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Abstract:

Electrocatalytic nitrogen reduction (eNRR) offers a green pathway for NH3 production
from N> and H>O under ambient conditions. Transition metal oxynitrides (TMOxNy) are
among the most promising catalysts but face challenges in achieving high yield and
faradaic efficiency (FE). This work develops a hybrid WOxN,/WO3 catalyst with a unique
heterogeneous interfacial complexion (HIC) structure. This design enables in situ
generation and delivery of highly active hydrogen atoms (H") in acidic electrolytes,
promoting nitrogen hydrogenation and formation of nitrogen vacancies (Nv) on the WOxNy
surface. This significantly enhances the selectivity of eNRR for NH3 synthesis while
suppressing hydrogen evolution reaction (HER). A simple two-step fabrication process—
microwave hydrothermal growth followed by plasma-assisted surface nitridation—was
developed to fabricate the designed catalyst electrode, achieving an NH3 yield of 3.2 x 10
19 mol-cm?'s! with 40.1% FE, outperforming most TMN/TMOxNy electrocatalysts.
Multiple control experiments confirm that the eNRR follows a HIC-enhanced Mars-van

Krevelen (MvK) mechanism.

Heterogenous Interfacial Complexion(HIC)



Ammonia (NH3) has traditionally been used as a fertilizer and a key chemical in
chemical industries. More recently, NH3 has emerged as a promising hydrogen (Hz) carrier
for green power storage and generation, due to its higher energy density, lower storage and
transport costs, and lower flammability compared to H».!:2 However, the current production
method, the Haber-Bosch (H-B) process operates under high temperatures (~500 °C) and
pressures (~250 atm) and relies on H> produced from fossil fuels. This makes it not only
energy- and COz-intensive, but also highly centralized, limiting its integration with
intermittent and location specific renewable electricity.> 4 To address these challenges, it is
essential to develop efficient, distributed, and electrified methods to produce green NH3

directly from water (H,O) using renewable electricity.> ¢

To overcome the challenges of the H-B process and enable electrified synthesis of
NH3, plasma-catalytic NH3 synthesis from N> and water (H,O) or H> has been pursued.”
Plasma catalysis offers non-equilibrium reaction pathways for NH3 synthesis by utilizing
active atomic nitrogen (N) and vibrationally excited nitrogen (N2(v)), as well as catalyst
surface nitridation.” % 1° However, the energy efficiency of plasma-assisted NH3 synthesis
remains significantly lower (8.7 g-NHz/kWh) than that of the H-B process (500 g-
NH3/kWh).!!- 12° Additionally, when H>O is used as the hydrogen source in plasma,
undesired byproducts such as NOy and H»O; can be generated.!® Electrocatalytic nitrogen
reduction reaction (eNRR) allows green production of NH3 from N, and H,O under
ambient conditions without the undesired pollutants and other harmful byproducts.'?
However, the practical implementation of eNRR for NH3 production is impeded by the
extremely low NH3 yield and low Faradaic efficiency (FE) due to the high activation energy

of inert N> molecules, and the overwhelming HER competition reaction.!® 13



Transition metal nitrides (TMNs) and oxynitrides (TMOxNy) have emerged as
promising catalysts for eNRR due to their distinctive structural properties, which enable
nitrogen reduction through the Mars-van Krevelen (MvK) catalytic pathway with much
lower energy barrier compared to N adsorbate reduction via direct proton-coupled electron
transfer (PCET).'®2° In MvK pathway, ammonia (NH3) is initially produced by
hydrogenating lattice nitrogen (N) atoms on the surface of TMNs or TMOxNy. This process
significantly reduces the energy barrier for NH3 production as it avoids the need for direct
activation and cleavage of the N=N triple bond in N».!* Desorption of these NH3 molecules
generate nitrogen vacancies (Nv) on the catalyst surface, which subsequently act as the
catalytic sites, adsorbing and activating the dissolved N> from the electrolyte and
completing the catalytic cycles. Although the subsequent steps still require the cleavage of
the N=N triple bond, it is noteworthy that the nitrogen vacancies not only provide
unsaturated coordination sites that facilitate N> adsorption but also efficiently activate the
adsorbed N> molecules by accommodating the lone pair of electrons from N> due to the
electron-deficient nature of the vacancies.?! Importantly, the electron-deficient nature of
nitrogen vacancies selectively favors the adsorption and activation of N2 over H, thereby
minimizing competition from hydrogen evolution reaction (HER).!® 17 The concurrent high
activity and selectivity for eNRR stands in stark contrast to oxygen vacancies (Ov) on

transition metal oxides (TMO).??

Recent studies demonstrated that transition metal oxynitrides (TMOxNy) exhibit
higher catalytic activity and better stability than that of TMN based catalysts.> !7- 18.22. 23
Nevertheless, the NH; yield for both TMOxNy and TMN based catalysts is still far lower

for practical applications. Considerable efforts have been made to understand the reasons



behind the observed low eNRR activities.?> 2* It is commonly accepted that Nv
generation/regeneration are considered as the rate determining step of the MvK
mechanism.!”- 222> For Nv-free TMN and TMONy catalysts, the initial hydrogenation of
lattice nitrogen is widely regarded as the most challenging step.?? 2427 For Nv-rich TMN
and TMONy catalysts, the desorption of the generated NH3 becomes a critical factor in

completing the Nv regeneration cycle.?! 24

To promote Nv generation, the Hosono group developed nickel-loaded lanthanum
nitride (LaN) for high-temperature thermal catalytic hydrogenation of N> for NH;
synthesis.?’ In this catalyst design, nickel clusters efficiently dissociate H, into highly
active H" at high temperatures, which then migrates to the LaN, significantly facilitating
nitrogen atom hydrogenation and promoting the formation of nitrogen vacancies (Nv) on
the LaN surface. In the electrocatalytic field, Zhang’s group has demonstrated the crucial
role of H" in facilitating Nv generation on copper nitride (CusN) at room temperatures.?
Their catalyst design employed a novel graphdiyne support to electrochemically generate
H atoms. The coexistence of H atoms and Nv significantly facilitated the electrocatalytic
reduction of nitrate (NOs). However, leveraging H* to induce Nv formation in
TMN/TMOxNy systems for enhanced electrocatalytic N> reduction to NH3 remains

unexplored.
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Scheme 1. (a) Schematic illustration showing how the designed WOxN,/WO3
electrocatalyst with a HIC structure enables in-situ generation of H" via proton intercalation
to promote the hydrogenation of lattice nitrogen (N) in WOxNy, leading to the formation
of nitrogen vacancies (Nv) and the creation of new catalytic centers for enhanced eNRR.
(b) Schematic representation of the orbital interaction between N> and the new catalytic

center, which is highly active and selective for N> absorption and activation.

In this work, we design WON,/WOs3 hybrid electrochemical catalysts featuring a
unique heterogeneous interfacial complexion (HIC) structure®® (Scheme 1a). We
hypothesize that the HIC structure enables in-situ generation of H* via proton intercalation,
enhancing eNRR through a HIC enhanced Mars—van Krevelen (MvK) mechanism. WOxNy
is selected for its eNRR activity and stability against chemical decomposition,
outperforming tungsten nitride (WN) due to its elevated Ny, orbital near the Fermi level
(Er).> 2239 Meanwhile, WO facilitates in-situ proton (H") intercalation ( WOs+ xH" + xe”
= HxWO:s), generating mobile, active, and relatively long-lived H atoms (in the form of
weakly bound hydrogen, denoted as W-H") in acidic electrolyte.?'-33 This HIC architecture

ensures that WOs3 retains its proton intercalation capability along the electron/proton



transport pathway. We further hypothesize that W-H" generated at the WOxNy/WOs3
interface, or migrated from WO3 domains to this interface, promotes hydrogenation of
lattice nitrogen in WOxNy to form NH3. The abundance of H ions in the acidic electrolyte
facilitates the protonation and desorption of the produced NH3 from the WOxNy catalyst
surface, facilitating generation of nitrogen vacancies (Nv). In the subsequent steps, these
Nv sites, combined with the continuous H" supply at neighboring W centers, form new
catalytic sites, as illustrated in Scheme 1b. The newly formed catalytic sites at the
WON/WOs interface facilitate bidirectional electron transfer, a critical requirement for
efficient N activation, thereby significantly enhancing activation capability.** Specifically,
the Nv preferentially adsorbs electron donor like N2 over H" due to their electron-deficient
nature,?! allowing Nv to accept the lone pair electrons from adsorbed N». Meanwhile, the
H* on adjacent W sites donates electrons into the antibonding n orbitals (n*) of the
adsorbed N», weakening the N=N triple bond and significantly enhancing its activation.>:
36 This cooperative interaction boosts N> activation, increasing selective ammonia

synthesis while suppressing the competing hydrogen evolution reaction (HER).

To fabricate the WOxN,/WOs3 hybrid catalysts with the proposed HIC architecture,
a novel two-step process was developed. This process involves the facile microwave-
assisted hydrothermal growth of a WO3 nanosheet array, followed by a surface nitridation
process achieved through non-equilibrium hydrogen/nitrogen plasma-assisted treatment.
As illustrated in Scheme 2(a) and (b), a predominantly vertically aligned WO3 nanosheet
array is first grown on highly conductive carbon cloth with a hydrophobic microporous
layer (MPL) using a facile microwave-assisted hydrothermal method. This is followed by

a plasma-assisted surface nitridation process to convert part of the outer layer of WO3 into



WONy while preserving the bulk WO; structure. Upon optimization, the developed
WON,/WOs catalyst electrode achieved an impressive NH3 yield rate of 3.2 x 10°1°
mol-cm™?:s! at -0.15 V vs. RHE in an acidic H2SOj4 electrolyte (pH = 2). This yield is
approximately eight times higher than that of a single-layer 2D W2Nj catalyst, which
theoretically possesses significantly more catalytic centers due to its single-layer
structure.?! Remarkably, this high yield is accompanied by an unprecedented Faradaic
efficiency (FE) of 40.1%, the highest reported for any transition metal nitride (TMN) or
transition metal oxynitride (TMOxNy)-based catalyst, which typically exhibit FE values

below 15%.17-21,22,37-41

The detailed procedures for the growth of WO;3 nanosheet array on a piece of highly
conductive carbon cloth with a microporous layer (MPL) were described in
supplementary S1. This approach significantly shortens the reaction time to just 15
minutes, a marked improvement compared to the 24 - 48 hours required by conventional
hydrothermal methods.*? Notably, this synthesis method enables us to directly grow WO3

on the hydrophobic MPL side of the carbon cloth.
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Scheme 2. Schematic illustration of the two-step process for preparing largely vertically

aligned WOxN,/WO3 with the designed HIC architecture on a piece of carbon cloth with a



hydrophobic MPL. (a) microwave-assisted hydrothermal growth of WO; nanosheet array
on the MPL of carbon cloth; (b) surface nitridation of the WO3 nanosheets via non-
equilibrium plasma to form WOxN,/WO3, while leaving the WOs crystal structure and the
underneath hydrophobic MPL intact, therefore the as-prepared WOxNy/WO3 hybrid

catalyst electrodes were directly employed as gas diffusion electrodes for eNRR.

Scanning electron microscope (SEM) was used to characterize the structure of the
WO3; nanostructures. Figures 1a shows the nanosheet-like morphology of the as-prepared
WO;, with the nanosheets predominantly aligned vertically but exhibiting random
orientations. Each individual nanostructure appears as a thin, platelet-like crystal
measuring a few tens to hundreds of nanometers in thickness and extending laterally on the
order of hundreds of nanometers to a few micrometers. Figure 1b further reveals that each
nanosheet is composed of an assembly of nanocrystals, suggesting a high surface area,
which is highly beneficial for catalytic applications. The crystal structure of the WO3 was
characterized with powder X-ray diffraction (PXRD). As shown in Figure 1c, the
diffraction peaks of the as-prepared WOs3 align well with hexagonal WO3 (h-WO3, JCPDS

No. 33-1387).
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Figure 1. (a and b) SEM images of the h-WO3 nanosheets at different magnifications,
which directly grow on a piece carbon cloth with a hydrophobic microporous layer. (¢)
PXRD patterns of h-WO;3 before and after plasma-assisted nitridation (d) Surface
reconstruction of h-WOs after plasma treatment. Atomic-resolution HAADF-STEM
imaging shows that the hexagonal structure of h-WO; remains intact, with a thin

amorphous layer forming on the surface.

To achieve surface nitridation of the h-WO3 nanosheet array while preserving the
underlying WOj3 crystal structure and the MPL layer on the carbon cloth, a novel room-
temperature, non-equilibrium plasma-assisted surface nitridation approach was developed.
This method utilizes a hydrogen/nitrogen mixture plasma, enabling the direct fabrication
of the hybrid WOxNy/WOs catalyst electrode with the designed HIC architecture at room
temperature. This approach ensures precise control over nitridation while maintaining the
structural integrity and electronic properties essential for efficient proton and electron
transport. Briefly, the synthesized WO3 nanosheets on carbon cloth described above were
used as the precursor, directly located in a H»/N> dielectric barrier discharge (DBD) plasma
chamber for the surface nitridation. Various plasma treatment conditions, including N
plasma for 1 hour, first H> plasma for half hour, followed by N> plasma for 1 hour, H2/N»
(1:4) plasma for 1 hour, and H»/N> plasma for 2 hours, were tested to optimize the surface
nitridation. The resulting hybrid WOxNy/WOj catalyst electrode was accordingly named as

WO3-Nz-1h, WO3-H>-0.5h-N>-1h, WOs3-H2/N»-1h, and WO3-H2/N»-2h, respectively.

SEM and PXRD were also used to study their morphology and crystal structural
change after plasma treatment. By comparing Figure Sla-c¢ (SEM as-prepared WO3) to

Figure S1d-f (SEM post-nitridation), the WO3 nanostructures retain their morphology



without significant changes under the applied plasma nitridation conditions. Note that a
new peak at 63.6° with very low intensity appears on the PXRD spectra (Figure 1¢) with
WO3-H2/Nz-2h having the highest intensity, indicating the formation of WOxNy (JCPDS
No. 89-4762). However, the diffraction peaks of h-WO;3 remained largely unchanged
across all the plasma nitridation conditions studied. This result suggests that the crystal
structure of h-WO3 remains largely intact. To further investigate the atomic-scale structural
changes of h-WOs after nitridation, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was utilized to image the WO3-H2/N»-2h catalyst,
which exhibited the highest intensity of the new peak at 63.6° in the PXRD spectrum
(Figure 1c). As shown in Figure 1d, the well-defined hexagonal crystal structure of h-
WOs3 was largely preserved, consistent with the bulk PXRD studies. However, a very thin
(1-2 nm) amorphous surface layer appeared, which likely associated with the formation of
WOKNy species, as confirmed by electron energy-loss spectroscopy (EELS). As shown in
Figure S2, minimal nitrogen signals are observed in the bulk WO3, whereas a nitrogen-

rich region is detected within the amorphous layer near the surface.

All these structural characterizations demonstrated that the WO3 surface was
selectively nitridated while preserving the bulk crystal structure, leading to the formation
of the designed heterogeneous interfacial complexion (HIC) structure—an achievement
that is difficult to realize using conventional high-temperature annealing nitridation
methods.*® First, the h-WO3 crystal structure represents an intermediate phase within the
WOs; family. At elevated temperatures, around 400 °C, h-WOs transitions into monoclinic
WO3 (m-WOs), the most thermodynamically stable form of WO3.4* % In addition, even

when using m-WOs as a starting material for nitridation, a significant degradation of its



crystal structure at 500 °C occurs—this is the temperature at which WOxNy/WN begins to
emerge.*> % These findings highlight a key advantage of the non-equilibrium plasma
nitridation approach over traditional thermal nitridation methods,*” i.e., its ability to
achieve surface nitridation while preserving the underlying WO3 crystal structure, which

is crucial for maintaining proton intercalation and electronic transport properties.

To gain insight into the composition and electronic structure of the amorphous
WONy surface layer of the HIC structure, X-ray photoelectron spectroscopy (XPS), a
surface-sensitive technique, was performed. As expected, there is no detectable N in the
as-prepared h-WO3 sample, as shown in Figure 2a. After plasma-assisted surface
nitridation, a distinct nitrogen signal is detected on the surface of all samples, further
confirming the successful incorporation of nitrogen into the WO3; nanostructures. However,
high-resolution XPS analysis (Figure 2b), as described below, reveals that none of the
samples exhibit W3*-related peaks, indicating that the nitridation conditions did not lead to
the formation of WN domains. This suggests that the nitridated surface likely consists of
WOKxNy rather than WN.*3 As shown in table S1, the surface composition was further
quantified based on the integrated peak areas in their respected XPS spectrum. The WOs-
H2/N2-2h sample exhibits the highest nitrogen content of 14.3 at%, which remains
significantly lower than that of any known tungsten oxynitride phases.*® This suggests that
the amorphous HIC layer observed in Figure 1d is not composed solely of a uniform
WONy phase. Instead, it likely consists of a heterogeneous mixture of WO3 and WOxNy

domains, as schematically illustrated in Scheme 1.
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Figure 2. High-resolution XPS spectra of h-WO3 before and after plasma nitridation under

different conditions: (a) N 1s, (b) W 4f.

To carefully study the chemical configuration of the N in the HIC structures, high-
resolution N s spectrum was collected and the N peaks were carefully deconvoluted. As
shown in Figure 2a, the high-resolution N Is peaks for WO3-H2/N>-2h and WO3-H2/No»-
1h samples can be deconvoluted into three distinct peaks, whereas for the WO3-N»-1h and
WOs3-H»-0.5h-No-1h samples, only two peaks were observed. Based on the previous
literatures, the peaks in the range of 397.9-397.0 eV and 402.3 eV are assigned to W-N and

N-O bonds, respectively.*? The assignment for the peak at 400.1 eV was inconsistent across



studies. Some reports assigned it to N-W-O bond or to nitrogen vacancy (Nv) related.** 4%
0 Nevertheless, the presence of the W-N peak suggests the successful formation of
oxynitride species. Notably, this peak appears only in samples treated with an H2/N> plasma
and is absent in N> plasma-treated samples. Additionally, sequential H> plasma treatment
followed by N> plasma treatment did not produce the same effect, suggesting that NHx
radicals formed in the H2/N» plasma may play a role in accelerating surface nitridation.>!:
52 Furthermore, the intensity of the W-N peak in the WOs3-H2/N»-1h sample is significantly
lower than in the WO3-H2/N2-2h sample, indicating that longer treatment times facilitate
more N-W bond formation. Despite this, all the samples show high peak densities
corresponding to N-O bonds and N-W-O/Nv-related bonds. Interestingly, the peak
associated with N-W-O/Nv-related bonds in the WO3-H2/N2-1h sample is even higher than
in the WO3-H2/N2-2h sample. These results suggest a plasma nitridation pathway in which

N-O and N-W-O/Nv-related species serve as intermediates in the formation of N-W bonds.

The high-resolution W 4f spectrum shows characteristic peaks at 38.8 eV and 36.6
eV, which correspond to W in the as-prepared WO3 sample (Figure 2b, bottom curve).
After plasma-assisted surface nitridation, a negative shift of approximately 0.5 eV was
observed for the WO3-H2/N2-2h, WO3-Ho/N»2-1h, and WO3-Nz-1h samples, indicating a
slight reduction in the oxidation state of W upon nitridation, which is consistent with the
literatures.!> 3 Two additional peaks at even lower binding energy (36.6 eV and 34.4 eV)
were observed for the WO3-H2/N2-2h sample, which can be assigned to W>* species.!? 33
These results suggest that the electron density of the W centers in the nitridated samples is

higher than that in the parent h-WO3, with WO3-H2/N»>-2h exhibiting the highest electron

density.>® It is reported that a higher electron density of the W centers facilities the



formation of W-H" species.** As we proposed, the facile formation of W-H" species play a
crucial role in promoting N hydrogenation, facilitating the formation of nitrogen vacancies
(Nv) in the catalyst, and accelerating the eNRR catalytic cycles in WOxNy-based catalysts
(Scheme 1). Furthermore, the coexistence of WO; domains and the unique HIC
architecture of the catalyst is expected to sustain proton intercalation, ensuring the
continuous generation and delivery of active H" species to the WOxNy regions for the
formation of W-H* (Scheme 1a). As a result, significantly enhanced eNRR activity is

anticipated.

We then evaluate the eNRR performance of the WOxNy/WO; hybrid catalyst
electrodes and investigate the correlation between their structural characteristics and
catalytic activity. The eNRR was conducted in an acidic electrolyte (H>SO4, pH = 2) using
a custom-designed N> flow electrolysis cell, as shown in Scheme S1a. In this configuration,
the WOxN,/WO3 hybrid catalysts were directly employed as gas diffusion electrodes
(GDEs) to address the low solubility of N, in water (0.71 mg/L).>* The electrolyte in the
working electrode (WE) side of the cell was collected for quantification of ammonium
(NH4") and possible hydrazine (N2Hs4) byproduct using the indophenol blue UV-Vis
spectroscopy method, the Watt-Chrisp method, and NMR spectroscopy as detailed in
Sections S6-S8. The NHj yield rate and Faradic efficiency (FE) for the nitrogen-ammonia

conversion were calculated as detailed in Section S9.
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Figure 3. (a) Comparison of the eNRR performance of WO3 with different plasma
treatments under identical conditions (at -0.15 V vs RHE) in the first half hour. (b)
Comparison of eNRR performance of TMN and TMOxNy based catalysts. (¢) 'H nuclear
magnetic resonance (NMR) spectra of the electrolyte after eNRR electrolysis on WOs3-

H2/N>-2h under "N, purging.

We first studied the NH3 yield rate and Faradaic efficiency (FE) of the WO3-H2/N»-
2h sample, which contains the highest W-N, at different cathodic potentials. As shown in
Figure S3, as the cathodic potential becomes more negative from -0.05 V to -0.25 V vs
RHE, the steady-state electrolysis current increased, while the NH3 yield rate initially
increased and then decreased, peaking at -0.15 V vs RHE. However, the FE dropped from
56.6% at -0.05 V to 40.5%, and then drastically decreased to 12.2% at -0.25 V vs RHE. We
attribute this drastic FE decrease to increased HER competition, as indicated by current
fluctuations in the chronoamperometry curve for t > 1300 s, caused by H» gas bubbles that
accumulate and then detach from the electrode surface (Figure S3b).!? Based on these
results, we compared the NHj3 yield rate and FE of other catalysts at -0.15 V vs RHE. It is
also worth noting that the NH; yield rates were calculated based on the geometric area of

catalyst electrodes, as their electrochemical surface areas (ECSAs), estimated via the



double-layer capacitance (Ca) method, were similar (detailed in Section S10 and Figure
S4). The NHj3 yield rate and FE of WO3-H2/N»-1h are lower than those of WO3-H2/N»-2h,
which can be attributed to its reduced W-N content and the absence of W>" species, as
confirmed by the N Is and W 4f XPS spectra. Similarly, the significantly lower
performance of WO3-Nz-1h and WO3-H2-0.5h-N»-1h is due to the lack of W-N bonds.
Among all the samples, WO3-H2/N2-2h demonstrates the highest NH3 yield rate of 3.2 x
1071 mol-cm™-s’!, accompanied by a FE of 40.1%. This enhanced performance correlates
with the fact that WO3-H2/N2-2h contains the highest number of W-N species and exhibits
the highest electron density at the W centers, both of which facilitate the formation of W-
H" species, as discussed previously. Notably, this FE surpasses all previously reported
values for transition metal nitride- and oxynitride-based catalysts in aqueous electrolytes,
which typically exhibit FE values below 15% (Figure 3b).!”-2!-22.37-41 The remarkably high
FE of the WOxNy/WOs catalysts indicates significantly lower HER competition. This is
especially worth mentioning because HER is generally more dominant in acidic

electrolytes compared to alkaline electrolytes.>>-’

To verify that the detected ammonia originates exclusively from electrocatalytic N2
reduction—and not from false contributions such as NH3 or NH4" released from the carbon
cloth (CC), electrolysis cell, electrolyte contamination, or the N> gas feed—two carefully
designed control experiments were performed: (1) The direct use of the h-WO3 nanosheet
array grown on carbon cloth via the microwave hydrothermal method (without subsequent
plasma nitridation) as the working electrode to perform electrolysis at -0.15 V versus RHE
under N> flow, and (2) the use of the WOs-H2/N»>-2h as the working electrode to run

electrolysis under N> flow but keeping the potential at open circuit potential (OCP). In both



cases, no detectable NH4" was produced as shown in Figure 3a and S5a. These results not
only demonstrate that h-WOs alone is inactive for eNRR but also confirm that ammonia

synthesis is exclusively driven by the electrochemical activity of the WOxNy/ WOs catalyst.

It has been reported that commercial N2> gas may contain non-negligible amounts
of NOx and other impurities, which can be more readily catalytically reduced to NHs,
potentially leading to false positive results in NH3 synthesis experiments.?? To ensure that
NOx impurities in the N> feed did not contribute to the observed results, we followed the
protocol developed by Douglas et al. to remove the possible NOx in the N, feed ** as
illustrated in Scheme S1b. Specifically, prior to introducing onto the back side of the GDE
working electrode, the feed N> gas was passed three purification traps to effectively
eliminate any NOy impurities in the gas feed: (1) a KMnOj4 oxidation trap to oxidize any
NOx present in the N; gas into soluble NOs-, (2) a KOH trap to remove the possibly formed
NOs-, and (3) a 0.1 M H2SOs4 solution to trap any residual NH3 in the N> gas. As shown in
Figure S5b, the NH; yield obtained after NOx purification was approximately 8% lower
than the yield achieved using only the NH3 trap without NOx purification. This difference
falls within the experimental error range, confirming that under the conditions employed
in this study, the observed NH3 yield is genuine and not significantly affected by possible
NOx impurities in the N> feed. Additionally, no hydrazine (N2H4) was detected in the post-

electrolysis electrolyte, as shown in Figure S6.

To further confirm that the detected NH4" originates from the electrocatalytic
reduction of the feed N, via the MvK mechanism, a °N isotopic labeling experiment was
conducted using '°N> as the feed gas (Section S8 and Scheme S2). The resulting product

was analyzed via 'H NMR spectroscopy, taking advantage of the distinct characteristic



features between '"NH4" and “NH4" in NMR spectra to verify the nitrogen source of the
NH4* product. As shown in Figure 3¢, the 'H NMR spectrum of the electrolyte after eNRR
electrolysis using the WO3-H2/N»-2h catalyst with °N> as the gas feed (top curve) displays
five peaks. This spectrum closely matches a standard sample containing both >'NH,* and
YNH4". The two characteristic peaks at & = 6.85 and 6.99 ppm are attributed to "NH,4",
while the three peaks at 8 = 6.82, 6.93, and 7.03 ppm correspond to “NH4*. The peak height
for "'NH4" peaks is much higher than those of *NH4" suggested that most of the detected

NH4" comes from electrocatalytic reduction of the SN, feed.

The simultaneous detection of "'NH4" and a small amount of *NH4" in '°N isotope
labeling experiments has been used as an indication of MvK mechanism as both lattice
nitrogen on the catalyst surface and the N: feed contribute to nitrogen turnover during
eNRR.!” This is because the initial NH3 generation originates from the hydrogenation of
lattice nitrogen on TMN and TMOxNy-based electrocatalysts. This suggests that NH3 can
be produced at the start of electrolysis without the need for an external N> feed,
distinguishing this process from direct proton-coupled electron transfer (PCET) of
adsorbate nitrogen.>* However, it is important to note that TMN and TMOxNy-based
electrocatalysts can also generate NH3; without an external N> feed through
electrochemically driven decomposition, rather than by hydrogenation of surface lattice
nitrogen under acidic conditions.? It has been reported that electrochemical-driven
decomposition of TMN has led to false positives in discovering new electrocatalysts for
eNRR.2%5%-61 Therefore, the detection of *NH4" in the NMR does not yet confirm that the

eNRR is proceeding via the MvK mechanism. Further evidence is required to demonstrate



that '“NH4" is not a result of electrochemical-driven decomposition of the catalyst in acidic

electrolytes.

To determine whether the detected *NH4" originated from the hydrogenation of
surface lattice nitrogen or from the electrochemically driven decomposition of the catalyst
in acidic electrolytes—and thereby unambiguously confirm that the WOxN,/WOs catalyst
follows the MvK mechanism during eNRR—a detailed XPS study of the catalyst after
electrolysis was conducted. If the detected NH3; was due to decomposition, a concurrent
loss of N and W on the WOxNy surface would be expected.? On the other hand, if the
detected "“NH4" was originated from hydrogenation of the surface lattice N, no W loss
should be observed. As shown in Figure 4 and S7, after electrolysis, W>" in the catalyst
was converted to W', while the total W signal remained nearly unchanged, indicating
minimal decomposition. This suggests that the '*NH4" detected by NMR under N purging
originates from the initial hydrogenation of lattice nitrogen in WOxNy rather than from its
decomposition. Taken together, all the experimental results confirm that the eNRR
facilitated by the WO3-H2/N»-2h catalyst follows a MvK mechanism. In this work, we refer
to it as the HIC-enhanced MvK mechanism, owing to the unique structure and properties

of the heterogeneous interfacial complexion (HIC) in the catalyst.

We also noticed that after electrolysis, the total N content decreased, and the N-W
and N-O species decreased more than that of the N-W-O species (Figure 4). The decrease
of the N species is consistent to the observation of decreased NH3 yield rate with extended
electrolysis (Figure S8), which is commonly observed in TMN/TMNOy based eNRR.!”
While the exact cause of the decreased NH3 yield rate remains under investigation, the

significant decrease in N-W species may suggest that re-filling the nitrogen vacancies (Nv)



during eNRR may be still a limiting factor.!>!®!® We hypothesize that a hybrid

electrochemical and plasma system with in-situ plasma activation of N> would tackle this

challenge, which is under intensive study currently.
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Figure 4. High-resolution XPS spectra of WOxN,/WOj catalyst before (a, c¢) and after (b,

d) eNRR electrolysis for 3 hours in 5 mM H>SOg4 electrolyte (pH = 2) under N».

In summary, this work developed a hybrid proton-intercalatable WOxN,/WO3
electrochemical catalyst featuring a unique heterogeneous interfacial complexion (HIC)
structure. This design enables facile in-situ electrochemical generation of active hydrogen
atoms (H") in acidic electrolytes. The generated H" facilitates both nitrogen hydrogenation
and nitrogen vacancy (Nv) formation, enhancing the selectivity of the electrochemical
nitrogen reduction reaction (eNRR) for ammonia synthesis while effectively suppressing
the competing hydrogen evolution reaction (HER). A two-step fabrication process—
combining microwave-assisted hydrothermal growth with plasma-assisted surface

nitridation—was developed to synthesize the WOxN,/WO; heterogeneous interfacial



catalyst. N»/H, plasma was found to be more effective for surface nitridation than N
plasma alone or sequential H> and N> treatments, likely due to the formation of reactive

NHy radicals.

The HIC structured catalyst achieved a peak NH3 yield rate of 3.2 x 107! mol-cm
2.sl with a Faradaic efficiency of 40.1%, outperforming most TMN/TMOxNy
electrocatalysts, which typically exhibit FE<15%. Isotopic labeling and controlled
experiments confirmed that the enhanced yield and FE originated from eNRR catalyzed by
the WOxN,/WO3 catalyst, proceeding via a MvK mechanism—referred to in this work as
HIC enhanced MvK mechanism. Notably, the NH3 yield rate was eight times higher and
the FE approximately four times higher than that of a single-layer 2D W>Nj3 catalyst,
despite the latter having significantly more accessible catalytic sites.?’ This suggests
significant room for further performance improvements with thinner WOxNy/WO;
nanosheets. Overall, this work advances the design and controllable fabrication of

TMO/TMO«Ny-based catalysts for enhanced eNRR activity and HER suppression.
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S1. Fast fabrication of WO3 nanosheet array on carbon cloth with the microporous

layer (MPL) via a microwave hydrothermal method

A microwave hydrothermal method was applied to fabricate the WO3 nanosheet array
directly on a carbon cloth support with the microporous layer (MPL). The recipe for the
fabrication was slightly modified from the work by Gao et al’. In brief, 1.25 mmol of
sodium tungstate dihydrate (NaxWO4-2H>0) was dissolved in deionized water (10 mL)
under vigorous stirring for 20 min. Subsequently a 3M HCI aqueous solution was slowly
dropped into the solution until the pH value of the solution reached 1.2 to form a yellowish
transparent solution. Then, 3.5 mmol oxalic acid (H2C>04) was added into the above
mixture and diluted to 25 mL, which resulted in the formation of the H,C>O4 precursor.
For the next step, the as-prepared 4 mL HyWO4 precursor was transferred into a microwave
tube, and then 0.1 g of Na;SO4 was added to the solution to control the structure. A piece
of carbon cloth (0.75cm % 0.75 cm in size) with the MPL (Hydro-LAT 1400, Fuel Cells
ETC), which was ultrasonically cleaned by deionized water and alcohol in sequence, was
put into the microwave tube and sealed, and maintained at 180 °C for 15 minutes by
microwave oven (Discover SP, CEM). After the autoclave cooled down to room
temperature, the WO3 membrane was taken out and rinsed with deionized water several

times and dried at 70 °C in ambient.

S2. Plasma assisted surface nitridation of the WO3 nanosheet array
The as-fabricated WOs nanosheet arrays on carbon cloth support were treated with
16-torr N> and N»/H> plasma for different durations, as specified in the sample names.

The plasma was generated in a home-made DBD cell, powered by a 20-kHz, 13-kV AC



power supply. After plasma treatment, the composition, oxidation states, and morphology
of the samples were analyzed by a range of surface characterization techniques, including
X-ray photoelectron spectroscope (XPS), scanning electron microscope (SEM) and high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).
S3. Characterization of the Electrocatalysts

The morphology of the WO3 and WOxNy/WO; was analyzed by field emission
scanning electron microscope (FE-SEM) (Hitachi S-4800 and JSM-7900F, JEOL, Japan)
at 15 kV. The crystalline structures were investigated by X ray diffraction (XRD, a Rigaku
Miniflex 6G) with a Co Ka radiation (A = 1.789 A). The surface chemical states and
compositions were measured by X-ray photoelectron spectroscope (XPS, Thermo, K-
Alpha, USA) with a monochromatic Al Ka radiation (hv = 1486.6 eV). All spectra were

calibrated using the binding energy of C 1s (284.8 eV) as a reference.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) was acquired on an aberration-corrected JEOL NEOARM operating at 200 kV
using a convergence semi-angle of 28 mrad. Any electron energy loss spectroscopy (EELS)
data was acquired on an aberration corrected FEI Titan microscope operating at 300 kV
using a convergence semi-angle of 19.3 mrad. A 0.1 eV/channel dispersion was used during
dual EELS data acquisition, wherein the low loss contains the zero-loss peak and the high
loss contains both the O K-edge and N K-edge simultaneously. A full-width half maximum
of the zero-loss peak registers an energy resolution of 1.0 eV. STEM samples were prepared
using a solution-casting technique. The initial sample powders were dispersed in isopropyl
alcohol and sonicated. Thereafter, the solution was applied to conventional lacey carbon

TEM foil grids.



S4. Assessment of eNRR performance of the WOxN,/WQOs hybrid catalyst electrodes

All the electrochemical measurements were performed using a CHI 760 C Potentiostat
(CH Instruments, USA). Ag/AgCl (sat. KCl) and Pt wire were used as reference (RE) and
counter electrodes (CE), respectively. The applied potentials measured against the
Ag/AgCl reference electrode in saturated KCl were converted to the reversible hydrogen

electrode (RHE) using the equation:

RHE = Eagagc1 + 0.197 V + 0.059%xpH (eql)

SS. eNRR setup

The eNRR performance of the WOxN,/WOs hybrid catalyst electrodes was evaluated
using a CH Instruments 760E Potentiostat with a homemade designed N> flow electrolysis
cell as shown in Scheme S1a. This cell consists of a proton exchange membrane (Nafion
117, Dupont), a piece of Pt plate, Ag/AgCl (saturated KCl) electrode, which act as the
counter electrode (CE), and reference electrode, respectively. The working electrode (WE)
is the as-prepared WOxNy/WO; hybrid catalyst electrodes with a size of 0.7 x 0.7 cm, which
were directly used as a catalytic gas-diffusion electrode (GDE) for eNRR to alleviate the
low solubility issue of N2 in water-based electrolytes (0.71 mg/mL). To eliminate potential
NOx and NH; contamination in the N2 gas, pressurized N> (flow rate: 2.5 mL/min) from
the gas tank was passed through three traps arranged in series before being introduced to
the backside of the GDE (the side without catalyst coating) for eNRR (Scheme S1b). The
three purification traps included: (1) A KMnOj4 oxidation trap to oxidize any NOs3 present
in the N> gas into soluble NOs . (2) A KOH trap to remove the possibly formed NOs . (3)
A 0.1 M Hz2SOg4 solution to trap any residual NH3 in the N2 gas. After purification, the N»

gas was purged onto the backside of the GDE to initiate eNRR and the excess gas was



purged back to the electrolyte to avoid the loss of the produced NH3 carried over by the N»
flow during the eNRR. The WE side and the CE side were separated by a Nafion 117
membrane (Fuel cell store). The electrolysis was performed for 0.5 h with constant
potential in a H>SO4 solution (pH = 2) as the electrolyte. The electrolyte in the WE side of
the cell was collected for ammonium (NH3) and hydrazine (N>Hs) detection using the
indophenol blue UV-Vis spectroscopy method and NMR spectroscopy as detailed in
sections S6-8. The NHj3 yield rate and the Faradic efficiency for the nitrogen-ammonia
conversion were calculated as detailed in section S9.

S6. Determination of NH4" via the indophenol blue method

The concentration of the produced NH4" was spectrophotometrically determined by
the indophenol blue method. Typically, 1 mL of electrolyzed electrolyte was transferred
from the electrochemical cell to a clean vial. Then 1 mL of solution containing 1M NaOH
with 5 wt% salicylic acid and 5 wt% sodium citrate was added to the vial. Then 0.5 mL of
5 wt% NaClO aqueous solution and 0.1 mL of 1 wt% sodium nitroprusside solution was
sequentially dropwise added to the mixture. After reacting for 2 h, the UV-vis spectrum
was collected from 750 nm to 500 nm. Calibration curve was made using NH4Cl standard
(BTC) diluted to 0.4, 0.8, 1.2, 1.6 ppm (NH4" concentration) with the fresh electrolyte.

Calibration curve was made at each time the electrolyzed electrolytes were measured.
S7. Determination of N>H4

N2Hs was determined by Watt and Chrisp colorimetric method. In brief, the color
reagent was obtained by mixing concentrated HCI (30 mL), C:HsOH (300 mL) and
CoH11NO (5.99 g). And 5 mL electrolyte was taken from the cathodic chamber and added

into 5 mL above as-prepared color reagent. After standing for 15 minutes, the absorption



spectrum of the solution was collected in the wavelength range of 420-500 nm, and the
peak appears at 455 nm. The calibration curve was measured using the absorbance of N>H4
solution with different concentrations. Calibration curve displays good linear relationship
of absorbance with N>Hs concentrations (y = 1.0158x + 0.1519, R? = 0.9991) by taking the

mean of three times independent calibration.
S8. 15N, isotope label experiment and NMR Analysis:

Before starting the nitrogen reduction reaction (NRR) experiment using '*N-labeled
nitrogen, the system was purged with argon gas three times over a total of 30 minutes to
remove any residual air. After purging, the argon supply was turned off, and the balloon
was evacuated by pump before being filled with N> gas. The electrolysis was then
conducted at -0.15 V vs RHE for 30 minutes. Following electrolysis, the electrolyte was

collected for further analysis of the !°N-labeled products.

For NMR sample preparation, the pH of the electrolyte was adjusted to 4.5, maleic
acid was added as an internal standard, and DMSO-ds was used to lock the sample. NH4"
detection via NMR was performed using the excitation sculpting water suppression (zgesgp
pulse sequence) on a Bruker 500 MHz Avance III HD spectrometer. To improve the signal-
to-noise ratio, the following parameters were optimized: frequency offset (O1P), size of
the free induction decay (FID) (TD), pre-scan delay (D1), and the number of scans (NS).
While O1P varied from experiment to experiment, TD was set to 16,378, D1 to 1 s, and NS

to 16,378.



Before starting the NRR experiment using !°N-labeled nitrogen, the system was purged
with argon gas three times over a total of 30 minutes to remove residual air. Afterward, the
argon supply was shut off, and the balloon was evacuated by pump and subsequently filled
with >N, gas. The electrolysis was then carried out at -0.15V vs RHE for 30 minutes.
Finally, the electrolyte was collected for further analysis of the "N-labeled products. NMR
samples were prepared in the particular way: after electrolysis pH was adjusted to 4.5,
maleic acid was added as internal standard, and DMSO-d6 to lock. NH4" detection via
NMR was performed using the excitation sculpting water suppression (zgesgp pulse
sequence) on Bruker 500 MHz Avance III HD spectrometer. For better signal-to-noise ratio
the following parameters were optimized: frequency offset (O1P), size of FID (TD), pre-
scan delay (D1), and number of scans (NS). While O1P was varied from experiment-to-

experiment TD was set to 16378, D1 to 1 s, and NS to 16378.

S9. Calculation of NH3 yield rate and Faradic efficiency for ammonia production

The NHj3 yield rate was calculated by Eq. (S2)

_ C[NHFIxv
Ryy, =——_—

(eq2)

Scat Xt

where C[NH4"] is the concentration of [NH4] in the electrolyte in the WE side, V is the

volume of the electrolyte, Scat is the catalyst electrode area, t is the electrolysis duration.

The Faradic efficiency for the nitrogen-ammonia conversion was calculated by Eq. (S3):

_ 3XC[NHS]XVXF
Q

FE (eq3)

where Q is the total charge passed during the electrolysis, F is Faraday constant (96485 C

mol™).



S10. Estimation of electrochemical surface areas (ECSAs) of the catalysts

To ensure consistent WO3 coverage—and thus identical surface areas—across all
electrodes when assessing the impact of nitrogen content, every sample was deposited on
a 0.5 cm? geometric area and prepared under strictly controlled microwave conditions. The
resulting products were carefully characterized using SEM and the double-layer
capacitance (Cq) method to ensure a consistent density of WOj3 nanosheets on the carbon
cloth support. The Cq method was used to estimate the ECSA of the WOs catalysts before
and after nitridation. As shown in Figure S4, nonpolarized cyclic voltammetry (CV) was
performed in the range of 0.30-0.40 V vs RHE. The Ca of each WO3 sample before
nitridation is consistently around 1.51 mF cm2, while the Cq for WO3-H2/N»-2h increased
slightly to 2.02 mF cm™. This increase may be attributed to its higher conductivity and
surface amorphization, as seen in the TEM image. Nevertheless, this minor change in Cq
suggests that the ECSA change is negligible compared to the significant enhancement in
NRR activity. Therefore, we conclude that the surface areas of the electrodes are similar,
and the observed performance differences are primarily due to nitrogen incorporation

rather than surface area effects.
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Figure S1. (a, b and ¢) Typical SEM images of h-WOs at different magnifications. (d, e
and f) Typical SEM images of WO3-H2/N»>-2h with the same magnifications as in a-c for

comparison.
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Figure S2. Observing surface nitridation of WOs3 after plasma treatment using EELS. (a)
N-rich regions of WO3 are evident by the presence of severe surface reconstruction. By
comparison, (b) minimal N-signal is observed when bulk WO3 EELS signals dominate the

spectra.



Table S1. XPS quantification of the deconvoluted peaks shown in Figure 2.

Sample W at% | O at% N at% Nn-wy/Niotal (%0)
WOs3-H2/N2-2h 252  ]160.5 14.3 19
WOs3-H2/N2-1h 235 1655 10.8 12

WO3-N2-1h 239 685 7.6 0
WO3-Hz-0.5h-N2-1h 23.1 66.7 10.2 0

at%: Atomic Percentage
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Scheme S1. Schematic drawings to show the (a) set-up for the eNRR electrolysis. (b) NOx

control set-up: any NOx breakthrough from the oxidizing trap (filled with 0.1 M KMnO4

in aqueous 0.1 M KOH) is captured by an alkaline trap (filled with aqueous 0.1 M KOH).

All NH3 breakthroughs and alkaline solutions will be captured by the acid trap (filled with

concentrated H2SOg).
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Figure S3. (a) Specific yield rate and faradaic efficiency of WOs-H2/N2-2h at different

cathodic potentials. (b) Chronoamperometry curves of WO3-H2/N»-2h catalyst at different

potentials for 30 min in pH = 2 H>SO4 electrolyte.
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function of scanning rates of the CVs. The Ca of the WO3-H2/N2-2h and WO3 were

estimated by the slopes.
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Figure S5. (a) UV-vis spectra of the electrolytes collected from the various control
experiments following the indophenol blue spectrophotometric method. (b) comparison of

NHj3 yield rate with/without NOx removal from the N feed.
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Figure S6. (a) UV-VIS spectra of various N>Hy4 concentrations after incubated for 15 min

at room temperature. (b) Calibration curve used for calculation of NoHs concentrations.
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Scheme S2. Schematic drawings to show the set-up for the ’N; isotope eNRR electrolysis.
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Figure S7. XPS spectra of WO3/WOxNy before and after NRR.
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