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ARTICLE INFO ABSTRACT

Keywords: Electrochemical conversion of nitrate to ammonia is widely considered a “two birds with one stone” approach to
Asymmetric oxygen vacancy alleviate the nitrate pollution in water and simultaneously to generate the valuable green NHj fuels. However, it
Mo cluster

remains challenging due to the lack of efficient electrocatalysts for practical utilization. Herein, we investigate
the synergistic effect between asymmetric Cu-O,-W sites (O, represents oxygen vacancy) and adjacent Mo
clusters in tuning the local electronic environment around active sites of catalysts for substantially enhanced
nitrate reduction. The dynamic balance between the adsorption and desorption of O in NO3 caused by asym-
metric Oy and the promoted protonation process due to Mo clusters are responsible for boosting the entire
process. Such synergistic effect modulates the local electronic environment for binding the reaction in-
termediates and dramatically facilitates the intermediate formation in rate-determining steps (*NO—*NOH and
*NOH—*N), leading to the high NH3 Faradaic efficiency and yield rate of 94.60% and 5.84 mg h™! mgg at —
0.7 V vs. RHE, respectively.

Synergistic effect
Local environment
Electrochemical nitrate reduction

1. Introduction

Over the past several decades, the removal or conversion of nitrate
(NOx species) in agricultural sewage has been highly desired due to its
severe damage to aquatic ecosystems, underground water and eventu-
ally poses a threat to human health [1-3]. Fortunately, ammonia (NH3)
plays a significant role in the nitrogen cycle and is a promising raw
material of hydrogen-rich fuels in the industry [4]. At present, there are
two typical pathways utilized to produce ammonia. The conventional
Haber-Bosch process requires complicated chemical reactions between
N, and H, implemented at high temperatures and pressures. In com-
parison, the electrochemical nitrogen reduction reaction (NRR) can be
executed at ambient conditions, but it presents a 2-3 orders lower yield
rate than the Haber-Bosch process [5,6]. To this end, the electro-
chemical nitrate reduction reaction (NO3RR) can potentially convert
NO3 to NH3 under ambient conditions through the relatively low
dissociation energy of N—0 bond (204 kJ mol!) compared to that of

N=N bond (941 kJ mol~1). The successful implementation of the elec-
trochemical NO3RR process would bring substantial economic and
environmental impacts to different communities, regarded as a “two
birds with one stone” approach to alleviate the nitrate pollution and
simultaneously to generate the valuable green NHj fuels [7,8]. How-
ever, since the NO3RR involves eight-electron transfer processes and is
competitive with the undesired hydrogen evolution reaction (HER), it is
urgent to explore electrocatalysts with high selectivity and Faradaic
efficiency (FE) toward NH3/NH{ for its large-scale deployment [9].

It is well-known that the active sites and their local electronic envi-
ronment are important factors dictating the activity of electrocatalysts.
This way, defect engineering would play a vital role in improving their
electrochemical performance because defects are generally considered
as active sites, such as oxygen vacancies (Oy) [10,11]. Many state-of-art
electrocatalysts have been demonstrated that the existence of Oy gives
rise to an electronic-rich surface that lowers the adsorption/activation
energy of the target molecule [12-14]. In contrast, the electrochemical
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performance is not always monotonously related to the concentration of
Oy. Still, it is dominated by a dynamic equilibrium between the forma-
tion and the vanish of Oy [15]. This phenomenon is possibly the result
that Oy sometimes is unstable upon highly oxidized and oxygen-rich
environments [16]. Recently, it has been suggested that the site sym-
metry of Oy has a particular impact on the catalytic activity of materials.
Specifically, a symmetric O, represents the site chained with the sym-
metric coordinated cations, whereas the linkage terminals of ones
constituted by different kinds of cations are called “asymmetric O,”
[17]. The latter is demonstrated to keep a dynamic balance between the
adsorption and the desorption of oxygen species, leading to the molec-
ular “easy come, easy go” tactic. According to the Sabatier principle, the
balance between the binding strength of the reactants, intermediates
and products is paramount to catalytic activity, i.e., strong enough to
adsorb and weak enough to desorb [18]. Since NO3RR involves both the
adsorption and the desorption of O, such asymmetric Oy, is valuable to be
investigated.

Furthermore, polyoxometalates (POMs) are a large group of
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transition metal-oxygen anionic polynuclear clusters that possess rich
hollow sites that could easily anchor on foreign metal ions [19]. These
transition metal clusters with bridged metal-metal interactions can
minimize the distance between single-atom centers, further improving
the intrinsic activity and stability compared to single-atom catalysts
(SACs) and maximizing the efficiency of metal atoms utilization
compared to metal particles [20,21]. Moreover, the metal ions usually
have the unoccupied d-orbitals, which can accept multiple electrons,
resulting in the modulation of charge transfer when binding to NO3 [22].
In this case, although there are several individual works focused on the
Oy-promoted and ion clusters-promoted electrocatalysis, respectively,
there are very few emphasis on their combined effect on the electro-
chemical performance of catalysts. Particularly, because of the dynamic
adsorption equilibrium for oxygen species of the aforementioned
asymmetric property of Oy, such vacancies would also serve as favorable
sites to attract and then disjoint oxygen atoms in POMs, leading to the
loading of transition metal ion clusters on the fixed position. Inspired by
these characteristics, it is anticipated that the ion clusters can be placed

Fig. 1. (a) Schematic illustration of the fabrication procedure for Mo/H-CuW. (b) SEM image of CuW. (c-f) SEM image, TEM image, HRTEM image, STEM image, and
the corresponding STEM-EDS elemental mapping images of Mo/H-CuW. The insets in (b, c) are the particle size distribution. The inset on the lower left in (e) is the
SAED pattern of Mo/H-CuW, and the red and yellow boxes are the amplifying HRTEM and the corresponding IFFT images from the circled regions.
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close to the asymmetric Oy to form active trimer sites for NOgRR.

Herein, we are the first team to report the synergistic effect of
asymmetric O, and Mo clusters on the copper tungstate (CuWO,) hollow
nanospheres for highly efficient NOsRR. To be specific, a gas (Ar or O3)
plasma treatment is employed to induce different concentrations of
asymmetric Cu-Oy-W sites. By accurately locating the Mo cluster close to
the asymmetric Oy, one can act as an electron donor to promote the
adsorption/desorption of O in NO3 while another holds the post of
charge-compensating role to accept electrons expediting the protonation
process. All these processes can effectively modulate the local environ-
ment of active sites for enhanced NOsRR performance. It is impressive
that this synergistic effect could contribute to a high FE of 94.6% and a
good yield rate of ammonia of 5.84 mg h™! mgg. at — 0.7 V vs. RHE.
DFT calculations further revealed the higher adsorption energy of NO3
and the lower energy of rate-limiting step for the reduction process by
asymmetric Oy and adjacent Mo clusters. This work highlights the syn-
ergistic effect of asymmetric O, and ion clusters in promoting NO3RR
performance, providing a novel strategy for engineering the local
environment around active sites of electrocatalysts.

2. Results and discussion

The fabrication procedure for Mo clusters decorated CuWOj4 hollow
nanospheres with a high concentration of asymmetric O, (denoted as
Mo/H-CuW) is displayed in Fig. 1a. In detail, the CuWO4 hollow nano-
spheres (CuW HNS) were first synthesized by a facile hydrothermal
method, followed by thermal treatment (Fig. S1). The morphology of
CuWO, is dominantly dictated by the duration of the hydrothermal
process (Figs. S2 and S3). With the increasing duration from 6 h to 48 h,
the size of nanospheres was found to increase from ~ 305 nm to ~372
nm, experiencing three different postures: solid nanospheres, hollow
nanospheres, and eventually broken spheres. Then, we introduced
various concentrations of Oy into CuW by controlling the plasma at-
mosphere (O or Ar). When Ar plasma bombards the surface of CuW, the
internal energy of metastable Ar-plasma can be transferred to the surface
atoms, leading to the removal of the relatively light oxygen atoms [23].
In contrast, the Oy plasma-induced oxygen ions or radical groups were
trapped inside CuW to fill Oy, and hence producing CuW with high and
low concentrations of Oy, respectively (donated as H-CuW and L-CuW).
The inset in Fig. 1a shows the typical structure of a triclinic CuW crystal,
constituted by two distorted octahedral [CuOg] and [WOg] clusters,
respectively. Every O atom is linked to at least one W and one Cu atom.
Such property is greatly in accord with that of asymmetric sites, which
own two opposite influences from at least two surrounding cations with
different electronegativity, facilitating or hindering the production of O,
[24]. Such Cu-Oy-W sites are anticipated to act as the highly active sites
for NOsRR. The Fourier-transform infrared spectroscopy (FT-IR) spectra
displayed in Fig. S4 demonstrate the transformation from CusWO4(OH),
precursor to CuWO, during the thermal treatment. Apart from the band
located at around 470 cm ™!, representing the symmetric stretching vi-
brations of [CuOg] (Fig. S4b), the other peaks (908, 710, 554 and 420
em ™) belong to the symmetric stretching, anti-symmetric stretching
(Fig. S4c), interactive symmetric stretching and symmetric bending vi-
brations of the distorted [WOg] clusters, accordingly [25]. This infor-
mation proves the distortions on octahedral [CuOg] and [WOg] clusters
and further suggests the degree of asymmetry Cu-O,-W sites. Making use
of the function of asymmetric O, that balances the adsorption and
desorption of oxygen species, POM (ammonium paramolybdate) as Mo
source was introduced into H-CuW and L-CuW to orientate the Mo
cluster next to the O, (latter donated as Mo/L-CuW). After that, the
oxygen atoms trapped in the vacancy sites were removed through
reduction under Hy/Ar atmosphere at a low temperature. The SEM im-
ages (Figs. 1b, c¢ and S5) depict the CuW shape as hollow nanospheres
with the shell composed of numerous particles. After experiencing the
O,/Ar plasma, there is no apparent change happened to the morphology
(Fig. S5). The clear dark and light boundaries are clearly observed in the
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TEM images (Figs. 1d and S6a), further confirming the hollow structure
of the materials. It is well-known that such kinds of hollow-structured
nanomaterials generally have larger specific surface areas than the
solid ones, thereby enabling the exposure of more active sites and pro-
moting electrocatalytic activity [26,27]. More importantly, there are
more interfaces among the thin shells because of the numerous small
particles of the CuW HNS, which provides fast channels for mass
transport. Based on the HRTEM images (Figs. 1e and S6b), the lattice
fringes with the interplanar spacings of 0.310 nm, 0.382 nm and 0.252
nm are witnessed and corresponded to the (111) (110) and (021) planes
of triclinic CuW, respectively. It is noteworthy that most of the lattice
fringes are inconsecutive in the images of Mo/H-CuW. After applying the
inverse fast Fourier transform (IFFT) on the selected region, there are
obvious dislocations and distortions observed, further indicating the
introduction of abundant defects into the lattice due to the plasma
treatment and Mo doping. These defect generations would enable the
substantial increment of active sites, which would be proved by the
following experiments [28,29]. The SAED pattern (inset of Fig. le)
suggests the characteristics of polycrystalline triclinic CuW. The scan-
ning transmission electron microscopy (STEM) shown in Fig. 1f and the
corresponding elemental mapping images of Cu, W, O, and Mo imply
that all elements distribute homogeneously throughout the HNS. Addi-
tionally, the existence of Mo constituents could also be identified by
energy dispersive spectroscopy (EDS) and corresponding elemental
mapping in Figs. S7 and S8. All these findings demonstrate the successful
synthesis of Mo/H-CuW with large amounts of O.

Moreover, XRD is performed on all the samples and the collected
patterns are shown in Fig. 2a. It is observed that all the samples are
indexed to triclinic phase CuWO4 (JCPDS no. 72-0616) without any
other detectable impurities. In order to evaluate the various Oy con-
centrations in the samples, EPR, Raman and XPS measurements were
carried out. As presented in Fig. 2b, there are obvious signals located at g
= 2.002 observed, suggesting the presence of oxygen vacancies [30].
Interestingly, the pure CuW displays the same EPR signal, which in-
dicates that the CuW also possesses the defects. These disparate in-
tensities of the signal prove the different concentrations of Oy in H-CuW
and L-CuW. At the same time, the high-resolution XPS spectra of O 1 s
are displayed in Fig. 2c. There are two peaks positioned at about
530.2 eV and 531.2 eV, which can be assigned to lattice oxygen (B) and
oxygen atoms next to Oy (A) [31]. The higher ratio of A/B of H-CuW
compared to others intuitively demonstrates the higher concentration of
Oy, upon the bombardment of Ar-plasma. As depicted in the Raman
spectra in Fig. 2d, the Raman bands are assigned to the Raman-active
vibrational modes (Ay) of triclinic CuWO4. Compared with L-CuW and
CuW, the Raman bands of H-CuW are weaker and broader, indicating
the decrease of (O-Cu-0)/(0O-W-0) bonds and the generation of more Oy
in CuW [32,33]. Therefore, the above measurements reveal that the
Ar-plasma yields numerous O, defects in the CuW HNS, while the
Os-plasma removes the Oy. Meanwhile, the Cu 2p and W 4f XPS spectra
are shown in Fig. S9. Both the peaks of Cu 2p and W 4f shift to the lower
binding energy with the increasing O, concentration. Such negative
shifts indicate the increase of the local electron density of Cuand W due
to the offer of delocalized electrons in the Oy. This way, the obtained
Cu-Oy-W asymmetric sites are expected to modulate the local charge
distribution and then contribute to polarizing the adsorbed NO3 mole-
cules for better activation and surface electrochemical nitrate reduction
process [34]. After introducing the Mo clusters into H-CuW and L-CuW,
the peaks of Mo 3d appear and become stronger in the XPS survey
spectra as given in Fig. 2e. It is found the peaks of Cu 2p3,, and Cu 2p; 2
locate at a similar position by comparing Mo/H-CuW and Mo/L-CuW to
H-CuW and L-CuW, respectively (Figs. 2f and S9a). However, the peaks
of W 4f of Mo/H-CuW are observed to shift to higher binding energies
(Fig. 2g). Such results confirm the electron transfer from W to Mo
clusters and the formation of W-O-Mo bonds with the help of Cu-O,-W
asymmetric sites. As aforementioned, the POM molecules possess rich
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Fig. 2. Characterizations of (a) XRD patterns, (b) EPR spectra, (c) O 1s XPS spectra, (d) Raman spectra, (e) XPS survey spectra. (f-h) Cu 2p, W 4f and Mo 3d XPS

spectra for the as-obtained samples.

hollow sites that are capable of adsorbing foreign metal ions. Because of
the similar valance state and electronegativity between W and Mo, the
Mo-based POMs prefer to bond with W. But the minor degree of shift of
Mo/L-CuW compared to Mo/H-CuW may be attributed to the relatively
small amount of adsorbed Mo owing to the electron-barren environment
and the fewer Oy sites. This is also demonstrated by the element content
measured by XPS spectra, for that Mo contents in the Mo/L-CuW and
Mo/H-CuW are determined to be 0.88 at% and 1.97 at%, respectively
(Fig. S10). In the Mo 3d XPS spectra of Mo/H-CuW, the deconvoluted
peaks at 232.04 eV, 235.16 eV and 233.07 eV, 236.33 eV can be
indexed to Mo®" and Mo®*, respectively, whereas only Mo®" exists in
the sample of Mo/L-CuW (Fig. 2h). As for the VI valence state of Mo in
the pristine POMs, the V valence state may be resulted from the charge
transfer along with the W-O-Mo bonds [35]. The O 1s spectra and the
EPR tests in Fig. S11 further confirm that the concentration of Oy re-
mains nearly constant after the introduction of Mo clusters. As a result,
all these results clearly demonstrate the successful formation of
plasma-regulated Cu-Oy-W asymmetric sites and accurately located Mo
clusters in CuWOy4. By combining the electron-donating O, and the
electron-compensating Mo cluster, such electrocatalyst is expected to
have substantially enhanced and stable electrochemical activity.

To shed light on the synergistic effect of O, and Mo clusters towards
NO3RR performance, a two-compartment H-type electrolytic cell was

constructed with its characteristics evaluated under ambient conditions.
The LSV curves are measured in the Na;SO4 electrolyte with and without
NOj3 as shown in Fig. 3a. The current densities of all the samples for
NOsRR are distinctly higher over a wide range of negative potentials
than the ones for HER, indicating the electrocatalytic activity for NO3
reduction and the poor activity on HER, which enables the high selec-
tivity for NH3 production. Besides, the LSV curves in Fig. S12 demon-
strate the superiority of hollow-structured CuW (prepared for 24 h)
compared with both the solid (6 h) and broken (48 h) ones owing to the
much more exposed active sites and faster charge transfer channels. To
obtain the NH3 yield rate and FE, a series of controlled-potential CA
measurements are carried out in NO3-contained electrolyte. As antici-
pated, H-CuW HNS achieves the highest NH3 FE of 75.61% with a yield
rate of 3.63 mg ht mgcialt at — 0.70 V vs. RHE (Figs. 3b and S13),
significantly outperforming L-CuW (FE of 41.63% and yield rate of
1.63mgh™! mggi) and CuW HNS (FE of 49.25% and yield rate of
2.14 mg h™! mgg}). It is worth mentioning that the highest FE of H-
CuW appears at a more positive potential than the counterparts, which
means it only needs a smaller voltage to achieve the higher NO3
reduction efficiency, emphasizing the remarkable selectivity of CuW
with high concentration of Oy sites. To obtain further insights, we per-
formed DFT calculations to obtain the partial density of states (PDOS) of
H-CuW and L-CuW. In Fig. 3d and e, the d-band centers of H-CuW and L-
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Fig. 3. (a) LSV curves of Mo/H-CuW, Mo/L-CuW, H-CuW, L-CuW, and CuW in 0.5 M NaySO, electrolyte with and without NO3 upon a scan rate of 5 mV s~1. (b) NH3
yield rate and Faradaic efficiency of L-CuW, CuW, and H-CuW. (c) NHj3 yield rate and Faradaic efficiency of H-CuW and Mo/H-CuW. (d) PDOS of L-CuW. (e) PDOS of
H-CuW. (f, g) Optimized L-CuW and Mo/H-CuW structures along (010) plane. (h, i) The corresponding electron contour maps of the (010) slice in (f) and (g).

CuW are determined to be — 3.36 eV and — 3.79 eV, which infers that
the d-band center would be closer to the Fermi energy with the
increasing Oy, concentration. According to the d-band theory, the d-band
center location can be considered a good descriptive tool for estimating
the adsorbate-metal electronic interaction [36]. Hence, the upshift of
the d-band center demonstrates the crucial function of Cu-O,-W sites in
modulating the local environment toward the adsorption of NO3, thus
weakening and activating the N—O bond. After that, in connection with
the effect of potential change, the NHj yield rate of Mo/H-CuW gradu-
ally increases as the reduction potential increases from — 0.4V to
— 1.0V, offering the NH3 yield rate of 5.84 mg h! mg{alt. at — 0.7 Vvs.
RHE (Fig. 3c). The highest FE reaches 94.60% at — 0.7 V vs. RHE, sur-
passing those of H-CuW and L-CuW by a factor of 1.25 and 2.27,
respectively. Such performance is comparable and even superior to most
of the state-of-the-art electrocatalysts reported on NOsRR (Table S1).
The NHj3 yield rate is several orders of magnitude higher than that of
electrocatalysts reported in NRR, further indicating the superiority of
NO3RR for NH3 production. Furthermore, the decreased FE at higher
potentials could be attributed to the progressively enhanced competing
HER. From the comparisons of NHj yield rate and FE depicted in
Fig. S14, we find that the best performance of Mo/L-CuW only arrives
59.86% at — 0.7 V vs. RHE and 4.48 mg h! mg{alt_ at — 1.0 V vs. RHE,
which are close to the values of CuW but higher than that for L-CuW.
These results suggest that even with a low content of Mo, the Mo/L-CuW
show the promoted NO3RR activity compared to L-CuW, implying that

Mo clusters play a critical role in the reduction process. Since Mo has
been demonstrated as an active site for nitrate reductase of biogeo-
chemical cycles, it is probable to speculate that the Mo site also works
for NO3RR [37]. More importantly, the catalytic activity has a signifi-
cant correlation with the d-band electronic structure of active atoms
exposed on the surface. The Mo atoms with unoccupied d-orbitals can
accept electrons from the n*-orbital of NO3, strengthening the adsorp-
tion of N in NO3 consequently [38]. Therefore, we can conclude that the
combination of asymmetric Oy and Mo clusters serves as a tool with
multiplying effect to modulate the local electronic environment of active
sites for NO3RR activity.

DFT calculations were further wielded to demonstrate the remark-
able NOsRR activity of Mo/H-CuW. Fig. 3f and g give the optimized L-
CuW and Mo/H-CuW structures along the (010) plane while Fig. 3h and
i display the corresponding electron contour maps, which intuitively
give the information of electron distribution. The indigo blue and red
regions designate the depletion and accumulation of charge density,
respectively. We found that strong electronic interactions exist in the W-
O and Cu-O bonds, implying the presence of abundant electron transport
channels [39]. Meanwhile, the W-O-Cu region surrounded with
lop-sided electronic distribution further proves the asymmetric in-
dividuality formed due to the different electronegativity and distortion
of [WOg] and [CuOg] octahedrons. In Mo/H-CuW, with Cu-Oy-W
asymmetric sites and adjacent Mo clusters, the electron accumulation
cloud around O, transfers to the W atom in the visual area, representing
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more electrons to move from vacancy to the sides. Also, the large elec-
tron clouds gather around the Mo cluster area, which implies the strong
interaction of the Mo cluster with the surrounding environment. Such
electron transfers better modulate the electronic structure and local
environment around active sites. These abundant electrons and strong
interactions will trigger the substantial back donation to the antibonding
*NOgs (where * represents the active site on the catalyst surface) orbitals
after NO3 adsorption to promote the subsequent NO3RR activity [40].
The above results are in good agreement with that of XPS spectra.
Therefore, it is believed that the enhanced NO3RR performance of
Mo/H-CuW depends heavily on the synergetic effect of optimal d-band
center and unsaturated coordination bonds of asymmetric Oy, as well as
the electron receiving and back donation of Mo clusters.

Since NO3 is one of the important by-products in NO3RR, and NO3-to-
*NO, conversion is the rate-determining step (RDS) in some previous
works [41], it is essential to detect the concentration of NO3 in the
electrolyte. As shown in Figs. S15 and S16, both L-CuW and Mo/H-CuW
display the higher FE of NO> than NHj at a lower voltage, indicating the
faster kinetics of the NO3-to-*NO, conversion process to desorb NO> as a
by-product. Remarkably, with the increasing applied voltage, the FE of
NH;3 gets gradually strengthened while that for NO3 is greatly sup-
pressed, suggesting the dynamic equilibrium for NO3 production [42].
In detail, due to the fast reaction at the beginning of NOsRR, more NO3
are broken away from the surface of the catalyst rather than be reduced
to NH3. However, when it reaches a dynamic equilibrium, the yield of
NO3 will be controlled at a certain level, and then participate in the
subsequent reaction with the increasing voltage, enabling the
*NO,-to-NH3 conversion process. In addition, there are two important
points needed to be emphasized. The first one is the location of FE
intersection of between NO3 and NH3 for Mo/H-CuW taking place at a
lower voltage compared to that of L-CuW, demonstrating the higher
selectivity towards NO3-to-NHg than NO3-to-*NO,. The other is the
decreasing total FE (NO3 + NH3) for L-CuW, which indicates that the
competing HER starts to gradually occurred at the higher potentials,
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agreeing well with the LSV results discussed above. In any case, as
anticipated, the total FE for Mo/H-CuW maintains at a high value of over
a wide range of voltage window, indicating the ability to suppress the
generation of Hy. More importantly, since no NoHy was detected in the
electrocatalytic process on Mo/H-CuW, indicating that the majority
product is NH3 in our work (Fig. S17).

Apart from the catalytic activity and selectivity, stability is another
critical performance indicator of electrode materials. In this work, we
perform a series of measurements to evaluate the stability of Mo/H-
CuW. Since the NH3 FE for H-CuW shows an apparent descending ten-
dency after 15 cycles compared to the one of L-CuW (Figs. 4a and S18), it
is inferred that the reduction is caused by the fugitiveness of Oy [30].
Although the asymmetric Oy could theoretically balance the adsorp-
tion/desorption of O in NO3, the practical experiments of H-CuW indi-
cate that it has a relatively slow kinetic for the eight-electron transfer
reduction process. Thus, less and less Oy is left to absorb additional NO3
due to the fugitiveness as the number of cycles increases. However,
when loading the Mo clusters onto H-CuW, the NHj3 FE fluctuates but
still maintains at around 90%, consolidating the significance of the
synergistic effect between asymmetric Oy and Mo clusters. In previous
works, many researchers found the bridge or hollow site adsorption
available on the Mo metal surface for the strong *N binding strength and
relatively stable *H [38,43,44]. Therefore, this synergistic effect could
not only promote the NOsRR/HER selectivity but also accelerate the
protonation steps in NOsRR. This is why the Oy-only H-CuW displays the
decreasing efficiency after repetitive use, but the Mo/H-CuW does not.
We also evaluate the NH3 concentration for a consecutive 120 h of
NO3RR by extracting the desired electrolyte at specific time points (with
catalyst loadings of 0.25mg). Here, the concentration of NHs for
Mo/H-CuW reaches 42.44 mM after 120 h. Both H-CuW and Mo/H-CuW
show the increasing yields of NH3 but these increasing yield rates start to
slow down and tend to saturate after 72 h (Fig. 4b). Combined with the
stability results presented in Fig. 4a, H-CuW and Mo/H-CuW have
different reasons for their gradually reduced increasing yield rates of

Fig. 4. (a) NH; Faradaic efficiency in consecutive cycling tests on Mo/H-CuW and H-CuW. (b) NHj3 concentration after consecutive 120 h reaction of Mo/H-CuW and
H-CuW. (c) Chronopotentiometry test of Mo/H-CuW at the current density of — 10 and — 20 mA cm 2 over 12 h. The tests in (a-c¢) were all conducted in 0.5 M
Na,S0y, electrolyte with 0.05 M NO3. (d) The quantitative comparison of the NH; yield rate and Faradaic efficiency of the samples based on the 'H NMR and UV-Vis
method. (e) The 'H NMR spectra of standard '*NH; and '®NHZ, and obtained *NHJ and '°NH from NOsRR with different ratios of 1*NO3/!°NOj3 as feed. All

electrodes were measured at — 0.7 V vs. RHE.
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NH3. For the case of H-CuW, there is a decline in the increasing yield rate
of NH3 owing to the dissipation of unstable O, as the reaction keeps
going on. On the other hand, Mo/H-CuW has a slowing-down increasing
yield rate of NH3 because of the rapid depletion of limited NO3 in the
electrolyte such that the reduction of NOjs is close to saturation. This fast
consumption of NO3 can as well be illustrated by the increasing poten-
tials required to maintain stable current densities of — 10 and
— 20 mA cm 2 for Mo/H-CuW (Fig. 4c). Notably, when additional NO3
is added into the electrolyte, the potential can be recovered to its initial
value for the large current density of — 20 mA cm ™2, further confirming
the rapid depletion of NO3 during the reaction as well as the prominent
NOj3 reduction kinetics of Mo/H-CuW [45]. Moreover, the samples
constructed with a high concentration of Oy are observed to exhibit the
greater values of electrochemically active surface area (ECSA), sug-
gesting the presence of more active sites in the electrodes (Fig. S19). In
particular, Mo/H-CuW has a NHj3 yield rate of 1.83 mg h! mg{alt_ mF
cm ™2 after normalization, which is remarkably higher than those of
L-CuW (0.94 mg h! mg{alt, mF cm’z), CuW (1.01 mg h! mg{alt, mF
em™?), H-CuW (1.22mgh™! mge mF cm™) and Mo/L-CuW
(1.36 mg h™! mgg: mF em™2), which indicates that Mo/H-CuW does
not only have a large ECSA value but also comes with the more active
intrinsic properties. Also, the relatively large ECSA value of H-CuW and
the high normalized NHj3 yield rate of Mo/L-CuW further suggest that
the Oy, can be exploited as active sites, whereas the Mo clusters are the
primary factor for the improvement of intrinsic activity, perfectly
agreeing with the analysis discussed above. Based on the Nyquist plot
and the equivalent circuit diagram as shown in Fig. 520, the charge
transfer resistance (Rc¢) of Mo/H-CuW, H-CuW, Mo/L-CuW and L-CuW
can be fitted well to the circuit model and determined to be 6.50, 9.75,
11.36 and 18.20 Q, respectively, where the smallest R of Mo/H-CuW
demonstrates the efficient charge transfer in the electrode. More
importantly, the steepest slope of Mo/H-CuW related to Warburg
impedance in the low-frequency region implies the fastest ion diffusion
kinetics in the electrode/electrolyte, confirming again the improved
electrical conductivity and rapid mass transfer capability with the
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assistance of asymmetric Oy, and Mo clusters [46,47]. To trace the source
of the obtained NHs3, we detected the NHj3 yield rate in 0.5 M NaySO4
without NO3, in which the NHj yield rate is negligible. This result in-
dicates that there is no nitrate in the NazSO4 electrolyte, affecting the
electrocatalytic process (Fig. S21). At the same time, isotope labeling
tests using 'H NMR are then performed with the results compiled in
Fig. 4d and e. With I5NHZ as the feed and C4H404 as the internal
standard, the integrated peak area of I5SNHZ /C4H,404 is directly related
to the concentration of NHs. By quantitatively comparing with the
calibration curve (Fig. S22), the NHj yield rates and FEs based on the
NMR and UV-Vis methods are nearly equal, evidently indicating that the
obtained NHj originated from the electrocatalytic reduction of 1°NO3
instead of the ambient ammonia pollution. Furthermore, the triple and
doublet patterns with the coupling constant of 52 Hz and 73 Hz are
corresponded to the signals of **NHZ and '°NHJ, respectively (Fig. 4e).
By adding a different ratio of 14NO'3/15NO’3 (e.g., 7 and 1), the resultant
ratio of 1*NHZ/!>NHJ after the electrocatalytic reduction process re-
mains almost unchanged (i.e., 7.07 and 1.05). This different method
once again identifies more accurately the source of ammonia as coming
from the reduction process here.

Next, we perform DFT calculations to unveil the reaction mechanism
of enhanced NO3RR performance with the help of asymmetric O, and
Mo clusters in CuW. Firstly, the calculated Gibbs free energies towards
the adsorption of *NOs on the Oy, site of H-CuW (AG = 2.41 eV) and Mo/
H-CuW (AG = 2.51 eV) are found to be much higher than the one of Cu/
W site in L-CuW, which proves that O, is the optimal active site for
binding NO3 (Fig. 5a). Figs. S23-525 display the optimized geometric
structure of the intermediates adsorbed on L-CuW, H-CuW and Mo/H-
CuW substrates, respectively. Upon the adsorption of NO3, the transfer
of multiple protons and electrons takes place. All these three samples
show the downhill energy for the first three reactions, revealing that the
N—O bonds of *NOgs are spontaneously cleaved to *NO, and *NO in a
step-by-step manner. Taking Mo/H-CuW as an example (Fig. 5b), one of
the O atoms fill the vacancy with unsaturated coordination, and Mo with
the unoccupied d-orbital accepts the electron from n*-orbital of *NOs,

Fig. 5. (a) Calculated Gibbs free energy of the
adsorption *NO3 on Cu or W site in L-CuW, O,
site in H-CuW and Oy site in Mo/H-CuW. The
insets show typical structures of absorbed NO3
on different sites. (b) Calculated Gibbs free en-
ergy profiles of NOsRR procedures on Mo/H-
CuW and the corresponding optimized geo-
metric structure of intermediates adsorbed on
the substrate. (c¢) The comparison of the Gibbs
free energy change in the rate-determining step
of NO3RR for L-CuW, H-CuW and Mo/H-CuW.
Yellow, blue, gray, cyan and red spheres
represent the O, W, Cu, Mo and N atoms,
respectively.
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and then bonds with N. Afterwards, *NOg attacks two proton-electron
pairs to take off two O atoms. From the step of *NO to *NOH, the up-
hill energy change suggests that it is the rate-determining step in NO3RR.
Fig. 5¢c shows the comparison of RDS of the samples by setting the free
energy of *NO as the standard. The AG of Mo/H-CuW is calculated to be
0.28 eV and 0.62 eV lower than those of H-CuW and L-CuW, demon-
strating a more favorable reduction reaction in this system and being
consistent with the experimental results. In the next step, only L-CuW
shows a RDS (*NOH—*N) there. These results give two pieces of
important information and further prove the synergetic effect of asym-
metric Oy and Mo clusters. One is the relatively strong protonation
process caused by Mo, which is derived from the small AG in the first
RDS in Mo/H-CuW. The other is the easier desorption of O filled in
asymmetric Oy confirmed by *NOH—*N in H-CuW and Mo/H-CuW
change from endothermic to exothermic; thus, the reduction activity
becomes much easier, promoting NH3 yield rate and FE. Afterwards, the
*N is hydrogenated to form *NH, *NH, and *NHjs, then gets released
from the surface. It is noteworthy that the AG in the protonation process
for Mo/H-CuW is 0.88 eV (taking *NH—*NHj; as an example), which is
smaller than the other two counterparts (1.12 eV and 1.06 eV), further
proving the good ability toward attracting active H radical of Mo clus-
ters. Meanwhile, the electron-rich area around Oy/Mo demonstrated by
the aforementioned PDOS and XPS results greatly guarantee the
demanded electrons. Therefore, taking together the computational and
experimental results, it is evident that the synergism between asym-
metric Oy and Mo clusters can effectively modulate the local electronic
structure of electrocatalysts for the efficient nitrate reduction to
ammonia.

3. Conclusion

In summary, we report a facile strategy to fabricate asymmetric Oy
along with adjacent Mo clusters. These two species are demonstrated to
play a remarkable synergistic effect in tuning the local electronic envi-
ronment around the active site and promoting the entire process of ni-
trate reduction. To be specific, the Ar plasma-induced high
concentration of asymmetric Cu-O,-W sites keep a dynamic balance
between the adsorption and desorption of O in NOj3, leading to the
molecular “easy come, easy go” tactic. Meanwhile, the upshift of d-band
centers indicates the role of Oy in acting as active sites to absorb NO3 and
weaken the N—O bond. This directly speeds up the reduction activity
from *NOH to *N, which is initially an endothermic process in L-CuW.
Moreover, Mo clusters play the charge-compensating role in accepting
unpaired electrons in NO3 and accelerating the protonation process,
leading to the decreased energy in the RDS of Mo/H-CuW. It is
impressive that the Mo/H-CuW can reach a high NH3 FE and yield rate of
94.60% and 5.84 mg h! mg’alt. at — 0.7 V vs. RHE, being more superior
than most of the non-noble metal oxide electrocatalysts reported on
NO3RR so far. This work inspires the synergistic effect of asymmetric Oy
and ion clusters in promoting NO3RR performance and provides new
insights in engineering the local environment around active sites for
highly efficient electrocatalysts.
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