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on of the d-band in the core–shell
structure for efficient hydrogen storage via
electrocatalytic N2 fixation†

Xiaohui Yang,‡ab Jin Wan,‡a Huijuan Zhanga and Yu Wang *ac

The electrochemical N2 reduction reaction (NRR) into NH3, especially powered by clean and renewable

electricity, is a promising alternative to the capital- and energy-intensive Haber–Bosch process.

However, the inert N^N bond and the frantic competition of the hydrogen evolution reaction lead to

a poor NH3 yield rate and faradaic efficiency (FE). Here, we in situ construct a series of two-dimension

core/shell V2O3/VN nanomeshes with a gradient nitride-layer thickness. Among them, V2O3/VN-2

exhibits the highest FE of 34.9%, an excellent NH3 yield rate of 59.7 mg h�1 mgcat.
�1, and outstanding

cycle stability, exceeding those of most of the NRR electrocatalysts reported to date. First-principles

calculations reveal that the d-band center of VN shifts up in a nearly linear manner with the decrease of

nitride-layer thickness, and V2O3/VN-2 with a d-band center closer to the Fermi level can strengthen the

d–2p* coupling between the catalyst and N2 molecule, notably facilitating the N2-into-NH3 conversion.
Introduction

With the climate change due to the excessive use of fossil fuels,
a low-carbon energy transition is permeating many industrial-
ized countries, which stresses the importance of hydrogen
energy in optimizing their energy structures.1,2 Recently,
ammonia (NH3), as a medium of clean hydrogen energy storage,
has attracted considerable attention due to its high energy
density (4.32 kW h L�1), low pressure storage, and convenient
transport.3,4 Compared with the capital- and energy-intensive
Haber–Bosch process, the electrochemical N2 reduction reac-
tion (NRR) under ambient conditions is emerging as a prom-
ising alternative for the sustainable synthesis of NH3.5–8 Due to
the high ionization energy (15.58 eV) of inert N2 and the slug-
gish reaction kinetics involving six proton-coupled electron
transfer steps, an electrocatalyst is requisite in N2 adsorption
and activation during the NRR process.9–11 Although tremen-
dous efforts have been devoted to the screening and develop-
ment of new electrocatalysts and optimizing the electronic
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structure, including noble-metal-based materials,12,13 metal-
oxide materials,14,15 and metal-free materials,16,17 their NRR
efficiency is still very poor and far from meeting the needs of
practical industrial production.18 Thus, designing and fabri-
cating potential electrocatalysts with high activity and selec-
tivity is urgent and signicant for the development of
sustainable electrochemical NRR technology.

Transition metal nitrides (TMNs) are considered to be one of
the best promising NRR candidates because their inherent
feature endows them with unique advantages in electrochemi-
cally reducing N2 into NH3 along with the more favorable Mars–
van Krevelen (MvK) pathway.19–24 Several recent studies suggest
that introducing dopants and/or defects into TMNs has also
been proved to be an effective means to improve their electro-
catalytic NRR performance compared with their counter-
parts.25–27 The interesting thing is that introducing an O atom
onto the VN surface is benecial for the activation of the
surface N sites adjacent to the surface O, where the introduction
of O can regulate the electronic structure of nitride and weaken
the V–N bond energy, which lowers the energy barrier of NH3

release and thus facilitates the NRR progress.28 In this regard, it
is possible to modify the TMN electron state using the relevant
oxide to achieve high NRR performance.

Shiing the d-band position up or down in the active site of
the electrocatalyst may be an effective strategy to tune the TMN
electron state to achieve the desired catalytic performance.29,30

For instance, experimentally, Ling et al. reported that using the
zeolitic-imidazole framework lowered the d-band position of
Au/Pt to weaken H adsorption and concurrently constructed
abundant electron-decient sites to kinetically boost the NRR
performance.31 Huang et al. developed a class of M–Te (M ¼ Ru,
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc03975c&domain=pdf&date_stamp=2022-09-24
http://orcid.org/0000-0003-2883-1087
https://doi.org/10.1039/d2sc03975c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03975c
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013037


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

0/
20

26
 2

:2
5:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Rh, Ir) glassy porous nanorods with a higher d-band center,
showing better NRR activity.32 Unfortunately, regulating the d-
band state close to the Fermi level to enhance the interaction
of N2 with the substrate also leads to strong metal-H formation.
Inspired by the above reports, how to develop a novel strategy by
modifying the d-band center for improving NRR activity and
simultaneously suppressing the competitive hydrogen evolu-
tion reaction (HER) will be an interesting topic.

In this work, we report the effect of d-band modication on
NRR performance by engineering the core–shell nanostructure
(CSN) consisting of an oxide core and a nitride shell, where d-
band regulation is realized by controlling the thickness of the
nitride shell in situ grown on the oxide core. Considering the
inuential role of vanadium (V) in nitrogenases,33 hypotoxicity
of V2O3,34,35 and inactiveness of vanadium nitride (VN) for the
HER,19,22 we take core/shell V2O3/VN as a proof-of-concept
platform. Interestingly, the NRR catalytic results show that as
the nitride-layer thickness increases, the NH3 yield of core/shell
V2O3/VN rst increases and then decreases, with the highest
faradaic efficiency (FE) being 34.9% along with an excellent NH3

yield rate of 59.7 mg h�1 mgcat.
�1, signicantly better than most

literature reports. Furthermore, density functional theory (DFT)
calculations demonstrate a similar phenomenon that when the
thickness of the nitride shell is 2 atomic-layer, the barrier of the
potential-determining step (PDS) for the NRR is minimum, only
0.63 eV. These results suggest that the more appropriate the
nitriding time, the better the NRR activity.

Results and discussion

It is widely accepted that a two-dimensional (2D) porous
morphology of the catalyst could impart high catalytic activity
due to the high active-site exposure and the favorable mass/
charge transport. To this end, a 2D porous V2O3 nanomesh as
the oxide core and an in situ grown nitride shell with control-
lable thickness are fabricated as shown in Fig. 1a (see ESI† for
more details). Initially, the precursor of 2D Zn3(OH)2(V2O7)(-
H2O)2 nanosheets with a nanoscale thickness of �50 nm was
prepared based on our previous studies (Fig. S1†).36 Then, this
sheet-like precursor was annealed in an argon atmosphere to
form 2D porous V2O3 nanomeshes (Fig. S2†). 2D porous core/
shell V2O3/VN nanomeshes with a gradient thickness of the
nitride shell were obtained via an appropriate nitriding treat-
ment, where the target samples were dened as V2O3/VN-X (X ¼
0.5, 2, 10, representing the nitriding time). For comparison, 2D
porous pure VN nanomeshes were also prepared by lengthening
the time of nitriding treatment.

Fig. 1b shows the transmission electron microscopy (TEM)
image of 2D core/shell V2O3/VN-2 nanomeshes. Compared with
the pure V2O3 core, no obvious change is observed in the
morphology. The magnied TEM image shows that the surface
of V2O3/VN-2 is rough, suggesting that a nitride layer has been
formed (Fig. 1c). In addition, V2O3/VN-2 exhibits a crystalline
structure, as evidenced by the selected-area electron diffraction
image (inset in Fig. 1c). Notably, the corresponding high-
resolution TEM (HRTEM) image of V2O3/VN-2 exhibits well-
dened lattice fringes, and a lattice plane distance of
© 2022 The Author(s). Published by the Royal Society of Chemistry
0.247 nm along different directions, which was indexed to the
(110) or (12�0) facet of the rhombohedral V2O3 phase (PDF #71-
0280). In contrast, the thickness of the VN shell is about 0.5 nm,
and the crystallinity is low which may be attributed to the short
time of nitriding. Furthermore, a high-angle annular dark-eld
scanning transmission electron microscope (HAADF-STEM)
equipped with an energy-dispersive spectrometer (EDS) was
employed to investigate the compositional distribution of this
2D core/shell V2O3/VN-2 nanomesh. The V element is uniformly
distributed over the whole nanomesh skeleton, while the O
element is distributed in the core area and the amount of N is
comparatively higher in the boundary region (Fig. 1e–h). We
further investigated other as-synthesized samples with different
nitriding treatments. From the HAADF-STEM images and cor-
responding compositional distributions (Fig. S3†), it can be
seen that the nitriding process is from outside to inside with the
increase of nitriding time, indicating that the length of
nitriding time determines the thickness of the VN shell in 2D
core/shell V2O3/VN nanomeshes. Moreover, the structure of the
2D porous nanomeshes remains unchanged even if the oxide
core is subjected to different degrees of nitridation or even
converted to pure VN, which implies excellent structural
stability.

To further study the crystal phases of all 2D porous nano-
mesh samples, X-ray powder diffraction (XRD) analysis was
carried out. As shown in Fig. 1i, all the diffraction peaks of the
core are well indexed to rhombohedral V2O3, in agreement with
the TEM results. As nitriding time increases, the intensity of
V2O3 diffraction peaks gradually decreases while new peaks
assigned to the cubic VN (PDF #65-4307) are detected. It is noted
that the diffraction peaks of nitride shells in V2O3/VN-0.5 and
V2O3/VN-2 are not obvious, which is mainly caused by the
inherent strong penetrability of XRD. Therefore, we further
employ X-ray photoelectron spectroscopy (XPS) to research their
surface chemical states. The XPS full spectra of all 2D porous
nanomesh samples are shown in Fig. S4,† from which the
existence of V, O, and N elements except for the pure V2O3

sample is veried. Fig. 1j shows the high-resolution N 1s spec-
trum of V2O3/VN-2 that can be deconvoluted into four subpeaks.
The two subpeaks at a lower binding energy (BE) of 397.3 and
396.5 eV are attributed to the bond of N–V and the NxVOy

species, respectively.37,38 The peak located at 401.4 eV is
assigned to the residuals of ammonia/ammonium species
adsorbed on thematerial surface during the nitriding treatment
and the subpeak of 399.1 eV is considered a satellite peak.28 In
contrast, V2O3/VN-0.5 has only a satellite peak, indicating that N
atoms dope in V2O3. The N 1s spectrum of deeper nitrided V2O3/
VN-10 can also be deconvoluted into four subpeaks, where the
intensity of the N–V bond increases while the NxVOy species
decreases. According to the above analysis, it is found that the
thickness of the VN shell varies with nitriding time.

Based on the above-mentioned characterization, a series of
2D porous core/shell V2O3/VN nanomeshes with a gradient
thickness of the nitride shell have been successfully prepared.
Next, their NRR performance was measured by evaluating their
electrochemical N2 reduction ability using a typical two-
compartment cell separated by a proton exchange membrane.
Chem. Sci., 2022, 13, 11030–11037 | 11031
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Fig. 1 (a) Schematic illustration of the fabrication of 2D core/shell V2O3/VN nanomeshes. Morphology and structure characterization for 2D
core/shell V2O3/VN-2. (b) TEM image, (c) magnified TEM image, and (d) the corresponding HR-TEM image in the edge. (e) HAADF-STEM image,
and the corresponding EDS elemental mapping images of (f) V, (g) O, and (h) N based on image (d). (i) XRD patterns and (j) XPS spectra of N 1s for
pure V2O3 nanomeshes, core/shell V2O3/VN-X and pure VN nanomeshes. Inset in (c) is the corresponding selected-area electron diffraction.
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We rst choose V2O3/VN-2 as the research object. Its linear
sweep voltammetric (LSV) curves in Ar- and N2-saturated 0.05 M
H2SO4 solution are shown in Fig. 2a, where an obviously
increased reduction current density is detected in the N2-satu-
rated acid solution, especially in the potential window between
�0.1 V and �0.6 V vs. RHE, indicating an additional contribu-
tion from the conversion reaction of N2 to NH3 in this system.
And then NH3 yield rates and corresponding FEs for V2O3/VN-2
were assessed by combining the chronoamperometry tests
(Fig. S7†) and the corresponding UV-vis absorption spectra
11032 | Chem. Sci., 2022, 13, 11030–11037
(Fig. S8†) at different applied potentials. As shown in Fig. 2b,
the highest NH3 yield is 59.7 mg h�1 mgcat.

�1, which is achieved
at a driving potential of �0.4 V vs. RHE, while the highest FE
value of 34.9% is reached at �0.2 V vs. RHE. To the best of our
knowledge, such outstanding NRR performance is comparable
with those of the most advanced NRR electrocatalysts recently
reported in 0.1 M acid electrolyte under room temperature and
atmosphere pressure (Fig. 2c and Table S1†). Meanwhile, V2O3/
VN-2 also possesses excellent selectivity for NH3 formation,
which is veried by no N2H4 being detected (Fig. S9†). To
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electrocatalytic NRR performance of 2D core/shell V2O3/VN-2 nanomeshes. (a) Linear sweep voltammetric curves in Ar- and N2-
saturated 0.05 M H2SO4 solution. Inset is the amplified details. (b) The average NH3 yields and faradaic efficiencies (FEs) at different applied
potentials. (c) Comparison of NH3 yields and FEs with the recently well-developed NRR electrocatalysts in 0.1 M acid solution under room
temperature and atmosphere pressure. (d) Cycling stability tests in N2-saturated 0.05 M H2SO4 solution at a potential of �0.2 V vs. RHE under
consecutive recycling electrolysis. (e) The corresponding NH3 yields and FEs based on eight consecutive cycling tests. (f) 1H NMR spectra of the
concentrated electrolyte fed with 15N2 and

14N2 after the electrolytic reaction.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/2

0/
20

26
 2

:2
5:

09
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
investigate the stability of V2O3/VN-2, consecutive cycling tests
and long-term electrocatalytic tests were further carried out at
�0.2 V vs. RHE. Aer eight consecutive cycling tests, there is no
signicant change in current densities, NH3 yields and FEs
(Fig. 2d and e). Aer a long-term electrocatalytic test for 50 h,
the activity of V2O3/VN-2 nanomeshes remains unchanged with
an NH3 yield of 38.5 mg h�1 mgcat.

�1 and FE of 35.6% (Fig. S10†).
In addition, the SEM, TEM, and XRD results show that V2O3/VN-
2 maintains its original morphology and crystal structure aer
electrocatalysis (Fig. S11 and S12†). All these results suggest that
V2O3/VN-2 is a considerably robust NRR electrocatalyst.
© 2022 The Author(s). Published by the Royal Society of Chemistry
To conrm the safety of the test environment, we conducted
blank experiments with the fresh 0.05MH2SO4 solution and the
cycled 0.05 M H2SO4 electrolyte treated by N2 gas bubbling for
1 h. No NH3 was detected in both of them, which is veried by
UV-vis spectroscopy (Fig. S13†), indicating that the test envi-
ronment is secure. And then, a series of control experiments
using a bare carbon paper electrode (CPE) in N2-saturated
electrolyte and a 2D core/shell V2O3/VN-2 nanomesh electrode
in Ar/N2-saturated electrolyte were performed to examine the
source of the produced NH3. The corresponding UV-vis
absorption spectra are shown in Fig. S14.† Reasonably,
Chem. Sci., 2022, 13, 11030–11037 | 11033
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Fig. 3 (a) Comparison of the NH3 yields for the pure V2O3 nanomeshes, core/shell V2O3/VN-X and pure VN nanomeshes in N2-saturated 0.05 M
H2SO4 solution at different applied potentials. (b) The roughness factors of core/shell V2O3/VN-X and pure VN nanomeshes taken with pure V2O3

nanomeshes as a reference. (c) ECSA-normalized NH3 yields of all 2D porous nanomesh samples at each given potential.
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a stronger signal for the core/shell V2O3/VN-2 electrode in N2-
saturated electrolyte is observed compared with the other two
control experiments, which indicates that the NH3 produced is
derived from the electrochemical reduction of N2 to NH3 in the
presence of the 2D core/shell V2O3/VN-2 catalyst. Furthermore,
isotopic labeling experiments using 15N2 and 14N2 as feeding
gases were carried out to identify the N source of the produced
NH3 and to probe into the potential pathway of V2O3/VN-2
during the NRR process. The characteristic signal, a doublet
coupling for 15NH4

+ and a triplet coupling for 14NH4
+ in the 1H

nuclear magnetic resonance (1H NMR) spectra, is used as
a criterion of judgment. As shown in Fig. 2f, when 14N2 as
feeding gas is supplied, only triplet coupling from 14NH4

+ was
observed, and when 15N2 as feeding gas is supplied, primary
doublet coupling from 15NH4

+ along with weak triplet coupling
from 14NH4

+ is detected. Such results suggest that 2D core/shell
V2O3/VN-2 nanomeshes as an active catalyst can effectively
catalyze the conversion of N2 to NH3. Besides, it is reasonably
inferred that the surface N atom in 2D core/shell V2O3/VN-2
nanomeshes is rst reduced to NH3 and the rest of the N
vacancies facilitate the continuous proceeding of the NRR, in
line with the reported MvK pathway.

To attest the superiority of 2D core/shell V2O3/VN-2 nano-
meshes, the NRR activities of all comparative samples were
tested at different applied potentials, including pure V2O3

nanomeshes, core/shell V2O3/VN-0.5 nanomeshes, core/shell
V2O3/VN-10 nanomeshes, and pure VN nanomeshes. Based on
the results of UV-vis absorption spectra (Fig. S15†), their
11034 | Chem. Sci., 2022, 13, 11030–11037
respective NH3 yields are obtained and shown in Fig. 3a. It is
obvious that as the thickness of the nitride shell in all 2D
porous nanomesh samples increases, the corresponding NH3

yield rst increases and then decreases at each given potential,
where the sample of V2O3/VN-2 possesses the highest NRR
activity. Furthermore, the electrochemically active surface area
(ECSA) of each sample was obtained by evaluating their double-
layer capacitance (Cdl) (Fig. S16 and S17†). To achieve the
intrinsic activity (surface area normalized), here we introduce
the concept of roughness factors (RFs) based on previous
reports.39–41 The RF value of pure V2O3 nanomeshes is supposed
to be 1, RFs of the other samples were calculated by dividing
their capacitances by the Cdl value of pure V2O3 nanomeshes
(Fig. 3b). As shown in Fig. 3c, the ECSA-normalized NH3 yields
at different given potentials still rst increase and then decrease
with the growth of the nitride shell for all 2D porous nanomesh
samples, indicating that only the sample with the appropriate
thickness of the nitride shell has the best intrinsic NRR activity.

To further decode the origin of the improved NRR perfor-
mance of 2D core/shell V2O3/VN nanomeshes, DFT calculations
were performed to understand the response mechanism of
reducing N2 into NH3 on these systems. The VN shell thickness
observed in the HR-TEM image (�0.5 nm, Fig. 1d) suggests that
the VN covering the (001) surface of V2O3 is almost two atomic-
layer thick. Furthermore, the amount of nitriding time will lead
to different thicknesses of the VN shell. According to these
characterization results, four systems were constructed,
including V2O3/N-doped, V2O3/VN-2 layer, V2O3/VN-3 layer, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the (111) surface of pure VN, corresponding to V2O3/VN-X (X ¼
0.5, 2, 10) and pure VN (Fig. S18†).

As we discussed above, this reaction will follow the MvK
mechanism (Fig. S19–S22†). In the reaction procedure, the pre-
reacted *N can be hydrogenated into the *NH intermediate via
the proton/electron (H+/e�) pair. Then, the adsorbed *NH
captures the H+/e� pair, forming the *NH2. Subsequently, the
*NH2 is further hydrogenated to form N defects, while releasing
the NH3 molecule. Finally, the defect captures the N2 molecule
which is stepwise hydrogenated into *NNH, *NNH2, and *NNH3

until the second NH3 molecule is released. Notably, the
adsorption of N2 is the potential-limiting step (PDS) for the
Fig. 4 (a) Gibbs free energy diagrams for N2 electroreduction. (b) The lin
center on these four systems. (c) The PDOS of N2 and the V d-band of N2

N2@VN, respectively. (d) Schematic illustration explaining N2 activation b

© 2022 The Author(s). Published by the Royal Society of Chemistry
V2O3/VN-2 layer and V2O3/VN-3 layer with the maximum energy
barrier of 0.63 and 0.70 eV, respectively. The V2O3/N-doped
exhibits the largest reaction barrier of 0.88 eV when the rst
NH3 is released. In addition, the free energy change of the *N2

to *NNH step on V2O3/N-doped and pure VN surface is 0.83 and
0.80 eV, respectively (Fig. 4a). Thus, the calculated NRR
performance on these systems follows the order of V2O3/VN-2
layer > V2O3/VN-3 layer > pure VN > V2O3/N-doped, which is
highly consistent with the experimental results. In addition to
the high NRR activity, an ideal catalyst should be able to
suppress the HER to achieve high FE. Basically, if the adsorp-
tion free energy of the H adsorbate (DG*H) is more negative than
ear relationship between the adsorption energy of N2 and the d-band
@V2O3/N-doped, N2@V2O3/VN-2 layer, N2@V2O3/VN-3 layer, and pure
y altering the d-band center.
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that for *N2, *H can easily cover the active sites and block the
NRR. As shown in Fig. S23,† V2O3/VN-2 layer presents the
highest DG*H, which is much larger than the *N2 adsorption
energy, indicating that d-band modication can effectively
promote NRR actively while suppressing the competitive HER.

The electrocatalytic performance is closely related to the
valence electron of the active sites. The d-band center is oen
used as a descriptor to predict and describe the interaction
between the catalyst and the adsorbate. Inspired by previous
work,42 the higher d-band center of themetal indicates a stronger
interaction with the adsorbate state, which is benecial for NRR
performance. As shown in Fig. S24,† as the nitriding time
increases, the d-band center of the active sites gradually shied
away from the Fermi level, indicating weakened binding
strength. Except for the V2O3/N-doped, the d-band of the other
three systems across the Fermi level exhibits ametallic character.
Although the V2O3/N-doped exhibits the highest d-band center,
there is a signicant gap between the valence band and the
conduction band, which limits charge transfer and electro-
catalytic kinetics. Furthermore, the adsorption energy of N2 on
these four systems decreases in a nearly linear manner with the
downshis of the d-band center (Fig. 4b).

The *N2 to *NNH step is widely considered to be the PDS due
to the inert N^N bond.43,44 To understand the underlying
mechanism of the N2 activation, we investigated the partial
density of states (PDOS) for free N2 and N2 adsorbed on these
four systems with N vacancies. As shown in Fig. S25,† the
occupied 1p and 5s molecular orbitals of free N2 are located
below the Fermi level, and can donate electrons to the unoc-
cupied d orbitals of the systems, forming bonding states.
Moreover, the unoccupied 2p* orbitals of N2 accept electrons
from occupied d orbitals of the metal, leading to the partially
occupied 2p* orbitals downshiing to the Fermi level. The
“donation–back donation” between the metal and adsorbate
can activate the adsorbed N2 (Fig. 4c). To be specic, for V2O3/
VN-2 layer, V2O3/VN-3 layer, and pure VN, aer adsorption of the
free N2 on N defects, the antibonding 2p* orbitals of N2 strongly
hybridize with the occupied d orbitals of active site V, especially
for V2O3/VN-2 layer, indicating that more effective N2 activation
occurs in V2O3/VN-2 layer. The results are in accord with the d-
band center values for different core/shell V2O3/VN samples.
Beneting from the upper d-band of V2O3/VN-2 layer and thus
closer energy level difference with unoccupied 2p* orbitals of
N2, the p bond was constructed through side-to-side overlap of
V-d orbitals and 2p* orbitals of N2 according to the molecular
orbital theory. Thus, the effective electron conductive channel is
built in V2O3/VN-2 layer through the V–N p bond; in other
words, the electron transfer from partially occupied d-orbitals to
the 2p* antibonding orbitals can easily occur in the catalytic
process. In contrast, although the 1p and 5s orbitals of N2

interact strongly with the d orbital of V2O3/N-doped, the anti-
bonding orbitals 2p* of N2 are still located above the Fermi level
and fail to activate the nitrogen. Furthermore, this strong
interaction also leads to difficulties in the desorption of NH3.
Consequently, suitable nitriding of V3O2 can balance the d-band
center and electron conduction of the surface V, leading to
outstanding NRR performance (Fig. 4d).
11036 | Chem. Sci., 2022, 13, 11030–11037
Conclusions

In summary, we have successfully constructed a stable NRR
catalytic active intermediate of NxVOy species in 2D core/shell
V2O3/VN nanomeshes and demonstrated that d-band modica-
tion is the key to enhance the NRR performance. Surprisingly,
when employed in the electrochemical reduction of N2 to NH3,
this 2D core/shell V2O3/VN-2 nanomesh achieves the highest FE of
34.9% among all recently reported advanced NRR electrocatalysts
in an acid electrolyte under ambient conditions. Moreover, this
catalyst also exhibits an excellent NH3 yield of 59.7 mg h�1mgcat.

�1

and outstanding stability without signicant loss of activity aer
eight consecutive cycling tests and a long-term electrocatalytic test
for 50 h. Isotopic labeling experiments combined with 1H NMR
spectroscopy further conrm the reaction mechanism following
theMvK pathway during the NRR process. DFT calculations reveal
that the V2O3 core can tune the d-band structure of the VN shell,
strengthen the interaction between N2 and the active site, and
thus reduce the NRR potential barrier toward signicantly
enhanced electrochemical NRR performance. This study not only
opens up a new avenue to develop high-efficiency NRR catalysts,
but also guides to design other advanced catalysts for challenging
electrocatalytic reactions for renewable energy conversion.
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