieved at 0.5V under room
temperature.

2. Experimental

2.1. Materials
Formamide were bought from Aladdin Biochemistry Technology (Shanghai, China) Co.,
Ltd. VCI; were gotten from Shanghai Finding Biotechnology Co., Ltd. (Ni(NO3),-6H,O and HCI

were procured from Shantou Xilong Chemical Reagent Co., Ltd. NaNOs, KOH, NaOH, and ethanol
were acquired from Sichuan Xilong Science Co., Ltd. NaH,PO, were sourced from RON's Reagent
Company. Phenol and hydroquinone (HQ) were sourced from Shanghai Yien Chemical Technology
Co., Ltd. KBr were sourced from Sinopharm Group Chemical Reagent Co., Ltd. Nafion solution
(5%) was sourced from Shanghai DuPont Chemical Group Co., Ltd. The aforementioned reagents
were used without further purification.

2.2. Characterizations
X-ray diffraction (XRD) patterns were acquired using an X' Pert PRO diffractometer with
Cu Ko radiation (A = 1.5405 A). Fourier transform infrared (FTIR) (5004000 cm™") spectra were

recorded on a Nicolet 205 Infrared Spectrometer. Field-emission scanning electron microscopy (FE-
SEM) images were obtained with a Hitachi S-4800 instrument. Energy dispersive X-ray
spectroscopy (EDS) was applied for qualitative and statistical assessment of each element in the
catalyst (the X-ray energy spectrometer attached to the S-4800 scanning electron microscope).

2.3. Synthesis of NiV-LDH, NiV-LDO, and P-NiV

Nickel-vanadium layered double hydroxide (NiV-LDH) was prepared by a coprecipitation
method.[19] Under magnetic stirring at 80 °C, 10.0 mL of a mixed metal ion solution containing
Ni(NO3)2-6H,0 (0.03 M) and VCI3 (0.01 M) was added dropwise t010.0 mL of a NaNO; (0.01 M)



253

solution containing 23 vol % formamide. Simultaneously, a 0.75 M NaOH solution was likewise
infused dropwise into maintaining the pH value of the reaction system at 10. After post-addition, the
mixture was centrifuged, the precipitate was subjected to iterative deionized water washes until pH
= 7 was achieved. The final solid product was collected and dried to obtain NiV-LDH.

To prepare the NiV-layered double oxide (NiV-LDO), a porcelain crucible loaded with 0.39
g of the as- synthesized NiV-LDH powder was inserted into a quartz tube reactor assembly. The
system was purged with inert gas (e.g., N2 or Ar) to remove residual air, and the protective gas flow
rate was adjusted accordingly. The kiln temperature increased to 350 °C at a temperature ramp rate
of 2 °C/min and lasted for 2 h. After cooling naturally to 25°C in the same inert atmosphere, the
calcined product was collected as NiV-LDO.

For the preparation of NiV-bimetallic phosphide (P-NiV), 2.64 g of NaH.PO- was used as
the phosphorus source and placed in a porcelain boat positioned at the upstream side of a tube
furnace. Simultaneously, 0.39 g of NiV-LDH was placed in another porcelain boat located
downstream. After properly sealing the furnace and purging with inert gas, the system was raised to
350 °C at a temperature ramp rate of 2 °C/min and lasted for 2 h to facilitate phosphating via vapor-
phase transport. Upon chilling to room temperature under an inert atmosphere, the resulting black
powder was collected as the final P-NiV catalyst.

2.4. Electrochemical measurements

The electrochemical testing was executed in a 1 M KOH aqueous electrolyte using a
standard three-electrode quartz cell setup on an electrochemical workstation (CHI660, Chen Hua,
Shanghai, China). The working electrodes were fabricated by drop-cast the synthesized NiV-LDH,
NiV-LDO, or P-NiV onto a nickel foam (NF) substrate, respectively. The counter and reference
electrodes consisted of a platinum mesh and an Ag/AgCl (saturated KCI) electrode, respectively. All
recorded electrode potentials were referenced to the reversible hydrogen electrode (RHE) scale via
the Nernst equation: Ezur = Eagagct + 0.059pH + 0.197. Linear sweep voltammetry (LSV) was
conducted from 0 to 1 V vs. RHE at a scan rate of 5 mV s™'. EIS measurements were performed at
0.5 V vs. RHE with a 10 mV AC amplitude, scanning frequencies from 100 kHz to 0.01 Hz. ECSA
of the catalyst was determined from double-layer capacitance measurements in the non-Faradaic
region (0.30-0.34 V vs. RHE). Cyclic voltammograms were recorded at scan rates of 2, 4, 6, 8, and
10 mV s, with C, extracted from the charging current—scan rate slope. ECSA was derived from the
equation: ECSA = Cq/Cs, where Cq (double double-layer capacitance) is the slope of the CV curve
and C; is the specific capacitance of the sample.

2.5. Electrochemical measurements of phenol hydroxylation

The selective electrochemical hydroxylation of phenol to HQ was performed in an H-cell
configuration divided by a Nafion-117 cation-exchange membrane. The anode consisted of the as-
prepared catalyst coated on NF, while the cathode was a Pt mesh where hydrogen evolution occurred.
Electrocatalytic phenol degradation was evaluated in 1 M KOH (50.0 mL) with 10 mM phenol under
varied potentials (0.4-0.7 V vs. Ag/AgCl) and temperatures (25-50°C) for 9 h.

After the reaction, concentration profiles of phenol and its degradation products were
monitored throughout electrochemical treatment by HPLC (Thermo Fisher U 3000) equipped with
a C18(2) column and UV-Vis detector (A=284 nm). The mobile phase was composed of a 1:1 (v/v)

mixture of acetonitrile and deionized water., under isocratic conditions with 1 mL min™ flow rate.
Product identification was based on a comparison of retention times with standard reference
compounds. The conversion of phenol (Xphenol) and the selectivity of its oxidation products (S)
could be determined with the equations listed below:

0 t
X henol = (nphenol_nphenol)
enol —
P n

5 X 100%
phenol

nHQ
nHQ + nCAT + nBQ

SHydroquinone = X 100%
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where nghenol is the initial phenol concentration, n;henol denotes phenol concentration at given

reaction times, and n,, represents the concentration of the oxidation products (M = hydroquinone
(HQ), benzoquinone (BQ) and catechol (CAT)) at different stages of the reaction.

3. Results and discussion

The crystal structures of NiV-LDH, NiV-LDO, and P-NiV were determined by X-ray
diffraction (XRD). Fig. la illustrates that the XRD pattern of NiV-LDH displayed characteristic
Bragg reflections at 11.23°, 23.20°, 33.96°, and 60.12°, severally, matching the (003), (006), (009),
and (110) crystal planes of typical LDHs, confirming the successful synthesis of NiV-LDH.
According to the Bragg equation, the interlayer spacing of NiV-LDH is derived from calculations to
about 0.788 nm, arising from the presence of interlayered CO5* anions, as further supported by the
Fourier-transform infrared (FTIR) spectroscopy. After calcination under an inert atmosphere, NiV-
LDH was converted to NiV-LDO. The XRD pattern of NiV-LDO closely matches that of NiO
(PDF#73-1523), although the characteristic peaks exhibit slight shifts. This deviation may be due to
lattice distortion induced by the substitution of V ions into the NiO lattice. Upon phosphating, NiV-
LDH was transformed into P-NiV. The diffraction pattern of P-NiV corresponds well with the
standard pattern of Ni,P (PDF#03-0953),[20] indicating that Ni-P is the dominant phase. The
substitution of some Ni atoms by V atoms is plausible, which may induce slight structural
modifications within the NizP lattice.

The FTIR spectra of NiV-LDH, NiV-LDO, and P-NiV are presented in Fig. 1b. For NiV-
LDH, the broad absorption band at 3460 cm™ is ascribed to the vibrational stretching of O-H bonds
and interlayer water molecules. The 1640 cm™ peak corresponds to water molecule bending
vibrations, while the 1400 cm™ band is assigned to asymmetric stretching vibrations of interlayer
COs* ions. Additionally, the spectral feature below 1000 cm™ originates from the metal oxygen (M-
0) vibration. In comparison, absorption observed at 1640 cm™ and 1400 cm™ significantly diminish
or disappear in NiV-LDO and P-NiV, indicating the effective removal of interlayer water, O-H
groups, and carbonate species during calcination and phosphating processes.
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Fig. 1. (a) XRD patterns and (b) FT-IR spectra of NiV-LDH, NiV-LDO, and P-NiV.

Fig. 2 shows the scanning electron microscopy (SEM) and Energy-Dispersive X-ray
spectroscopy (EDS) of the synthesized catalysts. As presented in Fig. 2a, NiV-LDH exhibits a well-
defined two-dimensional layered structure, which is advantageous for facilitating high
electrocatalytic performance. Fig. 2c and 2e reveal that both the thermally treated (NiV-LDO) and
phosphate (P-NiV) samples retain the layered morphology of NiV-LDH, while exposing more active
sites, thereby enhancing their electrocatalytic activity. Fig. 2b, 2d, and 2f indicate that the Ni/V
atomic ratio of all catalysts are consistent with the theoretical feeding ratios, confirming the
feasibility of the adopted synthetic methods. Notably, the proportion of phosphorus in P-NiV
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increased significantly post-phosphating, with the metal-to-phosphorus ratio approaching 1:1,
implying that electrical conductivity is not compromised.

NiV-LDH Atom ratio (%)

45.08

10
Energy (keV)

(a) (b)
b : gy ' NiV-LDO [Element [Atom ratio (%)
| C [ 6541 |

| O [ 2562 |

| N | 702 |

L v [ 195 |

Atom ratio (%)

|Element|
o |
N
v
P

Energy (keV)
1)

Fig. 2. SEM images of (a) NiV-LDH, (c) NiV-LDO, and (e) P-NiV; EDS spectra of (b) NiV-LDH, (d) NiV-
LDO, and (f) P-NiV.

To investigate OER activity, electrocatalytic measurements were performed in 1 M KOH
via a conventional three-electrode assembly at ambient temperature. As quantified by linear sweep
voltammetry (LSV, Fig. 3a), the electrochemical behavior manifests P-NiV exhibits the lowest
potential (1.46 V) at the same current density, highlighting its superior intrinsic activity.
Electrochemical impedance spectroscopy (EIS, Fig. 3b) further confirms that P-NiV exhibits the
smallest charge transfer resistance (R.;), demonstrating faster reaction kinetics and enhanced charge
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transport efficiency. Fig. 3c-3e displayed the CV curves at varying scan rates (2-10 mV:-s™ in 2
mV-s! increments). Double-layer capacitance (Ca) values, quantified via linear fitting of current
density differentials against scan rates, are presented in Fig. 3f. P-NiV exhibited the highest Cq value
(321 mF/cm?), significantly surpassing that of NiV-LDH (164 mF/cm?) and NiV-LDO (282 mF/cm?).
These results revealed that the P-NiV catalyst had a bigger electrochemically reactive interface and

greater accessibility of catalytic centers.

Fig. 3. (a) LSV curves, (b) EIS curves, and (f) Caq values of NiV-LDH, NiV-LDO, and P-NiV; CV curves of
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Given on the above findings, P-NiV was further investigated for electrocatalytic
hydroxylation phenol in a solution of 1 M KOH containing 10 mM phenol.[21, 22] According to
Fig. 4, P-NiV outperforms NiV-LDH and NiV-LDO, exhibiting the lowest onset potential, smallest
Rei, and highest Cq, confirming its superior catalytic activity. The enhanced performance is likely
due to improved specific conductance and increased availability of phenol- catalytic centers upon
phosphating.
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Fig. 4. (a) LSV curves, (b) EIS curves, and (f) Caq values of NiV-LDH, NiV-LDO, and P-NiV; CV curves of
(c) NiV-LDH, (d) NiV-LDO, and € P-NiV measured in 1 M KOH solution containing 10 mM phenol.
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To optimize the reaction conditions, the effects of catalyst type, applied potentials, and
reaction temperature on the electrocatalytic phenol hydroxylation were systematically studied,
aiming to improve the phenol conversion and hydroquinone (HQ) selectivity. High performance
liquid chromatography (HPLC) results (Fig. 5a) identified retention times of 2.56 min and 4.21 min
for HQ and phenol, correspondingly. The phenol conversion and HQ selectivity were calculated
based on concentration differences before and after electrolysis (Fig. 5b, 5¢).
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Fig. 5. (a) The HPLC spectra of phenol and its oxidative products; Standard curves of
(b) phenol and (c) HQ.

By comparing the performance of NiV-LDH, NiV-LDO and P-NiV, P-NiV showed
significant advantages. HPLC analysis in Fig. 6a showed that the phenol peak intensity significantly
reduced, while that of HQ was considerably increased under P-NiV catalysis. Among the catalysts,
P-NiV exhibited the highest phenol conversion (30.0 %) and HQ selectivity (70.0 %), outperforming
NiV-LDH (16.5 %, 11.3 %) and NiV-LDO (16.8 %, 7.0 %) (Fig. 6b). The effect of applied potential
(0.4-0.7 V) on phenol hydroxylation was further investigated (Fig. 6¢ and 6d). Although phenol
conversion increased with potential and peaked at 0.7 V (38.0%), HQ selectivity decreased sharply
to 32.4% due to competitive oxygen evolution. A balanced performance (conversion 30.0%,
selectivity 70.0%) was achieved at 0.5 V, which was thus selected as the optimal potential.
Furthermore, temperature studies revealed that phenol conversion increased from 30.0% at room
temperature to 75.6% at 50 °C. However, HQ selectivity decreased to 56.1% due to overoxidation.
At 40 °C, a suitable trade-off was reached with 57.7% conversion and 62.0% HQ selectivity (Fig.
6f). The presence of minor by-products was detected by stray peaks (3.1-3.3 min) in the HPLC
spectra (Fig. 6e).
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Fig. 6. HPLC spectra, phenol conversion and HQ selectivity: (a, b) RT, onset potential 0.5 V vs Ag/AgCl,
reaction time 9 h, different catalysts; (c, d) P-NiV, RT, reaction time 9 h, different reaction initial potentials;
(e, /) P-NiV, onset potential 0.5 V vs Ag/AgCl, reaction time 9 h, different reaction temperatures.

4. Conclusion

In summary, a novel nickel-vanadium bimetallic phosphide (P-NiV) electrocatalyst was
successfully synthesized via phosphating of NiV-layered double hydroxide (NiV-LDH), following
a topological transformation process. Structural characterizations confirmed that P-NiV retained the
two-dimensional layered morphology of the LDH precursor while exhibiting enhanced electronic
conductivity and stability. These improvements are attributed to the phosphating-induced
modulation of surface-active sites and enhanced electron transport properties. Electrochemical
evaluations using a three-electrode system demonstrated that, among the three catalysts tested (NiV-
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LDH, NiV-LDO, and P-NiV), the P-NiV catalyst exhibited superior activity for phenol
hydroxylation. Under optimized conditions (applied potential of 0.5 V and temperature of 40 °C),
P-NiV achieved a phenol conversion of 57.7% and hydroquinone (HQ) selectivity of 62%.
Compared with conventional thermal methods, this electrocatalytic approach offers a green, energy-
efficient, and selective strategy for phenol hydroxylation. The findings provide a theoretical and
practical foundation for the development of sustainable catalytic systems for fine chemical synthesis.
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