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adsorption by defect engineering
of CuO catalysts for selective electro-oxidation of
amines to nitriles coupled with hydrogen
production†

Xu Yang, Enhui Wei, Yuan Dong, Yu Fan, Hongtao Gao, Xiliang Luo *
and Wenlong Yang *

Developing a high-efficiency benzylamine oxidation reaction (BOR) to replace the sluggish oxygen

evolution reaction (OER) is an attractive pathway to promote H2 production and concurrently realize

organic conversion. However, the electrochemical BOR performance is still far from satisfactory. Herein,

we present a self-supported CuO nanorod array with abundant oxygen vacancies on copper foam (Vo-

rich CuO/CF) as a promising anode for selective electro-oxidation of benzylamine (BA) to benzonitrile

(BN) coupled with cathodic H2 generation. In situ infrared spectroscopy demonstrates the selective

conversion of BA into BN on Vo-rich CuO. Furthermore, in situ Raman spectroscopy discloses a direct

electro-oxidation mechanism of BA driven by electroactive hydroxyl species (OH*) over the Vo-rich CuO

catalyst. Theoretical and experimental studies verify that the presence of oxygen vacancies is more

favorable for the adsorption of OH* and BA molecules, enabling accelerated kinetics for the BOR. As

expected, the Vo-rich CuO/CF electrode delivers outstanding BOR activity and stability, giving a high

faradaic efficiency (FE) of over 93% for BN production at a potential of 0.40 V vs. Ag/AgCl. Impressively,

almost 100% FE for H2 production can be further achieved at the NiSe cathode by integrating BA

oxidation in a two-electrode electrolyzer.
Introduction

Water electrolysis to produce hydrogen has been deemed as
a promising strategy to address the increasing energy crisis and
environmental issues resulting from the immoderate depletion
of non-renewable fossil fuels. However, compared to the
cathodic hydrogen evolution reaction (HER), the kinetics of the
anodic oxygen evolution reaction (OER) is thermodynamically
more sluggish because of its complicated four-electron transfer
process, necessitating high overpotentials to drive this electro-
chemical process, thus severely hindering the overall energy
conversion efficiency of water splitting.1–5 In this regard, con-
structing a hybrid water electrolysis system by replacing the
sluggish OER with more advantageous electro-oxidation of
organic small molecules has been deemed as a feasible strategy
to promote sustainable hydrogen production in the cathode
and concurrently accomplish biomass upgrading instead of
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tion (ESI) available. See DOI:

12588
valueless oxygen production in the anode.6–10 As an appealing
anodic reaction coupled with the HER with a lower energy
consumption, selective electro-oxidation of primary amines into
nitriles holds immense promise for feedstock fabrication in the
chemical industry, especially considering the widespread
applications of nitriles in the elds of pharmaceuticals, pesti-
cides, dyes and ne chemicals, which could signicantly alle-
viate serious production safety and environment issues
inevitably involved in the traditional synthetic routes.11–15

Therefore, it is highly necessary and economically protable to
develop a desirable anode for selectively electrooxidizing
primary amines to nitriles at low potential with high faradaic
efficiency.

Recently, great effort has been made to pursue earth-
abundant 3d transition metals as advanced alternatives to
noble-metal-based catalysts in the area of electrochemistry,
thanks to their attractive advantages of environmental friend-
liness, rich sources, low cost and high efficiency.16–21 In partic-
ular, copper-based catalysts, as one promising group of anode
candidates with versatile oxidation properties, are extensively
applied for energy and biomass conversion. For instance, Cu-
based oxides or hydroxides formed on the surface of commer-
cial copper foam (CF) have been demonstrated to boost electro-
oxidative glucose upgrading paired with cathodic hydrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Schematic illustration of the preparation of the Vo-rich CuO/
CF electrode. (B) SEM image of bare Cu foam. (C) SEM image ((inset):
enlargement) of Cu(OH)2 arrays grown on Cu foam. The inset shows
the enlarged Cu(OH)2 nanorods. (D) SEM image ((inset): enlargement)
of Vo-rich CuO on Cu foam. (E and F) TEM images and (G) HRTEM
image of a single Vo-rich CuO nanorod.
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production.22,23 Antiperovskite Cu3N nanosheets exhibit
outstanding electrochemical activity for selective oxidation of
methanol to formate.24 The self-construction of Cu2S nano-
sheets achieves signicantly enhanced electrochemical
conversion of 5-hydroxymethylfurfural to 2,5-furandicarboxylic
acid.25 Surprisingly, the electro-oxidation performance of Cu-
based catalysts, to the best of our knowledge, has rarely been
reported to selectively convert primary amines to nitriles
through a facile dehydrogenation process. On the other hand,
due to the lack of a systematic study on the mechanism of
amine oxidation and complex surface reconstruction of Cu-
based catalysts during the electro-oxidation reaction, funda-
mental understanding of the activity origin of Cu-based cata-
lysts is imperative yet still indeterminate, making it more
difficult to guide the further optimization of electrocatalytic
efficiency towards chemical conversion. As one fascinating
amelioration strategy, defect engineering, especially focusing
on oxygen vacancies (Vo) existing widely in metal oxides or
hydroxides, could endow the catalysts with signicantly modi-
ed electronic structures and enhanced molecule adsorption/
activation capacity, which enables great opportunities to
synergistically regulate the reaction kinetics for achieving
enhanced catalytic performance.26–31 Accordingly, it is reason-
able to anticipate that the incorporation of oxygen vacancies
into Cu-based oxides or hydroxides can remarkably improve
their electro-oxidation properties. Nevertheless, the crucial
roles that oxygen vacancies play in the electro-oxidation of
primary amines remain largely elusive in spite of the notable
impact of oxygen vacancies on the electrocatalytic activity.

Bearing the above considerations in mind, herein, we
construct a self-supported CuO nanorod array with abundant
oxygen vacancies on copper foam (denoted as Vo-rich CuO/CF)
as a highly active anode to selectively electro-oxidize benzyl-
amine (BA) to benzonitrile (BN) and concurrently boost the H2

production at the cathode. Furthermore, taking Vo-rich CuO as
a proof-of-concept model, the relationship between oxygen
vacancies and BA oxidation reaction (BOR) activity was eluci-
dated by combining theoretical simulations and experimental
validations. With the aid of in situ spectroscopy, the BOR
mechanism on Vo-rich CuO was systematically investigated.
Beneting from the presence of numerous Vo defects together
with the array conguration, the as-obtained Vo-rich CuO/CF
electrode shows a high activity for BA oxidation coupled with
H2 evolution at the cathode, resulting in simultaneous organic
conversion and clean energy generation.

Results and discussion

As illustrated in Fig. 1A, Cu(OH)2 nanorod arrays were prepared
as initial precursors by a facile wet chemical oxidation proce-
dure on CF, which were in situ topologically transformed into
a Vo-rich CuO/CF electrode through a fast calcination process at
250 °C for 10 min in an argon atmosphere. As revealed by the
scanning electron microscopy (SEM) images in Fig. 1B and C,
the surface of bare CF is smooth without discernible attach-
ments, while plenty of Cu(OH)2 nanorods are grown on the CF
surface with the chemical oxidation reaction occurring, in good
© 2024 The Author(s). Published by the Royal Society of Chemistry
agreement with earlier reports. As shown in Fig. 1D, the pristine
morphology and size of the nanorod arrays are substantially
preserved, with the exception of a rougher surface (inset in
Fig. 1D) aer the annealing treatment of Cu(OH)2 precursors on
CF, suggesting a phase transformation from Cu(OH)2 to CuO.
Also, the X-ray diffraction (XRD) pattern in Fig. S1† conrms the
formation of the CuO crystalline phase (JCPDS No. 48-1548) on
CF. Furthermore, the as-obtained CuO nanorod arrays were
ultrasonically scratched from CF to perform transmission
electron microscopy (TEM) analysis. Fig. 1E and F show that the
CuO nanorod possesses a typical porous structure primarily due
to the decomposition of the Cu(OH)2 precursor, which is
favorable for the penetration of the electrolyte and reactant into
the interior of the catalyst to promote an electrochemical
process. The high-resolution TEM (HRTEM) image in Fig. 1G
shows clear lattice fringes with interplanar distances of 0.237
and 0.256 nm indexed respectively to the (111) and (11−1)
planes of CuO crystals. The corresponding selected-area elec-
tron diffraction (SAED) pattern in Fig. S2† reveals the poly-
crystalline nature of CuO nanorods.

For comparison, a CuO sample that is poor in oxygen
vacancies (Vo-poor CuO) was also obtained as a reference by
calcining the powdery Vo-rich CuO sample in air. Notably, SEM
image (Fig. S3†) and powder XRD patterns (Fig. 2A) indicate that
Vo-rich CuO and Vo-poor CuO samples possess similar
morphology and size as well as crystalline structures. Raman
spectra in Fig. 2B were further employed to gain the structural
information of CuO nanorods, from which both of the two
samples show three characteristic peaks at 274, 320 and
Chem. Sci., 2024, 15, 12580–12588 | 12581
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Fig. 2 Characterization of Vo-rich and Vo-poor CuO samples. (A) XRD patterns, (B) Raman spectra, (C) Cu 2p spectra, (D) O 1s spectra, (E) EPR
spectra and (F) NH3-TPD curves.
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610 cm−1 corresponding respectively to the Ag, Bg1 and Bg2

modes of CuO.32,33 Moreover, X-ray photoelectron spectroscopy
(XPS) was carried out to uncover the valence states and chemical
compositions. As shown in Fig. 2C, the high-resolution Cu 2p
spectra exhibit two prominent peaks at around 934.0 and
953.8 eV with an energy difference of 19.8 eV, which can be
indexed respectively to the 2p3/2 and 2p1/2 spin–orbit states in
CuO, indicating that Cu species are mainly in +2 oxidation
states in both samples. The high-resolution O 1s spectra in
Fig. 2D can be fairly tted into three peaks at about 529.6, 531.3
and 533.6 eV, ascribed to the lattice oxygen, oxygen vacancy and
absorbed water molecule, respectively.33,34 By contrast, the
integral peak area for the oxygen vacancies of Vo-rich CuO is
obviously larger than that of Vo-poor CuO, revealing a higher
quantity of oxygen vacancies in the Vo-rich CuO sample.
Furthermore, electron paramagnetic resonance (EPR) was per-
formed to reconrm the presence of oxygen vacancies. As
shown in Fig. 2E, the signal intensity of oxygen vacancies (g =

2.004) in Vo-rich CuO is evidently stronger than that in Vo-poor
CuO, verifying that Vo-rich CuO possesses a higher quantity of
oxygen vacancies as compared with Vo-poor CuO. Therefore,
these results consistently illustrate the successful synthesis of
CuO nanorods that are rich and poor in oxygen vacancies.
According to recent studies, the adsorption of amines on the
catalyst surface plays a crucial role in determining its electro-
catalytic BOR performance. Thus, the BA adsorption behavior
on the CuO catalysts was further investigated by NH3

temperature-programmed desorption (NH3-TPD) measure-
ments in consideration of an unequal sp3 hybridization model
of the N atom in the amine group of BA (Fig. 2F). As can be seen,
the desorption peaks appearing in the region of 400–600 °C for
both CuO catalysts are attributed to the strongly acidic sites.
12582 | Chem. Sci., 2024, 15, 12580–12588
Compared to Vo-poor CuO, the larger peak area for Vo-rich CuO
implies more Lewis acidic sites on the catalyst. As expected, the
quantity of Lewis acidic sites on the Vo-rich CuO catalyst is
found to be 1.11 mmol g−1, higher than the value for the Vo-
poor CuO catalyst (1.00 mmol g−1), which demonstrates that the
introduction of oxygen vacancies can augment the quantity of
Lewis acidic sites for the adsorption of BA molecules to ulti-
mately boost the electro-oxidation activity.35,36

To unravel the effect of oxygen vacancies on BA electro-
oxidation, the electrocatalytic BOR activities of Vo-rich and Vo-
poor CuO samples were evaluated in 1.0 M KOH with or without
25 mM BA using a typical three-electrode system. As shown in
Fig. S4,† the linear sweep voltammetry (LSV) curves of both CuO
samples exhibit negligible anodic current densities for the OER
in 1.0 M KOH solution, manifesting their relatively poor elec-
trocatalytic activities towards water oxidation. Meanwhile, the
anodic current densities increase sharply aer the addition of
BA, indicating their excellent electrochemical response for BA
oxidation. Fig. 3A displays the comparison of LSV curves for the
BOR over the two CuO electrodes, showing that the Vo-rich CuO
electrode achieves a superior electrochemical BOR activity
relative to the Vo-poor CuO electrode, which can be further
veried by the turnover frequency (TOF) in Fig. 3B. In particular,
the Vo-rich CuO electrode presents a TOF value of 1.38 × 10−3

s−1 for the BOR, roughly 2.60 times higher than that of the Vo-
poor CuO electrode (0.53 × 10−3 s−1) at a potential of 0.40 V vs.
Ag/AgCl. Furthermore, the Tafel plots in Fig. 3C reveal that the
Vo-rich CuO electrode (38.7 mV dec−1) possesses a much
smaller Tafel slope compared with the Vo-poor CuO electrode
(104.2 mV dec−1), which is indicative of its faster reaction
kinetics for the BOR. Next, electrochemical impedance spec-
troscopy (EIS) was applied to probe the reaction kinetics of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) LSV curves, (B) the corresponding TOF values and (C) Tafel plots, and (D) Nyquist plots ((inset): enlargement) of Vo-rich and Vo-poor
CuO samples in 1.0 M KOH solution with 25 mM BA. (E) The estimated Cdl values of Vo-rich and Vo-poor CuO samples in 1.0 M KOH electrolyte.
(F) OCP curves for the Vo-rich CuO sample obtained before and after the injection of 25mMBA in 1.0M KOH solution. (G) Potential-dependent in
situ FT-IR spectroscopy of the Vo-rich CuO sample in 1.0 M KOH electrolyte with 25 mM BA. (H) STEP curves ((inset): enlargement) recorded on
the Vo-rich CuO/CF electrode. (I) In situ Raman spectra of the Vo-rich CuO sample at different potentials in 1.0 M KOH electrolyte with 25mMBA.
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CuO electrodes. The Nyquist plots (Fig. 3D and the inset)
disclose that Vo-rich CuO electrode exhibits a lower charge-
transfer resistance (Rct) than the Vo-poor CuO electrode,
demonstrating its more efficient charge-transfer kinetics during
the BOR process. Besides, the electrochemical double-layer
capacitance (Cdl) was adopted to assess the electrochemical
surface area (ECSA). As shown in Fig. S5† and 3E, the Cdl value
of the Vo-rich CuO electrode is calculated to be 2.20 mF cm−2,
which is approximately 2.39 times larger than that of the Vo-
poor CuO electrode (0.92 mF cm−2), indicating the more
exposed electroactive sites associated with the higher quantity
of oxygen vacancies in the Vo-rich CuO catalyst. In addition,
open-circuit potential (OCP) curves in Fig. 3F show that the OCP
values for both CuO electrodes decrease distinctly when 25 mM
BA was injected into 1 M KOH electrolyte. Compared to the Vo-
poor CuO electrode, the Vo-rich CuO electrode presents a more
signicant OCP decline aer the addition of BA, reecting the
stronger chemisorption of BA molecules on the catalyst
surface,37,38 which is in good accordance with the NH3-TPD
result. All of these electrochemical analyses and measurements
© 2024 The Author(s). Published by the Royal Society of Chemistry
undoubtedly shed light on the positive role of oxygen vacancies
in promoting the electrocatalytic BOR process.

To acquire atomic-level insights into the electrochemical
oxidation of BA to BN, potential-dependent in situ Fourier
transform infrared (FT-IR) spectroscopy was implemented to
monitor the evolution of intermediates and products over the
Vo-rich CuO electrode. As displayed in Fig. 3G, a broad
adsorption peaks at around 3495 cm−1 can be ascribed to the
stretching vibration of the N–H bond in the physically adsorbed
BAmolecule, while the peak at around 1645 cm−1 belongs to the
bending vibration of the N–H bond in the chemically adsorbed
BA molecule. Evidently, both of the two peaks gradually become
more negative as the applied potential increases, uncovering
the increasing consumption of BA. Notably, with the increase of
potential, the more negative adsorption peak at about
1240 cm−1 and the more positive adsorption peak at about
2235 cm−1 can be assigned to the stretching vibration of the C–
N bond and C^N bond, respectively, which is indicative of the
complete dehydrogenation of the amine group to the nitrile
group.37,39 These results clearly validate the electrochemical
Chem. Sci., 2024, 15, 12580–12588 | 12583
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Fig. 4 The calculated density of states of (A) Vo-free CuO and (B) Vo-
CuO. (C) The adsorption energies of OH* and BA onto Vo-free CuO
(111) and Vo-CuO (111) surfaces. (D) The calculated desorption ener-
gies of BN from Vo-free CuO (111) and Vo-CuO (111) surfaces. (E) The
calculated energy profiles of the BOR process on Vo-free CuO (111)
and Vo-CuO (111) surfaces.
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conversion of BA to BN through a simple dehydrogenation
reaction pathway on the Vo-rich CuO electrode. As reported
before, either the chemisorbed hydroxyl species (OH*) or
surface-reconstructed oxyhydroxides on metal oxides can serve
as electroactive species for catalyzing nucleophile electro-
oxidation.40,41 In this regard, multi-potential step (STEP)
measurements on the Vo-rich CuO/CF electrode were performed
to clarify the electro-oxidation mechanism for the BOR. As
shown in Fig. 3F, the rst stage is to form CuOOH via surface
reconstruction of CuO at 0.60 V vs. Ag/AgCl. Aer that, 25 mM
BA was instantly injected into the electrolyte once the OCP
period started. And the third stage at 0.20 V vs. Ag/AgCl is to
survey the possible reaction between CuOOH and BA. Upon the
injection of BA, only inappreciable differences in current
responses in the third step can be identied as compared to the
STEP curve in 1.0 M KOH, demonstrating that the CuOOH
reduction and the BA oxidation are not spontaneous.22,38,42

Thus, it is reasonably speculated that the BOR pathway involves
a direct oxidation mechanism relevant to the as-adsorbed OH*,
rather than an indirect oxidation mechanism relying on the
formation of the CuOOH phase over the Vo-rich CuO/CF elec-
trode. To deeply elucidate the BOR activity origin for the CuO
catalyst, in situ Raman spectroscopy was conducted to trace the
variations in the surface structure of Vo-rich CuO during the
electrochemical BOR process. As shown in Fig. 3G, the Raman
peaks at around 268, 310 and 601 cm−1 are ascribed to the Ag,
Bg1 and Bg2 modes of CuO, respectively, agreeing well with the
aforementioned Raman analysis. It should be noted that no
obvious additional peak can be detected until the potential
exceeds 0.50 V vs. Ag/AgCl, indicating that the catalytic activity
origin for BA oxidation is the electroactive OH* in the form of
CuO(OH)ads intermediates, which in turn reconrms the direct
electro-oxidation mechanism for the BOR. Aer reaching the
potential of 0.50 V vs. Ag/AgCl, a new peak appears at 545 cm−1,
corresponding closely to the O–Cu–O stretching vibration of the
CuOOH phase.25,43 Meanwhile, the intensity of the CuOOH peak
becomes stronger with the increase of potential, revealing the
gradually reinforced surface reconstruction of CuO at these
potentials, which is mainly attributed to the excessive accu-
mulation of CuO(OH)ads intermediates and the resultant phase
transformation at higher potentials.41

To expound the important role of oxygen vacancies in
boosting the electrochemical BOR process, density functional
theory (DFT) calculations were carried out by utilizing Vo-CuO
and Vo-free CuO as catalyst models (Fig. S8†). As shown in
Fig. 4A and B, the calculated density of states (DOS) indicates
that the presence of oxygen vacancies has a prominent inu-
ence on the electronic structure of semiconducting CuO. In
detail, Vo-CuO possesses a much lower band gap of 0.41 eV with
respect to Vo-free CuO (0.94 eV), revealing an easier electron
transition from the valence band to the conduction band of the
CuO catalyst and thereby enhanced charge transfer ability upon
the incorporation of oxygen vacancies. Moreover, the d-band
center, as a representative descriptor for the electrocatalytic
properties of 3d transition metals,20,44 was found to be −5.08 eV
for Vo-CuO, which is closer to the Fermi level as compared to
that of Vo-free CuO (−5.40 eV). This is largely conducive to the
12584 | Chem. Sci., 2024, 15, 12580–12588
adsorption of reaction intermediates, especially for electro-
active OH*, thus leading to improved catalytic kinetics for BA
oxidation. Generally, the chemisorption of OH− species onto
the CuO surface is an essential procedure to generate reactive
OH* in the nucleophile electro-oxidation reaction.38,41,42 As
displayed in Fig. 4C and Table S1,† the introduction of oxygen
vacancies can effectively decrease the adsorption energy of OH*

from the Vo-free CuO (−0.57 eV) surface to the Vo-CuO (−0.85
eV) surface, indicating themore favorable generation kinetics of
active OH* species on the Vo-CuO surface. Furthermore, the
lower adsorption energy (Fig. 4C and Table S2†) of the BA
molecule onto the Vo-CuO surface (−1.51 eV) demonstrates
optimized BA adsorption behavior upon the incorporation of
oxygen vacancies into CuO (−0.83 eV), which matches well with
the OCP curves and NH3-TPD results. Moreover, the desorption
energies of the as-formed BNmolecule from the catalyst surface
were also calculated to highlight the effect of oxygen vacancies
on the BOR performance. As shown in Fig. 4D and Table S3,†
the BN desorption energy on the Vo-CuO surface is found to be
0.23 eV, obviously smaller than that on Vo-free CuO (0.44 eV),
meaning that newly formed BN molecules can be more rapidly
desorbed from the Vo-CuO surface, which is benecial for
refreshing active sites and thus enhancing the overall catalytic
efficiency for BN generation. Notably, the overall BOR routes for
Vo-free CuO and Vo-CuO catalysts were also simulated by DFT
calculations and the corresponding results are listed in Tables
© 2024 The Author(s). Published by the Royal Society of Chemistry
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S4 and S5.† The calculated dehydrogenation pathways of BA
into BN (Fig. 4E, S9 and S10†) demonstrate that the energy
barrier of the rate-determining step on Vo-CuO is 1.40 eV, much
smaller than that on Vo-free CuO (1.78 eV), indicating that the
presence of oxygen vacancies could markedly reduce the energy
barrier for intermediate generation during the dehydrogenation
process. All the DFT results consistently shed light on the
positive effects of oxygen vacancies on BA electro-oxidation,
which can be responsible for the enhanced electrochemical
BOR activity.

Considering the positive role of oxygen vacancies in electro-
oxidation of BA to BN, the electrocatalytic BOR performance of
the Vo-rich CuO/CF electrode was also measured in a standard
three-electrode system. As revealed by the LSV curves in Fig. 5A,
the anodic current presents a signicant surge from around
0.35 V vs. Ag/AgCl aer adding 25 mM BA into 1 M KOH elec-
trolyte, suggesting the high-efficiency electrochemical conver-
sion of BA to BN. Subsequently, chronoamperometry tests at
different potentials were carried out to explore the potential-
dependent products of BA oxidation (Table S6†). In this case,
the collected oxidation products were qualitatively and quanti-
tatively analyzed with a gas chromatography-mass spectrometer
(GC-MS). As elaborated in Fig. 5B and S11,† BN is the dominant
oxidation product and the calculated faradaic efficiencies (FEs)
of BN production are over 80% in a wide potential range from
0.35 to 0.55 V vs. Ag/AgCl, which can reach up to 93.82% at
0.40 V vs. Ag/AgCl, highlighting the high selectivity towards
electrochemical BN production on the Vo-rich CuO/CF electrode
(as compared with recently reported Ni-based catalysts shown
Fig. 5 (A) LSV curves of the Vo-rich CuO electrode recorded at a scan rat
calculated FEs towards BN production at various potentials. (C) The suc
illustration of the electrochemical conversion of BA into BN coupled wit
CuO ‖ NiSe electrolyzer at a scan rate of 5 mV s−1 in 1.0 M KOH solution
different voltages over the CuO ‖ NiSe electrolyzer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
in Table S7†). As an essential parameter for evaluating excellent
electrocatalysts, the long-term stability of the Vo-rich CuO/CF
electrode was investigated by cyclic chronoamperometry tests
at a constant potential of 0.40 V vs. Ag/AgCl in 1 M KOH con-
taining 25 mM BA, during which fresh electrolyte was injected
into the anodic cell aer each cycle. Fig. 5C shows that the
anodic current exhibits an appreciable decrease aer every
electrolysis cycle, mainly due to the consumption of BA in
electrolyte, which can be basically recovered by replacing it with
fresh electrolyte. Of note, the Vo-rich CuO/CF electrode shows
negligible decline in current even undergoing six successive
cycling tests, demonstrating its good electrochemical stability
for the BOR. Also, the TEM image and XRD pattern as well as
XPS results aer the six cycling tests conformably substantiate
the admirable durability for BA oxidation (Fig. S6†). Further-
more, as illustrated in Fig. 5D, a two-electrode electrolyzer was
constructed by adopting the Vo-rich CuO/CF electrode as the
anode and the previously reported NiSe nanoarray on nickel
foam (Fig. S7†) as the cathode to achieve BN production,
simultaneously facilitating H2 evolution. As shown in Fig. 5E,
compared to the LSV curves in the absence of BA, conspicuous
enhancements in both anodic and cathodic currents can be
observed aer the addition of 25 mM BA, which reveals that
coupling BA oxidation with the HER is indeed an effective route
to dramatically lower the electrolysis voltage for H2 generation.
Besides, a chronoamperometry test was implemented at various
voltages to produce H2 and BN over the CuO ‖ NiSe electrolyzer.
Impressively, Fig. 5F shows that the calculated FEs for H2

generation are almost 100% in the voltage range of 1.55 to
e of 5 mV s−1 in 1.0 M KOH solution with and without 25 mM BA. (B) The
cessive chronoamperometry test at 0.40 V vs. Ag/AgCl. (D) Schematic
h H2 production in a two-electrode electrolyzer. (E) LSV curves of the
with and without 25 mM BA. (F) The FEs for H2 and BN production at
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1.70 V. Meanwhile for BN formation, the FEs were determined
to be about 84.50%, 85.34%, 85.65% and 74.78% at the voltages
of 1.55, 1.60, 1.65 and 1.70 V, respectively. These results clearly
manifest the remarkable electrocatalytic performance for BN
and H2 generation in a two-electrode conguration, indicating
its potential practical availability in production. In addition, as
displayed in Fig. S12,† the resulting BN product possesses
hydrophobic features and can be easily separated from the
electrolyte using oil–water separation membranes.45

Conclusions

In summary, we reported a self-supported Vo-rich CuO/CF
electrode as an advanced anode for selectively converting BA
into BN with a high activity and stability, accompanying green
H2 production at the cathode. The role of oxygen vacancies in
the electrochemical BOR process was deeply explored by
combining DFT calculations and experimental results, demon-
strating that oxygen vacancies endow the CuO catalyst with
enhanced adsorption capacity towards both OH* and BA
molecules and consequentially optimized BOR kinetics. In situ
infrared spectroscopy conrms the electrochemical dehydro-
genation process from BA to BN on Vo-rich CuO. In situ Raman
spectroscopy reveals that the BOR activity origin is reactive OH*

in the form of CuO(OH)ads intermediates, highlighting a direct
electro-oxidation pathway on Vo-rich CuO. Owing to the syner-
gistic effects of oxygen vacancies and array structures, the Vo-
rich CuO/CF electrode shows considerable electrocatalytic
performance towards BA selective oxidation. Impressively, the
two-electrode electrolysis achieves up to 85.65% BN selectivity
and nearly 100% FEs for H2 production by applying Vo-rich
CuO/CF and NiSe electrodes as the anode and cathode,
respectively.

Experimental
Material

All reagents were of analytical reagent grade, purchased from
Sinopharm Chemical Reagent Co., Ltd, and used as received
without further purication.

Pretreatment of copper foam (CF)

A piece of CF (3 cm × 2 cm × 0.1 mm) was in turn treated by
ultrasonication with acetone, 3 M HCl aqueous solution,
deionized water and anhydrous ethanol for 15, 60, 5 and 5 min,
respectively. Then, the cleaned CF was dried in air at 65 °C.

Synthesis of Vo-rich CuO nanorod arrays on CF

Firstly, the Cu(OH)2 precursor on CF was fabricated through
a modied method reported previously.46 Typically, 40 mmol
sodium hydroxide and 2 mmol ammonium persulfate were
sequentially dissolved in 15 mL deionized water with contin-
uous stirring to form a transparent solution. Aer that, cleaned
CF was completely immersed into the above solution for 30 min
under ambient conditions. Then, the as-prepared Cu(OH)2
precursor on CF was rinsed with deionized water and
12586 | Chem. Sci., 2024, 15, 12580–12588
anhydrous ethanol several times, and dried at 65 °C in air.
Ultimately, Vo-rich CuO nanorod arrays on CF were prepared by
a fast annealing of the Cu(OH)2 precursor on CF at 250 °C for
10 min under an Ar atmosphere.

Synthesis of Vo-poor CuO nanorods

Vo-rich CuO nanorods were scratched from CF by ultra-
sonication and then calcined in air at 350 °C for 2 hours with
a heating rate of 5 °C min−1 to synthesize Vo-poor CuO
nanorods.

Synthesis of NiSe nanorod arrays on nickel foam (NF)

According to the literature,12 50mg of selenium powder, 3 mL of
deionized water, 2 mL of ethylenediamine and a piece of freshly
cleaned NF (3 cm × 1 cm × 0.1 cm) were added to a 20 mL
autoclave. Aer ultrasonication for 10 min, the autoclave was
heated and kept at 180 °C for 1 h. Then, the as-prepared product
on NF was washed with hydrazine hydrate, deionized water and
anhydrous ethanol several times, and dried at 65 °C in air.

Characterization

X-ray diffraction patterns (XRD) were acquired on a Japan
Rigaku D/max-rA equipped with graphite monochromatized
high-intensity Cu Ka radiation (l = 1.54178 Å). The eld-
emission scanning electron microscopy (FESEM) images were
obtained by using a JEOL JSM-6700F scanning electron micro-
scope. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) were
carried out on a JEOL-2010 TEM at an acceleration voltage of
200 kV. X-ray photoelectron spectroscopy (XPS) was conducted
on an ESCALAB MKII X-ray photoelectron spectrometer with an
excitation source of Mg Ka = 1253.6 eV. Raman spectra were
collected on a confocal micro-Raman spectrometer Lab-
RAMARAMIS Horiba Jobin-Yvon apparatus with a laser excita-
tion wavelength of 532 nm with appropriate lters. Electron
paramagnetic resonance (EPR) spectroscopy was performed on
a Bruker A300 spectrometer. An NH3 temperature-programmed
desorption (NH3-TPD) experiment was carried out on a Micro-
meritics TP-5080D system. 60 mg of catalysts were placed in
a quartz-tube reactor and then heated at 300 °C with a heating
rate of 10 °C min−1 for 60 min under a pure He atmosphere.
Aer cooling down to 50 °C, the gas atmosphere was switched to
10% NH3/He for the saturated adsorption of NH3 gas and then
switched to pure He for 60 min to remove physically adsorbed
NH3 gas. The thermal conductivity detector (TCD) signals were
recorded with a ramp rate of 10 °C min−1 to 800 °C.

In situ Fourier transformed infrared (FTIR) spectra were
recorded on a Thermo Scientic Nicolet 6700 FT-IR spectrom-
eter equipped with an attenuated total reection (ATR) cong-
uration using a liquid nitrogen cooled MCT-A detector.
Typically, 2 mg of catalysts and 40 mL of Naon solution (5 wt%,
Sigma-Aldrich) were ultrasonically dispersed in 460 mL of water
and 500 mL of ethanol solution to form a homogeneous ink.
Aer that, 50 mL of the as-formed catalyst ink was loaded onto
a smooth glassy carbon electrode (6 mm in diameter) as the
working electrode that was pressed against a CaF2 crystal with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a thickness of 2 mm in this test. The resolution of spectra was
set to 4.0 cm−1 with 32 scans per spectrum and the angle of the
incident beam was set to 60°. A saturated Ag/AgCl electrode and
a graphite electrode were respectively employed as the reference
electrode and the counter electrode. The data were recorded at
different potentials in 1.0 M KOH containing 25 mM benzyl-
amine aer 60 s of electrolysis.

In situ Raman spectra were recorded on a confocal Raman
microscope (HR Evolution, HORIBA) with a laser excitation
wavelength of 532 nm. All measurements were carried out in
a typical three-electrode conguration on a CHI 760E electro-
chemical station by using a graphite electrode as the counter
electrode, a saturated Ag/AgCl electrode as the reference elec-
trode and a glassy carbon electrode (3 mm in diameter) with
catalysts as the working electrode. In brief, 4 mg of catalysts, 30
mL of 5 wt% Naon solutions and 1 mL of water–isopropanol
solution (volume ratio of 3 : 1) were sonicated to form a homo-
geneous ink, which was then added dropwise on a clean glassy
carbon electrode (5 mL of the above ink). The data were collected
in 1.0 M KOH containing 25 mM benzylamine at different
potentials.
Electrochemical measurements

All of the electrochemical tests were carried out in a H-type cell
by using a DuPont Naon PFSA N115 as a proton exchange
membrane (PEM) on an electrochemical workstation
(CHI660B). The three-electrode system consists of a working
electrode, a saturated Ag/AgCl reference electrode and
a graphite rod counter electrode. For the powdery samples, 4 mg
of powdery catalysts were dispersed into a mixture of Naon
solution (30 mL, 5 wt%) and water–isopropanol solution (1 mL,
volume ratio of 3 : 1) by sonication. Then, 5 mL of the as-formed
catalyst ink (about 19.4 mg of catalyst) was well dispersed onto
a glassy carbon (GC) electrode (3 mm in diameter) as the
working electrode. Therefore, the catalyst loading on the GC
electrode is about 0.277 mg cm−2. As for the two-electrode
electrolysis, Vo-rich CuO nanorod arrays on CF (1 cm × 1 cm)
and NiSe nanorod arrays on NF (1 cm × 1 cm) were used as the
anode and cathode, respectively. Linear sweep voltammetry
(LSV) was performed in 1.0 M KOH solution with and without
25 mM benzylamine at a scan rate of 5 mV s−1. Electrochemical
impedance spectroscopy (EIS) was performed in 1.0 M KOH
containing 25 mM benzylamine at a potential of 0.40 V vs. Ag/
AgCl. The amplitude of the used voltage was 5 mV, and the
frequency range was 100 K Hz to 1 Hz. The successive chro-
noamperometry tests were conducted in 1.0 M KOH containing
25 mM benzylamine at a potential of 0.40 V vs. Ag/AgCl.
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