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of Chemistry Electrocatalytic nitrogen reduction reaction (NRR) presents a sustainable alternative to the Haber—Bosch
process for ammonia (NH3z) production. However, developing efficient catalysts for NRR and deeply
elucidating their catalytic mechanism remain daunting challenges. Herein, we pioneered the successful
embedding of atomically dispersed (single/dual) W atoms into V,_,CT, via a self-capture method, and
subsequently uncovered a quantifiable relationship between charge transfer and NRR performance. The

prepared n-W/V, ,CT, shows an exceptional NHs yield of 121.8 pg h™* mg™*

and a high faradaic
efficiency (FE) of 34.2% at —0.1 V (versus reversible hydrogen electrode (RHE)), creating a new record at
this potential. Density functional theory (DFT) computations reveal that neighboring W atoms
synergistically collaborate to significantly lower the energy barrier, achieving a remarkable limiting
potential (U) of 0.32 V. Notably, the calculated U, values for the constructed model show a well-defined
linear relationship with integrated-crystal orbital Hamilton population (ICOHP) (y = 0.0934x + 1.0007, R?

Received 2nd June 2024 = 0.9889), providing a feasible activity descriptor. Furthermore, electronic property calculations suggest

Accepted 8th July 2024
that the NRR activity is rooted in d-2w* coupling, which can be explained by the "donation and back-

DOI: 10.1039/d4sc03612c donation” hypothesis. This work not only designs efficient atomic catalysts for NRR, but also sheds new
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Introduction

Ammonia (NH;) plays a vital role in our daily life, serving as
a fundamental raw material for the manufacture of fertilizers,
pharmaceuticals, and synthetic fibers."”® Currently, the
production of NH; heavily relies on the traditional Haber-Bosch
process, which operates under harsh production conditions
(300-500 °C and 200-300 atm), leading to high energy
consumption and environmental pollution.*® Thus, it is critical
to explore sustainable and environmentally friendly approaches
for NH; production. Electrocatalytic nitrogen (N,) fixation
demonstrates significant potential as an alternative to conven-
tional processes, offering a straightforward method for con-
verting N, to NH; in a mild environment.®® Nevertheless, the
electrocatalytic nitrogen reduction reaction (NRR, N, + 6H" +
6e” = 2NH;) suffers from sluggish kinetics due to the presence
of inert N=N bonds (bond energy = 941 k] mol "), as well as the
presence of competing hydrogen evolution reaction (HER) in
the electrolyte, limiting the NH; yield and faradaic efficiency
(FE).>* To address the above challenges, the designed catalysts
must exhibit high activity, selectivity and stability.
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insights into the role of neighboring single atoms in improving reaction kinetics.

The emergence of atomically dispersed catalysts opens up
opportunities for efficient NH; production due to their
atom utilization and outstanding catalytic
properties.’>™ Until now, numerous single atom catalysts
(SACs), such as those incorporating Fe, Ru, Cu, Mo, and Mn
atoms have been proven to be promising electrocatalysts for
NH; production.**> However, the simultaneous improvement
of NH; yield and FE in the presence of multiple reaction
intermediates remains a challenge for SACs. Furthermore, SACs
with a single active site are rarely able to break the linear scaling
relationship between the reaction intermediates.'®* By intro-
ducing another active site, dual atom catalysts (DACs) are
equipped with more flexible active sites and interatomic
synergies, thereby tuning the adsorption of intermediates and
solving the drawbacks of SACs.***° Recently, researchers mainly
focus on various substrates, including carbon materials, carbon
nitride compounds, and some organic porous materials, due to
their abundance of available loading sites.””>* Unfortunately,
the strong interactions between metal atoms may cause lattice
distortions in these flexible substrates, resulting in poor
stability. On the other hand, the presence of multiple reaction
intermediates leads to unsatisfactory activity and complicates
understanding of the reaction mechanism. Most of the studies
emphasized that the catalytic activity originates from the elec-
tronic modulation between the dual atoms, but quantitative
analysis of the relationship between charge transfer and activity
remains ambiguous.***" Thus, it is particularly crucial to

maximum
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develop a robust conducting substrate for loading dual atoms to
achieve efficient NRR activity and gain deep insights into NRR
catalytic mechanism.

MXene, a cutting-edge two-dimensional material, holds
immense potential for electrocatalytic applications. V,CT,
MXene, a structural analog of Ti;C,Ty, can be synthesized by
selectively etching V,AIC MAX with hydrofluoric acid (HF).
Boasting exceptional electrical conductivity and robust support
for metal atom loading, V,CT, MXene, despite its current
limited research, holds promising potential for significant
advancements across a wide range of applications.***** Due to
the highly corrosive nature of HF, some V atoms adjacent to
aluminum (Al) atoms are also etched away during the etching
process, forming V single vacancies or vacancy clusters,
providing opportunities for embedding foreign atoms.***”
These defects are inherently unstable and active, allowing metal
atoms to be readily trapped under natural conditions after the
addition of metal precursors.*®*® Moreover, surface functional
groups (T stands for -F, -O, and -OH) facilitate the electro-
sorption of metallic precursors, promoting the subsequent
anchoring of metal atoms.">** The embedded metal atoms in V
vacancies generate strong C-metal bonds, sustaining the
generation of various intermediates.

In view of these issues, we present a self-capture method for
successfully synthesizing W atom-dispersed catalysts (defined
as n-W/V,_,CT,, n = 1, 2) under mild conditions. The W atoms
were successfully anchored into the V vacancies, forming
stable W dual atom catalysts with a loading of ~1.39 wt%.
The W atoms in n-W/V,CT, are surrounded by three C atoms,
forming strong W-C bonds, as confirmed by aberration-
corrected electron microscopy and synchrotron radiation char-
acterization. Upon application to NRR, the prepared n-W/
V,_,CT, exhibited superior performance with NH; yield up to
121.8 pigh™ ' mg ™" and a FE of 34.2% at —0.1 V (versus reversible
hydrogen electrode (RHE)). This performance surpasses the
catalytic capabilities of V,_,CT,, WSAC/V,_,CT,, and W NPs/
V,_xCTy, clearly indicating that the incorporation of
neighboring W atoms in n-W/V,_,CT, significantly boosted its
NRR catalytic performance. Drawing from the experimental
characterization results, three theoretical structural models
were developed, including pure V,_,CT,, WSAC/V,_,CT,, and
WDAC/V,_,CT,. Our density functional theory (DFT) calcula-
tions suggest that the incorporation of the neighboring active
site significantly reduces the limiting potential (U;) compared
to pure V,_,CT,, and WSAC/V,_,CT),, (0.32, 0.81, and 0.71 V for
WDAC/V,CT,, pure V,_,CT), and WSAC/V,CT,, respectively).
Furthermore, we constructed theoretical atomic models of W
triple atom catalysts (WTAC/V,_,CT,) and W quadruple atom
cluster catalysts (WQAC/V,_,CT,) to investigate the intrinsic
relationship between charge transfer and NRR performance.
Remarkably, these calculated U;, values exhibit a linear rela-
tionship with integrated-crystal orbital Hamilton population
(ICOHP) (y = 0.0934x + 1.0007, R> = 0.9889). The synergistic
interaction of W dual atoms can provide more d electrons to the
27* orbitals of N,, intensifying the disruption of the N=N bond
and thus displaying outstanding NRR performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Results and discussion

As illustrated in Fig. 1a, multi-layer V,_,CT, sheets were ob-
tained by etching V,AIC with HF solution. This process involves
breaking the Al-V bonds and concurrent removal of some
neighboring V atoms, ultimately leading to the formation of V
single vacancies or vacancy clusters on the surface. The exis-
tence of V vacancy clusters allows dispersed W atoms to be
embedded in adjacent vacancies, forming monatomic group
structures. Subsequently, few-layer V,_,CT, nanosheets were
fabricated by stripping multi-layer V,_,CT), sheets in tetrabuty-
lammonium hydroxide (TBAOH) solution and then heat-treated
to control the V surface primarily covered by O functional
groups. Compared to -F and —-OH groups, -O groups exhibit
preferential adsorption of metal precursors, favoring the
capture of single atoms.***! Finally, WCl, powder was added to
an aqueous solution containing V,_,CT, with V vacancies. The
unstable and reactive V vacancies efficiently capture free W
ions, resulting in the formation of W atom-dispersed catalysts.

Scanning electron microscopy (SEM) images in Fig. S1 and
S27 depict the changes in V,_,CT), nanosheets before and after
exfoliation. After etching V,AIC MAX phases, the characteristic
accordion-like structure of multi-layer V,_ ,CT, is visible.
Fig. S271 displays the distinct two-dimensional morphology of
few-layer V,_,CT,, implying successful exfoliation of multi-layer
V,_,CT, nanosheets. Atomic force microscopy (AFM) images
(Fig. S3t) suggest that the thickness of exfoliated V,_,CT,
nanosheets ranges from 4 to 6 nm. The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) and its energy-dispersive X-ray spectroscopy (EDS)
elemental mapping in Fig. S417 demonstrate uniform distribu-
tions of elements (C, O, V), affirming the successful preparation
of few-layer V,_,CT, nanosheets. Additionally, V vacancies are
vividly displayed by high-resolution TEM (HRTEM) in Fig. 1b
and c. Selecting an area on the surface of V,_,CT, and zooming
in, we can clearly observe lattice fringes and some dark holes
within the lattice, which are identified as V defects.

Upon the addition of the WClg precursor, the X-ray diffrac-
tion (XRD) pattern of n-W/V,_,CT, shows no significant differ-
ence from that of V,_,CT,, and no signals associated with
crystalline W species are observed for n-W/V,_,CT, (Fig. S5T). To
examine the dispersion of W atoms and the surface morphology
of n-W/V,_,CT,, aberration-corrected HAADF-STEM was
applied. The results reveal uniform distribution of W atom pairs
and isolated W atoms on the V,_,CT, surface, accompanied by
distinct lattice fringes (Fig. 1d and S67). The intensity profiles
confirm that the average spacing of neighboring W atoms is
separated approximately 0.29 nm (Fig. 1e), confirming the
homogeneous dispersion of the metal pairs and matching the
theoretical structural modeling of the distance between W dual
atoms (2.92 A). Furthermore, the HAADF-STEM and EDS results
demonstrate that the W atoms are evenly dispersed on the
V,_,CT, surface (Fig. 1g and h), without any detectable W
nanoparticles, aligning with the XRD analysis. For comparative
purposes, we modulated the concentration of HF, wherein
areduced HF concentration mitigates the disruption of the Al-V
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Fig. 1 (a) Schematic diagram of the synthesis of n-W/V,_,CT,. (b and c¢) HRTEM image of the V,_,CT, layer and V vacancies on the V,_,CT,
surface. (d) Atomic-resolution HAADF-STEM image of atomically dispersed W atoms on the V,_,CT, surface. (e) Intensity profiles obtained for

WDAC/V,_,CT,.
corresponding EDS mapping of n-W/V,_,CT,.

bonds. Consequently, this strategy lessens the formation of V
vacancy clusters, ultimately leading to the majority of W atoms
being securely embedded within single V vacancies. Fig. 1f and
Fig. S71 present aberration—corrected HAADF-STEM and EDS
images of WSAC/V,_,CT,, revealing a uniform distribution of
isolated W atoms on the VZ,XCTy surface. Notably, the ICP-OES

12798 | Chem. Sci, 2024, 15, 12796-12805

(f) Atomic-resolution HAADF-STEM image of single W atoms on the V,_,CT, surface. (g and h) HAADF-STEM image and

analysis (Table S17) reveals that the W atomic content in n-W/
V,_,CT, stands at 1.39 wt%, whereas for WSAC/V,_,CT,, it is
measured at 0.89 wt%. In addition, we prepared W nano-
particles loaded on the surface of V,_,CT, (named W NPs/
V,_,CT,) using a comparable approach by adding excess WClg
precursor. The ICP-OES results reveal that the W loading for W

© 2024 The Author(s). Published by the Royal Society of Chemistry
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NPs/V,_,CT,, is 5.12 wt%. HAADF-STEM clearly observes
uniform arrangement of W nanoparticles on the V,_,CT,
surface, while EDS results indicate a higher content of W than
n-wW/v,_,CT, (Fig. S8 and 597).

To delve deeper into the atomic structure and coordination
state of W atoms dispersed in n-W/V,_,CT,, we performed X-ray
absorption near-edge structure (XANES), X-ray photoelectron
spectroscopy (XPS), and extended X-ray absorption fine struc-
ture (EXAFS). Fig. 2a presents the XANES spectra of the W L3-
edge relative to standard W foil, WO; and WC. The absorption
threshold of n-W/V,_,CT, is positioned between WC and WO;,
suggesting that the single W atom possessed a positive valence
state (+4 to +6). The electronic structure and local coordination
environment of W atoms were further analyzed using X-ray
photoelectron spectroscopy (XPS) (Fig. S101). The W 4f XPS
spectrum of n-W/V,_,CT), shows two peaks at 38.0 eV and
35.9 eV, corresponding to W 4f;, and W 4f;),, respectively,
corroborating the XANES results that the valence state of W
atoms is near +6.*> As shown in Fig. 2b, the EXAFS Fourier-
transform (FT) curve of W in n-W/V,_,CT, exhibits a prom-
inent peak at 1.3 A, assigned to the W-C bond.® An intense W~
W characteristic peak at 2.6 A in the W foil is absent in n-w/
V,_,CTy, indicating the sole existence of atomically dispersed W
in n-W/V,_,CT,. In addition, a wavelet transform (WT) was
applied to W EXAFS, revealing the relationship between R and k
space, as shown in Fig. 2d-f.**** The WT EXAFS spectrum of n-
W/V,_,CT, displays an intensity maximum at ~7 A™, corre-
lating with the W-C bond. Unlike the W foil, no intensity
contour is observed around 13 A~!, further validating the
atomic dispersion of W atoms. To gain a profound under-
standing of the atomic structure and coordination state of W
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atoms, we performed EXAFS curve fitting. Our simulated EXAFS
data, based on the WDAC/V,_,CT,, structure model, demon-
strated a commendable alignment with the experimental find-
ings. The fitted spectra expose the R space and k space of the n-
W/V,_,CT, system, which are presented in Fig. 2c¢ and S11,}
respectively. The inset of Fig. 2c offers a visual representation of
the atomic structure model, highlighting the dual W atoms
embedded within the V,_,CT, lattice. Moreover, when we
applied the same fitting procedure to the theoretical model of
WSAC/V,_,CT,, the outcomes exhibited a similar trend to that
of WDAC/V,_,CT,, attributed to their identical coordination
environments (Fig. S12 and S137). The EXAFS fittings disclose
that the coordination number of isolated W atoms for n-W/
V,_,CT, is 3.6 £ 0.7, and the bond length is 1.97 £ 0.02 A (Table
S2t). This suggests that the W sites are primarily triply coordi-
nated with C atoms.

The electrochemical NRR performance of n-W/V,_,CT, was
investigated under ambient conditions within an H-type elec-
trolytic cell. The NH; yield and its by-product (hydrazine (N,H,))
were measured using a UV-vis spectrophotometer, and the
corresponding calibration curves are shown in Fig. S14 and
S15.1 To begin, linear sweep voltammetry (LSV) was first con-
ducted in N,- and Ar-saturated 0.05 M H,SO, electrolyte
(Fig. 3a). The LSV curves reveal higher current density in N,-
saturated electrolyte compared to those in Ar-saturated between
0 and —0.7 V (versus RHE), suggesting that n-W/V,_,CT, is active
for the NRR. Subsequently, the NH; yields and corresponding
FEs of n-W/V,_,CT, were evaluated at various applied potentials
by chronoamperometry tests (Fig. S16at) and UV-Vis absorption
spectroscopy (Fig. 3b and S177). As shown in Fig. 3c, the NH;
yield and FE reach the maximum values of 121.8 pg h™" mg™"

a b c
IV CT W-Wwew n-Wiv,,CT, n-Wi, CT,
——WO, - WO, _— = Fitting
—_ we 5 we = [ .
s — W foil . — Wil : 51
. < © [
LA — w-0 = » L
2 = : £ $ 1
] = W-C m;g : !
3 = T § 1
E E E \J/ J
N~ R
10150 10200 10250 10300 o 1 2 3 4 5 & o 1 2 3 4 5 6
Energy (eV) Radial distance (A) Radial distance (A)
d e f g
. . ‘I
) (]
< < <4 <
x [ ©, o
< < < g
+ + + -
o [+ 4 X2 — (14
1
0

0 3 6 9 12 15 o 3 6 9
k A k A

12 15

0 3 6
k A

9 12 15 0 3 6 9 12 15
k A1)

Fig. 2 (a) W K-edge XANES spectra of n-W/V,_,CT,, WOz, WC, and W foil. (b) FT-EXAFS curves of n-W/V,_,CT,, WOz, WC, and W foil. (c) FT-
EXAFS fitting results of n-W/V,_,CT, (inset: theoretical model of WDAC/V,_,CT,). (d—g) WT-EXAFS of n-W/V,_,CT,, WOs, WC, and W foil,

respectively.
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Fig. 3 (a) LSV curves in Ar- and N,-saturated 0.05 M H,SO,4 solution. (b) UV-Vis absorption spectra of the electrolytes at different potentials. (c)

NH3 yields and FEs at different applied potentials. (d) NH3 yields and FEs measured on n-W/V,_,CT, by NMR and UV-vis methods at —0.1V (versus
RHE). (e) NH3 yields and FEs of V,_,CT,, WSAC/V,_,CT,, n-W/V,_,CT,, and W NPs/V,_,CT, at —0.1V (versus RHE). (f) Comparison of NH3 yields
and FEs of recently developed NRR electrocatalysts at respective potentials. (g) NHs yield and FE in cycle tests of n-W/V,_,CT, at —0.1V (versus
RHE). (h) Chronoamperometric curve of n-W/V,_,CT, during 72 h electrolysis.

and 34.2% at —0.1 V (versus RHE). It is noteworthy that as the
applied potentials shift towards more negative values, there is
a discernible decline in both the yield of NH; and its FE. This
phenomenon is primarily attributed to the intensified compe-
tition between the HER and the desired reaction on the catalyst
surface. Moreover, n-W/V,_,CT, demonstrates exceptional
selectivity for NH; production, as verified by the absence of
detectable N,H, (Fig. S16b¥). To validate the accuracy of our
detection method, we further quantified the NH; production
using 'H nuclear magnetic resonance ("H NMR) analysis
(Fig. S18t). The results showed that the NH; yield and FE of n-
W/V,_,CT, stood at 124.2 ng h™' mg™' and 34.9% at —0.1 V
versus RHE, respectively. These results were in excellent agree-
ment with those obtained through the indophenol blue method
(Fig. 3d and S1971). We further tested NO;~ concentration in the
system (Fig. S20 and S2171). Based on the calibration curve, the
calculated NO;~ yield is 0.68 ug mL ™', which is essentially
negligible in the context of our experimental results. Since N-

12800 | Chem. Sci, 2024, 15, 12796-12805

containing species (TBAOH) were utilized during the material
synthesis, we conducted a test to evaluate the nitrogen reduc-
tion reaction (NRR) performance of n-W/V,_,CT, at —0.1 V
(versus RHE) under an Ar atmosphere. As depicted in Fig. S22,
the calculated NH; yields and FEs of n-W/V,_,CT, were 4.2 ug
h™" mg ™" and 4.5%, respectively, implying negligible ammonia
production.

To highlight the superior performance of the n-W/V,_,CT,
electrocatalyst, we examined the NRR activity of all comparative
samples (including pure V,_,CT, nanomeshes, WSAC/V,_,CT),
and W-NPs/V, ,CT,) across varying applied potentials. By
analyzing the UV-Vis absorption spectra (Fig. S23-5S28%), the
optimal NH; yield and FE for each sample were determined and
are presented in Fig. 3e. It can be concluded without doubt that
the electrocatalyst of n-W/V,_,CT, provides the highest NRR
activity. This phenomenon clearly indicates that the incorpo-
ration of neighboring W atoms in n-W/V,_,CT, significantly
boosted its NRR catalytic performance. Moreover, we compared

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the catalytic performance of n-W/V,_,CT, with that of state-of-
the-art NRR SACs (Fig. 3f and Table 1). n-W/V,_,CT, possesses
outstanding NRR performance at minimal potentials, present-
ing significant application potential. Besides high activity, an
ideal NRR catalyst should be stable during the catalytic process,
enabling sustained NH; production. We first investigated the
NRR stability of n-W/V,_,CT, by conducting consecutive elec-
trolysis recycling and a 72 h long-term electrocatalytic test at
a potential of —0.1 V (versus RHE). As shown in Fig. 3g and S29,+
the NH; yield and FE of n-W/V,_,CT, varied slightly over 5-cycle
tests, demonstrating the excellent stability of n-W/V,_,CT,
toward NRR. The long-term electrocatalytic test result indicates
a negligible decay in current density over 72 h, also suggesting
good stability (Fig. 3h). In addition, the XRD and XPS analysis
results of the n-W/V,_,CT, electrocatalyst remained essentially
unchanged before and after our stability test, further high-
lighting their structural stability (Fig. S30 and S31%). These
results collectively reveal the superior stability of n-W/V,_,CT),
for NRR.

In order to validate the electrocatalytic activity of n-W/
V,_xCT), and decode the origin of its NRR performance, DFT
calculations were performed to investigate the reaction mech-
anisms of NRR as well as the electronic properties of n-w/
V,_CTy and V,_,CT,. Based on the experimental characteriza-
tion results, we constructed theoretical structural models of
pure V,_,CT,, WSAC/V,_,CT,, and WDAC/V,_,CT,. Under
ambient conditions, N, molecules may adsorb on the catalyst
either in side-on or end-on configurations. We first calculated
the adsorption energy for different adsorption modes and the
results are shown in Fig. 4a. The end-on configuration
possesses a lower adsorption energy, which implies that the
active site prefers to adsorb N, in an end-on configuration.
According to the above results, we probed into the NRR route
with an end-on configuration. Distal and alternative pathways
were envisaged for the electrocatalytic conversion of N, to NH;
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(Fig. 4c and S327). During the reaction sequences, the pre-
reacted NN* can be transformed into NNH* by capturing
a proton/electron (H'/e”) pair, a step that ordinarily serves as
a potential-limiting step (PDS) due to the involvement of inert
N=N. The Gibbs free energy changes (AG) associated with this
step on pure V,_,CT, and WSAC/V,_,CT, are 0.81 and 0.71 eV,
respectively, and the initial hydrogenation procedure can occur
spontaneously on WDAC/V,_,CT, due to the presence of the
doubly active site. Subsequently, the adsorbed NNH* interme-
diate can be hydrogenated into either NNH,* or NHNH*. For
the distal pathway, NNH,* is further hydrogenated into the
NNH;* intermediate, and this step poses the greatest challenge
for WDAC/V,_,CT,, featuring an energy barrier of 0.61 eV
(Fig. S321). In the ensuing stages, one NH; molecule is emitted,
followed by the hydrogenation of the N* intermediate via the
NH* — NH,* — NH;* sequence until the release of the second
NH; molecule. By comparing the Gibbs free energy diagrams, it
becomes apparent that WDAC/V,_,CT, favors the alternative
pathway, while the first hydrogenation step remains the most
challenge for both pure V,_,CT, and WSAC/V,_,CT, (Fig. 4c).
On the surface of WDAC/V,_,CT,, the NHNH* species proceeds
through the NHNH* — NHNH,* — NH,NH,* — 2NH;*
sequence, with the generation of NH,NH,* being identified as
the PDS (0.32 eV). Briefly, we computed the limiting potential
(Up) value for these three catalysts, yielding Uy, values of 0.81,
0.71, and 0.32 V for pure V,_,CT,, WSAC/V,_,CT,, and WDAC/
V,_xCT), respectively. As the theoretical simulation of reaction
pathways relies solely on a vacuum model, we employed both
implicit and explicit solvation models to investigate the PDS of
the NRR process on WDAC/V,_,CT,, aiming to validate the
credibility of our theoretical calculations. As detailed in Table
S3,t all PDSs identified using the implicit solvation model
exhibit exothermic characteristics. However, in the vacuum
model, the hydrogenation step of NHNH,* — NH,NH,*
emerges as the determining PDS, possessing a limiting

Table 1 Performance comparison of reported electrocatalysts toward NRR

Catalyst Electrolyte Potential (V vs. RHE) NH; yield (ug h™" mg™) FE (%) Ref
n-W/V,_CT, 0.05 M H,SO, —0.1 121.8 34.2 This work
Fe-S-C 700 0.1 M KOH —0.1 8.8 6.1 5
Ru SAs/Ti;C,0 0.1 M HCI —0.2 27.56 23.3 46
Fe;S,@TiO, 0.1 M HCI —-0.2 18.3 17.3 47
SA-Ru@rGO/NC 0.1 M HCI -0.3 110.1 17.9 19
W-NO/NC 0.5 M LiClO, —-0.7 12.62 8.35 48
Mn-O;N;/PC 0.1 M HCI —-0.35 66.41 8.91 22
PdCu/NC 0.05 M H,SO4 —0.45 69.2 24.8 49
Mogsa/CMF-S 0.1 M HCI —0.2 46.6 28.9 21
PdFe, 0.5 M LiClO, —0.2 111.9 37.8 17
Fega-NSC-900 0.1 M HCI —-0.4 30.4 21.9 15
Ru SAs/g-C3N, 0.5 M NaOH 0.05 23 8.3 50
Zn/Fe-N-C 0.1 M PBS -0.3 30.5 26.5 51
Fe-(0-C,), 0.1 M KOH 0.1 32.1 29.3 16
Fe-B/N-C 0.1 M HCI —-0.4 100.1 23 52
Cu SAs/TiO, 0.5 M K,SO, —0.05 6.26 12.88 20
Rh SA/GDY 0.005 M H,SO,4, 0.1 M K;,SO,4, 0.01 M —0.2 74.15 20.36 53

ascorbic acid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) The adsorption energies of N, on V,_,CT,, WSAC/V,_,CT,, and WDAC/V,_,CT, in side-on and end-on configurations, respectively. (b)
The adsorption energies of V,_,CT,, WSAC/V,_,CT,, and WDAC/V,_,CT, for N, and H, respectively. (c) Gibbs free energy diagrams of NRR via
alternating pathways on WDAC/V,_,CT,, WSAC/V,_,CT,, and V,_,CT,, respectively.

potential of 0.32 V. To further validate the energy requirements
of this critical step, we employed the explicit solvation model.
As illustrated in Fig. S33,1 the introduction of water molecules
results in an energy requirement of 0.25 eV for the NHNH,* —
NH,NH,* step, which closely aligns with the limiting potential
obtained from the vacuum model. This slight difference in
overpotentials suggests that the theoretical calculations based
on the vacuum model provide reliable insights into the reaction
mechanism. The adsorption energies (E,qs) of N, and H on
these three catalysts are presented in Fig. 4b. Considering the
selectivity criterion, a catalyst with more negative E,q5 suggests
a greater preference for the corresponding pre-processed reac-
tion, thereby offering improved selectivity. Surprising, all three
systems show more negative E,qs for N,.

We delved deeper into understanding the origin of the active
site's electrocatalytic behavior by examining the charge density
difference, partial density of states (PDOS), and integrated-
crystal orbital Hamilton population (ICOHP). As illustrated in
Fig. 5b and S37,f N, molecules adsorbed on the active sites in
an end-on configuration with substantial electron transfer. The
adsorbed N, can interact with the active sites through the so-
called “donation and back-donation” process, where the active

12802 | Chem. Sci, 2024, 15, 12796-12805

sites can donate electrons into the antibonding orbitals of N,
while N, donates electrons back to the d orbitals of metal
atoms. Bader charge calculations were employed to quantify the
relationship between the extent of charge transfer and the
elongation N=N bond. Particularly, the W atoms of WDAC/
V,_xCT), contribute more electrons to the antibonding orbitals
of N, compared to WSAC/V,_,CT, and V,_,CT,, causing
a noticeable elongation of the N, bond (1.20 A vs. 1.12 A for free
N,). Importantly, WSAC/V,_,CT, can offer more electrons to N,
than pure V,_,CT,, and the introduction of another W atom
augments the electron donor for N, (0.169 e, 0.187 e, and
0.732 e~ for V, ,CT,, WSAC/V, ,CT,, and WDAC/V, ,CT),
respectively). More electrons are supplied to the antibonding
orbitals of N,, promoting the activation of N,. The PDOS of free
N, and these three systems is displayed in Fig. S38 and S39.7
Referring to the molecular orbitals of free N,, as N, adsorbed
onto the active site, the d orbitals of W atoms push electrons to
the antibonding orbitals of N,, causing a negative shift of the
partially occupied 2m* orbital close to the Fermi level. The
ICOHP results further illustrate the activation of N, on the
active site (Fig. 5a). The computed ICOHP for WDAC/V,_,CT, is
more negative than those for WSAC/V,_,CT, and pure V,_,CTy,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suggesting that the interaction between N and W is more robust
in WDAC/V,_,CT), leading to superior activation of N, on the
WDAC/V,_,CT, surface.

To quantify the relationship between the charge transfer and
NRR performance. We further constructed theoretical atomic
models of W triple atom catalysts (WTAC/V,_,CT,) and W
quadruple atom cluster catalysts (WQAC/V,_CT,) for compar-
ison. The adsorption and activation of N, on the surfaces of
WTAC/V,_,CT, and WQAC/V,_,CT, were first examined. The
results show that N, also tends to adsorb on these two catalyst
surfaces in an end-on configuration, and the calculated U,
values for WTAC/V,_,CT, and WQAC/V,_,CT), are 0.14 and
0.74 V, respectively (Fig. S34S367). Electronic property calcula-
tions show that WTAC/V,_,CT, and WQAC/V,_,CT, also follow
the rule that strong d-27* coupling leads to higher NRR activity
(Fig. S37 and S39t1). By correlating the ICOHP values with the
calculated Uy, values, the results reveal a strong linear relation-
ship between the two (y = 0.0934x + 1.0007, R> = 0.9889),
providing a practical descriptor for predicting the NRR perfor-
mance (Fig. 5¢).

Conclusions

In summary, n-W/V,_,CT, was rationally synthesized by a self-
capture approach. HAADF-STEM and EXAFS results revealed

© 2024 The Author(s). Published by the Royal Society of Chemistry

that W single/dual atoms were successfully embedded in V
single vacancies or vacancy clusters, forming stable W-C bonds
with three neighboring C atoms. A notable NH; yield of 121.8 pg
h™" mg ™" and a substantial FE of 34.2% at —0.1 V (versus RHE)
were achieved, establishing a new record at this potential level.
This exceptional performance exceeds the catalytic capabilities
of V,_,CT,, WSAC/V,_,CT,, and W NPs/V,_,CT,,, unequivocally
demonstrating that the integration of neighboring W atoms in
n-W/V,_,CT, substantially enhances its NRR catalytic perfor-
mance. Moreover, the exceptional stability of n-W/V,_,CT, with
a negligible decay of current density over 72 h primarily stems
from the robust W-C bond. DFT calculations demonstrated that
the additional W atom contributes to the improvement of the
reactivity of WDAC/V,_,CT, by donating more d electrons to the
27t* orbitals of N,. This donation results in the better activation
of the inert N=N bonds and lowering of the reaction energy
barrier (the calculated U values for pure V,_,CT,, WSAC/
V, «CT,, and WDAC/V, ,CT, are 0.81, 0.71, and 0.32 V,
respectively). Furthermore, a quantitative investigation of the
correlation between the calculated Uy, and the amount of charge
transfer was conducted. The results indicated that there exists
awell-defined linear relationship between the calculated Uy, and
ICOHP values (y = 0.0934x + 1.0007, R* = 0.9889). Our finding
opens up new avenues for the design of higher activity atomic

Chem. Sci., 2024, 15, 12796-12805 | 12803
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catalysts and provides novel insights into understanding the
catalytic mechanism of NRR.
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