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ABSTRACT
electrocatalysts is a sustainable alternative to the extremely energy- and capital-intensive Haber-Bosch process. Herein,

Electrochemical fixation of nitrogen to ammonia with highly active, highly selective and low cost

we demonstrate a near electroneutral WO; nanobelt catalyst to be a promising electrocatalyst for selective and efficient
nitrogen reduction. The concept of near electroneutral interface is demonstrated by fabricating WO; nanobelts with
small zeta potential value on carbon fiber paper, which ensures a loose double layer structure of the electrode/
electrolyte interface and allows nitrogen molecules access the active sites more easily and regulates proton transfer to
increase the catalytic selectivity. The WO,/CFP electrode with optimal surface charge achieves a NH; yield rate of 4.3
pg-h™mg ™ and a faradaic efficiency of 37.3% at —0.3 V vs. RHE, rivalling the performance of the state-of-the-art
nitrogen reduction reaction electrocatalysts. The result reveals that an unobstructed gas-diffusion pathway for
continually supplying enough nitrogen to the active catalytic sites is of great importance to the overall catalytic
performance.
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1 INTRODUCTION

Activating dinitrogen (N,) in the atmosphere to produce
ammonia (NH3) has stimulated intensive researches on
associated mass production technology due to the great
importance of NHj in sustaining lives on earth™ 2. The
conventional Haber-Bosch process for NH; production
dissociates the strong N=N triple bonds (dissociative
mechanism) under harsh reaction conditions, and thus
suffers from high energy consumption and carbon dioxide
emission®l. On the basis of proton-coupled electron transfer
(PCET) reaction, sequential hydrogenation of N, molecules
(associative mechanism) under mild conditions is an
alternative to dissociating N=N bonds directly in the

nitrogen reduction reaction®. With utilizing renewable

electricity, the electrochemical nitrogen reduction reaction
(ENRR) offers a potentially sustainable approach to produce
NH; without demanding requirements on pressure, heat and

energy™ ©.

However, the development of this process
remains experimental due to the lack of efficient
electrocatalysts possessing the ability to adsorb and reduce
N, to NH; with sufficient activity and selectivity. Despite
tremendous efforts in recent decades, most electrocatalysts
show a higher overpotential for the ENRR than the hydrogen
evolution reaction (HER) in aqueous solutions, which results
in a low NHj; yield rate (ryn3) and a poor faradaic efficiency
(FE). Additionally, the mechanism of ENRR is complicated
and has not been completely elucidated ..

More recently, studies for promoting the ENRR using
noble-metal/transition-metal-based catalysts and novel
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electrolyte additives have been reported®¥. ENRR using
hollow gold nanocages as effective electrocatalysts can
achieve a maximum ryy; of 3.4 ug-h™cm™? at —0.5 V vs.
RHE and a FE of 30.2% at —0.4 V vs. RHE, respectively™®.
Tungsten oxide with tailored surface oxygen vacancies has
been reported as efficient catalyst for N, fixation to realize
efficient binding and reduction of N, at low overpotentials,
showing an ryy; of 4.2 xg-h™*mg ™ but a low FE of 6.8% at

—0.12 V vs. RHE™®!. |n addition to catalysts, Rondinone et al.

reported that the counterions (Li*, Na*, K*) in the electrolyte
were also vital to ENRR and suggested the smallest
counterions could increase the N, concentration to an
extreme within the Stern layer, resulting in an improved FE
(from 2.75% to 11.56% on carbon nanospike catalyst)™"),
Although progress has been made in sustainable electro-
chemical N, fixation, simultaneous promotion of selectivity
and activity in state-of-the-art catalytic systems remains to
be a challenge. Moreover, the double layer structure of
catalyst/electrolyte interface receives very limited attention,
which is actually of great importance because a desirable
catalyst/electrolyte interface should favor the mass transfer
from the electrolyte to the catalyst surface.

Theoretical calculations showed that modulating the
reaction thermodynamics of the generation of ENRR
intermediates and HER at the surface could both greatly
suppress HER and make the surface proton transfer to
ENRR process preferentially in transition-metal oxide
catalytic system!®® ¥ Here, we report that WO; nanobelts
with (001) facet exposed act as an efficient electrocatalyst
for ENRR under ambient conditions. Surface oxygen

Carbon fiber paper

vacancies (OVs) on WO; nanobelts can offer a lower AG of
the initial reaction step for ENRR than HER and thus obtain
high intrinsic ENRR activity and selectivity. The
electroneutral surface of WO; is actually of great importance,
which renders a nitrogen-friendly surface property to allow
the access of reactive catalytic sites by the N, molecule
readily. The WO; nanobelts with near electroneutral surface
can promote the ENRR to achieve a record-high FE of
37.3% in aqueous solutions.

2 RESULTS AND DISCUSSION

We directly fabricated the tungsten oxide on carbon fiber
paper (CFP) current collector by a one-step in-situ
hydrothermal synthesis, as illustrated in Fig. 1. Fig. 2a
shows that the pristine CFP consists of well-connected
carbon fibres with a diameter of ~10 pm and it is a
three-dimensional conductive network for supporting
catalysts. After hydrothermal synthesis, the carbon fibres are
densely wrapped in a large number of WO; aggregates
(Fig. 2b), most of which are belt-like with large exposed flat
surfaces, as demonstrated in Fig. 2c. Low- and high-
magnification TEM (HRTEM) images in Figs. S1b and Slc
reveal that the WO, aggregates are piled up from arrays of
several individual narrow belts of 5~10 nm wide attached
side by side. Without the need for further treatments, the
WO; layer synthesized on the surfaces of CFP showed
excellent adhesion and survived repeated washing with
deionized water.

180 °C

WO,/ Carbon fiber

Fig. 1. Schematic illustration of one-step synthetic route for WO3/CFP by a non-template, self-assembled hydrothermal reaction

of tungstic acid, which was used directly as a high performance ENRR catalytic electrode
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(@) (b)
Fig. 2. SEM of (a) bare CFP, (b) WO3 nanobelts/CFP and (c) the enlarged image of WO3; nanobelts

XRD result in Fig. 3a and selected area electron
diffraction (SAED) pattern in Fig. S1d confirm that the
as-prepared WO; crystallized to the hexagonal structure
(space group P6/mmm (191)) as polycrystals. HRTEM image
in Fig. 3b displays that an individual WO3; nanobelt has a
lattice plane spacing of 0.365 nm, which corresponds to the
(110) plane spacing of hexagonal WO; phase. Accordingly,
the exposed surface of a typical WO3 nanobelt is inferred as
the (001) facet. During the hydrothermal treatment, likely
the (001) faces of the WO, preferentially adsorb SO, ions,
forming a strong energy barrier to direct two-dimensional
crystal growth perpendicular to the [001] direction. Many
missing points and amorphous regions can be observed, as
labelled in Fig. 3b. These discontinuous regions are probably
the locations of oxygen vacancies®®!l. The chemical state of
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the as-synthesized WO, was further characterized by XPS.
As shown in Fig. 4a, pronounced doublet peaks at 35.3 and
37.4 eV are observed, and they belong to 4f;, and 4fs), of
W?® due to the spin-orbital splitting. Weak doublet peaks
centred at 34.7 and 36.3 eV are assigned to the typical
binding energies of W*" 4f;, and W®" 4fs;, with spin-orbit
splitting, respectively. The observation of W®" signals could
be related to the presence of OVs?2. In addition, the O 1s
XPS spectrum in Fig. 4b also shows that besides the major
peak at 529.9 eV corresponding to the binding energy of
a fitting peak at 531.4 eV can be
differentiated, which could be attributed to the adsorbed

oxygen species at the defect sites where lattice oxygen is
[23]

lattice oxygen,

missing

(b)
(a) XRD pattern and (b) HRTEM of the synthesized WO3
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Fig. 4. High-resolution XPS of (a) W 4f and (b) O 1s for the WO3
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The ENRR activities of this WO3 nanobelt material with
(001) facet exposed and surface oxygen defects loaded on
CFP were first studied in aqueous electrolyte containing
potassium cations (0.5 M K,SO,) and compared with
corresponding reference materials. Fig. 5 presents the key
electrochemical results and demonstrates that the WO3/CFP
could guarantee both high ENRR catalytic activity and
suppressed HER. As shown in Fig. 5a, in contrast to the
overlapping CVs in Ar- and Nj-saturated solution for CFP
and WO, /CFP, the difference between the two sets of CV
data for WO4/CFP is striking: in N,-saturated solution, no
obvious well-defined oxidative peaks for reversible
hydrogen oxidation can be observed. Nevertheless, a
remarkable oxidative peak appears at approximately 1.5 V,
which is possibly associated with oxygen evolution by water
oxidation as referred to the testing result in Ar-saturated
solution. As another direct evidence of nitrogen fixation
products formation on WO; surface, the newly-presented
chemisorbed ammonium can be detected on the surface of
the catalyst by XPS (Fig. S6b). The ENRR experiments were
then conducted under various potentials ranging from —0.15

to —0.6 V for 2 h (as shown in Fig. 5b). It is worth
mentioning that no ammonia can be detected in Ar-saturated
solution at —0.3 V or electrolytes bubbled by nitrogen at
open circuit potential after 12 h test for all samples (Fig. S3),
which could exclude the contamination from the catalyst and
environment to the amount of ammonia produced. Bare CFP
showed no activity due to the lack of active sites for
catalysing ENRR. Fig. 6a presents the calculated results of
rwws and FE for WO,/CFP at different potentials in
Ny-saturated solution. Obviously, the rate of NH; formation
steadily increases and reaches 7.6 ug-h*-cm? at —0.6 V,
whereas the FE first increases and then declines sharply
from 37.3% to 1.94% as the potential becomes more
negative, which probably results from the competitive HER
at a high overpotential. Interestingly, the ratio of NHj
production progressively enhances as the overpotential
reduces, indicating that the *N, adsorbates on WO; are
hydrogenated preferentially during electrolysis. These values
of ryys and FE for WO,/CFP are among the best to our
knowledge, as compared to the

recently reported

electrocatalysts (Table S2).
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(a) CVs of CFP, WO3.,/CFP and WO3/CFP in Ar- (dotted line) and N,-saturated (solid lines) 0.5 M K,SO,

at 50 mV-s™%. (b) Chrono-amperometry measurements at various potentials over WO3/CFP
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(a) Mean ammonia yields (rnus, left axis) and Faradaic efficiencies (FE, right axis) for WO3/CFP at different electrode potentials.

Error bars in the histograms indicate the standard deviation for three times measurements. (b) Ammonia yields (rnns, left axis)
for WO3/CFP and WOs;.,/CFP at -0.6 V vs. RHE and the zeta potential (¢, right axis) of their corresponding catalysts

Theoretically, ryqz can be further improved by introducing
more oxygen vacancies to the surface to enhance the surface
adsorption and activation of nitrogen. Therefore, control

experiments using ethanol-treated reference samples are also
conducted under the same conditions. Fig. 7a compares the
XRD patterns of WO; and its comparative samples WO3.,
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The lattice integrity of WO,., was maintained after ethanol
processing for 0.5 h. The chemical status of WO3, with
crystalline structure largely preserved was characterized by
XPS. Results of WOz, in Fig. 7b and c reveal that the
integrated peak intensities of the W®* and adsorbed oxygen
species both increase in comparison to that of WO3;, which
implies that ethanol treatment can promote the formation of
OVs through surface reduction. As another piece of evidence
the major peaks of W 4f binding energy for WO, display a
slight shift towards higher binding energy in comparison to
that of WO,, which is likely ascribed to the increase of
oxygen vacancies. The existence and concentration of OVs
were further verified by electron spin resonance (ESR)
spectroscopy. As shown in Fig. S2, WO, rather than WO;
exhibits a significant ESR signal at g = 2.002, suggesting the
electron trapping at OVs. The concentration of OVs in the
samples follows the order WO;,, > WOj3. Unexpectedly, as
shown in Fig. 6b, the WO,_,/CFP with higher concentration
of OVs offers much smaller ry; of 0.48 ug-h™*-cm 2 at —0.6
V. To understand this abnormal phenomenon, we carried out
EDS analysis on these electrodes after electrolysis. As
shown in Fig. 8a and b, scarcely any (W:K = 95:5, atomic
ratio) or very small amount (W:K = 87:13, atomic ratio) of
potassium cations can be detected on the surface of WO;
with the removal of N,- and Ar-saturated solvent. In contrast,
53:47, atomic ratio) of

potassium cations were found on the surface of WO3,, (as

tremendous amounts (W:K =

shown in Fig. 8c). This difference in surface-adsorbed
potassium cations should be related to the double layer
structure of their corresponding characteristic catalyst/elec-
trolyte interface. Therefore, to understand the correlation
between the double layer structure and the ENRR activity,
we further examined the {-potentials of catalysts suspended
in Ar- and N,-saturated 0.5 M K,SO, aqueous solution. A
lower absolute value of {-potential suggests a looser double
layer structure at the catalyst/electrolyte interface. As shown
in Table S1, WO; exhibits a {-potential of —-33 mV in

Ar-saturated solution, much lower than that of WO3, (—470
mV). Noticeably, an obvious reduction to nearly zero (-1.2
mV) in the absolute value of (-potential can be further
observed in N,-saturated electrolyte for WOz sample, which
might be caused by the effect of chemisorbed N, toward
active sites that change the charge characteristics of catalyst
surface. These ¢-potential results are in good agreement with
the observation of EDS images, indicating entirely different
double layer structure of catalyst/electrolyte interface for
WO; and WO3, during ENRR. According to the above
results, when the catalyst/electrolyte interface does not form
a strong electrical double layer (EDL), N, molecules will be
more energetically favorable to diffuse and transfer to the
catalyst surface, which is actually of great importance
because the effective N, adsorption is the first reaction step
in ENRR, and ultimately decides the occurrence of ENRR.
In order to further verify the influence of EDL on ENRR, we
tested the as-made electrodes in four electrolytes containing
different alkali-metal cations (Li*, Na*, K" and Cs"). The
results of regulating effect of alkali metal cations are shown
in Fig. S4. As another strong piece of evidence, there are no
obvious variations of NH; production for the WO,/CFP in
the four electrolytes (Fig. S4a). However, the variation
tendency of NH; production for WO,_,/CFP follows the same
sequence: Li* > Na* > K*> Cs" (Figs. S4b and S4c). This
difference could be primarily as a result of the catalyst/elec-
trolyte interface structures. Since small alkali metal cations
are suggested to reduce the EDL thickness, leaving the
catalyst surface is more available for N, diffusion and
adsorptiontl. Because the WO,,/CFP has a strong EDL on
its own catalyst surfaces, the ENRR activities will be much
more dependent on alkali metal cations in the electrolyte
than WO3/CFP. These results are consistent with the
previous results in Fig. 6b and strongly imply a correlation
between the efficiency of NH; production and catalyst/elec-
trolyte interface structure.
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(a) Comparison XRD patterns of WOz and WO3.. (b) W 4f and (c) O 1s XPS spectra of WO3
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(a) WO3/CFP, N,
Fig. 8. Elemental mapping revealing the elemental distribution of W and K on the surface of electrodes after electrolysis.
WO3/CFP in (a) N2- and (b) Ar-saturated 0.5 M K;SOg. (¢) WO3../CFP in Ny -saturated 0.5 M K;SO,

Lastly, we performed DFT calculations for the energetics
of HER and ENRR steps at the OVs on the most stable (001)
facet of WO; to investigate catalytic selectivity and activity
for ENRR process on WO; with OVsi®. All possible
reaction intermediates of ENRR have been taken into
account to obtain the free energy diagram and the
corresponding potential determining step (PDS) along the
reaction pathway (Computational details are provided in the
Supporting Information). PDS represents the elementary step
with the largest positive free energy change and determines
the overpotential of the ENRR process®!. As shown in Fig. 9,
six hydrogenation steps are involved in the formation of NH3
(configurations shown in Fig. S5), and the final step (*NH,
— *NH3) turns out to be PDS. At the initial reaction step in
ENRR, the free energy change of N, adsorption (AGxy») On
OVs-WO5 (001) is exothermic (—1.29 eV), while the AGxy"
on OVs-WO; (001) is —0.53 eV, indicating the high
selectivity of OVs-WO; (001) towards N, adsorption.
Therefore, OVs can regulate the proton diffusion process to
make the reaction more selective to ENRR in a vacuum
condition. Furthermore, the *N, species bound strongly to W
surfaces can be revealed by the projected density of states
(pDOS) of *N,. The W 5d band and the N,y (the N atom

directly bound to the surface) 2p orbitals overlap both below

(b) WO4/CFP, Ar

(c) WO3/CFP, N,

and above the Fermi level (Fig. S6a). The stronger
interactions between *N, and the catalyst surfaces could
stabilize the adsorbates, reduce the energy barriers of the
subsequent hydrogenation steps and thus enhance the ENRR
activity. According to the above results, we propose a
feasible mechanism for promoting ENRR on WO; from the
perspective of N, diffusion and transport in catalyst/elec-
trolyte interface, as shown in Fig. 10a and b. With a very
small (-potential, WOax/electrolyte interface does not form a
strong EDL. The charged species (hydrated SO,% and K*
ions) and neutral molecules (hydrated N,) are randomly and
loosely scattered on the vicinity of the WO; surface. Due to
its lower adsorption barrier than proton, N, molecules will be
more energetically favorable to diffuse and transfer to the
OVs active sites. In contrast, a high absolute value of
{-potential of WO, surface implies the formation of a
strong EDL on WOg;,/electrolyte interface. The nitrogen-
diffusion process is blocked and thereby the interface cannot
create enough reaction contact point for ENRR. In addition
to the first step in ENRR, OVs can further activate N, and
lead to consecutive hydrogenation steps rather than HER.
Therefore, it is likely that the unrestricted N, adsorption and
low overpotential of ENRR on OVs-WO; are responsible for

the significantly improved performance.
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Fig. 9. Theory predicts the high selectivity of OVs on WO3; (001) facet towards HER and ENRR in vacuum. The cyan and black lines
indicate free energy diagram of adsorption energies of H" and ENRR on OV-WOj3 (001), respectively. Upper right shows the top view of WO3
(001) surface. Bottom left shows the view of charge density difference of the N,-adsorbed on WO; (001) surface. The yellow and blue
isosurfaces represent charge accumulation and depletion in the space, respectively. After nitrogen adsorption, the electron depletes
on the OV and accumulates on the adsorbed N, suggesting the possible N—N triple bond activation
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Fig. 10. (a) Schematic illustration of the WO3 with optimal surface charge structure for highly facilitating the N, diffusion
and transport kinetics on catalyst/electrolyte interface in Np-saturated K,SO4 media. (b) Structure of WOg3 (large zeta
potential)/electrolyte interface in Np-saturated K;SO4 media. IHP is the inner Helmholtz plane, and OHP is the outer
Helmholtz plane. Water molecules orient themselves toward the catalysts and form the solvation layer within the IHP.
Beyond the outer OHP, the charged species and neutral molecules are loosely scattered in the electrolyte

3 CONCLUSION catalyst/electrolyte interface. WO; nanobelts with electro-
neutral surfaces are successfully proven as a highly active

In summary, we have developed a facile and effective and selective electrocatalyst for ENRR under ambient
synthesis approach to prepare surface charge optimized WO; conditions with a NH; yield of 4.3 pg-h™*-mg™* and a FE of
nanobelts via a one-pot hydrothermal method. Surface OVs 37.3% at —0.3 V vs. RHE, outperforming WO3_, with larger

in WOj3 nanobelts exhibits more negative AG (*N,) than AG zeta potential in an aqueous electrolyte. Following this
(*H"), suggesting a potential suppression of HER and strategy, future studies may find electrocatalytic systems
dramatic improvements in the ENRR/HER selectivity. Our with even higher ENRR performance in water by rational
strategy also shows how to improve NH; production by design of surface defects and modulating the EDL structure
regulating the N, molecule transfer process within the on the catalyst/electrolyte interface.
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