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Efficient coupling of economically favorable electro-oxidation reactions with the hydrogen evolution
reaction (HER) has been considered as a promising way to realize synergistic production of hydrogen
and value-added chemicals. In this work, a supported nickel molybdenum oxide catalyst was fabricated,
which exhibits enhanced activity towards the benzyl alcohol oxidation reaction (BOR) benefited from the
enriched active sites. Further investigations indicate that the nearly complete conversion from benzyl
alcohol (BA) to the benzoic acid (BC) product can be achieved with simultaneously realized high
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DOI: 10.1039/d3ya00447¢c selectivity and high faradaic efficiency (FE) for long-term operation. The efficient catalyst explored in this

work could offer a new material platform for coupled production and value-added benzoic acid and
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Introduction

With the concern of the global energy crisis as well as the
depletion of fossil fuel reserves, there is an urgent need to
explore clean and sustainable alternative energy sources.
Hydrogen (H,), as a carbon-free and sustainable energy carrier,
holds immense potential to alleviate the dependence on fossil
fuels and related environmental concerns.”” The electrocataly-
tic water splitting process that is composed of the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
is now a viable method for hydrogen production, with signifi-
cant progress being made to improve the reaction efficiency.?™
However, the high overpotential and the sluggish kinetics of
the OER process at the anode still impede the whole reaction
efficiency for hydrogen production. Hence, optimizing the
coupled anodic reaction is of great significance to promote
the hydrogen production process.**®
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As discussed above, replacing the OER process with thermo-
dynamically favorable electro-oxidation reactions of small
molecular chemicals, such as methanol, ethanol, hydrazine
and urea,’””*® has been regarded as an advanced way of
realizing efficient hydrogen production and even simultaneous
valorization to produce value-added chemicals.?**° As a widely
used chemical in the pharmaceutical, dye and fragrance indus-
tries, benzoic acid (BC) receives substantial demand, and can
be produced from the oxidation of benzyl alcohol (BA).*!
However, the current synthesis of BC from BA requires harsh
conditions such as the use of harmful reagents, high tempera-
ture and noble metal catalysts.** Therefore, developing a green
and economic method for BC production is highly attractive
and urgently desired.**** With the above considerations, devel-
oping an advanced catalyst that could catalyze the BA-to-BC
conversion will be of great significance to realize simultaneous
production of hydrogen and value-added BC.**"*®

Despite the optimization of the oxidation reaction, the design
and selection of the appropriate electrocatalyst is also an impor-
tant factor that would influence the whole reaction efficiency.
Recently, transition metal-based compounds have emerged as the
preferred choice due to their low cost, high activity, excellent
stability, and abundant reserves.”’° In particular, the synergistic
effect between different cationic sites in multi-metal oxides has
been extensively studied, which could lead to optimized electronic
structures and multi-site active centers.’*™*® Among the transition
metal oxide catalysts, the Ni-Mo based oxides, have received
substantial research interest owing to their abundant high-
valence active sites with favorable electronic structure, which have
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been applied as highly efficient electrocatalysts for the OER and
the urea oxidation reaction (UOR).*” For example, Solomon and
co-workers fabricated nickel-molybdenum oxide microcrystals
covered by Co;O, nanoparticles via atomic layer deposition,
which exhibit high activity towards the OER.*® Fang and co-
workers proposed an electrochemical tuning strategy to fabricate
Ni**-rich NiMoO,xH,O nanorod arrays, and realized electro-
chemical tuning that effectively enriches the content of Ni**,
finally resulting in the remarkable enhancement of the UOR
activity.*> However, the application of Ni-Mo oxides for organic
molecule oxidation is still rare to date.”®>" Developing the
potential application of Ni-Mo based catalysts for the electro-
catalytic oxidation of organic molecules is highly desired.>?
In this work, a Ni-Mo oxide catalyst supported on nickel foam
(NiMoO-Ar/NF) was successfully fabricated, which exhibits
advanced catalytic activity for the benzyl alcohol oxidation
reaction. The as-explored NiMoO-Ar/NF catalyst exhibits a low
potential of 1.39 V vs. RHE to reach a current density of
10 mA cm”? in 1 M KOH solution with 15 mM BA. Gas chromato-
graphy results indicate that nearly complete conversion from BA
to BC can be achieved after electrolysis at 1.5 V vs. RHE for 2 h,
and the faradaic efficiency (FE) and yield of the product reach
93% and 95%, respectively. Meanwhile, excellent stability can be
achieved even for 4-cycle chronoamperometric tests with a total
operation time of 8 hours. This research developed a highly
efficient electrocatalyst for coupled green synthesis of value-
added benzoic acid and hydrogen.

Results and discussion

The NiMoO-Ar/NF catalyst was synthesized via a two-step reac-
tion (Fig. 1), and the experimental details are provided in the
ESIL.{ Typically, the NiMoO/NF precursor was firstly fabricated
via a hydrothermal reaction, followed by annealing in an Ar
atmosphere, which finally leads to the formation of NiMoO-Ar/
NF. To analyze the crystal structure of the product, the X-ray
diffraction (XRD) pattern of the NF-supported NiMoO after
calcination in Ar was provided in Fig. 2A, and the XRD pattern
of the NiMoO/NF precursor without calcination was provided as
well for comparison. As presented by the purple line, all the
peaks can be indexed to the NiMoO,-xH,O phase as reported in
the literature.”® In contrast, a series of peaks appeared at 14.2°,
25.3°, 28.8° and 32.5° for NiMoO-Ar/NF, which match well with
the standard card of NiMoO, (JCPDS card no. 33-0948), proving
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Fig. 1 Schematic illustration of the synthesis process of the NiMoO-Ar/NF
catalyst.
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Fig.2 (A) XRD patterns of NiMoO-Ar/NF and NiMoO/NF. (B) Ni 2p
spectra. (C) Mo 3d spectra. (D) O 1s spectra.

the removal of crystal water in the NiMoO,-xH,O precursor. The
peaks located at 44.5° 51.8° and 76.3° correspond to metallic
nickel of the NF support (JCPDS card no. 04-0850). As reported
in previous literature, the removing of crystal water is beneficial
for the enhancement of the catalytic activity since crystal water
may occupy the active sites and block the catalytic reaction.>*”*
Hence, enhanced catalytic activity can be expected for the
NiMoO,-based catalyst without crystal water.

To further analyze the chemical composition and valence
states of the as-synthesized NiMoO-Ar/NF catalyst, X-ray photo-
electron spectroscopy (XPS) was conducted. As shown in the
survey spectrum, Fig. S1 (ESIt), the characteristic peaks corres-
ponding to Ni, Mo and O elements can be observed, confirming
the presence of these elements in the catalyst. As shown in the
high-resolution Ni 2p spectrum in Fig. 2B, two intense peaks
can be identified at 873.0 and 855.4 eV, which can be indexed to
the 2py,, and 2p;,, peaks of Ni** ions, respectively. Meanwhile,
the peaks corresponding to Ni** emerge at 874.8 eV and
856.9 eV, confirming the coexistence of Ni** and Ni*" in the
NiMoO-Ar/NF catalyst.*>® The Mo 3d spectrum was provided
as Fig. 2C, from which two peaks corresponding to Mo®" species
can be identified at 232.1 and 235.2 eV, respectively.’>”®
As reported in previous literature, the presence of Mo species
with high oxidation valence can significantly influence the
electronic structure of neighboring metals, which might bring
about the variation of the catalytic performance.*®> Consider-
ing the above fact, the electro-oxidation performance can be
expected for NiMoO-Ar/NF. In addition, the O 1s spectrum in
Fig. 2D exhibits two peaks centered at 530.0 and 531.3 eV,
assigned to the metal-oxygen bonds and the adsorbed water
molecules, respectively.®>” Furthermore, considering the exis-
tence of [MoO4]*~ oxyanion counterparts, which are vibration-
ally active, both the Raman and Fourier transform infrared
(FTIR) spectra of NiMoO-Ar/NF and NiMoO/NF were provided
for better structure analysis, as shown in Fig. S3A and B (ESIf).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As shown in the FTIR spectral in Fig. S3A (ESIY), it can be seen
that an obvious peak appeared at 3400.3 cm ™, which should be
attributed to the O-H stretching of water molecules.*® Besides,
the peak corresponding to the absorbed water molecules was
observed as well at 1621.8 cm ™!, which is well consistent with
the previous literature.”®°
in the NiMoO/NF structure. Besides, a serious peak appeared at
about 449.8 to 964.7 cm ™!, which should be attributed to the
symmetric and asymmetric stretching of Mo-O bonds.**
As for the NiMoO-Ar/NF, similar peaks were observed as well
at 455.6 cm™ ' to 960.8 cm™'. Meanwhile, the two peaks that
were indexed to the water molecules were decreased in the
NiMoO-Ar/NF catalyst, proving the removal of water molecules.
From the Raman spectra in Fig. S3B (ESIt), as for the NiMoO/
NF sample, an obvious peak appeared at about 942.8 cm !,
which should be attributed to the symmetric stretching of
the Mo-O bands. Besides, two peaks that were indexed to the
asymmetric stretching of O-Mo-O appeared as well at 891 and
818.7 cm ™', respectively. Furthermore, the band corresponding
to the bending mode appeared as well at the low energy area of
about 300-400 cm ™. These values were well consistent with the
previous literature, confirming the successful fabrication of
NiMo00O,-xH,0.°® As for the NiMoO-Ar/NF obtained after
annealing treatment, similar peaks were observed as well at
952.8, 892, 817 and 342 cm ™, confirming the well-kept Mo-O
and O-Mo-O structure. Furthermore, a new peak corres-
ponding to NiMoO, appeared at 706 cm ', which is in agree-
ment with the annealed NiMoO, sample as reported in the
literature.®® The peak at 952.8 cm™ " corresponds to the sym-
metric stretching mode of the Mo-O bond, while the peaks at
706 and 342 cm ' correspond to the asymmetric stretching
mode of the Ni-O-Mo bond and the bending mode of Mo-O,
respectively.®>

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images are provided in Fig. 3. As shown
in the SEM images in Fig. 3A, a thick oxide layer comprised
from nanorods can be observed on the surface of the Ni foam.
The magnified SEM image was provided in Fig. 3B, from which
the square-shaped cross section of the nanorods can be
observed. Meanwhile, the TEM images of the powdery sample
detached from NiMoO-Ar/NF are shown in Fig. 3C and D,
further proving the nanorod morphology with a width of about
500 nm, which is consistent with the SEM result. To figure out
the crystal structure, a high-resolution TEM (HRTEM) image is
provided in Fig. 3E. As can be seen, uniform lattice fringes with
an interplanar spacing of 0.619 nm can be identified, which
match well with the (110) plane of the NiMoO, phase. In addition,
the elemental distribution based on the energy-dispersive X-ray
spectroscopy (EDS) technique is shown in Fig. 3F. It can be
observed that Ni (green), Mo (red), and O (blue) are homo-
geneously distributed across the nanorods. In addition, Fig. S4
(ESIY) illustrates the SEM of NiMoO/NF.

The electrochemical measurements were conducted by using
a typical three-electrode system. The linear sweep voltammetry
(LSV) curves of NiMoO-Ar/NF were firstly analyzed to unravel
the different behavior between the OER and BOR. Typically, the

This confirms the existence of water
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Fig. 3 (A) (B) Magnified SEM images.
(C) and (D) TEM images of NiMoO-Ar/NF. (E) HRTEM images of NiMoO-
Ar/NF. (F) Element mapping of Ni, Mo, and O in NiMoO-Ar/NF.

polarization curves for BOR and OER were obtained from 1 M
KOH electrolyte with and without 15 mM benzyl alcohol. As can
be seen from Fig. S6 (ESIT), the required potential for BOR to
drive a 10 mA cm ™ ? anodic current density is only 1.39 V vs. RHE.
In contrast, the required potential for the OER to reach the same
current density is 1.49 V vs. RHE.

Furthermore, compared with the OER process that only
generates oxygen, the electro-oxidation of benzyl alcohol may
achieve the production of the value-added benzoic acid, which
is considered to be a more promising pathway for coupling with
the HER half reaction to reach energy-saving production.
To investigate the BOR performance of the catalysts, the LSV
curve comparison of NiMoO-Ar/NF, NiMoO/NF and calcined NF
for BOR was provided in Fig. 4A. It can be seen that as
for the NiMoO-Ar/NF catalyst, the current density reaches
10.72 mA cm ? at 1.4 V (vs. RHE). Meanwhile, for NiMoO/NF
and NF, the current density was only about 0.266 and
1.452 mA cm 2, respectively. Furthermore, the potentials at
the fixed current density (20 mA cm™?) were compared as well.
This illustrated that the NiMoO-Ar/NF catalyst only needed
399 mV to reach 20 mA cm 2. The potentials for NiMoO/NF
and NF to reach the same current density were 563 and 747 mV,
respectively, much larger than that of NiMoO-Ar/NF catalyst.
Additionally, as shown in Fig. 4B, the Tafel plots also indicate
the excellent activity of the NiMoO-Ar/NF catalyst. It can be seen
that the Tafel slope of NiMoO-Ar/NF is as small as 42 mV dec™ ',
significantly lower than that of the NiMoO/NF catalyst (55 mV dec™ )
and the NF-Ar catalyst (82 mV dec™ '), further demonstrating
the enhanced BOR performance of NiMoO-Ar/NF.
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Fig. 4 (A) Polarization curve comparison of NF-Ar, NiMoO/NF, and NiMoO-

Ar/NF in electrolyte containing 15 mM BA. (B) Tafel curves corresponding to
figure A. (C) Comparison of the impedance of NF-Ar, NiMoO/NF and NiMoO-
Ar/NF in electrolyte containing 15 mM BA. (D) Cy curves of NF-Ar, NiMoO/NF
and NiMoO-Ar/NF in an electrolyte containing 15 mM BA.

To further analyze the catalytic transfer kinetics of the
NiMoO-Ar/NF catalyst, electrochemical impedance spectro-
scopy (EIS) analysis was performed at 1.5 V vs. RHE, with the
corresponding results being shown in Fig. 4C. It reveals that the
charge transfer resistance (R.) of the NiMoO-Ar/NF catalyst is
about 1.45 Q, much smaller than that of NiMoO/NF (10.42 Q)
and NF-Ar (16.98 Q), indicating the promoted charge transfer
process during the BOR catalysis. According to the above analyses,
it is concluded that the annealing treatment is beneficial for the
enhancement of the catalytic activity. This might be owing to the
following two reasons. Firstly, the annealing treatment could lead
to the removal of crystal water within the NiMoO,-xH,O lattice,
thus increasing the exposure of active sites, which finally results in
enhanced catalytic activity. Secondly, the calcination treatment
may induce the formation of a porous structure, thereby further
increasing the surface area and enriching the catalytic activity.
To prove the increment of the surface area, the nitrogen adsorp-
tion-desorption isotherms of NiMoO-Ar/NF and NiMoO/NF were
measured. As revealed in Fig. S5 (ESIt), NIMoO-Ar/NF displays a
larger BET specific surface area compared with that of NiMoO/NF,
therefore confirming the enhancement of the surface area owing
to the calcination. In addition, the electrochemical active surface
area (ECSA) that is linearly proportional to the double-layer
capacitance (Cq)) is estimated as presented in Fig. 4D and Fig. S7
(ESIt). The results showed that the NiMoO-Ar/NF holds the largest
Cq value of 15.68 mF cm™ > Meanwhile, for the NiMoO/NF catalyst
and NF-Ar catalyst, the Cq values were just 4.98 mF cm™ > and
7.17 mF cm™ >, respectively. The much larger Cq value of the
NiMoO-NF catalyst confirmed its larger specific surface area,
which is essential for increasing the exposure of active sites and
thus improving the catalytic activity.

Based on the above analysis, it is concluded that the NiMoO-
Ar/NF is an ideal catalyst for BOR. To further investigate the
oxidation products of BOR, chronoamperometry measurement
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was performed at 1.5 V vs. RHE with the gas chromatography
(GC) results, as shown in Fig. S10 (ESIt). As can be seen from
Fig. S10A (ESIt), before the reaction, an intensive peak that
corresponds to BA was observed at about 10.2 min. After the
reaction for half an hour, a new peak located at approximately
12.2 min emerges, corresponding to BC, as shown in Fig. S10B
(ESIT). The formation of the BC product indicates the occur-
rence of the electro-oxidation of benzyl alcohol. Besides,
another new peak that was attributed to benzaldehyde (BH)
can be observed at 9.0 min, which was brought by the side
reaction. It is noteworthy that the peak area of BC is larger than
that of BH as presented in Table S2 (ESIt), suggesting that the
side reaction is slight. Furthermore, as illustrated in Fig. S10C
and D (ESIt), along with the increment of the reaction time to
1 h and 1.5 h, the peak for BC was further increased, indicating
that more BA was converted to the product. Then, after the
reaction for 2 h (Fig. S10E, ESIt), the peak for BA nearly
disappeared, while the BC peak is dominant, indicating the
high conversion efficiency from BA to BC. The concentration of
BC was calculated according to the GC results (Fig. 5A). It can
be seen that along with the increment of the reaction time,
the concentration of BC increased, achieving a high value of
14.21 mM after reaction for 2 h. Hence, the high activity of
NiMoO-Ar/NF catalyst towards the BOR can be confirmed.

To survey the influence of applied potential, chronoampero-
metry measurements at various potentials were conducted, and
the corresponding GC results are provided in Fig. 5B and
Fig. S11, Table S3 (ESIf). It can be seen that high selectivity
(Sel.) can be achieved at various potentials, proving a wide
potential window for high-performance BOR. In contrast, the
conversion percentage (Con.), yield and faradaic efficiency (FE)
display variation along with the change of potential, and the
optimal performance is determined to be 1.5 V vs. RHE. In
detail, the Con. of BA reaches 94.27%, and the Sel. to BC and FE
are as high as 100% and 91.25%. When the applied potential

A 15 —e—BH —v—BA —+—BC B 100 [ Con. [ Sel. [ | Yield ——FE 100
=
:12 S 80 80
S0 E 60 6052
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Fig. 5 (A) Evolution of the concentration of BA, BC and BH under various

reaction times at 1.5 V vs. RHE. (B) Con., Sel, yield and FE at different
potentials. (C) The chronoamperometry tests were repeated four times. (D)
Con., Sel, yield and FE of BC in four electrochemical cycles.
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further increases, the competitive OER process becomes
obvious, and the BOR efficiency declines.

Operational stability is another important criterion to judge
an advanced catalyst. We further performed cyclic voltammetry
(CV) cycling tests and compared the polarization curves before
and after 1000 CV cycles. The electrolyte for the CV stability test
was 1 M KOH + 15 mM BA. As shown in Fig. S12 (ESI}), the
anodic current density shows negligible degradation, confirm-
ing the high stability of the NIMoO-Ar/NF catalyst. In addition,
a long-term chronoamperometry test was also performed, and
the electrolyte was refreshed per 2 h to reduce the influence of
the concentration of BA to the activity. As can be seen from
Fig. 5C, the current density decreases along with the BOR
catalysis, and the current density can be well recovered after
refreshing the electrolyte, indicating that the decreasing cur-
rent density originates from the efficient BOR process that
rapidly consumes BA. The conversion percentage, selectivity,
yield and FE were also measured after 4 cycles of 2 hour BOR
operation. As shown in Fig. 5D, all the parameters exhibit
negligible decay, and the FE still reaches ~93%, further con-
firming the superior operational stability of NiMoO-Ar/NF
towards the BOR. The high activity and stability of NiMoO-Ar/
NF for BOR catalysis make the catalyst a promising catalyst for
the green production of value-added benzoic acid.

Conclusions

In summary, a NiMoO-Ar/NF nanorod array catalyst was synthe-
sized for an electrocatalytic benzyl alcohol oxidation reaction to
produce benzoic acid. By means of annealing treatment, the crystal
water within the lattice of the hydrated Ni-Mo oxide precursor can
be removed, leading to highly exposed active sites and enhanced
catalytic activity. Meanwhile, along with the calcination process,
porous structure with increased surface area can be obtained,
thereby further facilitating mass transport and enriching the active
sites. Benefited from the above structural merits, the NiMoO-Ar/NF
catalyst exhibited excellent electrocatalytic activity for BOR cata-
lysis with a low required potential of 1.39 V vs. RHE to achieve a
10 mA ecm™ 2 current density. In addition, nearly complete conversion
from BA to BC can be realized after 2-hour electrolysis at 1.5 V vs.
RHE with high faradaic efficiency and yield of product. Superior
operational stability can also be achieved even for 4-cycle chrono-
amperometric tests with only slight performance decay. This work
presents a new electrocatalyst for green electrochemical synthesis of
benzoic acid, which may shed light on the future design of advanced
catalysts for the electro-oxidation of organic molecules.
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