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to develop a specific metal surface with targeted electronic
structure for efficient and selective reduction of NO3

− into
NH3.36,38−42 In addition, developing inexpensive electrodes is
essential to make electrochemical nitrate reduction more
deployable,43 but this remains elusive.

Here, we report a simple strategy for modifying a metal
surface to tune its electron-donor capacity to achieve high-
efficiency reduction of nitrate to ammonia. Our facile and
effective approach involves immersing a bare nickel foam (NF)
in a sodium borohydride (NaBH4) solution to form dyadic
nanosheets on its surface. The as-formed nanosheets,
composed of metallic nickel and amorphous nickel borate
(Ni-BOx), lower the work function of NF, making the resultant
Ni-BOx/NF electrode surface electron-abundant. When tested
in practical conditions, the electron-rich Ni-BOx/NF demon-
strated a rapid ammonia yield rate of over 19.2 mg h−1 cm−2

with a high FE of over 94%, significantly upgrading the
performance of raw NF for electrochemical NO3

−-to-NH3.
The spent Ni-BOx/NF electrode could be recycled easily and
quickly by applying a repetitive boronization process. Our
theoretical calculations combined with an electrochemical in
situ external reflection Fourier transform infrared (FTIR)
spectroscopy revealed that the elevated NO3

−-to-NH3 activity
over an electron-abundant Ni surface resulted from lowering
the barrier of the potential-dependent step (PDS), enhancing
the adsorption energy of the nitrate anion, and depressing the
HER.

Fabrication and Characterization of Ni-BOx/NF. The
Ni-BOx/NF electrode was fabricated by direct immersion of a
cleaned NF in NaBH4 solution at room temperature (Figure
1a; methods are in the Supporting Information). Scanning
electron microscopy (SEM) images clearly show the foamlike
scaffold of the electrode and the uniform formation of
nanosheets onto the bare NF surfaces by virtue of the mild
boronization process (Figures 1b,c, S1, and S2). Transmission
electron microscopy (TEM) provides more details about the
as-formed nanosheets (Figures 1d and S3). High-resolution
TEM (HRTEM) and the corresponding fast Fourier transform
(FFT) observations (Figures 1e,f and S4) reveal that the
nanosheets are uniquely composed of both amorphous nickel
borate (Ni−Bi, as also demonstrated by a subsequent
elemental analysis) and crystalline metallic nickel phase.44,45

HRTEM images (Figure S5) and selected area electron
diffraction (SAED) patterns (Figure S6) further confirm the
generation of an amorphous/crystalline matrix and the trace
existence of crystalline nickel borate (Ni3(BO3)2) inside the
nanosheets. Moreover, high-angle annular dark-field TEM
(HAADF-TEM) images (Figure 1g) and the related energy
dispersive X-ray spectroscopy (EDX) elemental mapping
results (Figures 1h and S7) indicate the distribution of Ni/
B/O atoms and that some metallic Ni nanoclusters are clearly
visible (the dotted box) along the nanosheets. The EDX line
spectrum confirms a differential distribution between B and Ni
(Figures 1i and S8), disclosing the decoration of Ni
nanoclusters on amorphous Ni−Bi.

Figure 1. Fabrication and structure of Ni-BOx/NF electrode. (a) Synthetic process. (b and c) SEM images of Ni-BOx/NF electrode. (d) TEM
image and HRTEM image (e) of surface Ni-BOx nanosheets and corresponding FFT images (f) taken from marked areas of frame I and II in
panel e. (g) HAADF-TEM image and corresponding EDX elemental mapping (h) of surface Ni-BOx nanosheets; scale bar in panel h: 50 nm.
(i) EDX line scanning along the nanosheets in Figure S8a.
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The X-ray diffraction (XRD) pattern of Ni-BOx/NF exhibits
only the peaks indexed to the metallic nickel without those of
the crystalline nickel borate phase,45 further indicating that the
Ni−Bi species are mainly amorphous (Figure S9). According
to these results, we can envision that our strategy is primarily a
surface boronization process of acid-stable nickel oxide on the
surface of NF (4NiO(s) + 2BH4

−(aq) + 4H2O(l) → Ni(s) +
Ni3(BO3)2(s) + 7H2(g) + 2OH−(aq)).46

Identification of Electron-Abundant Ni Surface. We
employed X-ray and ultraviolet photoelectron spectroscopy
(XPS/UPS) to analyze the surface components and electronic
structure of the Ni-BOx/NF electrode in detail. Based on the
XPS elemental scan results (Figure 2a) and also combined with
the above TEM observations (Figures S5 and S6), the surface
atomic B/O ratio of Ni-BOx/NF is ca. 1:4.7, allowing the
amorphous Ni−Bi phase to be approximately formulated as
Ni3(BO3)2, excluding the surface-absorbed oxygen.47 The high-
resolution B 1s spectrum shows a characteristic peak at 191.8
eV after the boronization (Figure 2b), which is attributed to
the core levels of B3+ in nickel borate species.48 In the O

regions (Figure 2c), we can observe the binding energies
vested in the Ni−O (530.7 eV), nascent Ni−O−B (531.4 eV),
and adsorbed O (532.4 eV).49 Typical Ni 2p spectra reveal
that the peaks of Ni species shift to lower binding energy
values, and the Ni0 signal (∼853.5 eV) becomes much more
significant as NF is transferred to Ni-BOx/NF (Figures 2d and
S10),44 attributed to the surface reduction of NF and the
electron transfer from B to O.33 This supports the mechanism
of the boronization process, leading to the decrease of nickel
oxidation state for Ni-BOx/NF. As analyzed by UPS spectra
(Figures 2e,f and S11), the Ni-BOx/NF electrode exhibited a
measured work function (Φ) of 5.02 eV, which is lower than
that of NF (5.17 eV).16,44 All of these results indicate the
successful formation of the electron-abundant Ni surface by a
simple boronization treatment. The electron-abundant Ni
surface with lowered work function thus offers the Ni-BOx/NF
electrode balanced ability to depress the hydrogen evolution
reaction and accelerate the eight-electron hydrogenation of
nitrate into ammonia.36

Figure 2. Electronic structure analysis of the electrodes. (a) XPS survey scan, high-resolution XPS B 1s (b), O 1s (c), and (d) Ni 2p spectra.
The inset of panel b shows the structure of borate species. (e) UPS spectra in the secondary electron cutoff energy region and (f) measured
work functions of Ni-BOx/NF and NF electrodes.
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Figure 3. Electrocatalytic performance of nitrate reduction into ammonia. (a) LSV curves in electrolyte with and without addition of 0.50 M
NaNO3 (scan rate: 10 mV s−1), (b) corresponding Tafel plots, (c) Cdl measurements, potential-dependent NH3 yield rate (d), and FEs (e)
over the NF and Ni-BOx/NF electrodes. (f) 1H NMR spectra of the electrolyte on Ni-BOx/NF electrode using 14NO3

− and 15NO3
− as the

nitrate source. (g) Recycling test at potential of −0.9 V vs RHE for Ni-BOx/NF electrode.

Table 1. Comparison of Electrochemical NO3
−-to-NH3 Performances of the Ni-BOx/NF Electrode with Reported Catalysts

Catalyst Electrolyte Highest NH3 yield rate (mg h−1 cm−2) Highest FE (%) Reference

Ni-BOx/NF 0.1 M Na2SO4+ 0.5 M NaNO3 22.5 94 This work
Ni3B@NiB2.74 0.10 M KOH + 100 mM KNO3 3.4 ∼100 33
Ni35/NC-sd 0.5 M Na2SO4 + 0.3 M NaNO3 5.1 99 8
BCN@Ni 0.10 M KOH + 100 mM KNO3 2.3 91.1 18
Ni1Cu-SAA 0.5 M K2SO4 + 200 ppm KNO3 5.6 ∼100 19
Fe/Ni2P 0.2 M K2SO4 + 0.05 M KNO3 4.2 94.3 29
RM (Fe2O3+AlxSiyO) 1 M PBS + 1 M KNO3 2.7 92.8 30
BiFeO3 0.1 M KOH + 0.1 M KNO3 ∼10.2 96.9 50
Fe3O4/SS 0.1 M NaOH + 0.1 M NaNO3 10.1 91.5 31
Fe SAC 0.1 M K2SO4 + 0.5 M KNO3 7.8 ∼75 27
Co−Fe@Fe2O3 0.1 M Na2SO4 + 1000 ppm of NaNO3 1.5 85.8 51
Co-CNP 0.02 M Na2SO4 + 100 mg/L NaNO3 0.4 92 28
O−Cu−PTCDA 0.1 M PBS + 500 ppm KNO3 0.5 85.9 13
Cu−N−C 0.1 M KOH + 0.1 M KNO3 4.5 84.7 39
Poly-Cu14cba 0.5 M K2SO4 + 250 ppm KNO3 2.8 90 52
Pd-NDs/Zr-MOF 0.1 M Na2SO4 + 500 ppm of NaNO3 2.0 58.1 24
Pd/TiO2 1 M LiCl + 0.25 M LiNO3 1.1 92.1 23
Cu/Pd/CuOx 0.5 M K2SO4 + 50 mg/L KNO3 3.0 84 53
CuCoSP 0.1 M KOH + 0.1 M KNO3 19.9 93.3 15
Ru nanoclusters 1 M KOH + 1 M KNO3 19.9 ∼100 21
Rh@Cu-0.6% 0.1 M Na2SO4 + 0.1 M KNO3 21.6 93 22
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Catalytic Performance of Electrodes. We measured the
catalytic performance of the Ni-BOx/NF electrodes for nitrate
reduction over a standard three-electrode system (see the
methods in the Supporting Information). The increased
current density in the linear sweep voltammogram (LSV)
curves of the NF after the inclusion of 0.5 M NaNO3 verifies
the electrocatalytic activity for NO3

− reduction (Figure 3a).
The Ni-BOx/NF electrode further lowers the potential and
presents a smaller Tafel slope (Figure 3a,b), proving better
activity and corresponding to faster reaction kinetics than NF.
Furthermore, the calculation of electrochemically active surface
area (ECSA) based on double-layer capacitance (Cdl) tests
(Figures 3c and S12) indicates that the Ni-BOx/NF (1.0 cm2

ECSA) exhibits a higher ECSA than NF (1.7 cm2
ECSA), attesting

to the elevated intrinsic activity toward nitrate reduction by the
surface boronization.14,27

We evaluated the yields of NH3 and FEs by a colorimetric
indophenol blue method (Figure S13) and confirmed this with
1H nuclear magnetic resonance (1H NMR) analysis (Figure
S14). Upon increasing the applied potential (Figures 3d and
S15), the Ni-BOx/NF rendered a maximum NH3 yield rate of
19.2 mg h−1 cm−2 at −0.9 V vs RHE by a high current density
output of more than −200 mA cm−2, outpacing NF by more
than 2.55 times. The FEs toward NO3

−-to-NH3 over Ni-BOx/
NF are superior to those of NF along all applied potentials,
delivering a record high FE of over 94% (Figure 3e). A 15N-
labeled NO3

− reduction experiment further confirmed the NH3
synthesis from the reduction of NO3

− anions (Figure 3f).8,14

Furthermore, the electrochemical stability of the Ni-BOx/
NF electrode for NO3

−-to-NH3 conversion was evaluated over
30 cycles. As shown in Figure 3g, the values of FEs and NH3
yield rates were not steady but were held together in tens of
cycles. The Ni-BOx/NF electrode, after a 30-cycle test, can still
provide a considerable NH3 yield rate of 10.7 mg h−1 cm−2 and

an FE of 81.8%, significantly higher than the fresh NF
electrode (7.5 mg h−1 cm−2 and 48.5% from Figure 3d,e)
under identical conditions. We found that the slight perform-
ance loss was mainly due to surface oxidation and etching of B
(Figure S16). We then implemented a second, simple
boronization treatment for the spent Ni-BOx/NF electrode.
The recycled electrode was fully restored to the original
performance and enabled an increased NH3 yield rate (22.5
mg h−1 cm−2 at the 33rd cycle) and stable FEs for nitrate
reduction into ammonia. These results suggest that the Ni-
BOx/NF electrode can be a promising candidate for industrial
NO3

−-to-NH3 conversions, paralleling or outpacing most
previously reported earth-abundant electrocatalysts (Table 1).

Mechanism. We carried out in situ external reflection
FTIR (see methods in the Supporting Information) to track
the adsorbed species on the electrode surfaces of Ni-BOx/NF
and NF during the electroreduction of NO3

− to NH3. In
Figures 4a and S17, the upward adsorption bands in the ranges
of 1500−1565 and 1662−1726 cm−1 reveal *NO3 species,54,55

verifying the consumption of NO3
− by the applied potential.

The upward bands in 1610−1660 cm−1 are attributed to the
HOH bending (δHOH) mode of H2O,56 implying the water
electrolysis to deliver protons. Meanwhile, downward bands in
1735−1942 cm−1 indicate the adsorption of *NO species on
the Ni surface.54,57 The existence of *NO2 and *NH2
intermediates can be observed from the downward bands
centered at 1292 and 1330 cm−1,54,58 respectively. The
downward adsorption bands in 1420−1490 cm−1 further
confirm the generation of NH3 on the electrodes.59 With the
increase of potential from −0.5 to −1.5 V, the adsorption band
position of the *O−H bond gradually transferred to that of the
*N−H bond (Figure 4b) due to the nitrate hydrogenation,58,59

and the sulfate (SO4
2−) was repelled from the surface by the

formation of intermediates and NH3 (Figure S18).

Figure 4. Potential-dependent in situ external reflection FTIR spectra. Spectra on Ni-BOx/NF (a−c) and NF (d) electrodes in electrolyte of
0.1 M Na2SO4 + 0.5 M NaNO3 from −0.5 to −1.5 V (vs RHE).
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In addition, the downward band at 2077.0 cm−1 that
appeared under −1.2 V could be attributed to the adsorption
of *H on the Ni-BOx/NF electrode (Figure 4c).60,61 It shifted
to 2072.2 cm−1 under −1.5 V. The Ni-BOx/NF thus yields a
lower Stark turn rate of 16.0 cm−1 V−1 in comparison to that of
NF (Figure 4d, 21.2 cm−1 V−1), indicating a weaker affinity of
*H over the Ni-BOx/NF electrode. This result demonstrates
that electron-abundant Ni-BOx/NF decreases the otherwise
strong absorption of *H on the Ni surface. It thereby provides
a controlled active site for promoting the hydrogenation of
NO3

−, while depressing the HER, and leads to a high
selectivity for the electrochemical reduction of NO3

− into
NH3.

Furthermore, we performed density functional theory
(DFT) calculations to unveil the origin of the electron-
abundant Ni surface in promoting the electrochemical
reduction of nitrate into ammonia (Figure 5, and Methods
in the Supporting Information). Combining with the in situ
external reflection FTIR results in Figure 4, the NO3

−-to-NH3
reaction (NO3

−(aq) + 9H+(aq) + 8e− → NH3(g) + 3H2O(l))
was simulated through several deoxidation reactions followed
by hydrogenation reactions to NH3 (Figure 5a,b), in line with
literature reports.51 The potential-dependent step (PDS) over
the Ni(111) surface is found to be the deoxidation reaction of
*NO to *N with a formation barrier of 1.18 eV, which is
largely depressed to 0.10 eV by the addition of electrons to the
Ni surface (Ni+e− model). Moreover, PDS is converted as the
hydrogenation reaction of *NH to *NH2 on the Ni+e− model

with a lower formation barrier of 0.56 eV, accounting for the
more favorable electrochemical reaction kinetics over the
electron-abundant Ni surface.

From the charge density difference (CDD) stereograms
between absorbed NO3

− and support models (Figure 5c), a
more considerable electron accumulation (red) area can be
observed over the Ni+e− model, possibly due to the stronger
electron coupling between the electron-abundant Ni surface
and the delocalized π electrons surrounding the NO3

− anions.
The calculated adsorption energy of nitrate (Figure 5d) over
the surface of the Ni+e− model (−1.85 eV) is thus more
negative than that of Ni (−1.63 eV), forcefully underpinning
the ability of the electron-abundant Ni-BOx/NF electrode in
capturing the nitrate anions. In addition, the potentials of zero
charge (Ez) of NF and Ni-BOx/NF electrodes can be
approximately calculated as 0.16 and 0.01 eV (Ez = Φ −
5.01 eV; Φ: work function), respectively.62 The lower anodic
Ez value of Ni-BOx/NF signifies that the electrode would
provide less negatively charged surfaces and therefore limit
electrostatically attracted protons,36 leading to the prevention
of surface H2 generation. The DFT calculations further reveal
that the Ni+e− surface has a smaller ΔGH* absolute value than
bare Ni (Figure S19), implying a lower HER activity over the
Ni-BOx/NF electrode. These results collectively reveal why the
electron-abundant Ni-BOx/NF electrode with lowered work
function presents an elevated performance for NO3

−-to-NH3
conversion compared with bare NF.

Figure 5. DFT calculations. (a) Optimized adsorption configurations and corresponding free energy diagram (b) for each step of the nitrate
reduction process on neutral Ni and electron-abundant Ni (Ni+e−). White, red, and blue spheres represent H, O, and N atoms; gray and
dark-washed red spheres correspond to neutral Ni and electron-abundant Ni atoms, respectively. (c) CDD stereograms after the adsorption
of NO3

− anion onto the Ni and Ni+e− models and the corresponding calculated adsorption energies (d). Dotted ellipses in panel c are used
to guide the eye.
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In summary, we have introduced a simple and rapid
boronization treatment to develop commercial nickel foam
into a high-performance electrode for nitrate reduction into
ammonia. The work function of nickel foam is decreased by
converting surface nickel oxides into dyadic nanosheets
through metallic Ni and amorphous nickel borate species,
enabling electron-abundant Ni surfaces for capturing and
rapidly transforming nitrate anions. Our electrodes can be used
for tens of cycles and then readily recycled when exhausted by
simply applying another round of boronization. We also
conclude that our strategy of fabricating a targeted electro-
catalytic surface with desired electronic properties for nitrate-
to-ammonia conversion may provide direct design insights into
developing highly efficient electrode materials with wide
implications. Future efforts can be focused on utilizing this
high-performance electrode in membrane reactors to convert
nitrate into ammonia and in metal-nitrate battery assemblies to
capitalize on abundant electron−proton flow, thus construct-
ing more practical systems for environmental waste remedia-
tion and energy storage.
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