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An electrocatalytic nitrate reduction reaction (NOsRR) is an attractive strategy to maintain the nitrogen
neutral. Fe nanoparticles (Fe NPs) are among the most promising electrocatalysts for the NOzRR with low
cost and high performance. However, the durability of Fe-based catalysts is poor owing to the aggrega-
tion and oxidation of iron. Herein, a series of self-supported Fe/support catalysts has been synthesized by
a simple hydrothermal and in situ thermal reduction strategy, exhibiting strong metal—support interaction
(SMSI) between Fe active sites and supports. Remarkably, the iron nanoparticles loaded on graphite felt
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(Fe/GF) exhibited an optimal electrochemical NOzRR performance with NOs~ conversion of 67.7% and N,
selectivity of 96.6%, which is attributed to the enhanced dispersity and conductivity. This study not only
provides a universal method for SMSI composite catalysts but also lays the foundation for their large-scale
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Introduction

The nitrogen neutralization cycle is an integral part of the
Earth’s ecosystem.' In recent years, excess nitrate (NO; ),
caused by animal manure, nitrogen fertilizers and fossil fuels,
has become a nitrogenous pollutant widely found in
wastewater.”® According to the World Health Organization
(WHO) recommendations, the concentration of NO;~ (or
NO; -N) in drinking water should be below 50 mg L™ (or
11.3 mg L"), otherwise it may cause a serious health risk to
aquatic plants and humans.*"® Nowadays, there are two major
objectives for nitrate conversion, which are reducing the
nitrates to ammonia (NH,") or nitrogen (N,).” Compared with
the N, reduction reaction (N,RR), the electrocatalytic NO;RR
for NH," production has more attractive advantages. Direct
N,RR usually exhibits low yields and Faraday efficiency due to
the high dissociation energy of the strong N=N bond (941 kJ
mol ™), low N, solubility, and competitive hydrogen evolution
reaction (HER). On the other hand, NO;™, which has a low dis-
sociation energy of the N-O bond (204 kJ mol™"), is a common
source of nitrogen and is commonly found in contaminated
wastewater. As a result, the electrocatalytic NO;RR is con-
sidered a highly effective alternative to the Haber-Bosch
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process.® However, from an environmental perspective, benign
N, is the most promising product due to its harmless and eco-
friendly characteristics.”"" Among the various NO;™~ treatment
technologies, the electrocatalytic NO3;~ reduction reaction
(NO3RR) is considered to be the superior method for nitrate
reduction in water because of the simple operation, lack of sec-
ondary pollution and environmental friendliness."*™*

Based on previous research studies, bimetallic-based cata-
lysts containing noble metals (e.g., Pt-Ru, Pd-Cu, Pd-Sn) are
considered to be excellent catalysts for the electrocatalytic
NO;RR.'*2° However, in order to reduce the cost and enhance
the properties, numerous non-precious metal catalysts have
been studied.>'>® Fe-based electrocatalysts have stood out in
replacing traditional noble metals due to their low cost, high
reduction capacity, easy availability and recyclability.>®"°
However, the Fe-based nanoparticles are prone to being aggre-
gated and oxidated.*>® To solve these problems, various strat-
egies have been developed to improve the stability of Fe-based
catalysts.’’®* Among them, the loading strategy is deemed
energetically feasible.>**® However, it is still a challenge to
obtain uniformly dispersed iron-based nanoparticles on
support without agglomeration. As is known to all, support is
one of the key components of the catalyst. The catalyst sup-
ports commonly used for electrocatalysis can be classified into
carbon-based supports and metal-based supports, such as
active carbon, graphene, carbon nanofiber, titanium oxide,
nickel foam, etc.*’7*° The main purpose of the support is to
improve the dispersity of catalyst particles and thus enhance
the catalytic performance. On the other hand, there is a
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mutual transfer of interfacial charges between the support and
the metal sites, forming a strong metal-support interaction
(SMSI), which in turn affects the catalytic performance.*" SMSI
can improve the migration agglomeration of metal nano-
particles during high-temperature treatment to a certain
extent, and also promote the charge transfer between the
metal and the support. This strong interaction can affect the
adsorption energy of reaction intermediates and thus change
the catalytic performance, which is important for catalysis.***?
Tauster et al. first demonstrated the classical SMSI to solve the
agglomeration problem of catalyst materials under high temp-
erature sintering in the 1970s.** It is worth noting that the
aggregation of iron nanostructures and the insufficient
exposure of active sites caused by high surface magnetism can
be effectively addressed through the SMSI between Fe active
sites and support materials.*>"*°

In this work, we developed a universal strategy that can
load Fe NPs on the surface of a series of carbon-based or
metal-based supports (such as graphite felt (GF), carbon cloth
(CCQ), carbon paper (CP), copper foam (CF), nickel foam (NF),
and iron foam (IF)) to obtain self-supported Fe/support cata-
lysts. The strong interaction between Fe NPs and GF is condu-
cive to increasing the exposure of iron active sites and stability,
which shows high electrocatalytic NO3;RR performance with a
67.7% NO;~ conversion rate and a 96.6% N, selectivity.
Besides, the performance of other Fe/support catalysts was
also investigated, which showed better NO;RR performance
compared with pure carbon or metal supports. These further
demonstrated that SMSI played an important role in the
electrocatalytic NOs;RR and verified the favourable generaliz-
ability of this method.

Results and discussion

Fig. 1a shows the synthesis process of Fe NPs supported on
carbon or metal supports. First, the treated supports were
placed in an aqueous solution containing anhydrous ferric
chloride (FeCl;) and sodium nitrate (NaNO3) and then trans-
ferred to 100 mL Teflon-lined autoclaves for a 4-hour hydro-
thermal reaction. Afterwards, the reacted supports were
washed and dried, and then subjected to high-temperature
thermal reduction treatment to obtain Fe/support catalysts
(i.e., Fe/GF, Fe/CC, Fe/CP, Fe/NF, Fe/CF, Fe/IF). In order to
explore the optimal calcination reduction temperature, we
directly synthesized the hydroxyl iron oxide (FeOOH) by the
hydrothermal method (Fig. S1 and S2f) and calcined it at
different temperatures. It can be concluded that when the
temperature was 500 °C, the FeOOH powder still maintained a
more dispersed structure and was completely reduced to Fe
NPs (Fig. S3bt). However, when the temperature was 400 °C,
although its structure was still maintained (Fig. S3at), it was
not completely reduced to Fe NPs. It is well known that the
presence of an iron oxide mixture is not conducive to the elec-
troreduction of NO;~.*” When the temperature was higher
than 500 °C, the whole structure was seriously agglomerated,
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Fig. 1 (a) Schematic diagram of the synthesis of in situ loaded needle-
like iron on carbon or metal supports. SEM images for (b) Fe/GF, (c) Fe/
CC, (d) Fe/CP, (e) Fe/NF, (f) Fe/CF, and (g) Fe/IF.

resulting in a decrease in the active specific surface area,
which was not suitable for the electrocatalytic NOz;RR
(Fig. S3ct). Therefore, the thermal reduction temperature is
fixed at 500 °C for the FeOOH on different supports to achieve
the optimal structure and activity of the catalyst material. In
addition, in order to verify the universality of this method, we
also analyzed the morphologies corresponding to the in situ
growth of Fe NPs in these supports. Fig. 1b—-d show the in situ
growth of Fe NPs on carbon supports. Fig. le-g show the
in situ growth of Fe NPs on the metal supports. When the sup-
ports were replaced with CC and CP (Fig. S6 and S77), the
FeOOH still maintained a similar morphology, and after the
thermal reduction treatment, Fe was dispersed on the carbon
supports in the form of nanoparticles. On the metal supports,
the smooth metal skeletons became rough, and FeOOH/NF,
FeOOH/CF, and FeOOH/IF were successfully prepared (Fig. S8-
S107). After the thermal reduction, the Fe exists on the surface
of the metal supports in the form of bigger particles or large
bulk. It can be concluded that the catalysts maintain a com-
plete structure in both carbon and metal supports. It is worth
mentioning that the Fe NPs are relatively uniformly dispersed
and anchored on the GF compared to other supports. In
addition, GF exhibits a wide source and excellent electrical
conductivity, and the GF itself has the effect of NO;~ accumu-
lation, which may further improve the conversion rate of NO;™
in the electrolyte.”® Furthermore, compared with metal sup-
ports, carbon-based supports exhibit excellent corrosion and
oxidation resistance. Therefore, the following research will
focus on the Fe/GF catalyst for an in-depth discussion.
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Needle-like FeOOH was in situ grown on hydrophilic GF
via a one-step method and then calcined at 500 °C under an
H,/Ar atmosphere to obtain the Fe/GF catalyst. Compared
with pure GF support (Fig. S41), it can be clearly observed
that the ordered FeOOH vertically grows on the surface of GF
and forms a uniformly distributed array (Fig. 2a-c). The SEM
images of the Fe/GF catalyst are shown in Fig. 2d-f. In
addition, we also performed TEM tests for Fe/GF and found
that the iron nanoparticles had an irregular shape but a rela-
tively uniform particle size (Fig. S5f). The EDS elemental
mapping images (Fig. 2g) show that the Fe element is uni-
formly distributed on GF. To further explore the precise
structure and composition of the material, the Fe/GF-X (X =
400 and 600, which means the reduction temperature) cata-
lysts were investigated by powder X-ray diffraction (PXRD). As
shown in Fig. 2h, the diffraction peaks of Fe/GF-400 can be
attributed to the composite structure of Fe (JCPDS no. 06-
0696) and Fe;O, (JCPDS no. 19-0629). The diffraction peaks
of Fe/GF and Fe/GF-600 at 44.7°, 65.0° and 82.3° were
ascribed to the crystalline surface of Fe (JCPDS no. 06-
0696).*” This result indicated that the Fe/GF self-support elec-
trocatalyst was successfully prepared at a thermal reduction
temperature under 500 °C. In addition, the degree of graphi-
tization of Fe/GF was characterized by Raman spectroscopy
(Fig. 2i). The intensity ratios of the D band to G band (Ip/lg)
of these catalysts are all around 0.88, suggesting the high
graphitization of carbon supports, which could provide a
high level of electrochemical conductivity.*> Further analysis
by XPS shows that the catalyst is mainly composed of Fe, C,
and O elements (Fig. S11(a)f). The Fe 2p spectrum shows
that the material is composed of zero-valent Fe and Fe*" and
Fe**, where the Fe oxides are derived from the surface oxi-
dation of zero-valent Fe nanoparticles (Fig. S11(b)}).
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Fig. 2 (a—c) SEM images of FeOOH/GF, (d—f) SEM images of Fe/GF, (g)
EDX mapping image and the corresponding mapping scan images, (h)
XRD patterns and (i) Raman spectra of Fe/GF with different calcination
temperatures.
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The electrocatalytic reduction process of NO;~ was
employed in a 50 mL single-chamber electrochemical reaction
cell by a typical three-electrode system. In order to eliminate
the effect of the electrode on the electrocatalytic nitrate
reduction of the Fe/GF catalyst, we replaced the graphite rod to
perform a series of comparative experiments on the electrode.
The results showed that the effect on catalyst performance was
not significant when a graphite rod was used as the electrode
in a neutral electrolyte (Fig. S121).>® We then explored the per-
formance of all supports and Fe/support catalysts to select the
optimum catalyst (Fig. 3a). It can be observed that the Fe/GF
exhibits a better NO;~ conversion rate and N, selectivity,
which is attributed to the three-dimensional spatial network
structure of GF and the excellent dispersion of Fe NPs on the
surface of GF. The GF support not only enhances the conduc-
tivity of the catalyst, but also improves the utilization of the
active material as well as accelerating the mass transfer of
NO;™ in the electrolyte, which contributes to the better cata-
Iytic performance of Fe/GF. Therefore, in order to investigate
the effects of various factors on the electrocatalytic NO;RR per-
formance, we focus on Fe/GF for further analysis and discus-
sion. Linear scanning voltammetry (LSV) tests were performed
in 0.03 M Na,SO, and 0.01 M NacCl electrolytes under neutral
conditions to detect the electrocatalytic activity of NO;™. In the
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Fig. 3 (a) The performance of different catalysts under the same
testing conditions. (b) LSV curves of Fe/GF in the absence and presence
of 100 mg L™ NOs -N. (c) Nitrate conversion and selectivity of
nitrogenous products of Fe/GF results along with time. Effects of (d)
applied potential and (e) initial pH value on the NOz~ conversion and N,
selectivity of Fe/GF.
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electrolyte containing 100 mg L' NO; -N, the cathodic
current density was increased obviously, and the reduction
peak was only detected in the nitrate-containing electrolyte
(Fig. 3b). The reduction peak here was attributed to the NO;~
to NO,™ electrocatalytic reaction.”"** Fig. 3c demonstrates the
evolution of NO;~, NO,~, NH,', and N, with reaction time
under these conditions. As the electrolysis time increased from
6 to 24 hours, the content of NO; -N gradually decreased from
71.6% to 32.3%. With the increase in reaction time, the N,
content gradually increased owing to the consumption of
NH," by the breakpoint chlorination reaction.’® In addition,
the effects of various parameter conditions were evaluated in
detail, including the cathodic reduction potential, the initial
PH, the initial electrolyte type, and the initial NO; -N concen-
tration. In a practical electrocatalytic NO3;RR process, the
optimum applied potential is essential for the effective electro-
catalytic NO3;RR to avoid the generation of harmful by-pro-
ducts. As shown in Fig. 3d, when the cathode potential was
applied from —1.1 V to —1.3 V vs. SCE, the NO;~ conversion
rate could increase from 34.6% to 67.7% and the N, selectivity
increased from 16.1% to 96.6%. This indicated that the conver-
sion rate of NO;~ responds well to the reduction potential and
current density (Fig. S131). However, as the reduction voltage
increased to —1.5 V vs. SCE, the NO;~ conversion rate and N,
selectivity were significantly decreased to 29.6% and 57.9%,
respectively. This is due to the competition for electrons by the
excessive hydrogen evolution reaction and the inhibition of
ion transport by the bubbles formed on the surface of the cata-
lysts. On the other hand, the electrode itself cannot withstand
excessive voltages, which can result in a significant loss of iron
active sites.”* Different initial pH values (pH = 3.0, 5.0, 7.0,
9.0, 11.0) were also carried out to analyse the electrocatalytic
NO;RR performance of Fe/GF (Fig. 3e and Fig. S147). It is clear
that the best values of NO;~ conversion rate and N, selectivity
are achieved at an initial pH of 7.0. In the acidic system, the
generated hydrogen bubbles wrapped around the surface of
the active material, hindering sufficient contact between the
active sites and the electrolyte, thus slightly reducing the
electrocatalytic performance. The higher pH may lead to the
adsorption of hydroxide on the surface of catalysts, thus occu-
pying the active surface, which is not favorable for electron
transfer.”® In addition, the effect of the electrolyte was further
evaluated. To determine the optimal electrolyte system,
different molar ratios of NaCl and Na,SO, were employed to
study the electrocatalytic NO;RR (Fig. S15 and S167).
According to the “breakpoint chlorination theory”, in the CI~
containing system, the intermediate product hypochlorite pro-
duced by CI~ can consume NH,' produced near the anode
surface and convert it to N,, which is consistent with the
experimental results of product distribution and is the main
source of N, in the catalytic process.>® In contrast, the increase
in the SO,>~ concentration facilitates the conversion of nitrate
to NH,4", and the addition of an appropriate amount of SO,>~
can improve the conductivity of the electrolyte and promote
ion transport.”” According to the above result, the optimal
electrolyte system for the Fe/GF catalyst consisted of 0.01 M
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NaCl and 0.03 M Na,SO,, with a NO3~ conversion rate of
67.7% and a N, selectivity of 96.6%. Furthermore, in the
neutral system with a mixing electrolyte, the nitrate conversion
was gradually enhanced when the initial NO; -N concen-
tration was increased from 20 mg L™" to 100 mg L™" (Fig. S17
and S18f). When the initial NO;™-N concentration was too
low, the amount of NO;~ was insufficient, and the interaction
of the active center with NO;~ was considerably weak. The
competition between the hydrogen evolution reaction and
NO;™ adsorption may lead to a decrease in the electrocatalytic
NO3zRR. When the NO3; -N concentration increased to
150-200 mg L™", the products of NO;~ reduction did not easily
diffuse from the surface of the active site. At the same time, it
migrates to the surface of the active site with difficulty due to
the unremovable NO;~, which leads to a decrease in the
electrocatalytic nitrate reduction performance.’® Therefore, the
optimal electrolytic conditions for the Fe/GF catalyst were at
—1.3 V vs. SCE in the initial electrolyte solution of 0.01 M
NacCl, 0.03 M Na,SO, and 100 mg L™! NO;™-N concentration
with a pH of 7.

Stability is another important indicator for electrocatalysts.
To achieve large-scale application, a catalyst with high stabi-
lity is necessary. Fig. 4a shows the electrocatalytic NOzRR for
eight replicate cycles (each cycle lasting for 24 h). It is note-
worthy that the conversion rate of NO;™ varies in the range of
58.8-67.6%, indicating the good stability and reusability of
Fe/GF. The SEM image (Fig. 4b) shows that Fe nanoparticles
remained attached in the GF after 8 cycles, further demon-
strating its structural stability. Based on the above results, the
mechanism of the electrocatalytic NO3RR process for these
Fe/support catalysts can be reasonably deduced (Fig. 4c). The
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Fig. 4 (a) Nitrate conversion and nitrogen selectivity of Fe/GF during 8
repeated electrolysis tests. (b) SEM images of Fe/GF after 8 cycles. (c)
Reaction mechanism diagram of Fe/metal or carbon support in the bi-
electrolyte (NaCl and Na,SO,) system.
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electrocatalytic NO3;RR is a transformation of electrons and
protons (eqn (1)-(10)).>° NO;" is first adsorbed on the surface
of iron nanoparticles, and the 3d orbital of Fe is coupled
with the 2p orbital of N (from NO;™) under the action of elec-
trons; then, the N-O band is broken and converted to NO,~
after removing an oxygen atom. Since the conversion of NO;~
to NO,™ requires a higher energy barrier and longer reaction
time, this process is often referred to as the “rate-determining
step”. Fe nanoparticles continue to provide electrons to NO,~
and further reduce it to other nitrogen-containing intermedi-
ates such as *NO. Notably, *NO is the key intermediate which
determines the product selectivity. Here, the reaction process
can be divided into three routes. Route 1 is the deoxidation
process of NO3;~ and then gradual hydrogenation, followed by
the combination of active hydrogen with electrons from the
Fe active site, which may lead to the formation of N, or
NH,". In addition, according to the “breakpoint chlorination”
theory, the concentration of NH," in the reaction solution
gradually decreases and the content of N, gradually increases
due to the oxidation of CI™ at the anode to form HCIO (eqn
(11)—(14)). 1t should be noted that ClIO™ could be supposed to
be a reducing agent to promote the cyclic regeneration of
Fe** to Fe**, providing a continuous supply of catalytic active
sites for the electrocatalytic NO;RR.®® Route 2 acquires N,
through the combination of the intermediate NO. In
addition, due to the SMSI between supports and Fe, the excel-
lent electrical conductivity of supports could accelerate the
transfer of electrons to Fe NPs, thus promoting the rapid elec-
troreduction of NO;~. In Route 3, NO;~ first removes an
oxygen to form NO,  intermediates and then directly reduces
to N, under the action of electrons. Due to the high energy
required to break the N=N bond, the N, production by this
route is very low.

NO; (aq) — NO;z ~ (ads) (1)
NO; ™ (ads) + 2H(ads) — NO; ~(ads) + H,O (2)
2NO, (ads) + 4H,0 + 6e~ — N, + 8OH (3)
NO, ™ (ads) + H(ads) — NO(ads) + OH™ (4)
NO(ads) + 2H(ads) — N(ads) + H,O (5)

NO(ads) + NO(ads) + 2H' +2e~ — N,O + H,0 (6)

N;O +2H' + e~ — N, + H,0 (7)
N(ads) + H(ads) — NH(ads) (8)
NH(ads) + H(ads) — NH, (ads) (9)
NH, (ads) + H(ads) — NH;(ads) (10)

2NH,;" + 3Cl0~ — N, + 3Cl~ 4+ 2H" + 3H,0 (11)

2CI~ — Cly(aq) + 2e~ (12)
Cly(aq) + H,O — HCIO + Cl~ +H" (13)
HCIO — ClO™ +H* (14)
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Conclusions

In summary, a series of self-supported Fe/support electrocata-
lysts containing SMSI has been prepared by a simple hydro-
thermal and thermal reduction process. Among them, the Fe/
GF electrode has strong conductivity, a high utilization rate of
active sites and fast electron transfer efficiency, showing excel-
lent electrocatalytic nitrate removal activity. After 24 h of reac-
tion, the NO;~ conversion and N, selectivity of Fe/GF reach
67.7% and 96.6%, respectively, and it still maintains good
stability after 8 cycles. It is believed that this universal syn-
thesis method could provide ideas for the development of
metal-support catalysts with high conductivity and stability. In
addition, this study could further provide guidance for iron-
based electrocatalysts in the field of electrocatalytic NO;RR.
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