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Abstract: Electrochemical nitrogen reduction reaction (NRR) is a
promising energy-efficient and low-emission alternative to the
traditional Haber-Bosch method. Usually, the competing hydrogen
evolution reaction (HER) and reaction barrier of ambient
electrochemical NRR are most significant challenges, making the
simultaneous achievement of a high NH; yielding rate and a high
Faradic efficiency (FE) extremely difficult for NRR. To address this
issue, W15049, With exposed W sites and intrinsically weak binding for
H,, is doped by Fe to modify its surface atomic structure for effective
NRR electrocatalysis and suppressed HER. On it, a high NH; yielding
rate of 24.7 yg h™® mgzl and a high FE of 20.0% have been
simultaneously gained at a very low overpotential of -0.15 V vs.
reversible hydrogen electrode. Ab initio reveals an intercalation-type
doping of Fe atoms in the tunnels of the W;3049 crystal structure,
which increases the oxygen vacancies for exposing more W active
sites, optimizes the nitrogen adsorption energy, and facilitates the
electrocatalytic NRR. Thus, this work will provide a rational design of
electrocatalysts for various electrochemical processes.

Introduction

Ammonia is an indispensable precursor for producing fertilizers,
synthetic fibers, and pharmacies to satisfy the needs from the
growing population and economy worldwide.! More importantly,
due to its high liquefied energy density and carbon-free nature,
ammonia has also been regarded as an ideal storage
intermediate for H, and a promising carbon-free fuel.[?l Generally,
the production of ammonia is associated with 1.44% of global CO,
emission via the traditional Haber-Bosch process, which needs a
high pressure of over 200 atm and a high temperature of over
500 °C.FBl Apart from this, the construction of the highly centralized

and large-scale Haber-Bosch plants is time, money, and space-
consuming. In contrast, direct electroreduction of nitrogen to
ammonia under ambient conditions, which was firstly
demonstrated by Stoukides and coworkers,® presents a
promising strategy to replace the traditional thermal catalysis
process with reduced emission, lower energy consumption, and
higher economic viability.! However, the major bottleneck of
electroreduction of nitrogen shifts to the competitive adsorption
between hydrogen ions and nitrogen molecules in the aqueous
environment and the activation of the ultra-stable N=N bond with
a binding energy up to 940.95 kJ mol™.B!

Addressing at this issue, various catalysts, especially the
noble-metal-based ones, have been designed for the
electrochemical nitrogen reduction reaction (NRR) under ambient
conditions.! However, their high costs and limited reserves
largely impede the broad application of those noble-metal-based
catalysts.[l Apart from the noble-metal catalysts, other delicately
designed nanoreactors, in which the reactants could be
enriched/preassembled and the intermediate processes/products
could be stabilized, have also been studied.®2?! However, the
intrinsic hydrogen adsorption preference of these catalysts has
greatly restrained their nitrogen adsorption capability, let alone
the following electro-catalysis process.Bd Thus, exploring
catalysts with a high selectivity for nitrogen adsorption is the
prerequisite for achieving highly efficient NRR electrocatalysis
with good economic feasibility for practical applications.

With this regard, a number of pioneering works have been
conducted to overcome this difficulty, such as widening the
potential gap between NRR and HER [ and designing active
centers with intrinsic preference for nitrogen adsorptiond,
Although either a superior Faradic Efficiency (FE) or an
outstanding ammonia yield rate has been achieved on these
catalysts, to simultaneously achieve these two merits is still
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significantly challenging. Furthermore, reaching this goal at a low
overpotential for a more energy-saving electrocatalytic NRR is
even more challenging. This is, to some extent, resulted from the
limited nitrogen adsorption sites, the sluggish NRR kinetics, and
the dominating HER at high overpotentials.

Considering this, defect-rich W150.49, the only nonstoichiometric
oxide compositions of tungsten that can be isolated in a pure
phase,*% might be an ideal candidate due to its intrinsically weak
binding with hydrogen.!l In this case, however, the main
challenge turns to be: (1) maximizing the exposure of possible
active sites (i.e., the W sites) and (2) the activation of N=N to
accelerate the sluggish NRR kinetics. For the former, the inherent
oxygen vacancies (Ovac) in W1gO49 have already laid a good
foundation for disclosing more tungsten and facilitating the
cleavage of nitrogen triple bond.*? While for the latter, surface
chemical modification (e.g., heteroatoms doping and/or defect
engineering) has long been considered as a high-efficiency
method for modulating the surface electronic structures of the
electrochemical catalysts, which has been proven to be able to
significantly enhance catalysts’ activity for a range of applications,
including oxygen reduction, oxygen evolution, hydrogen evolution,
and nitrogen reduction.[*3!

For the defect-rich W15Oa49, the abundant tunnels in its lattice
structure make it ideal for such modifications, which may generate
enhanced NRR performance in return. Enlightened by the
biological nitrogenase, iron (Fe) may enhance both the adsorption
and activation of nitrogen molecules due to their strong interaction
with nitrogen. In addition, as a transition metal element located in
the middle part of the periodic table, the unoccupied d orbitals of
Fe endow it both identities of electron-acceptor and electron-
donator.¥ More importantly, comparing to the d-spacing of
W04 (3.8 A), the relatively smaller radius of Fe atoms (1.2 A)
would greatly facilitate its intercalation into WigOus.1'%1 Thus, the
Fe-doping of W15049 should not only modify its electronic structure
but also tune the intrinsic covalency of its metal-oxygen bond,
resulting in the refinement of the defect statement, improvement
of the conductivity, and enhancement of N, adsorption capability.

Based on these considerations, we herein for the first time
report a Fe-doped and defect-rich W1g049 nanowire, which is
grown on carbon fiber papers (CFPs), as a freestanding and high-
performance electrocatalyst for NRR. By simply changing the Fe-
doping level, the defect status of W1gOsg can be finely tuned,
which results in the optimized nitrogen adsorption, suppressed
hydrogen evolution, and enhanced charge transfer for
electrocatalytic NRR. Due to these multi-synergetic effects, a
greatly improved electrocatalytic NRR performance has been
achieved. The W;3049-16Fe @ CFP simultaneously acquires a
high ammonia yield rate (24.7 pg h™* mgl.) and a high FE of
20.0% at —-0.15 V, which are much superior to those un-modified
counterparts and most previous reported non-noble-metal
catalysts. Especially, the quite low overpotential (-0.15 V) further
improved the energy efficiency of electrocatalytic NRR, making it
more energy-saving. Ab initio calculations further disclose that it
is the Fe atoms, which are intercalated in the tunnels of W1gO4g,
that lead to the redistribution surface electrons of W1gOas9 to
substantially promote its N fixation ability and minimize the NRR
overpotentials. Thus, our work will blaze a new trial for both the
rational design of catalysts and the elaborate clarification of
mechanism for NRR at ambient conditions.
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Results and Discussion

The solvothermal fabrication of the material is illustrated in
Figure 1a, S1. By tuning the ratio of WCls and FeCls, the doping
level in the obtained W15O49 can be tuned (denoted as W1gOao-
xFe @ CFPs, x=4, 8, 16, 32, x was the designed mole percentage
of Fe). Fe-doped WisO49 without CPF was also prepared. The
color of W1gO49 changes from navy blue to grey green and finally
to brown with Fe content increasing, clearly suggesting the
successful doping of Fe in W1g049 by this process (Figure S2).
Details about the fabrication process can be found in the

(@)
Solvothermal &
treatment

v
CFP .
WCl,, FeCly, Fe-doped W;30,4 Fe-doped W,30,, nanowires
Ethanol nanowires @CFP )W D0 @Fe

supplementary information.

Figure 1. (a) Schematic illustration of the preparation of Fe-doped W1sOag
nanowires @ CFP. SEM images of (b-c) CFP, (d-e) W1gO1e-16Fe nanowires @
CFP.

After the formation of W15049, a large number of thorn-like
structures can be observed on the surface of CFP, which is
originally smooth (Figure 1b, c). High magnification images
further show those thorn-like structures are nanowires with a
length of several micrometers, homogeneously tangling on the
CFP (Figure 1d, e). With the variation of the designed Fe-doping
concentration from 0 to 32%, the thorn-like structure on CFP
gradually aggregates, but the homogeneous nanowires still
remain (Figure S3a-h). This is in good agreement with the
transmission electron microscopy (TEM) observation, which also
reveals the homogeneous nanowire architecture of Fe-doped
Wig049 (Figure 2a, S3i-l). Besides, the select-area electron
diffraction (SAED) patterns of the nanowires also confirm their
crystalline nature along the (010) direction, regardless of the Fe-
doping level (Figure 2b inset and S3i-l), indicating the Fe-doping
does not change the crystal structure of the W15O49 host, which is
beneficial for the stable NRR electrocatalysis.

The microstructure of these Fe-doped W1sO49 nanowires was
then studied using high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM). These
nanowires, with diameters of less than 5 nm, clearly show lattice
fringes of ~0.38 nm, which belong to (010) planes of W04 and
further verifies their preference growth along the [010] direction
(Figure 2b, S3m-p). Notably, Fe-doping does not induce obvious
change of the lattice parameter of W15049 according to both SAED
and HAADF-STEM measurements, indicating the robustness of
W15049 structures upon Fe-doping. The XRD patterns of the Fe-
doped W1gO49 Nanowires, which were scraped off from CFP, show
monoclinic W1gOa4g phase, with characteristic peaks at around 23°
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Figure 2. (a) TEM image, (b) HAADF-STEM images of W1gO19-16Fe nanowires
@ CFP. Insert is the corresponding SAED pattern. (c) XRD patterns of W1sO1o-
16Fe nanowires and pure WisOa9 nanowires. (d) enlarged XRD patterns of
Wi15019-16Fe nanowires and pure WisO49 nanowires in the 26=22°-26° region.

and 47° that can be ascribed to (010) and (020) facets (JCPDS
No. 05-4539, Figure 2c-d and S4), respectively. Interestingly,
with increasing Fe-doping level from 0 to 32%, a small shift of the
(010) peak towards a lower degree can be observed (Figure 2d,
S4b-c, and Table S1), indicating the very slight expansion of the
monoclinic structure of W1gOa9 due to the Fe-doping, which will be
discussed later (Figure S5).
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Figure 3. (a-b) EDS spectrum and STEM-EDS images of WigOuse-16Fe
nanowires. (c) Fe-Lz, s spectra of as-prepared Fe-doped WisOs9 nanowires.
High-resolution (d) W 4f and (e) Fe 2p XPS spectra of W1sOa9e-16Fe nanowires
@ CFP. (f) EPR spectra of all Fe-doped W1sO49 nanowires and pure WigOag
nanowires at =150 <C.
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To further confirm the successful doping of Fe element into
W1gO49, energy dispersion spectrum (EDS) -based elemental
mappings and Fe-L, ; edge EELS spectra of the doped nanowires
were obtained (Figure 3a-c, S6), which show homogeneous
distributions of W, O, and Fe without any other elements detected.
With the increasing amount of FeCl; in the precursor, the Fe
content in the doped W13049 nanowires also increases, as
confirmed by both EDS and XPS results (Table S2). The Fe/W
ratio acquired from HAADF-STEM-EDS is quite close to that in
the FeCl; and WClg precursors, indicating that the Fe-doping
concentration in W15O4g can be precisely controlled. On the other
hand, the Fe/W ratio derived from XPS spectra is much higher
than the EDS results, which implies that the Fe dopants mostly
exist in the near-surface region of Wi1sO4 nanowires, more
efficient for the surface modification to participate in the NRR
electrocatalysis.

X-ray photoelectron spectroscopy (XPS) was then applied to
further identify the chemical states of the elements in the
synthesized samples. The XPS survey scan confirms the
presence of W, Fe, O, and C elements in all the Fe-doped W150ag
@ CFP analogues (Figure S7a). The deconvoluted high-
resolution W 4f spectra of pristine and W15049-16Fe nanowires
suggests both W and W°®* species present in the samples
(Figure 3d, Figure S7b), which is consistent with the distorted
edge-sharing crystal structure of W1gOa49 forming low-valence W
elements and metallic W-W interaction in the lattice.[*s! Compared
with the pristine W15O49, the W15049-16Fe showed an increased
W5*/W8* ratio from 1.2 to 1.7 and a clear shift to the lower binding
energy (Table S3), indicating the partial reduction of W®* into W®*
associated with the increase of Oyac.* 11 On the other hand, for
the Fe 2p spectra, it can be deconvoluted into four peaks at
around 710.5, 712.3, 723.8 and 725.6 eV (Figure 3e, Figure S7c),
corresponding to the Fe?* 2ps;,, Fe®" 2psp, Fe** 2pip, and Fe®*
2p1s2 States, respectively.17-18 Besides, the additional pre-peak in
the low-binding-energy region (708.7 eV) accounts for the Fe ions
with a lower oxidation state than Fe?*, further revealing the
existence of Oy, in the neighboring sites of Fe dopants.[*!

Electron paramagnetic resonance (EPR) spectroscopy was
used to investigate the unpaired electrons in the synthesized
samples, the amount of which is proportional to the O, content
(Figure 3f). Compared with the pure W10, the increased EPR
intensity (i.e., a higher unpaired electron/ Oy, content) of the Fe-
doped counterparts can be attributed to Fe atoms located next to
the charge-compensating oxygen vacancies, resulting in the
lower-oxidation-state of Fe atoms.*”- %l The highest EPR intensity
of Wi15049 means the most intense charge-compensating effect,
indicating the highest concentration of Oy, in it, which is essential
to generate more active sites for NRR catalysis as will be
discussed later (Figure 3f). Moreover, the absent signal of free
electrons in the region of mT > 180 indicates that electrons tend
to be captured by Fe ions rather than delocalization within the
lattice of W150a49, suggesting an ‘electron reservoir’ role of the Fe
dopants.?? This ‘electron reservoir’ is believed to be of great
benefit for the hydrogenation of nitrogen during the ammonia
production process.

The ambient electrocatalytic NRR performance of the as-
prepared samples was investigated in a N,-saturated 0.25 M
LiClO4 aqueous solution and the ammonia yield was determined
by the salicylic acid method (Figure S8, S9-S13). In general, the
ammonia yield rate and FE for all the Fe doped-W504 @ CFP
catalysts gradually increase with the negative shift of testing

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

potential till the peak value during the NRR tests. After that,
decrease in FE and NHj; yield rate occur due to the hydrogen
adsorption surpassing the nitrogen adsorption on the surface of
catalysts.’! Among them, the 16% Fe-doped one showed both the
largest NH; yield rate of 24.7 ug h™ mgZ and the highest FE of
20.0% at -0.15 V vs. RHE, which are 12 times and 2 times higher
than the pristine W15049 @ CFP catalyst, respectively (Figure 4a-
b). Remarkably, overpotential of -0.15 V is much lower than the
values of most reported electrocatalysts for NRR by far;“a 7275, 21]
and at this overpotential, the W15049-16Fe @ CFP simultaneously
achieves the highest ammonia yield rate and FE with neither
feature sacrificed (Table S4). As the Fe-doping concentration
further increased to 32%, the ammonia yield rate and FE
significantly dropped to 1.72 ug h™* mggk and 7.6%, which
indicates the optimized electrocatalytic performance of W1Oag at
an appropriate Fe doping level. The selective NH3; production
against hydrazine of all the Fe-doped W04 @ CFP samples
were also evaluated by the Watt and Chrisp methods (Figure S14,
S15), and no hydrazine was detected (Figure S15), which further
demonstrates the excellent selectivity of the as-prepared
catalysts.
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Figure 4. (a) NHz yield rate at various potentials vs. RHE. (b) Faradic efficiency
of as-prepared Fe-doped WisOs9 nanowires @ CFP electrodes. (c) UV-vis
absorption spectra of various electrolytes stained with salicylic acid indicator.
OCYV stands for open-circuit voltage. (d) cycling stability results at =0.15 V (vs.
RHE) of W180a49-16Fe nanowires @ CFP electrode.

The origin of the produced ammonia was then verified to
eliminate any possible interference from contaminants (Figure
4c). Specifically, when the catalyst was placed in the electrolyte
at open-circuit voltages (OCVs) for 10 h, no ammonia could be
detected in either N2- or Ar-saturated electrolytes, confirming no
ammonia contamination from the gases or the catalysts used in
this work. When N, was replaced by Ar for NRR electrocatalysis
over the samples, no apparent ammonia production was detected,
proving that the ammonia is produced from the feeding N, (Figure
S16). Moreover, when a bare CFP was used as the catalytic
electrode, no apparent ammonia production was detected either,
further confirming that the ammonia was produced from the NRR
electrocatalysis over the Fe-doped W15O4g, rather than from the
CFP electrocatalysis. On this basis, it is evidenced that the
excellent ammonia yield rate and FE are due to the NRR
electrocatalysis over the W1gO49-16Fe @ CFP catalyst.

10.1002/anie.202002029
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Apart from the NRR activity, the durability is another critical
quality for electrocatalysts. For the W15049-16Fe @ CFP material,
a high ammonia yield rate retention up to 91% was obtained after
five continuous electrolysis cycles without any obvious decay in
its efficiency, clearly demonstrating its excellent stability for NRR
electrocatalysis (Figure 4d, S17a, b). Furthermore, the very
stable NRR current over 20 h for the catalyst also verifies its
superior electrocatalytic durability (Figure S17c). This stable
electrochemical behavior also agrees well with intact
microstructure of the catalyst after the long-term test (Figure S18).
Little changes were observed in the XPS spectrum of W1gO49-
16Fe @ CFP catalyst after the durability test, further verifying its
excellent stability for NRR electrocatalysis in aqueous solution.
(Figure S19).
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Figure 5. (a) N2 adsorption energy (AEnz+) as a function of Ovac : W ratio for
W180a49 with and without Fe doping by DFT calculations. (b) The differential
charge density between Fe and WigOao with Ovac : W ratio of 2 : 36 without N2
chemisorption. Purple and orange colors represent electron accumulation and
depletion regions, respectively, with isosurface value of 5x1073 eA™3, (c, d) Free
energy diagrams of NRR on Fe-doped W1gOag with Ovac : W ratio of 1 : 36 and
2 : 36, respectively. The structures of reaction intermediates are shown next to
their energy segments. Left bottom of (c, d) inserted the differential charge
density distributions of N2 chemisorbed on Fe-doped W1sOag with Ovac : W ratio
of 1:36 and 2 : 36, respectively. The Fe/W ratio is fixed at 11%.

To better understand the roles of Fe-doping and Oy On the
electrocatalytic NRR activity of W15049, DFT calculations were
carried out. A slab model of W;5049 (100) surface was adopted
based on the HAADF-STEM results, with different numbers of
Ovac being considered. As W13049 possesses pore-like channels,
Fe atoms might either intercalate into the channel or substitute
the W atoms. Our calculations show that intercalation of Fe atom
into the W35049 channel is both energetically and kinetically
favorable, with a low kinetic barrier of 0.37 eV and heat of
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formation of 1.43 eV (Figure S20). Intercalation at the Fe/W ratio
of 11% (close to the EDS tested experimental doping
concentration 12%) leads to slight expansion of lattice parameters
of W1g049 below 1% (Figure S21a), which is consistent with the
TEM and XRD observations (Figure 2b, c). Therefore, it is
reasonable to deduce that the Fe dopants are most probably
intercalated in the channels of W1s049, Which has also been
reported in the previous works,[252 221

Such Fe intercalation can remarkably enhance the binding
capability of the W atoms in W15049 to N, molecules (Figure 5a).
For the undoped W15049 with different designed levels of Oyac,
only very small adsorption energies (AEn.+, relative to free N,) of
-0.10 to 0.20 eV can be achieved, which means N, molecule can
only be very weakly adsorbed on their surface. In contrast, when
Fe atoms are doped on them, the N, adsorption strength is
remarkably enhanced with AEn,- of —0.84 to —0.99 eV. Moreover,
when absorbed on the Fe-doped W15O49, the N=N bond length of
the N2 molecules can also be significantly elongated from 1.10 A
for free N, molecule to 1.25 A, suggesting the successful
activation of N, molecule and high surface activity of the material
(Figure S21b-c). Note that we also considered substitutional
doping of Fe into W13049, Which, however, greatly weakens the
binding capability of W15049 with N, with regard to the pristine
system (Figure S22), and contradict the observed enhanced
activity of Fe-doped W150a49 in experiment.

The full reaction pathways of NRR over the Fe-doped W04
with different Oy, levels were then explored (Figure 5c, d). At a
low Oyqc level (i.e., Ovacd/W = 1/36) with fewer W sites exposed, on
which N, can only be adsorbed at the W sites with the end-on
configuration, NRR occurs via the alternating pathway, involving
a small potential step of 0.20 eV during the formation of HN2*
species. At a higher Oy, level, N, molecules favor the side-on
adsorption and NRR proceeds through the enzymatic pathway. In
this case, the whole reaction is almost barrierless except for the
desorption of NHs;, in good accord with the extremely low
overpotential measured in experiment. Meanwhile, HER is also
largely inhibited due to the weaker binding of H* species on the
W sites in comparison with N, (the adsorption strength of H* is
0.60 eV less than that for N,). Therefore, the Fe-doping and
presence of oxygen vacancies in W1gOs9 both contribute to the
enhanced N fixation and favorable reduction.

Deeper insights can be obtained from the differential charge
density distributions and electronic density of states (DOS)
presented in Figure 5b, left bottom illustrations in Figure 5c, d,
and Figure S23, respectively. Prominent electron transfer occurs
from Fe atoms to W1sO49 (Figure 5b, left bottom illustrations in
Figure 5c, d). According to the Bader charge analysis, each W
atom gains 0.04 e from Fe dopant, and thus exhibits enhanced
binding capability with N> compared to that of the pristine W1gOas.
Moreover, the electronic states induced by Fe-doping fill the
original gap of W1gOug at around -1.0 eV in the DOS (Figure S23),
which may be beneficial to improve the electronic conductivity
during NRR. On the other aspect, the presence of Oyac NOt only
helps expose more W active centers for NRR, but also affects the
work function of W1gOae. A higher Oy, level leads to the reduction
of work function and the approaching of Wi3O49’s Fermi level
towards the * state of N, molecule (-1.89 eV relative to vacuum),
which will facilitate the backdonation of electrons from WigO4s to
Nz for NRR. Consequently, these two factors synergistically
contribute to the enhanced NRR activity for the Fe-doped W15O49
nanowires.
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Conclusion

In summary, Fe-doped W;15049 nanowires have been
successfully fabricated on carbon fiber papers, through a facile
hydrothermal method, for high-performance electrocatalysis of
NRR. The W;15049-16Fe @ CFP nanoreactor achieved the highest
electrocatalytic NRR performance, in terms of a high ammonia
yield rate of 24.7 pyg h™* mggl and high Faradic efficiency of
20.0% at a very low over potential of —0.15 V vs. RHE. Our
experimental characterization combined with DFT calculations
reveal that it is the Fe intercalation strategy and the modified Oyac
state that simultaneously optimizes the electronic states and
surface properties of W13O49, leading to the enhanced binding
capability for nitrogen fixation-more active sites, the higher
electrical conductivity, the better nitrogen adsorption strength,
and the low-barrier NRR pathway. Thus, this work not only
provides an outstanding electrocatalyst for NRR, but also, more
importantly, opens a new avenue for modulating the electronic
and catalytic properties of nanoreactors for various
electrochemical processes.
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Efficient electrochemical Nitrogen reduction reaction (NRR): Both High NHj3 yielding rate (24.7 ug h™ mggt) and Faradic efficiency
(20.0%) achieving on the nanoreactor of Fe doped W04 Nanowires @ carbon fiber papers at —0.15 V vs. reversible hydrogen
electrode. Fe atoms not only efficiently increase oxygen vacancies of WisO.9, but optimize the nitrogen adsorption energy, and
facilitates the electrocatalytic NRR.
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