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Regulating active hydrogen adsorbed on grain
boundary defects of nano-nickel for boosting
ammonia electrosynthesis from nitrate†

Jian Zhou,a Ming Wen, *a Rong Huang,b Qingsheng Wu, a Yixing Luo, a

Yakun Tian,a Guangfeng Weia and Yongqing Fu c

The electrochemical nitrate reduction reaction (NitRR) into ammonia is a promising route for sustainable

ammonia synthesis under ambient conditions. Since the hydrogen evolution reaction (HER) is its main

competing reaction, many researchers apply materials (e.g., copper-based materials) which are inert in

water splitting for enhancing the conversion efficiency of nitrate into ammonia. The HER active metals

(e.g., nickel) are usually considered unsuitable for such applications. However, the NitRR relies strongly

on H* which is produced from water splitting, and HER active metals such as Ni can produce massive

H* for the consumption of the intermediates. Therefore, HER active metals could be promising

candidates for the NitRR if the destination of H* can be well regulated, but this has not been well

investigated. Herein, a strategy of grain boundary (GB) defect engineering of nickel nanoparticles has

been developed to electrocatalyze the NitRR, which achieves a high NH3 rate of 15.49 mmol h�1 cm�2

with a faradaic efficiency of 93.0%. This NH3 rate, to the best of our knowledge, is much higher than

those reported for the commonly used materials including copper or noble metal-based catalysts. Both

experimental and computational simulation results reveal that the GBs can significantly suppress the

HER by regulating the H* to favor its consumption in the NitRR pathway rather than forming hydrogen.

The adsorption of NO3* can also be promoted, thus effectively enhancing the key rate-determining step

of NO3* to NO2*.

Broader context
Nitrate electroreduction (NitRR) to ammonia is one promising way to synthesize ammonia and has received more and more attention. However, the NitRR to
ammonia involves multiple steps and thus suffers from a poor faradaic efficiency and a low NH3 rate. The most active material is copper due to its intrinsic
properties. The other metals are investigated rarely and show a relatively low efficiency, especially the HER active metal, because the HER is the main competing
reaction. However, in the NitRR, the H* assisted way plays an important role in ammonia selectivity. The HER active metal can supply massive H* as the
potential source for the consumption of the intermediates and favor the generation of ammonia. So, the HER active metal can also be a promising candidate
even though the HER is the main competing reaction. The problem is preventing H* from dissociation to form hydrogen and make sure it is being consumed in
the NitRR. Here we demonstrated that the grain boundary defect engineered nickel (an intensively investigated metal in the HER) nanoparticles can
significantly promote the NitRR via regulating the adsorption behavior of H* and the main intermediates. Such a catalyst displays a superior NH3 rate which
overcomes those of almost all reported materials including copper and noble metal derived ones. The catalyst design methodology proposed here may offer a
new perspective for the NitRR.

1 Introduction

Ammonia is one of the most fundamental feedstocks used for
fertilizers, medicines, pesticides and many other chemical
products.1,2 Recently it has been explored as a promising clean
energy carrier because of its high energy density (4.3 kW h kg�1)
and harmless combustion products (N2 and H2O).3,4 However,
large-scale synthesis of ammonia still relies on the conven-
tional Haber–Bosch (H–B) process,5 which requires high
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temperature and high pressure to break the extremely stable
NRN (941 kJ mol�1) bond, and therefore consumes a huge
amount of fossil fuel and emits massive CO2.6 Considering the
shortcomings of the H–B process, it is crucial to develop
sustainable routes as a supplement to the H–B process to meet
the increasing industrial demands for ammonia.

The electrochemical nitrate reduction reaction (NitRR) has
recently been proposed as one alternative route to synthesize
ammonia under ambient conditions.3 In this process, it is
much easier to break the N–O bond (204 kJ mol�1), rather than
breaking the strong NRN bond.7 The universally existing
nitrate contaminates in industrial wastewater ranging from
B0.8 mM to B2 M can be used as resources.3 Moreover, this
NitRR route has also been regarded as one valid way to mitigate
the nitrate pollution in the hydrosphere and further rebalance
the perturbed nitrogen cycle,8–10 which is beneficial for sustain-
able development.11 However, the electrochemical NitRR to
ammonia is a very complicated process. It contains the transfer
of 8 electrons and 9 protons, during which many possible
intermediates and products can be formed.12 What is more,
the main competing process, i.e., the hydrogen evolution reac-
tion (HER), cannot be effectively suppressed at a high applied
potential. As a consequence, the conversion from nitrate into
ammonia still suffers from a low NH3 rate (most of the recently
reported NH3 rates are still under 2 mmol h�1 cm�2) and a poor
faradaic efficiency (FE),13 both of which are the main barriers
for its commercialization.11

To date, considerable effort has been made to explore new
types of catalysts for improving the efficiency and selectivity of the
NitRR process, for example, metals/metal oxides,14–18 alloys/bime-
tals,19–23 metal phosphides,24–26 and single atom catalysts.13,27–30

Among them, copper or noble metal-based materials have been
investigated intensively because of their superior intrinsic proper-
ties for nitrate reduction. On the other hand, other metal-based
materials are rarely explored, especially some HER active metals
(e.g., nickel). They are usually considered unsuitable for such
applications, since the HER is its main competing reaction.20,31,32

However, the NitRR process relies heavily on H* which is pro-
duced from H2O splitting.12,33,34 The conversion efficiency of
nitrate into ammonia will not be promoted significantly if the

water splitting has been severely suppressed, as it cannot provide
enough H* for the NitRR. To solve this problem, a strategy has
been developed which introduces new elements (such as Rh and
Au) to ensure the acquisition of enough H* but avoid massive H*
production in order to suppress the HER, thus achieving a high
NH3 rate.35,36 Inspired by this idea, we believe that it is promising
to construct efficient catalysts based on the materials that perform
well in water splitting as they can produce massive H* as a
potential source for the consumption of the intermediates in
the NitRR pathway. Water splitting should be utilized rather than
being suppressed, and the metals that perform well in the HER
could also be promising candidates. Of course, the major chal-
lenge for this strategy is how to prevent the formation of hydrogen
from H*.

In this work, we proposed a strategy to construct grain
boundary (GB) defect engineered nickel nanoparticles (Ni NPs)
on carbon cloth through a controllable electrodeposition process
for promoting the conversion efficiency of nitrate to ammonia.
Owing to the HER activity of Ni,37–39 massive H* can be produced
on its surface. However, the GB regions have a high H* retention
capacity and thus the H* cannot be easily released to form
hydrogen but be transferred to the adjacently adsorbed inter-
mediates in the NitRR pathway, which is beneficial for the
intermediates to acquire enough H*. This mechanism can be
verified by both experimental and computational simulation
results. What is more, such a structure of GB defect engineered
Ni NPs is favorite for promoting and accelerating the rate-
determining step (RDS) of NO3* to NO2*. Owing to the synergetic
effects discussed above, our synthesized GB Ni NPs displayed a
high NH3 rate of 15.49 mmol h�1 cm�2 with an FE of 93.0%.
Furthermore, prolonged electrocatalysis for 30 h was performed
using a chronopotentiometry method at 2 A cm�2. The catalytic
activity for nitrate reduction decreases only slightly over 30 h,
which indicates outstanding stability of this structure.

2 Results and discussion
2.1 Synthesis process of GB defect engineered Ni NPs

The GB Ni NPs were synthesized via the electrodeposition
method as illustrated in Fig. 1. In this process, the HER and

Fig. 1 Schematic diagram for the fabrication processes of GB defect engineered Ni NPs.
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Ni deposition processes take place simultaneously on carbon
cloth which is applied as the cathode. Therefore, the ordered
deposition of Ni2+ ions is disturbed by the HER, which results
in the formation of numerous GB defects.40 Obviously, a strong
competition between the HER and Ni deposition will determine
the final outcomes. When the concentration of Ni2+ ions is
fixed, the applied electrodeposition potential becomes the
main factor for the generation of GB defects.41–43 As the
potential is increased from �0.6 V to �2.0 V against a saturated
calomel electrode (SCE), the competition effect can be revealed
from the linear sweep voltammetry (LSV) curve (Fig. S1, ESI†).
In the beginning, the current change is associated with the
conversion of Ni2+ to Ni, in which the electrodeposition is the
dominant reaction. As the potential is increased to about �1 V,
there is an apparent change in the trend of LSV curves, which
indicates the beginning of the HER process. The onset potential

of the HER becomes more negative if the carbon cloth is
deposited with Ni NPs in advance, which clearly reveals that
the obtained Ni NPs with GB defects show an inhibition effect
on the HER. When the potential is further increased to �1.8 V,
massive bubbles are observed on the cathode, and the domi-
nant reaction becomes the HER.41,42 Therefore, the competi-
tion degree of these two processes may reach a peak under a
certain potential in the range from �1 to �1.8 V, where
abundant GB defects can be formed. In this study, by applying
the electrodeposition potential from �1.8 V with an increase
step of 0.2 V, several samples were synthesized to optimize the
electrodeposition potentials, namely Ni-NPs-1.8, 1.6, and 1.4.

2.2 Characterization of GB defect engineered Ni NPs

Fig. 2 shows the characterization results of the as-synthesized
Ni NPs on carbon cloth. From the SEM images, the carbon

Fig. 2 Characterization of Ni-NPs-1.6. (a and b) SEM images with elemental mapping and (c) elemental composition estimated by EDX. (d) XRD pattern.
(e) Ni 2p XPS spectrum. (f) TEM image in low magnification with the inset showing the SAED pattern. (g) HRTEM image (the GBs are marked with a dashed
line, and the orientations of different planes are marked with a solid line, orange for Ni(111), yellow for Ni(200) and green for Ni(220)). (h) STEM-HAADF
image of one specific GB region.
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fibers are wrapped by numerous nanoparticles with a thickness
of B5.6 mm (Fig. 2a, b and Fig. S2, ESI†). Samples of Ni-NPs-1.4
and 1.8 show similar morphology (Fig. S3 and S4, ESI†). These
nanoparticles are not densely packed, which is beneficial for
efficient ion transport, larger surface areas and more exposed
active sites. The proportion of the elemental composition
estimated using an energy dispersive X-ray spectrometer
(EDS) (Fig. 2c) shows 95.6 wt% Ni with slight oxygen and
carbon (from the carbon cloth) confirming that the composi-
tion of the sample is mainly Ni. The X-ray diffraction (XRD)
spectrum of the Ni-NPs-1.6 (Fig. 2d) also shows the phase of Ni.
The peaks at 44.51, 51.81 and 76.41 are assigned to the (111),
(200) and (220) of face centered cubic (fcc) Ni.20 Samples of
Ni-NPs-1.4 and 1.8 also show the same XRD peaks (Fig. S5,
ESI†). For the Ni 2p spectrum obtained by X-ray photoelectron
spectroscopy (XPS, Fig. 2e and Fig. S6, ESI†), the main peaks at
855 and 873 eV are assigned to Ni 2p3/2 and 2p1/2, respectively.
The Ni 2p3/2 peak can be fitted with Ni0 at 851.8 eV and Ni2+ at
855.6 eV.32 All the above results confirm that the main compo-
sition of Ni-NPs-1.6 is simply metallic Ni. The trace oxygen
element in EDS mapping and the presence of oxidized Ni
species in XPS spectrum is considered as the inevitable oxida-
tion in the preparation for sample characterization.36 In the
high resolution transmission electron microscopy (HRTEM)
images (Fig. S7, ESI†), the density of GB defects of the electro-
deposited Ni NPs shows a peak for the sample obtained at
�1.6 V, which is consistent with the nanograin size (Fig. S8b–d,
ESI†) and suggests that the optimal electrodeposition potential
for the formation of massive GB defects is �1.6 V (vs. SCE). The
selected area electron diffraction (SAED) pattern in the inset of
Fig. 2f and the HRTEM image (Fig. 2g and Fig. S9, ESI†) show a
typical polycrystalline feature of fcc Ni. It is composed of
numerous ordered nanograins with different orientations.
Three fringes of different lattice planes of fcc Ni can be
observed in the nanograins, namely the Ni(111), Ni(200) and
Ni(220). On the edge of the nanograins, abundant GBs can be
identified.44,45 The STEM-HAADF image (Fig. 2h) shows one
specific region of GB defects, in which the GB is seen to
separate two nanograins (Ni(111) and Ni(111)). Fig. S10 (ESI†)
also shows GB defects with triple junctions among Ni(111),
Ni(200) and Ni(220). The strains induced by the GB defects were
also characterized. The Williamson–Hall method was applied
to calculate the average strains.46–48 As shown in the fitted
results (Fig. S8e–g, ESI†), the sample with a higher density of
GBs displays a larger strain value. However, the strain calcu-
lated using the Williamson–Hall method contains no informa-
tion about its location. Therefore, the geometric phase analysis
(GPA) was further applied.40 As can be observed from the figure
of strain representation in the axial (exx) and shear (exy) direc-
tions (Fig. S8h, ESI†), the strain caused by the GB defects is
mainly in the axial direction, which can be either in expansion
or suppression. More importantly, the strain is mainly distrib-
uted along the GB region and on both sides of GB. Its value is as
high as B5%, much higher than that obtained from the XRD
pattern. Compared to the GB area, the inside area of the grain
represents a relatively lower strain value. Based on these

results, we can conclude that the GB defects can indeed cause
lattice strains. However, the strain is mainly at the GB region,
i.e., at the edge of each grain, whereas the inside area of the
grain shows much lower strain values or even no strain.

2.3 Electrocatalysis performance and practical application
demonstration

For these GB defect engineered Ni NPs, electrochemical nitrate
reduction tests were conducted using a typical H-cell under
ambient conditions to evaluate the contribution of the GB
defects to the nitrate to ammonia conversion (Experiment
details, ESI†). The main products of nitrate reduction including
nitrite and ammonia were detected using colorimetric and/or
1H nuclear magnetic resonance (1H-NMR) (Fig. S11–S13, ESI†).
LSV was conducted to measure the catalytic activities of differ-
ent samples at a scan rate of 10 mV s�1 in an electrolyte of 1 M
NaNO3 + 1 M NaOH. Fig. 3a shows that the current density of
carbon cloth deposited with GB defect engineered Ni NPs is
significantly increased compared to that of bare carbon cloth.
The highly positive onset potential of +0.3 V (vs. RHE) suggests
a superior intrinsic activity for the nitrate to ammonia conver-
sion using the GB engineered NPs. As the potential becomes
more negative, massive bubbles were observed on the surfaces
of Ni-NPs-1.8 at about �0.3 V. However, on the surfaces of
Ni-NPs-1.4 and 1.6, almost no bubbles were observed even
when the potential was increased to near �1 V and the current
density was increased to larger than 2 A cm�2. The results of
LSV curves are consistent with the densities of the GB defects of
different samples, indicating that such a nanostructure can
effectively inhibit the HER and simultaneously promote the
NitRR process. The Ni NPs with more GB defects also show a
higher turnover frequency (TOF) (Fig. S14 and Tables S1, S2,
ESI†).49,50 The LSV curves normalized by the electrochemical
surface area (ECSA) show similar trends, which confirms the
superior intrinsic activity of the material (Fig. S15 and Table S3,
ESI†). The LSV curves of Ni-NPs-1.6 at different electrodeposi-
tion durations suggest that 1400 s is the optimal time for the
electrochemical reactions (Fig. S16, ESI†). The catalytic activ-
ities of Ni-NPs-1.6 at different nitrate concentrations were also
investigated, and the results (Fig. S17, ESI†) show a gradual
increase in the current density from 0.01 to 0.8 M, but nearly no
changes with further increase in the concentration. Consider-
ing the consumption of reactants during electrocatalysis, a
series of chronoamperometric measurements were carried out
in an electrolyte of 1 M NaNO3 + 1 M NaOH (Fig. S18–S20, ESI†).
As can be observed from the results shown in Fig. 3b, the NH3

rate of GB engineered Ni NPs is increased as the potential
becomes more negative, and the value is significantly higher
than that of the bare carbon cloth (Fig. S21 and S22, ESI†).
Remarkably, the NH3 rate of Ni-NPs-1.6 is as high as
15.49 mmol h�1 cm�2 at �0.93 V, which is mainly attributed
to the abundant GB defects and large surface areas. The morphology
and composition of this material are also maintained well after the
experiments (Fig. S23–S26, ESI†). Moreover, the FE of Ni-NPs-1.6 is
also excellent. From Fig. 3c, with the potential varied from �0.13 to
�0.73 V, the reduction products are mainly NO2

� and NH3. At
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�0.93 V, about 4% gaseous products are produced, which are
mainly H2 or N2,51–53 while the FE for ammonia is still maintained
larger than 90%. The small amount of gas product confirms that the
GB defect engineered Ni NPs have an enhanced property on HER
inhibition in a wide potential range, which is a guarantee for the
high NH3 rate and superior FE. The product compositions of
Ni-NPs-1.4 and 1.8 at different applied potentials are illustrated in
Fig. S27 and S28 (ESI†). The products of nitrate reduction of Ni-NPs-
1.8 which has much less GB defects contain massive gas in a higher
applied potential, which leads to a lower FE for ammonia. Moreover,
the electrodeposited Ni NPs with abundant GB defects represent an
enhanced NH3 rate and superior HER inhibition compared to bulk
Ni materials and chemically synthesized Ni materials (Fig. S29,
ESI†). Such results confirm that the GB defects play a significant
role in the suppression of the HER and the promotion of the NitRR.

The catalytic performance for nitrite reduction to ammonia
was also investigated (Fig. 3d–f and Fig. S30, ESI†). As expected,
the Ni-NPs-1.6 shows excellent performance. When the applied
potential is changed from �0.13 to �0.53 V, the FE for

ammonia is nearly 100%. If the potential is further increased to
�0.93 V, the NH3 rate can be increased to 13.7 mmol h�1 cm�2

with an FE value of 85.5%. The performance for both nitrate
and nitrite reduction to ammonia in this study is much better
than those of many reported catalysts (Fig. 3g and Tables S6
and S7, ESI†). A prolonged experiment was further performed
to evaluate the catalytic stability of the Ni-NPs-1.6 under a high
current density of 2 A cm�2. The used testing system is
illustrated in Fig. S31 (ESI†). As revealed from Fig. 3h, the Ni-
NPs-1.6 shows outstanding stability over a period of 30 h, and
the potential for ensuring the high current density of 2 A cm�2

shifts only slightly to a negative value. Surprisingly, throughout
the 30 h experiment, very few bubbles were observed at the
cathode. The FE for NH3 production was slightly decreased
from 92.4 to 85.8%, which confirms the excellent stability for
HER inhibition and NitRR improvement if compared with
those reported values in the literature (Fig. S32 and Table S4,
ESI†). Such a high NH3 rate and outstanding stability are
promising for potential industrial applications.

Fig. 3 (a) LSV curves of Ni-NPs-1.4, 1.6, and 1.8 and carbon cloth for nitrate reduction (1 M NaOH + 1 M NaNO3). (b) NH3 rate of Ni-NPs-1.4, 1.6 and 1.8 at
different applied potentials. (c) Product distribution of Ni-NPs-1.6 under different applied potentials. (d) LSV curve of Ni-NPs-1.6 for nitrite reduction
(1 M NaOH + 1 M NaNO2). (e) NH3 rate and (f) FE for ammonia of nitrite reduction at different applied potentials of Ni-NPs-1.6. (g) NH3 rate and FE
comparison of the as-synthesized Ni-NPs-1.6 with some reported electrocatalysts. (h) Stability experiment of Ni-NPs-1.6 via chronopotentiometry at
2 A cm�2 (blue line) and the FE for ammonia (red dot).
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To have an insight into the underlying mechanisms of nitrate
reduction into ammonia, we also deposited the GB defect-rich Ni
on a rotating disk electrode (RDE) to calculate the electron
transfer number according to the Koutecky–Levich equation.54

1

i
¼ 1

ik
þ 1

0:62nFAD
2=3
0 o1=2n�1=6C0

(1)

According to eqn (1), where ik is the limiting current density
(A cm�2), n is the electron transfer number, F is the Faraday
constant (96 485 C mol�1), A is the specific area of the RDE
(0.19625 cm2), D0 is the diffusion coefficient of the nitrate
(1.80� 10�5 cm2 s�1),55 o is the rotation rate, n is the kinematic
viscosity (0.0118 cm2 s�1),20,56 and C0 is the bulk concentration
of nitrate (0.033 � 10�3 mol cm�3). The inverse of current
density i (A cm�2) is proportional to the inverse of the square
root of the rotation rate (1/o1/2). The electron transfer number
can be obtained through the slope of the fitted data. As shown
in Fig. 4a and b, the platform of current density due to mass
transfer limiting is increased with the rotation rate, since a
higher rotation rate enhances the mass transfer progress. The
electron transfer number of nitrate reduction increases
from 2.6 to 5.3 as the potential shifts to a more negative value
(Fig. S33 and Table S5, ESI†). Such results also correspond to
the phenomena observed in experiments that the NH3 propor-
tion in the reduction products of nitrate increases while the
NO2

� proportion decreases contrarily as the applied potential is
increased to a more negative value.

The Tafel slope is an indicator of the rate determining step
in the reduction of nitrate. We then further measured the Tafel
slopes of different samples. All the obtained values are close to
120 mV dec�1 (Fig. 4c), confirming that the rate determining
step is NO3

� to NO2
� conversion.57 The order of one reaction

can provide us with important information about its kinetic
progress. The reaction rate order of NO3

� + 8e� + 6H2O - NH3 +
9OH� can be calculated by fitting ln j (current density) with
ln c (nitrate concentration) (Experiment details 1.3.3, ESI†).31

The results in Fig. S34 (ESI†) show that the reaction rate order
of Ni-NPs-1.6 is far away from 1 which has been widely reported
in the literature.16,58 Such results are due to the consequence of
higher coverage of nitrate on the material,11,31,32 suggesting
that the NO3* can be strongly adsorbed on the surface of the
catalyst. Favorable adsorption of nitrate is the precondition for
efficient reduction.11,31,32 The lower reaction order also sug-
gests that the nitrate reduction on the surface of Ni-NPs-1.6
might be the radical participated reaction. To ensure that
ammonia is the product of nitrate reduction rather than from
the other sources, isotope tracing experiments were performed
at �0.33 V (vs. RHE). 1H-NMR spectroscopy shows two typical
peaks of 15NH4

+ using 15NO3
� instead of three peaks of 14NH4

+

when using 14NO3
� as the N source,59,60 which confirms that

ammonia is the reduction product of NO3
� (Fig. 4d).

Zn-nitrate battery is a recently proposed concept that com-
bines energy output and ammonia synthesis in one system.
Accordingly, the Zn-nitrate battery can not only be used as one
battery system, but also treated as an electrocatalysis system to

Fig. 4 (a) LSV curves under different rotation rates of Ni-NPs-1.6 deposited on a RDE and (b) the electron transfer number estimated using the
Koutecky–Levich equation. (c) Tafel plots of the as-synthesized Ni-NPs-1.4, 1.6, and 1.8. (d) 1H-NMR spectra of different electrolytes after catalysis when
15NO3

� or 14NO3
� is used as the N source and the spectra of 15NH4

+ and 14NH4
+ solution. (e) Discharging curve and power density of the two individual

Zn-nitrate cells that are connected in series, and a photo of the electronic timer powered by this battery (the inset photo). (f) XRD pattern of the collected
NH4Cl and its photograph.
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synthesize ammonia. Using the GB defect engineered Ni-NPs-1.6
as the anode and Zn foil as the cathode of one primary cell, we
assembled a Zn-nitrate battery. Fig. 4e shows the discharge
curve of the battery. It shows an increasing current density as
the potential shifts negatively, and the power density has a peak
of 4.2 mW cm�2. The assembled battery can power an electro-
nic timer (which is commonly used in daily life) for more than
2 days when two cells are connected in series. We also con-
structed a system (Fig. S31, ESI†) to simulate the industrial
application of our material. The generated NH3 was transferred
into 0.3 M HCl to produce NH4Cl, a commonly used fertilizer in
agriculture. The collected NH4Cl powder shows a typical white-
pale yellow color, and its components could be confirmed by
the XRD results (Fig. 4f). These results clearly demonstrate the
capability for large-scale commercial applications of ammonia
synthesis from nitrate reduction.

2.4 Proposed mechanism and DFT calculations

According to the literature, the dominant direct nitrate reduc-
tion mechanism can be generally divided into two specific
pathways, i.e. adsorbed hydrogen-assisted and electron
reduction pathways.11,57 The migration of H* is much easier
than that of N*, so the formation of the N–H bond is easier than
that of N–N. As a result, the adsorbed hydrogen-assisted path-
way is favorable for ammonia selectivity.11 Nickel, one of the
intensively investigated non-noble metals for the HER, has the
potential to generate massive H* during water splitting, which
can be considered a ‘‘proton warehouse’’ in nitrate reduction.
Therefore, based on the results observed in the experiments, we
propose a mechanism to explain the superiority of the as-
synthesized material. Ni is an HER active metal, therefore,
massive H* can be produced on its surface. However, as
displayed in the LSV curves (Fig. 3a), very few bubbles were
observed even though the overpotential for the HER was
increased to near �1 V. Such an extraordinary phenomenon
is attributed to that the produced H* is consumed by the
intermediates in the NitRR process. To achieve this, the adsorp-
tion behavior of H* and nitrate (or the intermediates) should be
appropriately regulated, so that H* can be easily transferred
onto the NitRR pathway and simultaneously prevented from
dissociation and formation of hydrogen. These synergistic
effects are assumed to be the key factors for the superior
performance of GB defect engineered Ni NPs.

To prove the above-proposed mechanism, we need to verify
that the H* indeed exists and participates in the nitrate to
ammonia conversion. We used D2O to replace the H2O as the
solvent medium to evaluate the contribution of proton in the
nitrate reduction. Fig. S35 (ESI†) shows that, as the proportion
of deuterium increases the current density decreases, which
clearly indicates that the proton can improve the catalytic
activity of nitrate reduction into ammonia. The solvent kinetic
isotope effect (SKIE) can be estimated using the ratio of current
density in a pure protic medium (NaOH + H2O + NaNO3) and a
pure deuterium medium (NaOD + D2O + NaNO3). As shown in
Fig. 5a, the observed SKIE values are all larger than 1 and
decreased as the applied potential shifts to a more negative

value. Such a phenomenon is the consequence of more negative
applied potential obscuring the reaction details. We also used a
specific H* radical quenching reagent tert-butanol (TBA) to
evaluate the role of active H*.61 The current density became
much lower when 200 or 600 mL of TBA was added (Fig. 5b),
indicating that the H* radicals truly improved the reaction rate.
We further used dimethyl-1-pyrroline-N-oxide (DMPO) as the
radical trapping reagent to monitor the formation of H* radi-
cals with and without using NaNO3. As shown in Fig. 5c, the
ESR spectra display typical 9 signals with intensity ratios of
1 : 1 : 2 : 1 : 2 : 1 : 2 : 1 : 1 without adding NaNO3 in the catholyte,
which confirms the formation of DMPO-H.36 However, when
NaNO3 was added, the typical 9 signals disappeared, indicating
that the produced H* is consumed by the intermediates in the
NitRR process. These results strongly prove the key role of the
H* radicals in nitrate reduction into ammonia.

In situ attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR-FTIR) was also applied to distinguish the
reaction pathway. As displayed in Fig. 5d, under the open
circuit potential (OCP), no signals could be detected. When a
more negative potential is applied, several peaks of the inter-
mediates appear. The peak at 1240 cm�1 is assigned to the N–O
antisymmetric stretching of NO2

�,62–65 which is one significant
intermediate in the conversion of NO3

� to NH3 as it is related to
the rate determining step. The peak at 1124 cm�1 is assigned to
the N–O bond, the key intermediate in product selection.64 The
peaks located at B3350 cm�1 and B1630 cm�1 are attributed
to the O–H stretching and the bending of H2O,64 which
indicates that H2O participated in the reaction because the
proton in the H2O molecule is needed in NH3 production.
The emergence of typical peaks of –NH2 wagging mode at
1440 cm�1 and the N–H bending at 3682 cm�1 confirms the
formation of NH3.64,66

For further investigation of the mechanism, Density Func-
tional Theory (DFT) calculations were performed. As displayed
in the HRTEM image (Fig. 2g), the GB defect of Ni(111)–Ni(111)
was the most observed one. Therefore, it was selected as the
model for the DFT calculations (Fig. 5e and Fig. S36, ESI†).67,68

The GB can be easily observed if the Ni atoms are displayed in
smaller sizes. As a comparison, the structure of pristine Ni(111)
was also built (Fig. 5e). We calculated the adsorption energy of
the key species in the NitRR, i.e., NO3

�, NO2
� and NH3 on the

pristine and GB Ni. As displayed in Fig. 5f, the adsorption of
NO3

� and NO2
� on GB Ni is more favorable than that of pristine

Ni, which contributes to a higher coverage of nitrate on the
catalyst surface and leads to a lower reaction order, which is
consistent with the results shown in Fig. S34 (ESI†). In contrast,
the adsorption energy of NH3 is relatively lower, and the
produced NH3 can be effectively dissociated from the catalyst
surface, so that the active sites can be available for the next
catalytic cycle. This contributes to a higher value of TOF, which
is consistent with the results shown in Fig. S14 (ESI†). Accord-
ing to the detected intermediates using in situ ATR-FTIR and
the previous reports,69,70 the reaction pathway of NO3

� + 6H2O
+ 8e�- NH3 + 9OH� was subdivided into two sequences, i.e.,
(1) a continuous deoxidation process, NO3* - NO2* - NO* - N*,
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and (2) a continuous hydrogenation process, *N - *NH -

*NH2 - *NH3. All the adsorption configurations of the inter-
mediates on the GB Ni and pristine Ni are illustrated in Fig. S37
(ESI†). Based on all these results, we illustrate the nitrate
reduction process on GB defect engineered nano-nickel
(Fig. 5g) and show a complete electrocatalytic cycle in Fig. S38
(ESI†). During the nitrate reduction, NO3

� is first adsorbed on
the Ni atoms to form NO3* via two-fold coordination,71 which is
then followed by the deoxidation process of NO3* - NO2*. This
step is considered the rate determining step of nitrate
reduction to ammonia, which can be confirmed by its Tafel
slope of B120 mV dec�1 (Fig. 4c).20 On the GB Ni, H* is easier
to combine with NO3* and form HNO3* with an energy barrier
of 0.32 eV, which is beneficial for the conversion of NO3* to
NO2*. After this RDS, the free energy shows a continuous
downstep. The formation energy of N2 is higher than that of

N–H, which confirms a good selectivity of NH3 on GB Ni. The
free energy diagrams for the HER of GB Ni and pristine Ni were
also calculated and are shown in Fig. 5h. The adsorption
configurations are shown in Fig. S39 (ESI†). The higher energy
barrier of H* - H2 on GB Ni confirms a higher H* retention
capacity. The produced H* cannot be easily released to form H2,
but be stored as a ‘‘proton warehouse’’ in the GB regions.
Notably, the GB regions are also the adsorption sites for NO3*
and NO2*. The energy barrier of NO3* - HNO3* - NO2*,
i.e., the RDS in the NitRR, is lower than the energy barrier of
H* - H2. Therefore, the H* is easier to combine with NO3* and
accelerate the RDS rather than forming H2, which confirms the
good inhibition on the HER and the improvement of the
NitRR for the as-synthesized material. The computational
simulation results above can also strongly support the
hypothesis.

Fig. 5 (a) SKIE values under different applied potentials. (b) Different LSV curves of Ni-NPs-1.6 with or without TBA. (c) ESR spectra of the solution (with
or without nitrate) obtained after 10 min electrocatalysis of Ni-NPs-1.6. (d) In situ ATR FTIR spectra of different intermediates in the NitRR pathway. (e) The
built structure model of GB Ni and pristine Ni for DFT calculations. (f) Adsorption energy of three key species on GB Ni and pristine Ni. (g) Gibbs free
energy diagrams of the full pathways for the conversion of nitrate to ammonia on pristine Ni and GB Ni. (h) Gibbs free energy diagrams of the full
pathways for the HER on pristine Ni and GB Ni.
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3 Conclusions

In conclusion, we have presented a simple method to synthe-
size GB defect engineered Ni NPs, which can be applied as an
efficient and selective catalyst for nitrate reduction to ammo-
nia. Benefiting from the regulation of H* adsorption and the
favorable adsorption for the intermediates in the NitRR path-
way, the NH3 production rate can be significantly accelerated,
and the HER can be suppressed simultaneously. Owing to these
synergistic effects, the as-synthesized catalyst exhibits a super-
ior NH3 rate of 15.49 mmol h�1 cm�2 with an outstanding FE
value of 93.0%, which is much higher compared with those of
many reported catalysts. This study offers a new methodology
that the HER active material should not be overlooked in the
catalyst design for the NitRR. The high NH3 rate also makes a
big step toward the practical applications of ammonia electro-
synthesis and nitrate removal in the hydrosphere.
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