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Abstract

Selective oxidation of amines to imines through electrocatalysis is an attractive

and efficient way for the chemical industry to produce nitrile compounds, but

it is limited by the difficulty of designing efficient catalysts and lack of un-

derstanding the mechanism of catalysis. Herein, we demonstrate a novel

strategy by generation of oxyhydroxide layers on two‐dimensional iron‐doped
layered nickel phosphorus trisulfides (Ni1−xFexPS3) during the oxidation of

benzylamine (BA). In‐depth structural and surface chemical characterizations

during the electrocatalytic process combined with theoretical calculations

reveal that Ni(1−x)FexPS3 undergoes surface reconstruction under alkaline

conditions to form the metal oxyhydroxide/phosphorus trichalcogenide

(NiFeOOH/Ni1−xFexPS3) heterostructure. Interestingly, the generated hetero-

interface facilitates BA oxidation with a low onset potential of 1.39 V and

Faradaic efficiency of 53% for benzonitrile (BN) synthesis. Theoretical
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calculations further indicate that the as‐formed NiFeOOH/Ni1−xFexPS3 het-

erostructure could offer optimum free energy for BA adsorption and BN

desorption, resulting in promising BN synthesis.
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1 | INTRODUCTION

Electrocatalysis stands out as a sustainable and en-
vironmentally friendly technology, enabling the synthesis
of diverse high‐value chemicals at ambient temperature
and pressure.1–3 Of particular interest is the synthesis of
nitriles from amines via an oxidation reaction, which stems
from their importance in the production of synthetic fibers
and plastics, pharmaceuticals, textiles, herbicides, and
agrochemicals.4–6 The conventional methods for synthe-
sizing nitrile compounds often rely on the use of hazardous
cyanide reagents, including vanadium or chromium cya-
nides, which entail significant environmental risks.7–10 In
contrast, the electrocatalytic oxidation of primary amines,
like benzylamine (BA), can lead to conversion into ben-
zonitrile (BN) by electrocatalytic dehydrogenation under
mild conditions without utilizing strong oxidants. Fur-
thermore, the miscibility of BA11 with water could offer a
promising platform to realize BN synthesis at the anode in
an aqueous electrolyte to couple with green hydrogen
generation at the cathode for simultaneous production of
high‐valued chemicals and fuels.

Recently, several electrocatalysts including phos-
phides,12 selenides,8,13 hydroxides,14–16 and metal–
organic frameworks (MOFs),17 containing transition‐
metal‐active sites (like Ni, Fe, and Co), have been deve-
loped for the BA oxidation reaction. Illustratively, it is
well known that the surface reconstruction phenomenon
of these electrocatalysts during the reaction produces
much more active sites for the catalytic reaction.18–23

During the electrochemical oxidation of BA molecules,
cations with a high valence state are generated, which
activate the reactant and yield promising conversion
efficiency toward the target product. For instance, Ni‐
based electrocatalysts are widely used due to the on‐site
generation of the Ni2+/Ni3+ couple,17 which can be re-
garded as a redox mediator to accelerate the BA oxidation

to BN. The Ni2+ can be easily oxidized to NiOOH as an
active site for BA oxidation under alkaline aqueous
conditions.8,24 Therefore, a rational catalyst design
strategy that includes a metal‐active site with reversible
redox property still deserves further investigation.

Over the past few decades, two‐dimensional (2D)
metal phosphorous trichalcogenides (MPX3) have
attracted tremendous research attention due to their van
der Waals layered feature, high surface area, and atomic‐
level thickness.25,26 Over the past few years, their appli-
cations in electrocatalytic processes such as hydrogen
evolution reaction,27,28 oxygen evolution reaction
(OER),29 and oxygen reduction reaction have been ex-
plored.30 Apart from these reactions, our group has
recently explored the co‐production of H2 and N‐
benzylidenebenzylamine on 2D layered In4/3P2Se6 na-
nosheet surfaces utilizing photocatalytic routes,31 which
highlights the potential application of MPX3 in organic
synthesis. Meanwhile, design of MPX3‐based materials as
a solid solution (M(1−x)NxPX3, where M and N are metals)
is still intriguing since the involvement of the second
metal could regulate the conductivity and electronic
structure of MPX3 materials.32 In particular, for Ni‐based
catalysts, Fe doping has demonstrated the ability to pro-
mote the formation of active NiOOH species and improve
the catalytic activity.33–36 Considering the aforementioned
works as a foundation, we anticipate that bimetallic MPX3

nanostructures that possess Ni and Fe could be utilized for
BA oxidation to BN. We first utilize density functional
theory (DFT) calculations to evaluate the possibility of
realizing Fe‐doped NiPS3 from a theoretical perspective
(Figure S1). The high spin density and charge density
could indicate higher electrical conductivity (Figure S2),
which could eventually be beneficial for electrocatalytic
reactions. This is further confirmed by the partial density
of state and total density of state calculations shown in
Figure S3, where the presence of Fe increases the density
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of state around the Fermi level, which facilitates easier
electron transfer. Additionally, the presence of Fe in the
NiPS3 structure significantly reduces the Ni vacancy for-
mation energy, highlighting the crucial role of Fe in
leaching Ni atoms and potentially facilitating the forma-
tion of the NiOOH structure.

In this work, we show that the facile surface transfor-
mation of Ni(1−x)FexPS3 (0≤ x≤ 1) nanosheet array into Ni-
FeOOH species facilitates the oxidation of BA to BN. The
surface of Ni0.89Fe0.11PS3 is modified to produce the Ni-
FeOOH/Ni0.89Fe0.11PS3 heterointerface, which is facilitated
by an electrochemical activation process under alkaline
conditions (Figure 1A). The moderate Fe‐doped NiPS3
(namely, Ni0.89Fe0.11PS3) achieves the highest BN yield and
Faradaic efficiency (FE) of 10.2mg/h and 48.88%, respec-
tively. Post‐reaction characterizations of Ni0.89Fe0.11PS3
reveal that the electrocatalyst undergoes partial oxidation
when the electrocatalytic BA oxidation is carried out at
1.45V vs. reversible hydrogen electrode (RHE), and this is
accompanied by the generation of NiFeOOH active species.
Interestingly, the as‐formed NiFeOOH/Ni0.89Fe0.11PS3

heterostructure is favorable for the oxidation of BA to BN.
DFT calculations reveal that the incorporation of Fe into
NiPS3 promotes the generation of the active species NiOOH
and facilitates the formation of the metal oxyhydroxide/
metal phosphorus trichalcogenide interface for BA oxidation.
Additionally, it has been found that the BA oxidation
mechanism advances through the formation of
C6H5–CH–NH* rather than the C6H5–CH2–N* intermediate,
with the formation of the C6H5–CH–N* intermediate being
identified as the rate‐determining step (RDS). This study
underscores the significant role of Fe in the electrocatalytic
oxidation of Ni‐based catalysts, providing a new strategy for
the rational design of catalysts in nitrile synthesis using
MPX3‐based materials.

2 | RESULTS AND DISCUSSION

A series of Ni(1−x)FexPS3 (0≤ x≤ 1) electrocatalysts with
varying stoichiometric ratios were synthesized using a
solvothermal, followed by the space‐confined chemical

FIGURE 1 Structural and compositional characterizations of Ni0.89Fe0.11PS3 nanosheets. (A) Schematic illustration of the formation of
the NiFeOOH/Ni(1−x)FexPS3 heterointerface on a Ni(1−x)FexPS3 nanosheet during electrochemical activation in 1M KOH. (B) SEM image of
Ni(1−x)FexPS3 nanosheet arrays on carbon cloth. (C) AFM image and the height profile collected from a single Ni0.89Fe0.11PS3 nanosheet. (D)
Corresponding elemental mapping images confirming a Ni, Fe, P, and S atomic ratio of 20.07:2.52:19.11:58.3. (E, F) SAED pattern and
HR‐TEM image of the as‐synthesized Ni0.89Fe0.11PS3 nanosheet.
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vapor conversion method. Initially, the Ni(1−x)Fex(OH)y
(0≤ x< 1) precursors were prepared on a carbon cloth
substrate using a solvothermal process (Figures S4–S6).
Subsequently, the as‐prepared precursors were converted
into Ni(1−x)FexPS3 using a space‐confined chemical vapor
conversion method in a dual‐temperature zone tube
furnace (Figure S7). Note that the FePS3 was synthesized
as a control sample by utilizing an FeSx precursor
(Figure S6) instead of Fe(OH)y due to difficulty of
achieving complete conversion of Fe(OH)y into FePS3. As
depicted in the scanning electron microscope (SEM)
images (Figures 1B and S8–S10), the Ni(1−x)FexPS3 hex-
agonal nanosheets are uniformly grown on the carbon
cloth substrate. The corresponding energy‐dispersive
X‐ray spectroscopy (EDX) analysis further reveals the
atomic ratio of Ni, Fe, P, and S of the as‐synthesized
samples. The content of Ni and Fe was confirmed by
EDX and an inductively coupled plasma‐optical emission
spectrometer (Tables S1 and S2). From the atomic force
microscope (AFM) image in Figure 1C, it is clear that the
representative Ni0.89Fe0.11PS3 nanosheet has a thickness

of ~45.5 nm. The transmission electron microscopy
(TEM) image and its corresponding elemental mapping
(Figure 1D) demonstrate that Ni, Fe, P, and S with an
atomic ratio of 20.07:2.52:19.11:58.3 are uniformly dis-
tributed throughout the entire Ni0.89Fe0.11PS3 nanosheet.
In addition, clear lattice fringes of (13̅ 0), (200), and (130)
are evidenced from the selected area electron diffraction
(SAED) image of Ni0.89Fe0.11PS3 nanosheets, indicating
their good crystallinity. Further, the high‐resolution
transmission electron microscope (HR‐TEM) image dis-
plays clear lattice fringes with a lattice spacing of 2.9 Å
corresponding to (130) crystal planes, which is consistent
with the SAED results (Figure 1E,F).

Figure 2A presents the X‐ray diffraction (XRD) pat-
terns of the as‐synthesized Ni(1−x)FexPS3 nanosheet
samples. The diffraction patterns of Ni(1−x)FexPS3
(0≤ x≤ 1) samples indicate that the introduction of Fe
into NiPS3 does not change the crystal structure of NiPS3
(PDF#33‐0592). However, the relatively intense peak
located at 13‐15° corresponding to the (001) crystal plane
reveal a gradual shift toward a lower position (2θ) with

FIGURE 2 Structural and surface chemical characterizations of as‐synthesized samples. (A) XRD patterns and (B) Raman spectra of the
as‐prepared NiPS3, FePS3, and Ni(1−x)FexPS3 samples (the symbols * in (A) represent the XRD signals from the carbon cloth substrate).
XPS spectra of (C) Ni 2p and (D) Fe 2p for the as‐prepared NiPS3, FePS3, and Ni(1−x)FexPS3 samples.
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increasing Fe content. This shift can be attributed to the
partial replacement of a smaller atomic radius Ni (0.69 Å
for Ni2+) by larger Fe (0.78 Å for Fe2+). Note that the
substitution of Ni by Fe also leads to a relatively larger
lattice spacing (6.33 vs. 6.42 Å).32 The Raman spectra of
Ni(1−x)FexPS3 (0≤ x≤ 1) samples reveal the presence of
four in‐plane (Eg, 129.8, 174.1, 279.1, and 554.6 cm−1)
and four out‐of‐plane (A1g, 378.8, 581.8, 805.2, and
1183.0 cm−1) vibrations of NiPS3, which corresponds to
the P–S vibrations of the [P2S6]

4− unit (Figure 2B).32,37 It
is noteworthy that all the Ni(1−x)FexPS3 samples show
Raman signals similar to those of NiPS3, providing fur-
ther evidence for the preserved crystal structure of NiPS3
even after Fe incorporation. In contrast to the Raman
signals of NiPS3, the pristine FePS3 displays three distinct
peaks at 245, 277.4, and 377.8 cm−1. These peaks are at-
tributed to the vibration of P–P and P–S bonds within the
[P2S6]

4‐ unit.28 X‐ray photoelectron spectroscopy (XPS)
was further utilized to determine the valence states of
different metal ions in the as‐synthesized Ni(1−x)FexPS3
with varying Fe content. The XPS survey spectra offer
clear evidence for the existence of Fe, Ni, P, and S ele-
ments in Ni(1−x)FexPS3 (0≤ x≤ 1), and the presence of P,
S, and Ni or Fe, in the pristine NiPS3 or FePS3 samples
(Figures S9 and S10). The Ni 2p XPS analysis (Figure 2C)

shows the peaks centered at 871.8 and 854.6 eV, which
are assigned to 2p3/2 and 2p1/2 of Ni2+, respectively.
Additionally, two satellite peaks are evident at 859.4 and
864.7 eV. In the Fe 2p XPS spectra, the peaks centered at
708.7 and 722.8 eV are associated with 2p3/2 and 2p1/2 of
Fe2+, respectively. The two peaks at 712 and 725 eV are,
respectively, ascribed to 2p3/2 and 2p1/2 of Fe

3+, which is
due to the Fe2+ oxidized by air (Figure 2D).38 Another
signal at 713.3 eV corresponds to the satellite peak of
Fe2+ 2p3/2.

39 The XPS spectra of P and S (both 2p1/2 and
2p3/2) in the Ni(1−x)FexPS3 sample show a shift to a higher
binding energy,32 which may be due to the increased
content of Fe2+ in Ni(1−x)FexPS3 because of the different
electronegativities of Fe2+ (1.292) and Ni2+ (1.367)
(Figure S11).

Despite the growing interest in exploring the catalytic
activity of novel MPX3 for OER catalysis in alkaline
media,32,40,41 studies have shown that their potential
application in organic chemical conversion is rare. In this
work, BA electro‐oxidation to BN is chosen as a model
reaction to investigate the catalytic performance of
Ni(1−x)FexPS3 catalysts. Figure 3A presents the polariza-
tion curves collected from the Ni(1−x)FexPS3 nanosheet
electrode in a 1M KOH electrolyte containing 20mM
BA. Compared with the other electrodes, including

FIGURE 3 Electrocatalytic properties of BA oxidation to BN over Ni(1−x)FexPS3 nanosheet electrodes. (A) LSV curves of the as‐prepared
NiPS3, FePS3, and Ni(1−x)FexPS3 samples in 40mL of 1M KOH containing 20mM BA. (B) Comparison of LSV curves of the Ni0.89Fe0.11PS3
sample in 40 mL of 1M KOH with (green) and without 20mM BA (red). (C) FE values and yield rates for BN production through BA
oxidation at different potentials. (D) Values of charge‐transfer resistance determined from the EIS Nyquist plots of various Ni(1−x)FexPS3,
FePS3, and NiPS3 nanosheet electrodes. (E) Comparison of FE and yield rate of BN synthesis of the as‐prepared NiPS3, FePS3, and
Ni(1−x)FexPS3 electrodes. (F) Cyclability of BN synthesis through BA oxidation over the Ni0.89Fe0.11PS3 electrode under 1.45 VRHE.
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NiPS3, NiFe layered double hydroxide (LDH), FePS3
electrocatalysts, and so forth, the Ni0.89Fe0.11PS3 na-
nosheet electrode shows the lowest onset potential of
1.39 V versus RHE (Figure 3B) and the smallest Tafel
slope (59mV dec−1, Figure S12). Note that, in the
absence of BA, the Ni0.89Fe0.11PS3 electrocatalyst displays
a relatively higher onset potential (1.43 VRHE) and larger
charge‐transfer resistance (Rct, 8.57Ω) than that tested in
the presence of BA (2.69Ω) (Figure S13). Additionally,
the operando electrochemical impedance spectroscopy
(EIS) in Figure S14A,C shows that the Rct decreased with
increasing potentials both with and without BA, while
the frequency with BA is significantly higher than that
without BA, suggesting that BA oxidation with a higher
reaction rate is preferred compared to the competing
OER on the Ni0.89Fe0.11PS3 electrocatalyst.

42 Linear scan
voltammetry (LSV) tests are then conducted in 1M KOH
with different BA concentrations from 5 to 100mM, and
it can be seen that the current density increases as the BA
concentration increases to 20 mM (Figure S15). However,
a further increase in the BA concentration leads to a
decrease in current density, which is possibly due to the
decreased ion conductivity of the electrolyte and the
limited product desorption. Next, the BA oxidation on
the Ni0.89Fe0.11PS3 electrode was evaluated by performing
chronoamperometry measurements at constant poten-
tials (1.35–1.55 VRHE). A total charge of 77 C was allowed
to pass through the anolyte of an H cell, which is sepa-
rated from the catholyte with Nafion 117 as a membrane
(Figure S16). The qualitative identification of BA oxida-
tion products using the nuclear magnetic resonance (1H
NMR) technique shows that the signals of the target
product BN are detected (Figure S17).43 The yield of the
BA oxidation product was quantified by gas chromatog-
raphy (GC) tests using dodecane as an internal standard,
and the corresponding FE values were determined
(Figure S18). Figure 3C displays the potential‐dependent
yield rate and FE for BN production. When applying the
potential from 1.35 to 1.55 V, the yield rate for BN syn-
thesis increases accordingly. Also, the FE value reaches a
higher value of 48.88% at a potential of 1.45 VRHE with a
yield rate of 10.15 mg/h, while the FE value gradually
decreases on further increasing the potential from 1.45 to
1.55 VRHE. However, the yield rate of BN increased with
increasing potential as the current density increased
(Figure S19). The decrease in FE at a potential above
1.45 V could be due to the competing OER, which
became the prominent reaction, and the poor desorption
of the oxidation products on the surface of the catalysts,
as the frequency peak decreased with increasing poten-
tials in the operando EIS (Figure S14B,D).13,44

To further explore the catalytic activity of the as‐
prepared Ni(1−x)FexPS3 electrocatalysts, EIS measurements

at 1.45 VRHE were performed (Figure 3D). It is observed
that Ni0.89Fe0.11PS3 shows the smallest charge‐transfer
resistance of 2.69Ω for BA oxidation compared with all
other variants (Figures 3D and S20). The highest BN
yield rate and FE value through BA oxidation are
obtained on the Ni0.89Fe0.11PS3 nanosheet electrode
(Figure 3E). It is noteworthy that, compared with the
pure NiPS3 and FePS3 electrocatalysts, the Ni0.89Fe0.11PS3
electrode demonstrates superior performance. This
suggests that the moderate doping of Fe into NiPS3 has a
beneficial effect on enhancing its electrocatalytic activity.
Besides, it is well‐documented that phosphide‐ and
sulfide‐based materials undergo surface oxidation during
OER catalysis, which gives rise to the formation of oxide
or oxyhydroxide species on their surface. Thus, we
also evaluate the intrinsic electrocatalytic activity of
NiFe LDH as a control sample for BA oxidation, which
shows inferior catalytic activity toward BA oxidation. To
further understand the crucial role of P and S, the
electrochemical performance of the NiFe LDH control
was examined in a 1M KOH electrolyte containing 0.1 M
K2SO4 and 0.1M K3PO4 at a potential of 1.45 VRHE.
Notably, similar to the previous test in the absence of
0.1 M K2SO4 and 0.1 M K3PO4 additives (Figure 3E), only
a trace amount of BN was detected when the NiFe LDH
electrode was examined in the electrolyte containing
0.1 M K2SO4 and 0.1 M K3PO4. This result suggests that
the performance of NiFe LDH remains unchanged in
solutions containing phosphates and sulfates, which
substantiates our claim that the heterointerface has
contributed to the observed performance. Additionally,
to further illustrate the role of P and S in Ni0.89Fe0.11PS3,
the BA oxidation performance of NiFeS and NiFeP
was also determined as control samples. As shown in
Figure S21, both NiFeP and NiFeS showed lower current
densities compared to Ni0.89Fe0.11PS3, indicating the low
electrocatalytic BA oxidation activity of NiFeS and
NiFeP. Accordingly, the FE values for BN synthesis
through BA oxidation over NiFeS and NiFeP are lower
than that in Ni0.89Fe0.11PS3, indicating that both P and S
in Ni0.89Fe0.11PS3 play important roles in the electro-
catalytic oxidation of BA to BN, which also demonstrates
the unique and superior properties of this material.
Finally, the stability of the Ni0.89Fe0.11PS3 electrocatalyst
was evaluated by applying the same potential of
1.45 VRHE for 6 consecutive cycles (each cycle with 77 C
charge). The continuous electrolysis of BA over
Ni0.89Fe0.11PS3 within ~7 h shows that the FE for BN
synthesis could be maintained at 52.8%, demonstrating
its good stability.

To unravel the mechanism of BA oxidation over
Ni(1−x)FexPS3 electrodes, post‐reaction characterizations
were conducted. The XPS analysis of Ni0.89Fe0.11PS3 after
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BA oxidation reveals a shift toward higher binding en-
ergy for Ni2+ compared with the fresh sample. The peaks
at 857.3 and 874.7 eV in Ni 2p XPS of this sample
respectively originate from 2p3/2 and 2p1/2 of Ni

3+, while
the peaks located at 712.5 and 725.5 eV in Fe 2p XPS
spectrum originate from Fe3+ 2p (Figure 4A,B). Notably,
only Ni2+ was present in the fresh Ni0.89Fe0.11PS3, 28% of
Ni3+ was generated, and Ni2+ decreased from 100% to
72%. For the Fe 2p, Fe2+ was decreased from 85% to 75%,
while Fe3+ increased from 15% to 25%, indicating the
partial oxidation of the Ni0.89Fe0.11PS3 surface during the
BA oxidation reaction. The O 1s spectrum of Ni0.89-
Fe0.11PS3 after the reaction (Figure S22) clearly shows the
presence of Ni(Fe)–O, OH, and S–O bonds, suggesting
the formation of high‐valent NiFeOOH on the surface of
Ni(1−x)FexPS3

45–47 after BA oxidation catalysis. To further
examine the changes in electronic properties, the valence
band maximum (VBM) of Ni0.89Fe0.11PS3 before and after
BA oxidation was examined using XPS valence band
spectra tests. As shown in Figure 4C, the VBM of
Ni0.89Fe0.11PS3 decreased from 2.42 eV (fresh sample) to
1.32 eV (after reaction), indicating an improvement in

the electronic conductivity of Ni0.89Fe0.11PS3,
15,48 which

would be more beneficial during the electrocatalytic BA
oxidation. Further, the TEM images collected from the
Ni0.89Fe0.11PS3 nanosheet after BA oxidation show that the
nanosheet morphology is not altered after the reaction.
However, a clear polycrystalline diffraction ring corre-
sponding to (112) and (200) facets of the Ni(Fe)OOH
crystal is seen in the SEAD image, suggesting the possible
formation of oxyhydroxide on the parent Ni0.89Fe0.11PS3.
Complementary to this, the HR‐TEM image in Figure 4D
reveals the co‐existence of the (200) and (001) facets of
Ni(Fe)OOH and the (130) facet of Ni0.89Fe0.11PS3, con-
firming the generation of the NiFeOOH/Ni0.89Fe0.11PS3
heterointerface during BA oxidation. This suggests the
surface transformation of the Ni0.89Fe0.11PS3 precatalyst
into a catalytically active NiFeOOH/Ni0.89Fe0.11PS3 het-
erostructure, which accounts for the improved activity in
terms of BN synthesis. Additionally, the SEM images
(Figure S23) and the TEM‐EDX elemental mapping
(Figure 4E) show the presence and uniform distribution of
Ni, Fe, P, S, and O throughout the nanosheet. Note that
the surface of Ni0.89Fe0.11PS3 becomes rough after BA

FIGURE 4 Morphological and structural characterizations of Ni0.89Fe0.11PS3 after the BA oxidation reaction for 1 h at 1.45 VRHE. XPS
spectra of (A) Ni 2p and (B) Fe 2p of Ni0.89Fe0.11PS3 after 1 h of BA oxidation catalysis. The 1M KOH was used as an electrolyte and 20mM
BA was utilized as the initial reactant concentration. (C) Comparison of the XPS valence band spectra of Ni0.89Fe0.11PS3 before (black) and
after (red) BA oxidation. (D) HR‐TEM image of Ni0.89Fe0.11PS3 after 1 h of BA oxidation catalysis. The inset shows the corresponding SAED
image. (E) TEM elemental mapping images of Ni0.89Fe0.11PS3 after BA oxidation at 1.45 VRHE for 1 h.
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oxidation catalysis, while no appreciable change is
observed in its morphology. A distinct peak at ~467 cm−1

that accounts for the formation of NiFeOOH is observed
in the Raman spectra of Ni0.89Fe0.11PS3 after BA oxidation
at 1.4 VRHE, indicating catalyst surface transformation into
NiFeOOH on the Ni0.89Fe0.11PS3 nanosheet. The collected
XRD patterns on the Ni0.89Fe0.11PS3 sample after the
reaction at 1.45 VRHE show only decreased peak intensity,
but the Ni0.89Fe0.11PS3 structure is still retained, which
could be due to the poor crystallinity of the as‐formed
NiFeOOH species on the catalyst surface (Figure S24A).
Further, potential‐dependent XRD and Raman character-
izations (ex situ) were conducted at applied potentials
from 1.4 V to 1.55 VRHE (Figure S24). It is demonstrated
that the diffraction peaks of Ni0.89Fe0.11PS3 almost dis-
appeared at the potential of 1.55 VRHE after a 0.56 h
reaction. Ex situ Raman characterizations demonstrate
two additional new peaks at ~476 and ~556 cm−1, origi-
nating from Ni–OOH, and new peaks at ~670 and
~696 cm−1 originating from S–O and FeOOH.49,50 This
result suggests that the Ni0.89Fe0.11PS3 nanosheet is com-
pletely transformed into NiFeOOH at 1.55 VRHE, while the
potential ~1.45 VRHE causes only partial transformation of
the initial catalyst. Combining the aforementioned results,
it can be concluded that the surface of Ni0.89Fe0.11PS3 is
partially oxidized during the electrocatalytic oxidation of
BA, leading to surface reconstruction to form a NiFeOOH/
Ni0.89Fe0.11PS3 heterostructure. When the applied poten-
tial is 1.4 VRHE, the primarily oxidized Ni0.89Fe0.11PS3
surface serves as an active site to oxidize BA to BN.51 As
the potential increases to 1.45 VRHE, the BA oxidation
reaction becomes predominant and the generated Ni-
FeOOH/Ni0.89Fe0.11PS3 heterostructure accounts for the
higher conversion efficiency of BA. However, with a fur-
ther increase in potential, the OER reaction becomes
dominant and complete transformation of Ni0.89Fe0.11PS3
into NiFeOOH is observed. The corresponding decline in
the FE of BN is mainly due to the competing OER. This
evidences the crucial role of the as‐formed NiFeOOH/
Ni0.89Fe0.11PS3 heterostructure for the conversion of BA
into BN.

To further investigate the surface reconstruction of
Ni0.89Fe0.11PS3 during electrocatalytic BA oxidation,
chronoamperometry tests were conducted in 1 M KOH
containing different concentrations of BA. A total
charge of 77 C was passed through the electrolyte
during the experiment. Figure S25 shows the FE and
yield rate of BN for the conversion of 5 mM and 20 mM
BA as initial concentrations. It is interesting to note
that at a low BA concentration (5 mM), the catalyst
surface is primarily enriched with OH, and the OER
dominates, leading to the complete conversion of
Ni0.89Fe0.11PS3 into NiFeOOH (SEM and EDX in

Figure S26, and XRD and Raman spectra in Fig-
ure S27). Consequently, the FE for BN production is
lower (30.86%). On the contrary, when the reactant
concentration is 20 mM, the BA molecules are ad-
sorbed on the electrode surface, and BA oxidation
becomes dominant over the competing OER. In this
case, the FE for BN synthesis is higher and the catalyst
surface is less exposed to OH environment which
protects it from being completely oxidized.

To elucidate the formation of the heterointerface
described above, post‐reaction catalyst characterizations
were also performed on the Ni0.89Fe0.11PS3 electrocatalyst
after six consecutive cycles. As shown in Figure S28, the
morphology of the catalyst remained unchanged,
whereas the XRD patterns and Raman spectra
(Figure S29) showed a decrease in intensity with
increasing number of cycles. In the Raman spectra of this
sample after three cycles, new Raman peaks corre-
sponding to NiOOH and FeOOH began to appear.
Additionally, the XPS analysis reveals a gradual shift of
the Ni 2p and Fe 2p peaks toward higher binding energy
with increasing cycles, whereas the P 2p and S 2p peaks
shift toward lower binding energy with a significant
decrease in the intensity. This suggests that Ni0.89-
Fe0.11PS3 is oxidized to form NiFeOOH at the surface.
Notably, the presence of P and S is further confirmed
from XPS spectra and the TEM elemental mapping in
Figures S30 and S31 after six cycles of operation. The
additional peak at 135.0 eV in Figure S30C and 168.3 eV
in Figure S30D can be ascribed to PO4

3− and SO4
2−,

respectively,52 indicating that some of the P and S in
Ni0.89Fe0.11PS3 were leached out and transferred to PO4

3−

and SO4
2−and were absorbed on the surface of the

material. In addition, the XRD pattern in Figure S29A
indicates the retention of the Ni0.89Fe0.11PS3 structure,
providing additional evidence for the formation of the
NiFeOOH/Ni0.89Fe0.11PS3 heterostructure.41 The above‐
detailed post‐characterization results indicate the for-
mation of NiFeOOH/Ni0.89Fe0.11PS3, which accounts for
the enhanced electrocatalytic activity for the synthesis of
BN from BA.

To uncover the reaction mechanism of BA oxidation
over Ni0.89Fe0.11PS3 and the correlation between the
structure and catalytic activity of the catalyst, DFT
calculations were used. The reactivity of Fe‐doped NiPS3
toward the hydroxyl group (OH*), and the impacts of Fe
on the surface reconstruction of NiPS3 to NiOOH were
first examined (Figure 5A,B). The adsorption energies of
the OH* on NiPS3, Fe0.250Ni0.750PS3, and Fe0.125Ni0.875PS3
models are presented in Figure 5B. It can be seen that the
incorporation of Fe into NiPS3 enhances the adsorption
energy of OH and hence promotes the formation of
NiOOH. Next, the adsorption energies of the reactant
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(BA) and the product (BN) molecules on various models
were calculated (Figure 5C). The calculated BA adsorp-
tion energies on NiOOH, NiPS3, NiFePS3, NiFeOOH,
NiOOH/FeNiPS3, and FeNiOOH/FeNiPS3 are −1.94,
−1.29, −0.92, −1.78, −0.76, and −0.61 eV, respectively,
indicating that the BA molecular is adsorbed on these
catalyst surfaces easily, especially on NiOOH. However,
the adsorption of product BN on the pristine NiOOH
surface is also very strong, with a high adsorption energy
of −0.89 eV, suggesting potential surface poisoning that
could impede electro‐oxidation of BA on NiOOH due to
the poor desorption of BN. In contrast, the hetero-
interfaces of FeNiOOH/FeNiPS3 yield optimum energy
for BA adsorption (−0.61 eV) and BN desorption
(−0.26 eV), which serves to fine‐tune the activity of the
catalyst to achieve the highest possible level of activity.

Based on the aforementioned results, the BA oxidation
reaction pathways are examined using different models
(NiOOH, NiOOH/NiFePS3, and NiFeOOH/NiFePS3 het-
erostructure). Initially, the most stable surface structure is
determined under real working conditions for each model,
and subsequently, a surface free‐energy diagram is con-
structed with different monolayer (ML) coverages of H2O,
OH, and O as a function of the applied potential.

Specifically, the simulation was carried out by considering
our experimental electrochemical operating conditions
(pH= 13.5 and U=1.45 VRHE). The result suggests that the
NiOOH surface could be covered with 1/3ML H2O and 2/
3ML OH, representing the most stable equilibrium surface
(Figure S32), whereas the surfaces of NiOOH/FeNiPS3 and
NiFeOOH/FeNiPS3 could be covered with 1ML OH
(Figure S33), and 2/3ML OH and 1MLO (Figure S34),
respectively. Next, the reaction pathways for the
dehydrogenation of BA were evaluated under the afore-
mentioned optimized conditions (Figure 5D). Following the
adsorption of the BA molecule, the initial dehydrogenation
occurs to form the intermediate C6H5–CH2–NH*. Subse-
quently, two potential types of dehydrogenation processes
take place: dehydrogenation of the N–H bond resulting in
the formation of the C6H5–CH2–N* intermediate (path 1) or
breakage of the first C–H bond resulting in the formation of
the C6H5–CH–NH* intermediate (path 2). These inter-
mediates can then be converted into the C6H5–CH–N*
intermediate, and the next dehydrogenation step occurs,
which yields the product BN (C6H5–CN). To understand
the reaction mechanism on the reconstructed surface, the
free energies of each step in the oxidation of BA to BN on
NiOOH, NiFeOOH/NiFePS3, and NiOOH/NiFePS3 models

FIGURE 5 Theoretical investigation of the BA oxidation reaction mechanism on various electrocatalysts. (A) Optimized NiPS3 model.
(B) Adsorption energy of OH on NiPS3, Fe0.125Ni0.875PS3, and Fe0.250Ni0.750PS3 models. (C) Adsorption energy of BA and BN on NiPS3,
NiFePS3, NiOOH, NiFeOOH, NiOOH/NiFePS3, and NiFeOOH/NiFePS3 models. (D) Plausible reaction pathways for BA oxidation to BN.
(E, F) Free energies during the BA oxidation reaction on (E) NiOOH and (F) NiFeOOH/NiFePS3 at a pH of 13.5.
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are calculated (Figures 5E,F and S35). At a potential of
0 VRHE, the formation of both the C6H5–CH2–N* interme-
diate (in path 1) and C6H5–CH–NH* (in path 2) occurs
through exergonic processes for all three models. This
implies that the two steps are the RDS of BA oxidation
under the potential of 0 VRHE. The lowest energy barrier
corresponding to C6H5–CH2–N* and C6H5–CH–NH* sug-
gests that NiFeOOH/NiFePS3 has more favorable reaction
kinetics than other surfaces, which indicates its better cat-
alytic activity for BA oxidation. The reaction pathways were
also evaluated considering the experimental potential of
1.45 VRHE. The NiFeOOH/NiFePS3 heterostructure shows
downhill energy barriers for each step compared with
NiOOH and NiOOH/NiFePS3, which further validates the
experimental observation that the formation of the Ni-
FeOOH/FeNiPS3 heterostructure is essential to promoting
the electro‐oxidation of BA at pH= 13.5 and electrode
potential of 1.45 VRHE.

The non‐active‐site P and S usually do not directly
affect the catalytic activity, but they can influence the
electronic structure of the catalyst. It is reported that a
wide range of materials containing P and S would un-
dergo surface reconstruction during the oxidation
reaction, where P and S will be transformed into water‐
soluble (oxy)anions and adsorb on the surface of the
catalyst, affecting the formation of intermediates in the
OER reaction.23,53–55 As shown in the XPS spectra of
Ni0.89Fe0.11PS3 after the reaction (Figure S30), some P
and S in Ni0.89Fe0.11PS3 leached out and transformed into
PO4

3− and SO4
2−, which then adsorbed onto the catalyst

surface. In order to investigate the effect of the
reabsorption of PO4

3− and SO4
2− on BA oxidation, a

control experiment and DFT calculations were con-
ducted. The NiFe LDH without P and S was selected as
the electrocatalyst for the control experiment; however,
only trace amounts of BN were detected after BA oxi-
dation as shown in 1M KOH; it still showed inferior BA
oxidation performance. Additionally, we conducted
related theoretical calculations to further verify the
influence of reabsorption of PO4

3− and SO4
2−. Figure S36

shows that despite variations in the charge density of Ni
active sites of NiFeOOH/NiFePS3 before and after
adoption of SO4

2− and PO4
3− on the surface, it is evident

that these ions do not significantly alter the electro-
chemical behavior of the Ni site, as there are no
observable changes in charge density depletion or
acquisition in the presence of these ions. Also, there were
no significant changes in the BA adsorption and BN
desorption energy in the presence of SO4

2− or PO4
3− ions

(Figure S37). Finally, we examined the reaction mecha-
nism to determine if the presence of SO4

2− or PO4
3− ions

could impact the energy barrier of the BA oxidation
reaction mechanism. As depicted in Figure S38, the

oxidation of BA to BN proceeded via path 2 rather than
path 1, similar to the original NiFeOOH/Ni0.89Fe0.11PS3.
The RDS still involved the transformation of NH‐CH‐
C6H5 into N‐CH‐C6H5, and the energy required to obtain
N–CH–C6H5 after adsorbing phosphate or sulfate ions
did not change significantly.

3 | CONCLUSION

In summary, we have introduced a controllable design
method to synthesize Ni(1−x)FexPS3 electrocatalysts with
different Fe dopants for electro‐oxidation of aromatic
amine. The intrinsic electrocatalytic activity of these
catalysts and the catalytic mechanism are studied in
depth by combining experimental and theoretical stud-
ies. During BA oxidation, the Ni0.89Fe0.11PS3 electro-
catalyst readily undergoes surface transformation to form
an active and stable NiFeOOH/Ni0.89Fe0.11PS3 hetero-
structure, which plays a key role in enhancing activity
during BA oxidation to produce BN. Theoretical and
experimental results suggest that the presence of Fe
contributes to the surface transformation of Ni0.89-
Fe0.11PS3 into NiFeOOH/Ni0.89Fe0.11PS3. Interestingly,
the complete conversion of Ni0.89Fe0.11PS3 into NiFeOOH
is mainly dependent on the type of reaction (OER or BA
oxidation) that takes place on the catalyst surface. Fur-
thermore, the BA oxidation reaction mechanism was
investigated by the calculations, which identified the
formation of the C6H5–CH–N* intermediate as the RDS.
The as‐formed NiFeOOH/Ni0.89Fe0.11PS3 heterostructure
shows more favorable reaction kinetics during the oxi-
dation of BA to BN. Our study provides a new avenue for
rational electrode design guided by an understanding of
surface reconstruction, which could broaden the scope of
various kinds of organic chemical synthesis.

4 | EXPERIMENTAL SECTION

4.1 | Synthesis of Ni(1−x)Fex(OH)y
nanosheets

Ni(1−x)Fex(OH)y nanosheets were synthesized using a
hydrothermal method.56 Typically, 3 mmol of
Ni(NO3)2·6H2O and Fe(NO3)3·9H2O in different molar
ratios, 6 mmol of NH4F, and 15mmol of CO(NH2)2 were
dissolved in 35mL of ultrapure water. The mixture was
then stirred for 15 min to form a homogeneous solution.
The molar ratio of Ni(NO3)2·6H2O to Fe(NO3)3·9H2O was
varied for the preparation of Ni(1−x)Fex(OH)y nanosheets
with different Ni/Fe ratios. Then, the uniform solution
was transferred to a 50mL Teflon reactor. Subsequently,
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a cleaned carbon cloth 2 × 4 cm2 in size was immersed in
the solution. Finally, an autoclave was heated at 120°C
for 6 h. After the reaction was complete, the obtained
Ni(1−x)Fex(OH)y nanosheets loaded on carbon cloth were
washed with absolute ethanol three times and with
ultrapure water three times and then dried overnight at
60°C in a hot‐air oven.

4.2 | Synthesis of FeSx precursor

First, 2mmol of FeCl3·6H2O and 2.4mmol of CH2NSCH3

were dissolved in a mixture of 20mL of absolute ethanol and
10mL of water. Then, the solution was sonicated for 20min
to ensure the total dissolution of FeCl3·6H2O. Subsequently,
the resulting solution was transferred to a 50mL Teflon
autoclave, where a cleaned carbon cloth was immersed in
the solution, followed by a solvothermal reaction at 150°C
for 2 h. After the reaction was completed, the reactor was
allowed to cool naturally. Finally, the as‐grown FeSx was
washed multiple times with ethanol and water and then
dried overnight at 60°C in a vacuum oven.57

4.3 | Synthesis of Ni(1−x)FexPS3
nanosheets

Ni(1−x)FexPS3 nanosheets on carbon cloth with different
molar ratios were synthesized by a space‐confined
chemical vapor conversion process using the synthe-
sized Ni(1−x)Fex(OH)y nanosheets as a precursor in a tube
furnace with two zones (Figure S7). Typically, a stoichi-
ometric mixture of P and S powders (0.5 g in total and a
P:S ratio of 1:3) was placed at Zone I of the tube furnace,
while a carbon cloth loaded with the Ni(1−x)FexPS3 pre-
cursor (or FeSx) was placed at Zone II; the distance
between the two zones was about 20 cm. Before the
reaction, the tube system was purged by argon gas at a
flow rate of 100 sccm and vacuumed to create an air‐free
atmosphere. Then, the two zones were simultaneously
heated to 280°C and 500°C, respectively, within 30min.
Zone I was heated to 300°C within 90min, while Zone II
was maintained at 500°C, and the flow rate of argon gas
was maintained at 20 sccm during the reaction. Finally,
the furnace was naturally cooled to room temperature,
and the carbon cloth with Ni(1−x)FexPS3 nanosheets was
taken out for further measurement.

4.4 | Material characterizations

The thickness and morphology of Ni(1−x)FexPS3 na-
nosheets were characterized by AFM (Bruker‐M8) and

field emission SEM (Hitachi SU8220), respectively.
HRTEM (JEM‐2100F) equipped with an energy‐
dispersive X‐ray diffractometer (EDX) was also used.
The metal content in the sample was quantitatively
determined using inductively coupled plasma mass
spectrometry (Agilent 5100 ICP‐OES). The crystal
structure was investigated by XRD (TZY‐XRD (D/MAX‐
TTRIII (COB))) using Cu‐Kα radiation. Raman spectra
were collected on a Raman microscope (Renishaw, In
Via) with a 532 nm excitation laser. XPS was performed
on an X‐ray photoelectron spectrometer (ESCALab
250Xi) with an X‐ray source (Mg Kα) to determine the
elemental composition and valence states of the sam-
ples, as well as the VBM of Ni0.89Fe0.11PS3 before and
after the reaction. All the binding energies were refer-
enced to the C 1s peak at 284.8 eV. In particular, the
Ni0.89Fe0.11PS3 on carbon cloth was directly used as an
electrode for the electrochemical tests; then, the elec-
trode was cleaned and dried for the XPS VBM spectrum
test. The exact values of the VBM of Ni0.89Fe0.11PS3
before and after the reaction were calculated using the
following equation58:

E φ E= + − 4.44,VB,NHE VB (1)

where EVB,NHE is the VBM of the Ni(1−x)FexPS3, φ is the
electron work function of the spectrometer (4.46 eV), and
EVB‐XPS can be obtained from the VB‐XPS spectrum.

4.5 | Electrochemical measurements

The electrochemical performance of a series of Ni(1−x)-
FexPS3 samples was evaluated on an electrochemical
workstation (Applied Research Potentiostat, Versa-
STAT3) using a three‐electrode system in an H‐type cell.
The Nafion 117 membrane was used as a separator. The
Nafion 117 membrane was pretreated through a series of
steps before use. First, the membrane was treated at 80°C
in a 5 wt% H2O2 solution for 1 h to remove organic
impurities. Next, it was thoroughly rinsed with deionized
water and then immersed in deionized water at 80°C,
where it was boiled for 1 h to ensure complete removal of
the residual H2O2. Finally, the membrane was soaked in
1M H2SO4 at 80°C for 1 h, followed by rinsing with
deionized water to remove the remaining H2SO4. A
Hg/HgO electrode, a Pt foil, and the Ni(1−x)FexPS3
nanosheets grown on carbon cloth 1 × 1 cm2 in size were
used as a reference, counter, and working electrodes,
respectively. LSV and chronoamperometry tests were
performed in a 1M KOH (pH= 13.5) solution, where
the scan rate was set as 5 mV s−1. The activity of
Ni(1−x)FexPS3 catalysts in the electrocatalytic oxidation of
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benzylamine was evaluated using chronoamperometry at
different potentials (1.35–1.55 VRHE). Before the LSV and
chronoamperometry measurements, all samples were
activated by 20 cyclic voltammetry (CV) cycles in the
potential range of 0.8–1.6 VRHE, for which the scan rate
was 100mV s−1. All the potentials were calibrated to a
RHE using the following equation: ERHE= EHg/HgO +
0.098 + 0.059 × pH, with 100% iR correction. EIS tests
were performed at the potential of 1.45 VRHE in the
frequency range from 100 KHz to 0.01 Hz. The BA
oxidation measurements were carried out over a series
of Ni(1−x)FexPS3 samples and NiFe LDH as a control.
Unless specifically mentioned, the electrolysis was
conducted in 40 mL of KOH with 20 mM BA as a
reactant.

4.6 | Product analysis

First, a qualitative analysis of the BA electrocatalytic oxida-
tion product was carried out by nuclear magnetic resonance
(1H NMR, Bruker Avance III 400 HD) using D2O with
dimethyl sulfoxide (DMSO) as the internal standard. To
determine the corresponding yield rate and FEs of BN,
40mL of electrolyte solution was extracted with ethyl acetate
after chronoamperometry testing with a total passing charge
of ~77C. The extracted oxidation products were confirmed
by GC measurements using dodecane as an internal stan-
dard. The temperature of the column was initially set at 70°C
for 1min and increased to 150°C at a rate of 10°C/min.14

Then, the temperature was increased to 220°C at a rate of
25°C/min and maintained for 3min. The yield and FE of BN
were calculated using the following equations:

t
Yield rate (mg h ) = m of formed benzonitrile ,−1 (2)

F
FE (%) = mol of benzonitrile

total passed charge/(4 × )
× 100%, (3)

where m is the mass of the formed BN (mg); t is the
reaction time of chronoamperometric tests; and F is the
Faraday constant, 96,485 Cmol−1. The theoretical charge
required for the complete conversion of 0.2 mmol BA to
BN is ~77 C.

4.7 | Theoretical calculations

Spin‐polarized DFT calculations with the Perdew–
Burke–Ernzerhof (PBE) exchange–correlation functional59

were performed using the Vienna ab initio simulation

package (VASP).60 The projector‐augmented wave method
(PAW)61,62 with a plane‐wave kinetic energy cutoff of
500 eV was used, with a Gaussian smearing of 0.05 eV.63

The Brillouin zone was sampled by a 3 × 3× 1 K‐point for
geometry optimization and a 6 × 6 × 1 K‐point to calculate
the spin density and charge density differences. Based on
the experimental results, we used an eight‐layer slab con-
taining 8 Ni, 8 P, and 24 S atoms to model the NiPS3 surface
structure (in the case of NiFePS3, the Fe atom substitutes a
Ni atom). The NiPS3(100) facet was used as the surface
termination. The NiOOH(001) surface was modeled by a
twelve‐layer slab containing 12 Ni, 24 O, and 12 H atoms.
We then constructed a heterostructure model comprising
two parts, where the NiPS3(100) and NiOOH(001) com-
bined together in the Z direction. A vacuum layer of 15Å
was used in order to separate the surface slab from its
periodic duplicates. To ensure accurate energy calculations,
the pristine NiPS3(100) surface was first optimized inde-
pendently due to the significant rearrangement of NiPS₃
atoms during optimization. During the reaction investiga-
tions, the optimized NiPS3(100) surface was kept fixed
while the other atoms were allowed to relax. and the atomic
positions were optimized till the forces were less than
0.02 eV/Å. The structure of isolated molecules (BA, BN,
H2O, and H2) was optimized within a unit cell measuring
15Å× 15Å× 15Å, with only the Γ‐point utilized.64 The
effects of van der Waals corrections were modeled using
Grimme's method, with Becke–Jonson damping.64,65

The binding energy of an adsorbate was calculated as
follows:

E E − E E ,= −binding (slab+adsorbate) (slab) (adsorbate) (4)

where E(slab + adsorbate), E(slab), and E(adsorbate) are the total
energy of the slab with the adsorbate, the energy of the
clean slab, and the energy of the adsorbate in the gas
phase, respectively.

The Gibbs free energy of a species is calculated as
follows:

G E= + ZPE − TS. (5)

Here, E is the total energy of a species obtained from
DFT calculations, ZPE and S are the zero‐point energy
and entropy of a species, respectively, and T= 298.15 K.

The theoretical overpotential depends strongly on the
coverage of the different reactant species at the surface.
We constructed surface Pourbaix diagrams, where we
identify the most stable structures for NiOOH(001),
NiOOH/NiFePS3, and NiFeOOH/NiFePS3 for a range of
potentials at pH= 13.5. Several possible structures have
been considered including termination with a single
moiety, as well as mixed cases. In our models, there are
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three equivalent adsorption sites. Consequently, 3O*,
3OH*, and 3H2O* correspond to the surfaces fully cov-
ered by O*, OH*, and H2O*, respectively. Note that other
possible adsorption sites exist that may lead to large
coverage if multiple site occupancy is allowed, but this
will lead to an adsorbate at small distances with con-
comitant high steric repulsion. Thus, single occupancy
has been considered in our models. A surface Pourbaix
diagram was constructed by assuming an equilibrium of
the surface with water, protons, and electrons according
to the following equation:

z z w eMO + H O = MO H + (2 − )(H + ).y y x w2 +
+ − (6)
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