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Identification of M-NH,-NH, Intermediate and Rate Determining Step
for Nitrogen Reduction with Bioinspired Sulfur-Bonded FeW Catalyst
Yilong Zhao", Fusheng Li',* Wenlong Li, Yingzheng Li, Chang Liu, Ziqi Zhao, Yu Shan,

Yongfei Ji, and Licheng Sun*

Abstract: The multimetallic sulfur-framework catalytic site of
biological nitrogenases allows the efficient conversion of
dinitrogen (N,) to ammonia (NH;) under ambient conditions.
Inspired by biological nitrogenases, a bimetallic sulfide
material (FeWS,@FeWO,) was synthesized as a highly efficient
N, reduction (NRR) catalyst by sulfur substitution of the
surface of FeWO, nanoparticles. Thus prepared FeW-
S.@FeWO, catalysts exhibit a relatively high NH; production
rate of 30.2 ugh™'mg™',,, and a Faraday efficiency of 16.4 % at
—0.45 V versus a reversible hydrogen electrode in a flow cell;
these results have been confirmed via purified "’ N,-isotopic
labeling experiments. In situ Raman spectra and hydrazine
reduction kinetics analysis revealed that the reduction of
undissociated hydrazine intermediates (M-NH,-NH,) on the
surface of the bimetallic sulfide catalyst is the rate-determing
step for the NRR process. Therefore, this work can provide
guidance for elucidating the structure—activity relationship of
NRR catalysts.

Introduction

Ammonia (NH;) is one of the most important feedstocks
for industries and also a promising energy carrier for future
renewable energy technologies.*) Compared with the stra-
tegic alternatives for the capital- and energy-intensive Haber-
Bosch process, photocatalytic and electrocatalytic approaches
are regarded as environmentally benign and energy-saving
processes for NH; production, since they can be performed
using renewable energies (such as solar and wind power)
under ambient conditions.*® However, as a non-polar
diatomic molecule, dinitrogen (N,) possesses a strong homo-
nuclear triple bond (941 kJmol™") and is inert toward direct

hydrogenation,”*! thereby, leading to sluggish kinetics of
photocatalytic and electrocatalytic nitrogen reduction reac-
tions (NRRs) and a competition for the hydrogen evolution
reaction (HER).’!]

Thus far, homogenous molecular NRR catalysts based on
molybdenum, iron, and titanium complexes have been
proposed for the reduction of N, to NH; under ambient
conditions; however, their stability and recycling issues have
not been satisfactorily addressed."***! Heterogeneous NRR
catalysts based on transition metal oxides, sulfides, and single
atomic catalysts have attracted significant attention; however,
the pursuit of efficient heterogeneous NRR catalysts with
high NH; production rates and high Faraday efficiencies
(FEs) remains challenging."*'®! On the other hand, a com-
prehensive understanding of nitrogen hydrogenation process-
es is vital for fabricating efficient artificial NRR catalysts.
Significant efforts have been devoted to study the hydro-
genation process of NRR catalysts, but the available reports
on the nitrogen hydrogenation mechanism of artificial NRR
catalysts still rely on theoretical calculations and lack
experimental investigations.!'*"]

In nature, N,-fixing nitrogenases are a cascade of enzymes
in azotobacters that catalyze the reduction of N, and H* to
produce NH; and H,.”" Nitrogenases commonly comprise
a metallic sulfur framework in the charge-transfer protein (Fe
protein) and multimetal N,-fixing protein (MoFe-, VFe- or
FeFe- cofactors), which is remarkably efficient for NRRs in
aqueous environments and at room temperature.?* How-
ever, there is insignificant information about the pathway and
intermediates involved in N, reduction by nitrogenases. Early
studies revealed the existence of a bound intermediate at the
level of reduction of hydrazine (H,N-NH,) for MoFe
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Scheme 1. Structure of a) the Fe-Mo-S cluster of FeMo cofactor in nitrogenase?! and b) the synthetic FeWS, on the surface of FeWS @FeWO,

NPs.

cofactors during the reaction.”” Meanwhile, several logical
assumptions have been proposed, and two classes of reduc-
tion pathways have been widely accepted and are distin-
guished by the site of hydrogenation on bound N-N frag-
ments.?*2! 1) The distal pathway: N, is hydrogenated at
a single (distal) N atom until the N—N bond is cleaved with
the release of the first NH;, which is followed by NH; released
by further reduction of the bound nitrido species.”>! 2) The
alternating pathway: the two N atoms of N, are reduced
alternately, with the N—N bond cleavage occurring only later
in the reaction.”*! The structure of bimetallic cofactors
(Scheme 1a) may provide a template for the design of
efficient artificial NRR catalysts and a mechanistic under-
standing of nitrogen hydrogenation processes. The synergistic
effect of the bimetallic sites of the N,-fixing protein has
advantages in polarizing and activating the strong non-polar
triple bond of N,, and facilitating the protonation process-
es.’”8] The protein scaffold provides a beneficial secondary
coordination sphere comprising H-bonding and redox-active
moieties, which regulate the proton-coupled electron transfer
steps for minimal H, production.””!

Herein, inspired by the bimetallic sulfur architectures of
the N,-fixing cofactors, an iron and tungsten bimetallic sulfide
catalyst (FeWS,@FeWO,, Scheme 1b) was synthesized by
sulfur substitution of the surface of FeWO, nanoparticles.
Nitrogen temperature-programmed desorption (N,-TPD)
results demonstrate that FeWS,@FeWO, exhibited better
nitrogen adsorption capability when sulfur gradually replaced
the oxygen on the FeWO, surface. The potential of NRR
shifted from —0.65 V to —0.45 V versus reversible hydrogen
electrode (RHE), and the FE increased from 0.89 % to 6.01 %
in the H-type cell. When the mass transfer on the surface of

the catalyst was greatly improved by the application of a flow
cell and gas diffusion electrodes, a boosted FE of 16.4 %, and
a maintained NH; yield of 30.2 ugh 'mg~',,, quantified with
5N, can be obtained under ambient conditions. The in situ
Raman spectra and analysis of hydrazine reduction kinetics
confirmed that the reduction of intermediates with a metal-
hydrazine structure plays an important role in the NRR rate
for the bimetallic sulfide catalysts. This work provides a new
perspective for enhancing NRR catalytic activity by introduc-
ing bimetallic sulfide bonds on the surface of catalysts.

Results and Discussion
Preparation and characterization of FeWS,@ FeWO,

As illustrated in Figure 1a, FeWS ,@FeWO, nanoparticles
(NPs) were synthesized using a two-step fabrication strategy.
FeWO, NPs were first prepared by a hydrothermal reaction
according to a previously reported method.”” Then, the
surface oxygen of the FeWO, NPs was replaced by sulfur
atoms through sulfur substitution at 450°C under an argon
atmosphere. The vulcanization process was performed with
different equivalents of sulfur powder, namely: single, double,
and quadruple weights of the FeWO, NPs; the resulting
catalysts were named FeWS @FeWO,-1, FeWS,@FeWO,-2,
and FeWS @FeWQO,-4, respectively. No nitrogen-containing
compounds were used as reactants or other reagents for the
catalyst preparation.

The morphologies, compositions, and oxidation states of
the prepared FeWS @FeWO, and FeWO, were characterized
using scanning electron microscopy (SEM), transmission
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Figure 1. a) Schematic diagram of the synthetic procedure of FeWS,@FeWO, nanoparticles (NPs). b) TEM, and c) HRTEM images of
FeWS,@FeWO,-2 NPs. d) HAADF-STEM and the corresponding EDX elemental mappings for FeWS,@FeWO,-2 NPs.

electron microscopy (TEM), X-ray powder diffraction
(XRD), Raman spectroscopy, Fourier transform infrared
analysis (FT-IR), and X-ray photoelectron spectroscopy
(XPS). After vulcanization, the color of FeWO, changed
from brown to dark, which indicated anion exchange on the
surface of FeWO, NPs by the vulcanization process (Fig-
ure S1). SEM analysis showed that the FeWS,@FeWO,
catalysts retained their morphology as FeWO, NPs, and
excess sulfur was observed on the surface of FeWS, @FeWO,-
4. The diameter of the representative sample of FeW-
S,@FeWO,-2 was approximately 50+ 10 nm, according to
the TEM image (Figure 1b). The high-resolution TEM image
(Figure 1¢) shows lattice fringes of crystalline species with
typical d-spacings of 5.1 A and 3.6 A, corresponding to the

Angew. Chem. Int. Ed. 2021, 60, 20331—-20341

(001) and (110) crystal planes of the FeWO, core of the
FeWS,@FeWO,-2 catalyst, respectively.”"*! The lattice fring-
es exhibit distortion in the border area of the FeW-
S,@FeWO,-2 NPs (Figure S2), indicating the sulfur atoms
have replaced the oxygen on the surface of FeWO,.” The
TEM images of the other catalysts are shown in Figure S3.
More sulfur flakes are on the surface of FeWS @FeWO,-4,
which is consistent with the SEM results. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) corresponding to energy-dispersive X-ray
spectroscopy (EDS) elemental mapping shows the distribu-
tion of Fe, W, S, and O in the FeWS,@FeWO, nanoparticles
(Figure 1d). The Fe and W elements are gradually dispersed
from the center to the edge of the NPs. Oxygen is mainly
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Figure 2. a) XRD pattern and b) Raman spectra of FeWO, and FeWS,@FeWO, NPs. XPS of c) Fe 2p and d) W 4f for FeWO, and FeWS,@FeWO,-2

NPs.

distributed in the core region; however, S is located at the
surface of the catalyst. These EDS elemental mapping images
indicate that the oxygen atoms on the surface of FeWO, were
successfully replaced by sulfur after the vulcanization process.

The XRD patterns of the FeWS @FeWO, catalysts and
FeWO, are displayed in Figure 2a. The diffraction peaks at
18.8°, 30.5°, 36.3°, 41.2°, and 53.7° for FeWS,@FeWO,-1,
FeWS,@FeWO,-2, and FeWO, can be assigned to the (100),
(111), (021), (121), and (221) lattice planes of FeWO, indexed
to the orthorhombic system of PDF#46-1446 (without im-
purity peaks),* respectively. This indicates that the crystal
structure of the FeWO, core is maintained after appropriate
vulcanization. When the XRD spectra were enlarged, it was
found that the diffraction peaks of (100) and (111) planes
were slightly shifted after vulcanization (Figure S4). How-
ever, three faint diffraction peaks at 14.3°, 26.4°, and 33.0°
were detected for FeWS ,@FeWO,-4, corresponding the (002)
facet of WS,,P! (220) facet of FeS, and (101) facet of FeS,,
respectively:[*® these results suggested that excessive vulcan-
ization could destroy the main structure of FeWO,.

The Raman spectra (Figure 2b) of the FeWO, NPs exhibit
characteristic peaks at 130, 215, 355, 683, and 875 cm ™', which
are consistent with previous reports.’”*¥! After vulcanization,
the new Raman peaks assigned to the variations of S,
(162cm™),*! Fe-S (274cm ™), and W-S (350 and
416 cm ! were observed for the FeWS ,@FeWO,-1, FeW-
S,@FeWO,-2, and FeWS @FeWO,-4 catalysts, and the inten-
sity of these Raman peaks gradually increased with the
increase in the equivalents of sulfur in the vulcanization
process. As shown in the FT-IR spectra (Figure S5), the classic
bands of FeWO, can be detected at 508, 650, and 854 cm™',
corresponding to the symmetric vibration of Fe-W-O, stretch-
ing vibration of W-O, and asymmetric deformation vibration
of Fe-O, respectively.*) The antisymmetric (1390 cm™') and
symmetrical stretching vibration bands (1141 cm™!) of sulf-
oxide (S—O/S=0) were detected on the surface of FeW-
S, @FeWO,-2.%* Meanwhile, the stretching vibration ab-
sorption of S—O/S=O was also observed at 1091 and
1045 cm™'.¥! After further vulcanization, more stretching
vibration bands of S=O were observed at 1402, 1195, and
1117 cm™" for the FeWS,@FeWO,-4 catalyst.[*7
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The elemental composition and the corresponding va-
lence states were further analyzed by XPS (Figure S6).
According to standard deconvolution principles, the Fe 2p
high-resolution XPS spectrum of FeWO, was divided into
four sets of peaks attributed to the states of Fe*" (722.7 eV and
709.1eV) and Fe’" (724.1eV and 710.8eV), and their
satellites (730.0 eV, 727.1 eV, 716.4 eV, and 714.1 eV, respec-
tively) (Figure 2¢).1*¥l The peak position analysis of the W 4f
orbital indicated the presence of valence states of + 6 for W
(4fs,, 37.6eV, and 4f,,, 35.5eV) (Figure 2d).*" For the
appropriate vulcanized sample (FeWS,@FeWO,-2), the bind-
ing energies at 163.5eV and 162.3eV were observed,
corresponding to the S 2p,, and S 2ps, orbitals, respectively
(Figure S7a); this result suggested the existence of disulfide
anions linked with Fe or W metals.***! Meanwhile, species
with higher binding energy between 169 and 171 eV were
observed on the surface of the catalyst. Combined with the
corresponding O 1s spectrum (Figure S7b), it can be con-
cluded that S—O/S=0O bonds exist on the surface of the
vulcanized sample,*”! which is consistent with the correspond-
ing FT-IR spectrum (Figure S5). Because of the presence of
sulfur-oxygen bonds, which are strong electron-withdrawing
groups, the binding energies of Fe and W in FeWS @FeWO,-2
positively shifted; this is beneficial for promoting the
interactions between N, and the catalyst and enhancing the
NRR.P However, for the excessive vulcanized sample
(FeWS,@FeWO,-4), owing to the reducibility of sulfur, the
binding energies of metallic state Fe” (721.1 eV and 708.0 eV)
and W*' (34.7eV and 32.7eV) were observed in FeW-
S, @FeWO,-4 NPs (Figure S7c and S7d).*>>!

The characterization of the synthesized catalysts can be
summarized as follows: 1) After vulcanization, oxygen atoms
on the surface of FeWO, NPs can be successfully substituted
by sulfur. 2) Strong electron-withdrawing sulfur-oxygen bonds
exist on the surface of FeWS ,@FeWO,, which is beneficial for
NRRs. 3) Excessive vulcanization can destroy the main
structure of FeWO,; sulfur flakes will be deposited on the
surface of the catalyst, and the cations of FeWO, can be
reduced.

Electroreduction of N, to NH;

The electrochemically active surface area (ECSA) of
FeWO,/CFP, FeWS @FeWO,-1/CFP, FeWS, @FeWO,-2/CFP
and FeWS,@FeWO,-4/CFP electrodes were measured (Fig-
ure S8), the ECSA could be increased after vulcanization. To
investigate the effects of the conversion of bimetallic oxides
to sulfides on the performance of the NRR, the electro-
catalytic nitrogen reduction activities of the FeWO, and
FeWS, @FeWO, catalysts were measured in an enclosed H-
type electrolytic cell (Figure S9). A high-purity N, gas
(99.999%) was purged sequentially through a Cu-based
impurity trap and a liquid-nitrogen-cooled trap to capture
impurities such as NO, and residual NH; according to the
prevailing pre-treatment method.” The working electrodes
were prepared by depositing 1 mg of catalyst onto carbon
fiber paper (CFP) with the assistance of Nafion. The linear
sweep voltammetry (LSV) curves of the FeWO, and FeW-
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S,@FeWOQ, catalysts show increased responses for current
density by changing the atmosphere of argon to N, (Figur-
es S10 and S11), indicating that nitrogen reduction occurs by
the catalysis of these catalysts. When replacing argon with N,,
the current increase started from —0.5 V versus RHE for the
FeWO, catalyst (Figure S10a). However, after vulcanization,
the current raising potentials of the NRR positively shifted
with 0.1 and 0.2 V for FeWS @FeWO,-1 and FeWS,@FeWO,-
2 (Figures S10b, S10c and S11), respectively. This indicates
that the transformation of bimetal active sites from oxides to
sulfides and the introduction of strong electron-withdrawing
sulfur-oxygen bonds on the surface of the catalyst can
effectively reduce the potential required for the NRR, which
is in agreement with XPS results. For FeWS @FeWO,-4
(Figure S10d), the NRR potential cannot be further positively
shifted by excessive vulcanization.

For the quantitative assessment of electrochemical NH;
production, chronoamperometry measurements at different
potentials (Figure S12) and UV/Vis absorption spectrometry
analysis by an indophenol blue spectrophotometric method
were performed, while the potential by-product of hydrazine
was evaluated using the Watt and Chrisp approach (Figur-
es S13, S14).5%3 The NH; production rates (ryy,) and FEs of
the FeWO, and FeWS,@FeWO, catalysts are shown in
Figure 3a—d. FeWO, exhibited the highest ryy, and FE of
1226 ugh 'mg',,, and 0.89% at —0.65V (versus RHE)
(Figure 3a). After vulcanization (Figure3b and 3c), the
highest activity potential of FeWS @FeWO,-1 and FeW-
S,@FeWO,-2 shifted positively, which is consistent with the
LSV results. The ryy; of FeWS,@FeWO,-1 increased to
13.19 ugh 'mg ', at —0.55V with a FE of 1.5%, and the
FeWS,@FeWO,-2 catalyst achieved the highest ryy, of
16.6ugh'mg',, at —045V with an improved FE of
6.01%. For the excessively vulcanized FeWS .@FeWO,-4
catalyst, the highest activity potential is the same as FeW-
S.@FeWO,-2 (—0.45 V versus RHE), while the highest ryy,
(12.88 ugh 'mg ') and FE (22%) are both lower than
those of FeWS,@FeWO,-2, indicating that the iron sulfide
and tungsten sulfide phases generated by excessive vulcan-
ization may be more conducive to the hydrogen evolution
reaction (HER) rather than the NRR.

For the three-phase electrocatalytic reaction, the diffusion
of reactants and electrolytes to the electrode surface is vital
for the reaction rate, as nitrogen exhibits poor solubility in
water.” In order to further improve the efficiency of the
NRR, 1 mg of the FeWS @FeWO,-2 catalyst was deposited
on a gas diffusion electrode (gas diffusion layer, GDL, 1 cm?),
and the performance was re-measured in a flow cell (Figur-
es4a and S15). The hydrophobicity of the gas diffusion
electrode and the serpentine gas transmission channel greatly
promote the diffusion of the gas reactants on the electrode
surface.”® The ryy; and FE of the FeWS,@FeWO,-2 catalyst
in the flow cell were calibrated using 'H nuclear magnetic
resonance (NMR) spectroscopy (Figures 4b, S16 and S19a)
and the indophenol blue method (Figures 4b and S17). After
improving the nitrogen mass transfer on the electrode surface,
the ammonia production yield of FeWS @FeWO,-2 was
significantly improved. A volcano shape with the highest
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Figure 3. Ammonia yield and Faraday efficiency of a) FeWO,, b) FeWS,@FeWO,-1, c) FeWS,@FeWO,-2 and d) FeWS,@FeWO,-4 under different

potentials.

ram, Of 32.7ugh™'mg™,, and a maximum FE of 18.1% at
—0.45 V was obtained (Figure 4b).

To further confirm the N source of NH; production,
isotope labeling experiments using adequately cleaned N, as
the feeding gas was conducted (Figure S18).°”) The chro-
noamperometry curves of FeWS @FeWO,-2 at the corre-
sponding potentials in the flow cell for 1 h are displayed in
Figure S19b. As a reference, the standard 'H NMR spectra of
'NH,Cl were recorded (Figure S20). The '"H NMR spectra of
the electrolyte (Figure 4c) and the gas absorption liquid
(Figure 4d) after electrolysis were obtained using "°N, as the
feeding gas for the FeWS ,@FeWO,-2 catalyst; these spectra
displayed a distinguishable doublet with a coupling constant
of 73 Hz, which matched well with the standard for "NH,",
thereby strongly supporting the fact that the generation of
NH; is fed by N, and that no nitrogen pollution was
introduced.’” The highest "NH," generation rate was
30.2ugh'mg ', at —0.45 V (versus RHE) with a maximum
FE of 16.4% (Figure 4b). These data are consistent with the
above-demonstrated results using N, as the feeding gas,
indicating that sustainable NH; production is achieved by
consuming N, supply.

Negligible NH; production was observed (Figure S21)
under the following conditions: (i) KOH electrolyte; (ii)

FeWS,@FeWO,-2 catalyst at —0.45 V in the Ar-fed electro-
lyte after 1 h electrolysis; (iii) sulfur-powder-modified CFP at
—0.45 V in the "N -fed electrolyte after 1 h electrolysis; (iv)
CFP substrate at —0.45 V in the "N,-fed electrolyte after 1 h
electrolysis; and (v) FeWS,@FeWO,-2 catalyst under open-
circuit conditions in the "’N,-fed electrolyte. These additional
controlled experiments exclude the contribution of the
contaminants to NHj.

The stability of the FeWS @FeWO,-2 catalyst was eval-
uated via cycling and chronoamperometric tests. As shown in
Figure S22, after five tests, ryy; was determined to be
273 ugh 'mg',, (with a FE of 14.1%), which maintained
83% (86% of the FE) of its initial value, demonstrating an
excellent NRR stability. The SEM and TEM images (Figur-
es S23 and S24) of FeWS,@FeWO,-2 after electrolysis were
re-investigated, and the morphology of FeWS @FeWO,-2 was
maintained to be the same as that observed before electrol-
ysis. Taking all the results together, we can conclude that
FeWS,@FeWO,-2 is a robust catalyst for NRRs under
ambient conditions.

Table S1 compares the performance of the FeW-
S,@FeWO,-2 catalyst with reported metallic sulfide-based
materials for NRRs. Among the state-of-the-art metallic
sulfide electrocatalysts for NRRs under ambient conditions,
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FeWS, @FeWO,-2 is superior to previously described catalysts
in terms of ryy,, FE, and the optimum operating potential.

NRR Mechanism Study

As mentioned above, a comprehensive understanding of
the catalytic mechanism plays a unique role in the develop-
ment of efficient artificial NRR catalysts. In the current and
early developmental state, NRR catalysts still suffer from
sluggish kinetics accompanied by low N, adsorption and
activation on the surface of the catalysts. As an outstanding
catalyst for the electrocatalytic reduction of N,, the reaction
mechanism of FeWS @FeWO,-2 is attractive.

The adsorption of N, on the catalyst surface was first
investigated. After N, exposure, the samples were positioned
in front of a shielded mass spectrometer and heated. As
shown in the N, temperature-programmed desorption (N,-
TPD) spectra (Figure Sa), all samples exhibited a peak in the
range of 50-175°C, which can be attributed to the physical
adsorption of N,.”*! After vulcanization, new prominent TPD
peaks with large adsorption areas corresponding to chemical
adsorption can be observed around 265°C for the FeW-

Angew. Chem. Int. Ed. 2021, 60, 20331-20341

S,@FeWO, samples. Meanwhile, the desorption peak of
FeWO, for the chemically adsorbed N, shifts from 379°C to
405°C for FeWS @FeWO,-2. This indicates that N, binding is
stronger on the surface of the FeWS @FeWO, catalyst than
on that of the FeWO, NPs; metal sulfur bonds are beneficial
for N, adsorption. These N,-TPD results coincided well with
the measured NRR activities because FeWS @FeWO,-2
exhibited the best catalytic performance.

Further insights into the activation process during the
NRR of FeWS @FeWO,-2 were explored by in situ Raman
spectroscopy, which was used to probe the stretching vibra-
tions of related intermediates formed on the surface of the
catalyst (Figure S25). In the non-catalytic state, the multi-
bonding and variations in bond angles were significant for the
in situ Raman spectrum of the FeWS,@FeWO,-2 catalyst as
compared to that of the dry catalyst (Figure S26), which was
mainly attributed to the surface strain induced by atom
reorientation after immersion into the KOH solution. As
shown in Figure 5b, when the potential reached —0.4 V versus
RHE, the vibration bands at 1119, 3207, 3288, and 3349 cm™!
could be observed, which were attributable to the stretching
modes of N-N and N-H species.” Further, the intensities of
these characteristic peaks increased with the rising potential.
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Figure 5. a) N,-TPD profiles of FeWO, and FeWS,@FeWO, catalysts. b) Electrochemical in situ Raman spectra of the surface of FeWS,@ FeWO,-2
at different potentials. c) The consumption of hydrazine, the formation of ammonia, and theoretically calculated value of ammonia with different
reaction times (—0.45 V, FeWS,@FeWO,-2 as the catalyst). d) 'H-NMR spectra of ’N,H, and blank experiments in 1 M KOH solution under

various conditions.

In contrast, no characteristic Raman peaks were detected for
the CFP substrate (Figure S27). These in situ Raman spectra
indicated that intermediates with undissociated hydrazine
structures are involved in the rate determing step (RDS)
during the NRR for FeWS @FeWO,-2. These undissociated
hydrazine intermediates most likely serve as substrates for the
RDS, thereby leading to the immediate consumption of the
products obtained in the RDS, which is not easily observed.

In order to further confirm the presence of hydrazine
species on the surface of FeWS,@FeWO,-2 during the NRR,
the Raman spectra of CFP after adsorbing hydrazine hydrate
were recorded. As shown in Figure S28, vibration bands at
1114, 3209, 3291, and 3347 cm™! could be detected, which is
consistent with the results of the in situ Raman spectra of
FeWS,@FeWO,-2 confirming that the undissociated hydra-
zine species on the surface of FeWS @FeWO,-2 are involved
in the RDS of the NRR.

It is interesting that hydrazine could not be detected as an
NRR product for FeWS,@FeWO,-2; however, intermediates
with a hydrazine structure could be observed. Therefore, the

electrocatalytic ability of hydrazine reduction for FeW-
S,@FeWO,-2 was investigated. O, and N, were carefully
removed to avoid the influence of the NRR and hydrazine
self-disproportionation. After electrolysis at —0.45 V versus
RHE for different times, the concentrations of the remaining
hydrazine in the electrolyte, the produced NH; in the
electrolyte, and the gas absorption liquid were measured.
As the electrolysis period increased (shown in Figure S29),
the concentration of hydrazine gradually decreased, while the
concentration of the produced NHj; increased. Importantly,
the amount of NH; produced was almost twice the amount of
hydrazine consumed (Figure 5c), which indicated that the
hydrazine decomposition process occurring on the surface of
FeWS,@FeWO,-2 was actually the reduction of one hydra-
zine molecule into two molecules of NH; rather than
a disproportionation reaction.”>®!! Meanwhile, isotope label-
ing experiments were also employed to prove the source of
nitrogen for hydrazine reduction. As illustrated in Figure 5d,
the '"H-NMR spectra of the gas absorption liquid after
electrolysis by FeWS,@FeWO,-2 using "N-hydrazine sulfate
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(*N,H¢SO,) as the feeding material displayed a doublet
(coupling constant of 73.1 Hz); however, ’NH," could not be
detected in control experiments, which confirmed that the
NH; production comes from the N—N bond cleavage reaction
of hydrazine intermediates. In contrast, the hydrazine reduc-
tion on FeWO, surface can not correspond to the ammonia
production by hydrazine homolysis (Figure S30); meanwhile,
the corresponding peak of N-N species could not be observed
in the in situ Raman (Figure S31), suggesting that the nitrogen
reduction path on FeWO, surface is different from that of
FeWS,@FeWO,-2; the appropriate vulcanization process
plays an important role on the reduction path regulation.

As the undissociated hydrazine species on the surface of
FeWS,@FeWO,-2 are involved in the RDS of the NRR. The
rate of hydrazine decomposition was further calculated. The
adsorption signal of hydrazine species on the surface of the
catalyst was measured by Raman spectroscopy by adding
different concentrations of hydrazine in the electrolytes
(Figure 6a). The intensity of the characteristic N—N vibration
bond at 1114cm ™' could relatively reflect the adsorbed
amount of hydrazine species on the surface of the catalyst.
The intensity of the vibration bond increases with the
concentration of the hydrazine solution. Importantly, when
1.0 mM hydrazine was added to the electrolyte, the Raman
intensity (6.21) is comparable to signal intensity (6.26) under
in situ electrochemical Raman conditions. Therefore, 1.0 mM

Research Articles

Internati

hydrazine in the 1.0 M KOH was chosen as the electrolyte for
the calculation of the rate for hydrazine reduction. Three
independent electrolysis tests at —0.45 V were carried out,
and the rate of hydrazine reduction was determined by the
indophenol blue method (Figure 6b and Figure S32a,b). The
average Tyy; for hydrazine reduction is 15.2ugh 'mg™! at
—0.45V, which is consistent to that of N, reduction
(16.6 ugh™'mg',,, at —0.45 V), suggesting that the reduction
of undissociated hydrazine species on the surface of FeW-
S, @FeWO,-2 is the RDS for the electrochemical NRR. With
higher concentrations of hydrazine (1.5 and 2.0 mM), there
were no obvious changes that could be observed on the
ammonia yield, indicating that the concentration of hydrazine
had already reached to the upper limit of the catalytic
conversion capacity (Figure S32c—f and Figure S33). The
hydrazine reduction kinetics combining with the in situ
Raman spectra results reveals that the reduction of the
metal-hydrazine intermediate controls the reaction rate of the
FeWS, @FeWO,-2 catalyst for the NRR.

Accordingly, alternate NRR hydrogenation mechanisms
of on FeWS @FeWO,-2 catalyst were proposed in Figure 6c¢.
First, the Fe-W bimetallic sulfides chemisorbed nitrogen
molecules in the side-on or terminal adsorption configura-
tions. The adsorbed nitrogen molecules were activated and
initiated the alternate hydrogenation processes by proton-
coupled electron transfer. After the metal-hydrazine species

formed on the surface of the
catalyst as the crucial stable

intermediates, further hy-
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Figure 6. a) Electrochemical in situ Raman spectra of N,H, adsorbed on the surface of FeWS,@FeWO,-2 in

different concentrations of hydrazine solution (1 M KOH). b) The formation of ammonia with T mmol L™
hydrazine solution (1 M KOH, —0.45 V, FeWS,@FeWO,-2 as catalyst). c) Schematic diagram of proposed

pathways for N, reduction to NH; on FeWS,@FeWO,-2 catalyst.
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Furthermore, the NH; yield
rate in purified "N -isotopic
labeling experiments con-
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firmed the NH; electroproduction. N,-TPD results show that
the metal-sulfur bonds introduced by appropriate vulcan-
ization are beneficial for the chemical adsorption of N, on the
surface of the catalysts. In-situ Raman spectra and the
hydrazine reduction kinetics revealed that the efficient
reduction of intermediates with metal-hydrazine structures
plays an important role in the NRR rate for this catalyst,
which might offer experimental and theoretical guidance for
the investigation of the RDS for NRR catalysts. This work
may provide new insights into the understanding of the
reaction mechanism of NRR catalysts and facilitate the
rational design of more advanced multimetallic sulfide
materials for efficient electrochemical ammonia production.
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