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A B S T R A C T

The electrocatalysis of nitrate reduction reaction (NRR) has been considered to be a promising nitrate
removal technology. Developing a highly effective iron-based electrocatalyst is an essential challenge for
NRR. Herein, boron-iron nanochains (B-Fe NCs) as efficient NRR catalysts were prepared via a facile low-
cost and scalable method. The Fe/B ratio of the B-Fe NCs-x can be elaborately adjusted to optimize the
NRR catalytic performance. Due to the electron transfer from boron to metal, the metal-metal bonds are
weakened and the electron density near the metal atom centers are rearranged, which are favor of the
conversion from NO3

� into N2. Moreover, the well-crosslinked chain-like architectures benefit the mass/
electron transport to boost the exposure of abundant catalytic active sites. Laboratory experiments
demonstrated that the optimized B-Fe NCs catalyst exhibits superior intrinsic electrocatalytic NRR
activity of high nitrate conversion (�80%), ultrahigh nitrogen selectivity (�99%) and excellent long-term
reactivity in themixed electrolyte system (0.02mol/L NaCl and 0.02mol/L Na2SO4mixed electrolyte), and
the electrocatalytic activity of the material shows poor performance at low chloride ion concentration
(Nitrate conversion of�61% and nitrogen selectivity of�57% in 0.005mol/L NaCl and 0.035mol/L Na2SO4

mixed electrolyte). This study provides a broad application prospect for further exploring the high-
efficiency and low-cost iron-based functional nanostructures for electrocatalytic nitrate reduction.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Anthropogenic activities such as overfertilization, fossil fuel
combustion and wastewater discharge lead to omnipresent surges
of nitrogen in groundwater and surface water, which leads to an
increasingly unbalanced global nitrogen cycle [1,2]. The imbalance
of the nitrogen cycle has resulted in serious nitrate pollution in
water resources, which is a menace to public health and
ecosystems [3–5]. So far, various technologies have been reported
to remove nitrate from wastewater, including biological process,
physical approaches, and chemical reduction. Biological denitrifi-
cation [6] is the most widespread technology, but it exists the
technical problems of sludge production, high demand for
conditions, and continuous monitoring. Physical approaches, such
as ion exchange [7], electrodialysis [8] and reverse osmosis [9] can
effectively remove the nitrate, but it will generate a large amount
concentrated nitrate brine and need further treatment. Although

chemical reduction process [10] can gain high removal rate of
nitrate, the continuous addition of reducing agent (H2) leads to a
tedious process. Ideally, electrocatalytic nitrate reduction driven
by renewable resources is a promising state-of-the-art technology
to overcome these limitations. Therefore, this is a field worthy of
further study [11–14]. It is remarkable that most of the electro-
catalytic reactions rely heavily on the improvement of electro-
catalysts with outstanding activity and stability [15–17]. According
to previous catalytic studies, noble metals (e.g., Rh, Ag, Pd) and
their bimetallic systems (e.g., PdAu, PdCu) have been considered to
be excellent catalysts for nitrate reduction reaction (NRR) [18–21].
However, the high price and scarcity of precious metals limit the
large-scale practical applications [19,22]. Therefore, a large
number of researchers are committed to developing low-cost,
corrosion-resistant, long-life electrodes aiming to purify nitrate-
containing water as well as avoid the introduction of extra
pollutants [23,24].

Nanoscale zero-valent iron is considered as the best promoter
for NRR owing to its low price and relatively excellent electro-
catalytic activity [25–28]. The electrocatalytic reaction occurs on
the surface of the catalysts, making surface engineering a
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promising route to enhance the intrinsic activity of the nanoscale
catalysts [29]. Through morphology engineering, the exposed
surface active sites and selective facets can be regulated to increase
the direct contact between the surface active sites and the catalytic
substrate [30]. Su et al. reported self-assembly of Fe3O4 nanoparti-
cle constitutional unit to constructed corchorifolius-like Fe@C
microspheres consisting superlattice iron nanoparticles with
rough surface, which can effectively facilitate the transformation
of adsorbed nitrate into nitrite [25]. Lan et al. proposed a facile
strategy to synthesize one-dimensional carbon nanofiber archi-
tecture equipped with Fe/Fe3C nanoparticles immobilized on
monodisperse carbon matrix through confined reduction. The
cross-linked network structure increases the contact area between
the electrolyte and the catalyst surface [26]. The utilization of
active ingredients can be improved by manipulating the interface
morphology. Another effective strategy is to introduce another
additive into the host nanostructure, which can not only integrate
the properties of the two materials, but also entrust the catalysts
with new functions owing to the existence of abundant interfaces
[27,31].Wang et al. designed nitride-carbon encapsulated N-doped
iron (FeN-NC) nanostructure with the assistant of hydrothermal
treatment combined with pyrolysis. N dopants and NC shell
promote mass and electron transfer from FeN to nitrogen for
improving nitrogen selectivity [27]. Although some electrocata-
lysts have been developed for boosting the performance of NRR,
most of them are concerned on the surface coating or matrix
dispersion of carbon on nanostructured iron. It is still rarely
involved the interfacial design of nanostructured iron for NRR. In
this respect, Jiao et al. developed boron-doped Fe-N-C (FeBNC)
single-atom nanozymes (SAzymes) via one-pot pyrolysis process.
Boron dopants induce electronic structure rearrangement of the
central Fe atom, further reducing the energy barrier for formation
of hydroxyl radical (OH

�
) to boost peroxidase-like activity [32].

Therefore, the surface modification of nanostructured iron makes
the catalysts represent satisfactory continuous catalytic activity
[5,33–35].

Herein, inspired by boron doping-iron nanostructures, a novel
boron-iron nanochains was prepared with a simple wet-chemical
process using sodium borohydride and ferric chloride as pre-
cursors. The B-Fe NCs nanostructures exhibit tunable elements
ratio (B/Fe), uniform diameters (�60 nm), and nanochain mor-
phology. The designed B-Fe NCs catalyst with suitable B/Fe ratio
shows excellent electrocatalytic activity and stability for NRR along
with a high nitrate conversion of �80% and good selectivity for
nitrogen of �99%.

A schematic fabrication process of the B-Fe NCs-x catalysts was
illustrated in Fig. 1a, NaBH4 could easily reduce metal cations and
form metal borides under the condition of frozen water [36]. The
pH monitoring diagram of reaction solution during material
preparation was shown in Fig. 1b. The pH value of sodium
borohydride solutionwas alkaline (�9.28) and increased rapidly at
the beginning of the reaction. With the increase of reaction time,
the pH value of solution emerged an increasing trend (the pH is
10.34 at the end of the reaction) (Fig. 1b). In the later period of the
reaction, the increase of pH value tended to be gentle. This visually
illustrates the changing process of the reaction rate from drastic to
slow. Then, a series of B-Fe NCs-x with different Fe loadings were
constructed by adjusting the amount of FeCl3�6H2O. We found that
the B-Fe NCs catalyst prepared with a FeCl3 and NaBH4 molar ratio
of 0.15:5 possessed the highest NRR property. Therefore, the B-Fe
NCs catalyst discussed below were prepared under this condition
unless otherwise specified.

The detailed morphological and structural features of the B-Fe
NCs were first characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), as shown in
Figs. 1c-e. The B-Fe NCs catalyst remains well-crosslinked chain-

like architectures (Figs. 1d and e) with diameters around 60 nm
and iron oxide shell thicknesses of about 5 nm (Fig. 1e). This oxide
layer is generally considered to protect the iron core from rapid
oxidation in the air, which makes the formed nanochains
thermodynamically stable [37]. Furthermore, the morphologies
of other Fe/B ratios catalysts (B-Fe NCs-x) also display well-
crosslinked chain-like architectures (Figs. S1a-d in Supporting
information). The well-crosslinked chain-like architectures is
conducive to mass/electron transfer [38]. For comparison, the
catalyst without B doped (named as Fe NPs) was prepared by
replacing NaBH4 with hydrazine hydrate. The non-boron-doped Fe
is composed of iron nanoparticles with 50–100 nm (Fig. S1e in
Supporting information). The lattice fringe of B-Fe NCs is
0.4934 nm, corresponding to the (220) plane of cubic Fe
(Fig. 1e). The scanning transmission electron microscopy (STEM)
elemental mappings (Figs. 1f-i) illustrate the homogeneous
distribution of Fe, B and O in confinement framework of iron
oxide shell. The energy dispersive X-ray spectroscopy (EDX)
spectra (Fig. 1j) also confirms the presence of the three elements.

Moreover, the inductively coupled plasma (ICP) also confirms
the presence of B in B-Fe NCs-x samples and determines the
contents of iron, oxygen and boron in samples (Table S1 in
Supporting information), showing that B-Fe NCs catalyst contains
the highest iron content of �86.53wt%. The increasing content of
iron can promote the active sites exposure and enhance the
electrocatalytic activity of samples [25]. It is worth noting that the
content of boron in B-Fe NCs-x does not increase with the increase
of iron content. Therefore, the appropriate content of boron can
optimize the interface of nanostructured iron and further improve
their NRR performance. In addition, ICP test also shows that the
iron content of boron-free sample is �91.98wt%, which is
consistent with the result (�95.02wt%) of thermogravimetric
analyzer (TGA) (Fig. S2 in Supporting information).

X-ray diffraction (XRD) patterns display that the three typical
diffraction peaks of cubic phase zero-valent iron (PDF # 06�0696)

[(Fig._1)TD$FIG]

Fig. 1. (a) A schematic fabrication process of the B-Fe NCs-x. (b) The pH values of
solution changes with reaction time after adding FeCl3 aqueous solution into
sodium borohydride aqueous solution (inset are optical Photographs of B-Fe NCs
catalyst preparation process for 0min and 30min). (c) SEM, (d)-(e) TEM images of
the B-Fe NCs (inset is HRTEM image in panel (e)). (f)-(i) STEM elemental mapping
images, and (j) the corresponding EDX spectra of B-Fe NCs.
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can be observed (Fig. 2a and Fig. S3a in Supporting information). In
addition, a weak peak of FeO can be observed due to the oxidation
of Fe in air, which is consistent with the TEM images. Besides, the
B-Fe NCs is still chemically stable after stored in argon atmosphere
for ten days (green line in Fig. 2a). The surface chemical
composition and electronic structure of different samples were
analyzed by X-ray photoelectron spectroscopy (XPS) (Fig. 2b and
Fig. S3b in Supporting information), indicating the presence of B, O,
and Fe in B-Fe NCs-x catalysts. The high-resolution Fe 2p spectrum
(Fig. 2c, Figs. S3c, S4a, S4c, S5a and S5c in Supporting information)
matched well with two spin-orbit at 710 eV and 724 eV of Fe 2p3/2
and Fe 2p1/2,with satellite peaks at 717.6 and 732.7 eV [39]. Notice
that the Fe 2p3/2 binding energy of the B-Fe NCs is negatively
shifted by 0.5 eV relative to the binding energy of pure iron
(710.7 eV), and the peaks could be decomposed into the Fe2+ peaks
at 717.6 eV and 732.7 eV, and Fe3+ peaks at 713.6 eV and 724.9 eV,
respectively. During the XPS test process, the Fe atoms exposed to
the outermost layer would be inevitably oxidized to a high valence

(Fig. 2d) of the B-Fe NCs could be assigned to two peaks, matching
with the interaction between boron and residual iron at 188.8 eV
and the boron-oxides species at 191.6 eV, respectively [40]. The B
1s binding energy is positively shifted by 1.7 eV relative to the
binding energy of boron (187.1 eV) [41]. Other high-resolution B 1s
spectrum of the B-Fe NCs-x samples can also be observed
(Figs. S3d, S4b, S4d, and S5b in Supporting information).
Furthermore, the boron peak of Fe NPs cannot be observed in
the high-resolution B 1s spectra (Fig. S5d in Supporting informa-
tion). The results indicate that due to the electron transfer from
boron to metal, the metal-metal bonds are weakened and the
electron density near the metal atom centers are rearranged
[33,41–43]. In conclusion, XPS results not only demonstrate the
coexistence of Fe, B and O, but also confirm the existencemetal��B
bond, metal��O bond, and B��O bond, which may further
rearrange the electronic distribution of elements.

A series of catalysts were used to evaluate the denitrification
performance under different conditions (different electrolyte
types, reaction time and different NO3

�-N concentration), as
shown in Fig. 3. When the electrolysis test run for 24 h, nitrate
conversion and nitrogen selectivity of all cathodes can be observed
in Fig. 3a. The results show that B-Fe NCs possesses highest nitrate

removal (65%) and N2 selectivity (95%), this phenomenon indicates
that the appropriate Fe/B ratio improves the NRR performance
greatly. Compared with boron-free sample (Fe NPs), the metal
borides have significantly increased the activity of NRR. For one
thing, the doped boron atoms not only manipulate the electronic
structure of iron and largely enhance the transfer of electrons, but
also improve the adsorption capacity of nitrate. For another, the
compound heterointerfaces between oxide layer and iron in B-Fe
NCs-x expose more active sites to activate the adsorption property
of reaction intermediates [43]. In addition, the effect of dissolved
oxygen in the reaction solution on the catalyst can be investigated
in Fig. 3b. The deionized water used in this research was treated
with argon or without any further processing. The final conversion
of nitrate enhanced from 65% to 70% with removal of dissolved
oxygen in deionized water during material preparation, reducing
the uncontrolled oxidation of iron nanoparticles. However, there is
no effect improvement for nitrogen selectivity. Subsequently, the
influence of the electrolyte stylewas further evaluated to study the
catalytic performance of NRR (Fig. 3b). A lot of experiments on
iron-based materials show that the appropriate increase of
electrolyte concentration could promote the performance of
catalysts [25,26,44]. The results show that the nitrate conversion
reaches 80% and the nitrogen selectivity reaches 99% after 24 h in
mixed electrolyte type (0.02mol/L NaCl and 0.02mol/L Na2SO4

electrolyte). The increase of concentration is beneficial to the
nitrate conversion and nitrogen selectivity. Therefore, the subse-
quent performance tests were completed in the mixed system.

In fact, the nitrate conversion could reach 96%, and the nitrogen
selectivity could approach 100% with the prolongation of
electrolysis time (36 h) in mixed electrolyte type containing
100mg/L NO3

�-N (Fig. 3c). The B-Fe NCs cathode was used to
determine the evolution of nitrate, nitrite, ammonia and nitrogen
with reaction time during the electrolysis. When the electrolysis
test increases from 6 h to 36 h, the removal rate of nitrate
concentration gradually increased, from53% at the beginning of 6 h
to 96% after 36 h reaction. It is worth noting that the content of
nitrite can be ignored. Nitrate concentration gradually decreases,
and the reduction products are mainly ammonium and nitrogen.
The contents of ammonia increase to the maximum about 6 h at
the beginning and then decrease below�1%. The nitrogen content
is almost zero at the beginning and finally reach �99.57%. In
addition, the reduction products of the comparative sample (Fe
NPs) change with times as shown in Fig. S6 (Supporting
information), which electrocatalytic activity also shows an
increasing trend with the prolongation of time. It is worth noting
that the nitrogen selectivity (12%) could not be ignored in the first
6 h of the reaction. The previous research reports shown that the
target product of nitrate reduction by nano-zero-valent iron is
nitrogen, but our experimental results show that the main product
in the initial stage of reaction is ammonium, and then ammonium
is converted into nitrogen based on the breakpoint chlorination
reaction [45]. This experimental phenomenon is obviously
different from zero-valent iron, so it can be inferred that the
catalytic active site is B-Fe [46,47]. The profound mechanism of
this interesting phenomenon deserves further investigation.

It is essential to investigate the influence of different molarity
ratios of Cl� and SO4

2� on electrocatalytic activity in mixed
electrolyte system (NaCl and Na2SO4) [26]. As shown in Fig. 3b
and Fig. S7a (Supporting information), obviously, the reduction of
Cl� (0.005mol/L, 0.01mol/L and 0.02mol/L) results in a significant
decrease in nitrate removal, and the corresponding selectivity of
nitrogen also decreases markedly. The results indicate that a
higher Cl� concentration is propitious to the generation of
nitrogen while a higher SO4

2� concentration is beneficial to the
conversion of nitrate into ammonia in mixed electrolyte system.
Based on the comprehensive consideration of electrocatalytic

[(Fig._2)TD$FIG]

Fig. 2. Characterizations of B-Fe NCs. (a) XRD patterns. (b) XPS survey spectra. (c)
High-resolution Fe 2p XPS spectra, and (d) high-resolution B 1 [38_TD$DIFF]s XPS spectra of B-Fe
NCs.
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activity, the optimal mixed electrolyte system was determined to
be 0.02mol/L Cl� and 0.02mol/L SO4

2�.
An optimal applied potential is also the critical factor to

effectively catalyze nitrate reduction to avoid harmful by-products.
Therefore, electrocatalysis tests were carried out at different
applied potentials. As shown in Fig. S7b (Supporting information),
the optimal applied potential of B-Fe NCs is �1.3 V. In order to
further evaluate the optimum applied potential, the current
efficiency of cathodic nitrate reduction at different cathode
potentials was calculated by the following Eq. 1:

EC % ¼ nFVDCexp

Q
� 100% ð1Þ

DCexp (mol/L) is the concentration change of NO3
� after

electrocatalysis. Fig. S8a (Supporting information) shows a few
representative current densities of B-Fe NCs cathode at varied
applied potentials. Fig. S8b (Supporting information) illustrates
the electronic current efficiency at different current densities.
The results show that the B-Fe NCs cathode can obtain better
utilization efficiency at lower potential, but considering its
electrocatalytic activity (nitrate conversion and nitrogen
selectivity), the best application potential is still -1.3 V.

The electrocatalytic performance of B-Fe NCs in 0.02mol/L NaCl
and 0.02mol/L Na2SO4 electrolyte containing different concentra-
tion of NO3

�-N has been evaluated in Fig. 3d. In the relative low
nitrate concentration (10 and 25mg/L NO3

�-N), B-Fe NCs still
exhibits excellent nitrate conversion (> 90%) and nitrogen
selectivity (> 86%). When the nitrate concentration was higher
than 100mg/L, the nitrate conversion and nitrogen selectivity
undesirably decreased, suggesting the fully occupied active sites by
pollutant molecules cannot further play the role of nitrate
conversion.

In addition, the evaluation of electrocatalytic denitrification in
real water is of great significance for the practical application of
catalysts. As shown in Fig. S9 (Supporting information), the original

lake water was cleared by suction filtration treatment. Subse-
quently, since the nitrate concentration in the initial lake water
was lower than 5mg/L, purified lakewaterwas used to prepare the
electrolyte solutions of 10 and 100mg/L. The result showed that
the nitrate conversion was 44% and 54%, and nitrogen selectivity
was 72% and 83%, respectively. It is worth noting that the
composition of actual water is complex, including heavy metals,
inorganic anions, organic matter and unknown ion concentration,
which would lead to the degradation of catalyst performance in
practical application.

The cycle experiments of B-Fe NCs were used to evaluate the
stability of catalyst for NRR. As shown in Fig. 4a, the conversion of
nitrate varies from 80% to 90% and the nitrogen selectivity is more
than 88% after 20 cycles, indicating the excellent catalytic stability.
To estimate the structural variation of the catalyst after the NRR for
24 h, XRD and TEM were used to characterize the structure of the
B-Fe NCs after electrocatalysis for 24 h. Furthermore, the corrosion
and leaching of iron ions after long time electrolysis were
determined by ICP-MS. After 20 cycles, the iron leaching amount
accounts for 4.1% of the total iron mass (Fig. 4b). At the same time,
the crystallographic information of nickel foam loaded B-Fe NCs
before and after NRR are shown in Fig. 4c, suggesting that the
crystal structure of B-FeNCsmaintainedwell afterNRR. TEM image
in Fig. 4d shows that the catalyst still retains the core-shell
structure, demonstrating the structural stability of B-Fe NCs [48].

Reaction mechanism of B-Fe NCs for NRR is shown in the Fig. 5.
The electroreduction of nitrate includes a “rate-determining step”
and a “selectivity determining step” [29]. Electrocatalytic nitrate
reduction begins with the adsorption of nitrate on the electrode
surface. Then, the adsorbed nitrate is reduced to nitrite by gaining
electrons, which is the “rate-determining step” of the nitrate
reduction reaction. It is reported that the significant hybridization
between B 2p state and the metal 3d orbit is accompanied by the
concentration of charges betweenmetal-boron (M��B) and boron-
boron (B��B), and the weakening of metal-metal (M��M) bond,

[(Fig._3)TD$FIG]

Fig. 3. (a) Nitrate conversion and nitrogen selectivity of B-FeNCs-x and FeNPs cathodes in 0.02mol/LNaCl electrolyte containing 100mg/LNO3
�-N at [39_TD$DIFF]�1.3 V applied potential

for 24 h. (b) Nitrate conversion and nitrogen selectivity of the B-Fe NCs with different conditions (The two leftmost columns: the deionized water without deoxidized; The
middle two columns and the two rightmost columns: the deionized water with deoxidized). (c) Nitrate conversion and nitrogen selectivity of B-Fe NCs result along with
time in 0.02mol/L NaCl and 0.02mol/L Na2SO4 containing 100mg/L NO3

�-N at [39_TD$DIFF]�1.3 V applied potential. (d) Effects of initial nitrate concentrations in 0.02mol/L NaCl and
0.02mol/L Na2SO4 mixed electrolyte at [39_TD$DIFF]�1.3 V applied potential for 24 h.
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which will be beneficial to reduce the energy barrier of
intermediate formation in the catalytic process [33,40,41,49].
Based on this, it can be inferred that B-Fe NCs is beneficial to the
nitrate adsorption in this step. The well-crosslinked chain-like
architectures can provide ample accessible channels for electronic
transmission. At the selectivity-determining step, nitrite (NO2

�)
rapidly gains electrons to generate intermediate NO, and then
continuously generates intermediate N2O by the hydrogen
reduction, further converting into N2 and NH4

+. Ammonia can
be inevitably produced due to the direct reduction of aqueous
NO2

� and strongly surface bonded NO [45]. It is worth noting that
the existence of chloride ions in electrolyte is beneficial to improve
the selectivity of nitrogen in nitrate reduction products of iron-
based catalysts [25]. In the reaction process, Cl� adsorbed on the
anode surface can obtain electrons to generate intermediate HClO,
and NH4

+ generated by catalytic reaction can diffuse to the anode
surface to further react with HClO in the system to generate N2.
This speculation is consistent with the time distribution of

reduction products. In order to highlight the advantages of this
structure, the B-Fe NCs and several other NRR cathodes were
compared. The results of nitrate conversion and nitrogen
selectivity of these cathodes were summarized in Table S2
(Supporting information). Compared with CuPb@OMC [50],
Ag@carbon [18], CL-Fe@C [25], Fe/Fe3C-NCNF [26], nZVI@OMC
[46], Fe@C [51], Cu-Pd/NZVI [52], and CuPb@coralline-like NC [22],
the B-Fe NCs catalyst exhibits outstanding nitrate conversion and
nitrogen selectivity.

In summary, the B-Fe NCs-x with adjustable Fe/B ratio have
been synthesized via a precipitation ofmetal cations byNaBH4. The
doped heteroatom (B) plays an important role in regulating
electronic density for the Fe atom for improving the NRR catalytic
performance. In addition, the well-crosslinked chain-like archi-
tectures benefit the mass/electron transport to boost the exposure
of catalytic active sites. These features endow the B-Fe NCs with
excellent nitrate conversion of 80% and the ultra-high nitrogen
selectivity of 99%. It is believed that this study may open a way to
explore efficient and low-cost metal boride catalysts for NRR.
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test). (d) TEM image of B-Fe NCs after electrocatalytic reaction in 0.02mol/L NaCl
and 0.02mol/L Na2SO4 solution containing 100mg/L NO3

�-N for 24 h.
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Fig. 5. Reaction mechanism of B-Fe NCs for nitrate reduction.
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