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Electrochemical ammonia synthesis via nitrate
reduction on Fe single atom catalyst
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Electrochemically converting nitrate, a widespread water pollutant, back to valuable ammonia
is a green and delocalized route for ammonia synthesis, and can be an appealing and sup-
plementary alternative to the Haber-Bosch process. However, as there are other nitrate
reduction pathways present, selectively guiding the reaction pathway towards ammonia is
currently challenged by the lack of efficient catalysts. Here we report a selective and active
nitrate reduction to ammonia on Fe single atom catalyst, with a maximal ammonia Faradaic
efficiency of ~ 75% and a yield rate of up to ~ 20,000 pg h=! mges:. ~! (0.46 mmol h—1 cm~—2).
Our Fe single atom catalyst can effectively prevent the N-N coupling step required for N, due
to the lack of neighboring metal sites, promoting ammonia product selectivity. Density
functional theory calculations reveal the reaction mechanisms and the potential limiting steps
for nitrate reduction on atomically dispersed Fe sites.
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mmonia (NH3) is one of the most fundamental chemical

feedstocks in thex world, as it is not only an indispensable

chemical for fertilizer, pharmaceutical, dyes, etc., but also
considered as an important energy storage medium and carbon-
free energy carrier!=>. Currently, the industrial-scale NH;
synthesis relies on the century-old Haber-Bosch process, which
requires harsh operating conditions including high temperature
(400-500°C) and high pressure (150-300atm) using hetero-
geneous iron-based catalysts®~12. Due to its enormous annual
production and energy-intensive processes, the NH; synthesis
industry accounts for 1-2% of the world’s energy supply, and
causes ca. 1% of total global energy-related CO, emissions>7>*10,
As an attractive alternative to the Haber-Bosch process, the
electrochemical NH; synthesis route, with renewable electricity
inputs such as solar or wind, has attracted tremendous interests
over the past few years>7:%10.13-17 Nitrogen gas (N,) from air
was identified as one major nitrogen source for this renewable
route via electrochemical nitrogen reduction reaction (NRR);
however, due to the extremely stable N=N triple bond (941 kJ
mol~!) and its non-polarity, NRR suffers from low selectivity
(referring to Faradaic efficiency in this work unless otherwise
specified) and activity>1%-13.18-20, While exciting progresses in
NRR catalyst development have been made, in many cases it is
still challenging to firmly attribute the detected NH; to NRR
process rather than contaminations due to the extremely low
NH; production rate (mostly <200 pugh—!mg., —1)>10:21,
Therefore, using N, gas as the N source for electrochemical
synthesis of NH3, as promising as it is, still has a long way to go
to deliver considerable yields for practical applications.

Nitrate (NO;™) ions as one of the world’s most widespread
water pollutants become an attractive nitrogen source, alternative
to the inert N, for electrochemical synthesis of NH; (refs. 22-27).
Nitrate source mainly comes from industrial wastewater, liquid
nuclear wastes, livestock excrements, and chemical fertilizers,
with a wide range of concentrations up to ca. 2 M?328-34 Using
electrochemical methods to remove nitrate contaminants from
industrial wastewater has been an important topic in environ-
mental research field, and their targeted product of nitrate
reduction is N, instead of NHj (refs. 29-31:35). A variety of metal
catalysts (including Ru, Rh, Ir, Pd, Pt, Cu, Ag, and Au) and their
alloys have been developed over the years to selectively convert
NO;~ to Ny, with NH; as the byproducts?8:32:30, The development
of high-performance electrocatalysts to selectively reduce nitrate
wastes into value-added NH; will open up a different route of
nitrate treatment, and impose both economic and environmental
impacts on sustainable NH; synthesis.

As the NO;~ reduction to NHj involves 8¢~ transfers and
many possible reaction pathways (NO,, NO,~, NO, N,O, N,,
NH,OH, NH;, and NH,NH,)37-3, an in-depth molecular level
understanding of elementary steps can guide the rational design
of selective catalysts for NH;. As an important competition, NO;~
reduction to N, pathway involves a N-N coupling step, where
two neighboring active sites are possibly needed such as Rh- or
Cu-based metal catalysts’>40. By dispersing transition metal
(TM) atoms into isolated single atoms embedded in supports, the
N-N coupling pathway towards N, gas could be prevented due to
the lack of an active neighboring site. As a result, the selectivity
towards NH; could be promoted. Due to this unique atomic
structure and electronic property compared to bulk or nanosized
TM catalysts, single-atom catalysts (SACs) have attracted tre-
mendous research interests in catalysis field, presenting untradi-
tional activity and selectivity in many catalytic reactions*!-44.
Nevertheless, TM SACs have never been reported for
electrocatalytic NO; -to-NH; conversion, to the best of our
knowledge. More importantly, the well-defined atomic structure
of single atomic sites can serve as a great platform to study

nitrate reaction pathways, which are highly complex and poorly
understood.

Inspired by the Fe active sites in both Haber-Bosch catalysts
(Fe-based compounds) and nitrogenase enzymes (mainly con-
taining Fe-Mo cofactor)>10, here we report excellent activity and
selectivity of Fe single atomic sites in reducing NO;~ towards
NH;. Deposited on a standard glassy carbon electrode, our Fe
SAC delivered a maximal NH; Faradaic efficiency (FE) of ~75%
at —0.66 V vs. reversible hydrogen electrode (RHE), with NH;
partial current density of up to ~100 mA cm~2 at —0.85 V. This
corresponds to an impressive NH; yield rate of ~20,000 ugh~!
mg.,.~!. Importantly, the Fe SAC displayed a significantly
improved NHj yield rate than that of Fe nanoparticle catalysts
despite much lower Fe contents. We used density functional
theory (DFT) calculations to elucidate reaction mechanism for
NO;™ reduction to NH; on Fe single atomic site. In addition, we
show that NO* reduction to HNO* and HNO* reduction to N*
are the potential limiting steps.

Results
Synthesis and characterizations of Fe SAC. The Fe SAC was
synthesized by a TM-assisted carbonization method using SiO,
powers as hard templates*>46. The strategy involves mixing
precursors including FeCls, o-phenylenediamine with SiO, pow-
der, followed by pyrolysis of the mixture, then NaOH and H,SO,
etching and second pyrolysis (Fig. la; “Methods”). The low-
magnification transmission electron microscopy (TEM) image of
Fe SAC indicates an interconnected vesicle-like structure with
well-defined pores originating from SiO, hard templates (Fig. 1b
and Supplementary Fig. 1). No nanoparticles can be found on the
carbon frameworks. Isolated Fe single atoms dispersed on the
porous carbon matrix can be clearly identified as bright dots by
the aberration-corrected medium-angle annular dark-field scan-
ning transmission electron microscopy (AC MAADF-STEM)
image in Fig. 1c (“Methods”). No Fe clusters or nanoparticles are
observed in many different areas of Fe SAC (Supplementary
Fig. 2). The Fe metal loading is estimated to be 1.51 wt% based on
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) analysis. Energy-dispersive X-ray spectroscopy (EDS)
mapping analysis confirms the existence of Fe, N, and C elements
throughout the porous structure (Fig. 1d). A sophisticated point
analysis of electron energy loss spectroscopy (EELS) on a single
Fe atomic site, as shown in Fig. le, confirms the Fe-N-C coor-
dination environment. Considering the angstrom resolution of
the electron probe, the signals in EELS point spectrum comes
from the Fe atom and its closest neighboring atoms*”48, sug-
gesting a high possibility of Fe-N direct coordination in Fe SAC.
Other point spectra acquired from different areas confirmed
similar coordination environments (Supplementary Fig. 3). The
X-ray diffraction (XRD) pattern of the Fe SAC exhibits two dis-
tinct characteristic peaks at ca. 26.2° and 43.7°, corresponding to
the (002) and (101) planes of graphitic carbon (Fig. 1f). There are
no characteristic peaks of Fe-based crystals, demonstrating that
no large Fe-based crystalline nanoparticles exist in the catalyst.
The graphitic carbon structures are also shown by high-resolution
TEM as well as Raman spectroscopy (Supplementary Figs. 4 and
5). We used N, sorption method to analyze the pore structures of
the Fe SAC (Fig. 1g), where a remarkable hysteresis loop of type-
IV indicates the presence of highly mesoporous structures in Fe
SAC. The mesopore size distribution is centered at 18.3 nm (inset
in Fig. 1g), and the Brunauer-Emmett-Teller (BET) surface area
and pore volume are 285.8 m% g~! and 0.80 cm3 g~1, respectively
(Supplementary Table 1).

We further analyzed the chemical and atomic structure of our
Fe SAC using X-ray photoelectron spectroscopy (XPS) and X-ray

2 | (2021)12:2870 | https://doi.org/10.1038/541467-021-23115-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23115-x

ARTICLE

—~ 600
€ f g B 12 A
n
D 500{ g /\o
= o Q 9
S Z C (002) £ 400] os h \
J <z :g § 0.3 J Q)
~ . Ll
0 = 3 30043 S
g 2 5 0.0
3 o @ 2004 0 10,20 30 40 50
o 1= C (101) ° Pore diameter (nm
> 1001
EELS point spectrum ‘%
300 400 500 600 700 800 900 10 20 30 40 50 60 70 80 3 00 02 04 06 08 10
Energy (eV) 26 (degree) Relative pressure (P/P,)

Fig. 1 Synthesis and characterization of Fe SAC. a Schematic illustration of the synthesis of Fe SAC. b TEM, ¢ AC MAADF-STEM, and d EDS mapping
images of Fe SAC. e EELS point spectrum from the Fe atomic site identified by the yellow arrow in the inserted AC MAADF-STEM image of Fe SAC. f XRD
pattern and g N, adsorption-desorption isotherms of Fe SAC. Inset in g is pore-size distribution curve. Scale bars, b 200 nm, ¢ 2 nm, and d 100 nm. Note:

a.u. means arbitrary units unless otherwise specified.

absorption spectroscopy (XAS). In XPS results (Fig. 2a and
Supplementary Fig. 6a), the high-resolution N 1s spectrum
contains four peaks at 398.5, 399.8, 401.0, and 402.6 eV, which are
assigned to pyridinic N, pyrrolic N, graphitic N, and oxidized N,
respectively*®49. No obvious Si 2p XPS signal was found,
indicating that SiO, templates have been completely removed
(Supplementary Fig. 6b). The high-resolution Fe 2p spectrum
with two relatively weak peaks centered at 711.1 eV (Fe 2p;,) and
723.9eV (Fe 2p,;,) suggests the positive oxidation states of Fe
species in the Fe SAC (Supplementary Fig. 6c)°0. This is
consistent with our XAS analysis (Fig. 2b). The Fe K-edge X-
ray absorption near-edge structure (XANES) of Fe SAC presents a
near-edge absorption energy between Fe metal foil and Fe,Os
references, indicating that the oxidation state of Fe single atoms
sits between Fe® and Fe3* (Fig. 2b). The corresponding Fourier-
transformed (FT) k3-weighted extended X-ray absorption fine
structure (EXAFS) spectrum shows one dominant peak at around
1.6 A, which can be assigned to the Fe-N coordination at the first
shell (Fig. 2c)*-51. No Fe-Fe interaction peak at 2.2 A can be
observed, excluding the possibility of any Fe clusters or
nanoparticles in our catalyst. These results conclude that the Fe
atoms are atomically dispersed in the N-doped carbon (NC)
matrix, consistent with our STEM observations. Owing to the

powerful resolutions in both k and R spaces, wavelet transform
(WT) of Fe K-edge EXAFS oscillations was employed to further
explore the atomic dispersion of Fe in Fe SAC. Only one intensity
maximum is observed at ~4.6 A~! in the WT contour plots,
which corresponds to the Fe-N coordination. No intensity
maximum belonging to Fe-Fe contribution can be observed,
compared with the WT plots of Fe foil and Fe,O; (Fig. 2d). To
better understand the Fe coordination environment, we also
conducted the EXAFS fitting to obtain the structural parameters
and extract the quantitative chemical configuration of Fe atoms
(Fig. 2e, f). Each Fe atom is coordinated by about 4N atoms in
average, and the mean bond length is 1.92 A (Supplementary
Table 2). According to these fitting results, the proposed
coordination structure of Fe SAC is Fe-N,, which is shown as
the inset in Fig. 2f. The EXAFS fitting results of Fe foil and Fe,O;
are presented in Supplementary Fig. 7 and Supplementary
Table 2. Additionally, only one peak at the Ls;-edge and no clear
multiple structures are found in the Fe L-edge XANES spectrum
of Fe SAC, which suggests a unique feature of delocalized Fe 3d
electrons of Fe SAC*. The itinerant Fe 3d electrons of Fe SAC
can be shared by the porphyrin-like structures (as analyzed by Fe
K-edge EXAFS fitting) and enhance the electrical conductivity of
the catalyst (Fig. 2g)*°. Other TM SACs including Co and Ni were
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Fig. 2 Structural analysis of Fe SAC. a High-resolution N 1s of the Fe SAC. b XANES spectra at the Fe K-edge of the Fe SAC, referenced Fe foil and Fe,Os.
¢ FT k3-weighted y(k)-function of the EXAFS spectra at Fe K-edge. d WT of the Fe K-edge. Fitting results of the EXAFS spectra of Fe SAC at e k-space and
f R space. Inset: Schematic model of Fe SAC: Fe (yellow), N (blue), and C (gray). g XANES spectrum at Fe L-edge of Fe SAC.

also prepared using the same synthesis method, and characterized
to confirm their atomic dispersion of TM atoms in NC support
(Supplementary Figs. 8-21, Supplementary Tables land 2 and
Supplementary Note 1).

Electrocatalytic nitrate reduction performance. Electrochemical
nitrate reduction was conducted in a customized H-cell under
ambient conditions. The Fe SAC was deposited onto a mirror-
polished glassy carbon electrode with a fixed catalyst mass loading
of 0.4 mg cm~2. We first performed the linear sweep voltammetry
(LSV) in K,SOy electrolyte with and without KNO; to study the
nitrate reduction catalytic activity of Fe SAC (Fig. 3a). The
obviously enhanced current density under the same potential
suggests that NO;™ ions can be effectively reduced by the Fe SAC.
Product selectivity was performed in K,SO,/KNO; electrolyte by
holding a certain potential each time for 0.5h, with generated
NH; products quantified by ultraviolet-visible (UV-Vis)
spectrophotometry (Supplementary Fig. 22; see “Methods”). As
shown in Fig. 3b, ¢, our Fe SAC shows high selectivity and
superior yield rate for electrocatalytic NO;™-to-NHj; conversion.
At —0.50 V vs. RHE when the reaction starts to onset (an overall
current density of 4.3mAcm~2), NH; product can be
readily detected with an FE of 39%, representing a yield rate of
331 pgh~! mg, ! (Fig. 3b, c). The NH; selectivity gradually
increases to a maximal of ~75% at —0.66V under an overall
current density of 35.3mAcm~2 delivering a yield rate of
5245 ugh~!mg., 1. The NH; Faradaic efficiency does not

change with time and keeps around 75% during 2h (Supple-
mentary Fig. 23). A large NH; partial current density of ~100 mA
cm~2 is achieved at —0.85 V, corresponding to an impressive yield
rate of ~20,000 ugh~! mg., ~!. The bare glassy carbon electrode
shows a negligible nitrate reduction activity to ammonia (Sup-
plementary Fig. 24). The FE and yield rate of NO; -to-NH;
conversion on Fe SAC are orders of magnitude higher than
reported N,-to-NH; conversions!®2!, due to the dramatically
different kinetic energy barriers to overcome3?; more importantly,
the ammonia activity per metal active site favorably compare with
other nitrate reduction systems which typically used bulk or
nanostructured transition metal catalysts (Supplementary
Table 3)22-24:39.52-55_ Different from N, reduction studies where
the concentrations of generated NHj are typically much lower
than 'H nuclear magnetic resonance (NMR) detection limit, in
our case the generated NH; has concentrations high enough to be
accurately quantified by NMR test, which helps to independently
confirm our UV-Vis test. We chose the maximal FE point to be
validated by NMR (see “Methods”). As shown in Fig. 3d, three
peaks corresponding to NH,* are clearly observed in electro-
lytes after 0.5-h electrolysis under —0.66 V. Based on the averaged
NMR peak areas of three independent electrolysis tests and the
calibration curve of 14NH,T (Supplementary Fig. 25), we obtained
an FE of NH; at ~76% (Fig. 3b), in good agreement with our
UV-Vis spectrophotometry measurements. Additionally, we used
NMR to confirm that the NH; produced actually came from NO5~
ions using 1°N-labeled NO;~ (Fig. 3e). Only two peaks of I’NH,*
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Fig. 3 Electrocatalytic nitrate reduction performance. a LSV curves of the Fe SAC in 0.25 M K,SO, electrolyte and 0.50 M KNO3/0.10 M K,SO, mixed
electrolyte. b NH3 FE of Fe SAC at each given potential. Red dot is FE estimated by three independent NMR tests. € NHs yield rate and partial current
density of Fe SAC, FeNP/NC, and NC. d TH NMR spectra for the electrolytes after three independent nitrate reduction tests at —0.66 V. e TH NMR spectra
for electrolytes after >NO5~ reduction tests at different time using 0.50 M K1°NO3/0.10 M K,SO, mixed electrolyte. f NH5 yield rate of Fe SAC, Co SAC,
and Ni SAC based on metal content. g The cycling tests of Fe SAC for reduction tests at —0.66 V. Catalyst loading for all of electrocatalytic nitrate

reduction tests is 0.4 mgcm—2.

appear in 'H NMR spectra with their peak intensity increasing
with the electrolysis time, confirming that the NH; generated is
from electrochemical nitrate reduction rather than contamina-
tions. Also, no NH; could be detected if KNO; was absent in the
electrolyte during the electrolysis (Supplementary Fig. 26).

The main byproduct of nitrate reduction on Fe SAC is NO;~,
the simplest nitrate reduction product, as detected and quantified
by UV-Vis (Supplementary Figs. 27 and 28). The FE of NO,~
starts from as high as 66% at the onset potential, followed by a
gradual decease to a minimal of ~9%. This trend correlates to the
gradual increase of NHj selectivity, suggesting that NO,~ could be
an intermediate product and can be further reduced to NH; under
more negative potentials. This hypothesis was further validated by
performing NO,™ reduction on Fe SAC, where more than 90% FE
of NH; and higher production rates can be achieved under the
studied potential window (Supplementary Fig. 29). Other possible
minor products such as N, and H, were further quantified by gas
chromatography, with FEs less than 1%. In fact, gas bubbles could
hardly be observed on the working electrode during electrolysis
until the potential is more negative than —0.73 V.

As various nitrate concentrations exist in different sources, we
also evaluated the catalytic performance of Fe SAC at initial
KNOj; concentrations ranging from 0.05 to 1.0 M. The maximal
FEs of NO;™-to-NH; conversion were 74.3, 71.8, and 73.5% in
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0.05, 0.1, and 1 M KNOs, respectively, similar to the performance
tested in 0.5M KNO; solution (Supplementary Fig. 30). This
suggests that the NO;~ concentration has no obvious impacts on
Fe SAC’s NH; selectivity. In addition, we observed that the NH;
yield rate was greatly enhanced by increasing the KNO;
concentrations from 0.05 to 0.5M, but remained nearly
unchanged with further increase to 1.0 M. We found that this
performance difference was not due to the mass diffusion limit or
the concentration of K™ (Supplementary Figs. 31 and 32). There
could be a transition of rate-limiting step in the kinetic regime
from positive to zero order in nitrate from 0.05 to 1.0 M. For
some practical applications, when the nitrate concentrations are
much lower or higher in some sources, some strategies could be
adopted, such as using mature industrial concentrating processes
to concentrate those low-concentration nitrates, and diluting
highly concentrated nitrates before conversion, as well as
electrochemical cell engineering technology®®>’. Besides, we
found that the presence of NaCl in the electrolyte did not affect
the catalytic performance of Fe SAC for nitrate reduction
(Supplementary Fig. 33). We also investigated nitrate reduction
on Fe SAC at different pH (Supplementary Fig. 34). The FE of
NO;™-to-NHj conversion in the alkaline solution (pH =13) is
similar to that at neutral pH, with significantly improved
overpotentials, while the catalytic activity and selectivity are
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significantly lower in acidic solution (pH = 1). In addition, the FE
of NO; -to-NH; conversion can be enhanced by further
optimizing our catalysis system (Supplementary Fig. 35). An FE
of 86% for NO;™-to-NH; conversion and NHj partial current of
60.7mA cm~2 were achieved at —0.21V in 0.1 M KNO3/1.0 M
KOH mixed electrolyte for 2-h electratalysis test (Supplementary
Fig. 35 and Supplementary Table 3).

To explore the active sites in our Fe SAC, control experiments
in NC and Fe nanoparticles supported on NC (FeNP/NC) were
performed to compare with Fe SAC (Supplementary Figs. 36 and
37; see “Methods”). NC support exhibits much lower NH; activity
compared to Fe SAC (Fig. 3c). Although FeNP catalyst shows
similar NH; FE to Fe SAC (Supplementary Fig. 38b), the NH;
yield rate of FeNP/NC was significantly lower than that of Fe SAC
(Fig. 3c). Once normalized by metal contents, the NHj; yield rate
of Fe SAC per molar Fe is ~20 times higher than that of the NP
counterparts, revealing the extraordinary activity on Fe single
atomic site (Supplementary Fig. 39 and Supplementary Note 2).
The double-layer capacitance (Cg4) which is proportional to the
electrochemical surface area of Fe SAC and FeNP/NC are very
close, further demonstrating the intrinsically higher activity of Fe
SAC than FeNP/NC (Supplementary Fig. 40). Additionally, we
found that the FeNP/NC catalyst was not stable during the nitrate
reduction process (—0.87 V for 0.5 h); ~20% of Fe contents were
dissolved into the electrolyte solution. Such metal contamination
from catalysts is problematic for many applications. As a sharp
contrast, no Fe species were detected by ICP-OES in electrolytes
after 0.5-h nitrate reduction on Fe SAC under —0.5 V and
—0.85V, suggesting the high stability of Fe single atoms. Also, Fe
SAC exhibits much better performance than bulk Fe foil electrode
(Supplementary Fig. 41). We also compared the Fe SAC with
other TM SACs such as Co and Ni prepared using the same
synthesis method. While Co and Ni SACs showed only slightly
lower NHj selectivity, their atomic site activities were around
three (Co SAC) and four (Ni SAC) times lower than that of Fe
(Fig. 3f, Supplementary 42 and Supplementary Note 3), suggest-
ing the unique activity of Fe atom centers. However, Co and Ni
SACs showed much higher activity than NC (Supplementary 43).

The durability of Fe SAC in nitrate reduction was first
evaluated by 20 consecutive electrolysis cycles in a H-cell reactor
under the best NHj selectivity reaction condition (Fig. 3g;
“Methods”). The NH; yield rate and FE in each cycle fluctuate but
remain stable, suggesting the excellent stability of our catalyst.
Importantly, the MAADF-STEM and AC MAADEF-STEM images
(Supplementary Fig. 44), EELS point spectra (Supplementary
Fig. 45) and XAS tests (Supplementary Fig. 46) show that the
structure of the Fe SAC is maintained well after the cycling test.
Additionally, a 35-h continuous electrolysis was performed in a
flow cell reactor under the similar operation current of
—35mA cm™2 (see “Methods”), showing negligible changes in
working potential or NH; FE (Supplementary Fig. 47).

DFT calculations. We performed DFT calculations to investigate
the reaction mechanism and unravel the origin of Fe SAC’s high
performance in nitrate reduction (Fig. 4; see “Methods”). Based
on our characterization results, we used the Fe-N, motif with Fe
atom as the active site in our model. We first investigated dif-
ferent possible reaction pathways for the formation of products
such as NHj;, NO, N,O, and N, (Supplementary Fig. 48). Sup-
plementary Fig. 49 only displays pathways that result in NH; as
the main product through nitrate reduction:

NOj 4+ 9H* 4+ 8¢~ — NH, +3H,0 E° =088V (1)

Nitrate reduction to ammonia is accompanied by nine proton
and eight electron transfers. The first step is protonation of NO3~
which is a solution-mediated proton transfer to form HNOj; and
does not require electron transfer. The intermediates and their
energy profile across the reaction coordinate are displayed in the
free energy diagram in Supplementary Fig. 50. Figure 4a (also the
green arrows in Supplementary Fig. 49 and green line in
Supplementary Fig. 50) indicate the minimum energy pathway
(MEP) for nitrate reduction to NH; on Fe single atom site. We
find that reduction of NO,~ to NO is downhill in free energy.
This finding is in agreement with a previous computational report
on Pd surface®®. Nitrate reduction on polycrystalline and single
crystals of transition metals have been studied in the past34>9-64,
Liu et al.#0 suggested that N* and O* binding energies can be
used as descriptors for nitrate reduction performance on TMs. In
addition, it has been shown that the main product of nitrate
reduction reaction on all transition metals is nitrogen with low
selectivity towards ammonia. The latter is due to the dominance
of parasitic hydrogen evolution reaction. Moreover, NO* has
been suggested as a key intermediate for nitrate reduction on
metal surfaces such as Pt where its reduction to HNO* or NOH*
is a critical step for production of NH,T. Our analysis on Fe SAC
shows that NO* is a key intermediate for nitrate reduction
reaction which is consistent with previous computational reports
on Pt and Pd>%%>. We would like to emphasize that while NO, is
confirmed as an intermediate product in the experimental result,
our DFT calculations show that the potential limiting steps are
the NO* reduction to HNO* and HNO* reduction to N* in
agreement with previous computational reports on transition
metals such as Pt and Pd>%-%>, Compared to the MEP at U= 0.0 V
vs. RHE (green line) in Fig. 4b, a limiting potential of
U= —0.30V (black line) is needed to make all steps downhill
in free energy. Although not exactly the same, the calculated
limiting potential (—0.30 V) is reasonably comparable with the
observed experimental onset potential at ~—0.40 V. The 0.10 V
difference can be attributed to the additional kinetic barriers that
need to be overcome. We note here that due to the single atom
nature of active sites in our catalyst, it is energetically unfavorable
to make N-N coupling intermediates or products such as N,O or
N, (Supplementary Fig. 50), which is why we did not observe any
N, products from nitrate reduction on Fe SAC. In addition, our
DFT calculations show that the MEP on Fe(110) is different from
the one on Fe SAC and the potential limiting step is reduction of
NH* to NH,* (Supplementary Fig. 51). The DFT calculated
limiting potential on Fe(110) is 0.50 V indicating that Fe(110)
exhibits lower catalytic activity than Fe SAC. We also calculated
the free energy diagrams for Co and Ni SACs (Supplementary
Fig. 52). As it can be seen the potential limiting step is the
reduction of NO* to HNO* on both Co and Ni SACs. The
calculated limiting potentials for nitrate reduction on Co and Nij,
and Fe SACs are 0.42, 0.39, and 0.3V, respectively, explaining
why Fe SAC is more active than Co and Ni SACs. Of note, the
potential limiting steps on Co and Ni SAC are highly close and
within the range of DFT calculations error, indicating that they
have very similar nitrate reduction activity, consistent with our
experimental data (Fig. 3f). Combining experimental results and
DFT calculations, the high NH; yield rate or activity of Fe SAC in
this study can be attributed to the following two aspects. On the
one hand, the Fe SAC has intrinsically high-efficiency active sites,
i.e. Fe-N, centers, which exhibit much lower thermodynamic
barriers, evidencing from smaller calculated limiting potentials
than that of FeNP of FeNP/NC, Co-N, of Co SAC, and Ni-N, of
Ni SAC. One the other hand, the optimized electrocatalytic
conditions, including the concentration of KNO;, pH of
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Fig. 4 DFT calculations. a The minimum energy pathway that results in NH3 as the main product. b Free energy diagram showing the minimum energy
pathway at U=0.0V vs. RHE (green) and at the calculated limiting potential of —0.30 V vs. RHE (black).

electrolyte, and applied potential, also play an important role in
high NHj yield rate of Fe SAC.

Discussion

In summary, we have demonstrated Fe SAC as an active and
selective electrocatalyst to reduce nitrate to valuable ammonia.
Our DFT simulations reveal the reaction pathways and potential
limiting steps for nitrate reduction on Fe single atomic site. We
believe this nitrate reduction to ammonia route could stimulate a
different perspective towards how delocalized ammonia genera-
tion could be achieved. Future works should focus on further
enhancing the catalytic selectivity, activity, and energy conversion
efficiency in nitrate reduction to ammonia, testing the system in
real wastewater system, and designing electrochemical reactors
for more concentrated ammonia product generated from low-
concentration nitrate sources.

Methods

Synthesis of Fe SAC. In a typical synthesis, 2.0 g o-phenylenediamine, 0.58 g
FeCls, and 2.0 g SiO, powder (10-20 nm, Aldrich) were added into 240 mL iso-
propyl alcohol and then vigorously stirred for ca. 12 h. After drying the mixture by
using a rotary evaporator, the obtained dried powder was subsequently carbonized
under flowing Ar for 2 h at 800 °C. Then, the product underwent alkaline (2.0 M
NaOH) and acidic (2.0 M H,SO,) leaching successively to remove SiO, templates
and unstable metallic species, respectively. Finally, the Fe SAC was obtained by
second heat treatment at the same temperature (i.e. 800 °C) under flowing Ar for
another 2 h.

Synthesis of Co SAC and Ni SAC. The synthesis processes of Co SAC and Ni SAC
are similar to that of Fe SAC, with the only difference being that 0.44 g CoCl, and
0.44 g NiCl,-6H,O were used for synthesizing Co SAC and Ni SAC, respectively.

Synthesis of NC catalyst. For comparison, the NC catalyst was also prepared.
Typically, 2 g o-phenylenediamine was firstly dissolved in 30 mL 1.0 M HCI, and
then 2.0 g SiO, powder was added into the above solution. After stirring for 0.5 h,
24 mL 1.0 M HCI solution containing 6.0 g ammonium peroxydisulfate, i.e.,
(NH,),S,0s, was added dropwise with stirring. The polymerization process was
carried out in an ice bath for ca. 24 h. The mixture was dried by using a rotary
evaporator, and then carbonized under flowing Ar for 2 h at 800 °C. The SiO,
templates were removed by 2.0 M NaOH solution. Finally, the NC catalyst was
obtained by second heat treatment at the same temperature (800 °C) under flowing
Ar for another 2 h.

Synthesis of FeNP/NC catalyst. Firstly, 0.528 g FeSO,-7H,0 and 0.16 g NC were
added into 15 mL deionized water and sonicated for 30 min. Then, 10 mL NaBH,
(containing 0.284 g NaBH,) aqueous solution was added dropwise into the above
solution with vigorous stirring. Then, the mixed solution was stirred for 3 h. The
sample was finally obtained by centrifugation collection, thoroughly washing with
ethanol and deionized water and drying in an oven. The content of Fe in the FeNP/
NC catalyst was 22.2 wt%, which was determined by ICP-OES analysis.

Characterization. TEM observations and EDS elemental mapping were carried out
on a Talos F200X transmission electron microscope at an accelerating voltage of
200 kV equipped with an energy-dispersive detector. XPS was performed on an
X-ray photoelectron spectrometer (ESCALab MKII) with an excitation source of
Mg Ka radiation (1253.6 V). XRD data were collected on a Rigaku D/Max Ultima
II Powder X-ray diffractometer. N, adsorption-desorption isotherms were recor-
ded on an ASAP 2020 accelerated surface area and porosimetry instrument
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(Micromeritics), equipped with automated surface area, at 77 K using
Barrett-Emmett-Teller calculations for the surface area. Raman scattering spectra
were obtained by using a Renishaw System 2000 spectrometer using the 514.5 nm
line of an Ar™ laser for excitation. Aberration-corrected MAADF-STEM images
and EELS point spectra were captured in a Nion UltraSTEM U100 operated at 60
keV and equipped with a Gatan Enfina electron energy loss spectrometer at Oak
Ridge National Laboratory. Inductively coupled plasma-atomic emission spectro-
metry data were recorded on an Optima 7300 DV instrument.

XAS measurement and data analysis. XAS spectra at the Fe, Co, and Ni K-edge
were measured at the beamline 1W1B station of the Beijing Synchrotron Radiation
Facility (BSRF), China. The Fe, Co, and Ni K-edge XANES data were recorded in a
fluorescence mode. Fe, Co, and Ni foils and Fe,O3, C0,03, and NiO were used as
the references. The storage ring was working at the energy of 2.5 GeV with an
average electron current of 250 mA. The hard X-ray was monochromatized with Si
(111) double crystals. The acquired EXAFS data were extracted and processed
according to the standard procedures using the ATHENA module implemented in
the IFEFFIT software packages. The k3-weighted EXAFS spectra were obtained by
subtracting the post-edge background from the overall absorption and then nor-
malizing with respect to the edge-jump step. Subsequently, k3-weighted y(k) data in
the k-space were Fourier transformed to real (R) space using a hanning windows to
separate the EXAFS contributions from different coordination shells. To obtain the
quantitative structural parameters around central atoms, least-squares curve
parameter fitting was performed using the ARTEMIS module of IFEFFIT software
packages. The X-ray absorption L-edge spectra of Fe, Co, and Ni were performed at
the Catalysis and Surface Science Endstation at the BL11U beamline in the
National Synchrotron Radiation Laboratory (NSRL) in Hefei, China.

Electrocatalytic nitrate reduction. The electrochemical measurements were car-
ried out in a customized H-type glass cell separated by Nafion 117 membrane (Fuel
Cell Store) at room temperature. A BioLogic VMP3 workstation was used to record
the electrochemical response. In a typical three-electrode system, a saturated
calomel electrode (SCE, CH Instruments) and a platinum foil were used as the
reference and counter electrode, respectively. All potentials in this study were
measured against the SCE and converted to the RHE reference scale by E(V vs.
RHE) = E(V vs. SCE) + 0.0591 x pH + 0.241. The working electrode was prepared
as follows: 10 mg of catalyst powder, 2 ml of isopropyl alcohol, and 80 ul Nafion
solution (Sigma Aldrich, 5 wt%) were mixed and sonicated for at least 2 h to form a
homogeneous ink. Then, a certain volume of catalyst ink was drop-casted onto
glassy carbon electrode with a loading of 0.4 mg cm™2. The area of glassy carbon
electrode is 1 x 2 cm? and the practically immersing area in the electrolyte was 1 x
1 cm?. For electrocatalytic NO;™~ reduction, a solution with 0.1 M K,SO, and 0.5 M
KNOj; was used as the electrolyte unless otherwise specified and was evenly dis-
tributed to the cathode and anode compartment. The electrolyte volume in the two
parts of H-cell was 25 mL and was purged with high-purity Ar for 10 min before
the measurement. The LSV was performed at a rate of 5mV s~ 1. The potentiostatic
tests was conducted at constant potentials for 0.5h at a stirring rate of 500 r.p.m.
High-purity Ar was continuously fed into the cathodic compartment during the
experiments. Solution resistance (R;) was determined by potentiostatic electro-
chemical impedance spectroscopy (PEIS) at frequencies ranging from 0.1 to

200 kHz. For consecutive recycling test, the potentiostatic tests were performed at
—0.66 V for 0.5h at a stirring rate of 500 r.p.m. After electrolysis, the electrolyte
was analyzed by UV-Vis spectrophotometry as mentioned below. Then, the
potentiostatic tests were carried out at the same conditions using the fresh elec-
trolyte for the next cycle. For electrochemical flow cell tests, typically 0.4 mg cm—2
Fe SAC and 0.5 mgcm~2 IrO, were air-brushed onto two Sigracet 39 BC GDL
(Fuel Cell Store) electrodes as nitrate reduction cathode and oxygen evolution
reaction anode, respectively. The two electrodes were placed on opposite sides of
two 0.5-cm-thick PTFE sheets with 0.5 cm wide by 2.0 cm long channels so that the
catalyst layer interfaced with the flowing liquid electrolyte. A bipolar membrane
(Fuel Cell Store) was used to separate the anode and cathode. The anode was
circulated with 1.0 M KOH electrolyte at 3 mL min~—! flow rate while the flow rate
of the 0.5 M KNO5/0.1 M K,SOy, in the middle flow channel is 1 mL min—!. A
saturated calomel electrode was connected to cathode channel as the reference
electrode. All of the measured potentials were manually 50% compensated. All of
the current densities reported in this work are based on geometric surface area.

Calculation of the FE and NH; yield rate. The FE of electrocatalytic NO;~-NH;
conversion and NO;™-NO,~ conversion was calculated as follows:

FEyy, = (8% Fx Cyyy, x V)/(17x Q) ®)
FEyo, = (2>< Fx Cyo, % V)/(46>< Q (3)

The rate of NH; yield rate was calculated using the following equation:
'NH, = (CNH3 X V)/(Ex mey.) 4)

where F is the Faraday constant (96,485 C mol~!), Cyps is the measured NH;
concentration, V is the volume of the cathodic electrolyte, Q is the total charge

passing the electrode, f is the reduction time, and m,, is the loading mass of
catalysts.

Determination of ammonia. The concentration of produced NH; was spectro-
photometrically determined by the indophenol blue method with modification®.
First, a certain amount of electrolyte was taken out from the electrolytic cell and
diluted to the detection range. Then, 2 mL of solution was removed from the
diluted electrolyte. Subsequently, 2 mL of a 1 M NaOH solution containing 5 wt%
salicylic acid and 5 wt% sodium citrate was added to the aforementioned solution,
followed by the addition of 1 mL of 0.05M NaClO and 0.2 mL of 1.0 wt%
CsFeNgNa,O (sodium nitroferricyanide) solution. After 2 h at room temperature,
the absorption spectrum was measured by using a UV-vis spectrophotometer (UV-
2600). The formation of indophenol blue was determined using the absorbance at a
wavelength of 655 nm. The concentration-absorbance curve was made using a
series of standard ammonium chloride solutions.

Determination of nitrite22. Firstly, 0.2 g of N-(1-naphthyl) ethylenediamine
dihydrochloride, 4 g of p-aminobenzenesulfonamide, and 10 mL of phosphoric acid
(p=1.685 gmL~1) were added into 50 mL of deionized water and mixed thor-
oughly as the color reagent. When testing the electrolyte from electrolytic cell, it
should be diluted to the detection range. Then 5 mL of the diluted electrolyte and
0.1 mL of color reagent were mixed together. After 20 min at room temperature,
the absorption spectrum was measured by using a UV-vis spectrophotometer (UV-
2600), and the absorption intensity was recorded at a wavelength of 540 nm. A
series of standard potassium nitrite solutions were used to obtain the
concentration-absorbance curve by the same processes.

NMR determination of ammonia. The NH; concentration was also quantitatively
determined by 'H nuclear magnetic resonance (NMR, 500 MHz) with using
DMSO-dg as a solvent and maleic acid (C4;H,40,) as the internal standard. The
calibration curve was made as follows. First, a series of ammonium chloride
solutions with known concentration were prepared in 0.01 M HCl containing 0.5 M
KNO; as standards; second, 0.5 mL of the standard solution was mixed with 0.1 mL
DMSO-ds (with 0.04 wt% C,H,O,; 20 mg C4,H,0O, in 50 g DMSO-dg); third, the
mixture was tested by a 500 MHz SB Liquild Bruker Avance NMR spectrometer at
room temperature; finally, the calibration curve was achieved using the peak area
ratio between NH, T and C,H,O, because the NH,* concentration and the area
ratio are positively correlated. For testing the produced NH,* from NO;~ reduc-
tion, the pH of obtained electrolyte must be adjusted to 2.0 before the test. Then,
the processes of testing produced NH,* are the same to that for making the
calibration curve. The amount of produced NH,* can be calculated from the peak
area using the calibration curve.

15N isotope-labeling experiment. An isotope-labeling experiment using 0.10 M
K;580,/0.50 M KI°NOj; (98 atom% '°N) mixed solution as the electrolyte was
carried out to clarify the source of NH;. After 1°NO;~ electroreduction for 0.5 to
2hat —0.66 V (vs. RHE), the obtained 1°NH,* was tested by 'H nuclear magnetic
resonance (NMR, 500 MHz). The NMR test method of 1>NH, T is the same to that
of 14NH,*.

Computational details. Atomic simulation environment (ASE) was used to handle
the simulation®”. All electronic structure relaxations were performed using
QUANTUM ESPRESSO code®. The electronic wavefunctions were expanded in
plane waves with a cutoff energy of 500 eV while 5000 grids were used for elec-
tronic density representation. To approximate the core electrons ultrasoft pseu-
dopotentials were adapted®®. Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional was used to calculate the adsorption energies’’. A one-layer
two-dimensional graphene structure was used with a 5 x 5 super cell lateral size.
The periodic images were separated by adding a vacuum of 18 A. Additional layers
of graphene have been shown to have negligible effect on the adsorption energies of
the intermediates’!. A (4 x 4 x 1) Monkhorst-Pack k-point was used to sample the
Brillouin zone. We apply computational hydrogen electrode method to calculate
the adsorption free energies, which assumes the chemical potential of an
electron-proton pair is equal to that of %2 H, in the gas phase. The free energies of
adsorption are then calculated as AG = AEpp; + A(ZPE — TS), where AEpgy,
ZPE, T, and S are adsorption enthalpy, zero-point energy, temperature, and
entropy, respectively. The limiting potential is calculated by taking the negative of
the maximum free energy difference between each two successive steps in the free
energy diagram.

Adsorption free energies are calculated using HNOj; as a reference suggested by
Calle-Vallejo et al.”2. We applied 1.12 eV correction to compensate for the DFT
error of calculated formation energy of HNOj (ref. 72). We investigated the effect of
solvation on the adsorption energies of the critical step NO* reduction to HNO*
using an optimized explicit solvation model (Supplementary Fig. 53). This analysis
showed a negligible change in the calculated limiting potential due to the solvent
interaction.

8 | (2021)12:2870 | https://doi.org/10.1038/541467-021-23115-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Data availability
The data that support the plots within this paper and other findings of this study are
available from the corresponding authors upon reasonable request.

Received: 18 September 2020; Accepted: 22 March 2021;
Published online: 17 May 2021

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rosca, V., Duca, M., de Groot, M. T. & Koper, M. T. M. Nitrogen cycle
electrocatalysis. Chem. Rev. 109, 2209-2244 (2009).

Ashida, Y., Arashiba, K., Nakajima, K. & Nishibayashi, Y. Molybdenum-
catalysed ammonia production with samarium diiodide and alcohols or water.
Nature 568, 536-540 (2019).

Service, R. F. New recipe produces ammonia from air, water, and sunlight.
Science 345, 610-610 (2014).

Foster, S. L. et al. Catalysts for nitrogen reduction to ammonia. Nat. Catal. 1,
490-500 (2018).

Tang, C. & Qiao, S.-Z. How to explore ambient electrocatalytic nitrogen
reduction reliably and insightfully. Chem. Soc. Rev. 48, 3166-3180 (2019).
Kitano, M. et al. Ammonia synthesis using a stable electride as an electron
donor and reversible hydrogen store. Nat. Chem. 4, 934-940 (2012).
Suryanto, B. H. R. et al. Challenges and prospects in the catalysis of
electroreduction of nitrogen to ammonia. Nat. Catal. 2, 290-296 (2019).
Soloveichik, G. Electrochemical synthesis of ammonia as a potential
alternative to the Haber-Bosch process. Nat. Catal. 2, 377-380 (2019).

Guo, C, Ran, J,, Vasileff, A. & Qiao, S.-Z. Rational design of electrocatalysts
and photo(electro)catalysts for nitrogen reduction to ammonia (NH;) under
ambient conditions. Energy Environ. Sci. 11, 45-56 (2018).

Wan, Y., Xu, J. & Lv, R. Heterogeneous electrocatalysts design for nitrogen
reduction reaction under ambient conditions. Mater. Today 27, 69-90 (2019).
Honkala, K. et al. Ammonia synthesis from first-principles calculations.
Science 307, 555-558 (2005).

Hawtof, R. et al. Catalyst-free, highly selective synthesis of ammonia from
nitrogen and water by a plasma electrolytic system. Sci. Adv. 5, eaat5778
(2019).

Cui, X,, Tang, C. & Zhang, Q. A review of electrocatalytic reduction of
dinitrogen to ammonia under ambient conditions. Adv. Energy Mater. 8,
1800369 (2018).

Wang, J. et al. Ambient ammonia synthesis via palladium-catalyzed
electrohydrogenation of dinitrogen at low overpotential. Nat. Commun. 9,
1795 (2018).

Chen, P. et al. Interfacial engineering of cobalt sulfide/graphene hybrids for
highly efficient ammonia electrosynthesis. Proc. Natl Acad. Sci. USA 116,
6635-6640 (2019).

Song, Y. et al. A physical catalyst for the electrolysis of nitrogen to ammonia.
Sci. Adv. 4, 1700336 (2018).

Chen, G.-F. et al. Ammonia electrosynthesis with high selectivity under
ambient conditions via a Lit incorporation strategy. J. Am. Chem. Soc. 139,
9771-9774 (2017).

Lv, C. et al. An amorphous noble-metal-free electrocatalyst that enables
nitrogen fixation under ambient conditions. Angew. Chem. Int. Ed. 57,
6073-6076 (2018).

Li, S.-J. et al. Amorphizing of Au nanoparticles by CeOx-RGO hybrid support
towards highly efficient electrocatalyst for N, reduction under ambient
conditions. Adv. Mater. 29, 1700001 (2017).

Geng, Z. et al. Achieving a record-high yield rate of 120.9 pgnps mge,, ' h™!
for N, electrochemical reduction over Ru single-atom catalysts. Adv. Mater.
30, 1803498 (2018).

Andersen, S. Z. et al. A rigorous electrochemical ammonia synthesis protocol
with quantitative isotope measurements. Nature 570, 504-508 (2019).
Wang, Y., Yu, Y., Jia, R, Zhang, C. & Zhang, B. Electrochemical synthesis of
nitric acid from air and ammonia through waste utilization. Natl Sci. Rev. 6,
730-738 (2019).

Jia, R. et al. Boosting selective nitrate electroreduction to ammonium by
constructing oxygen vacancies in TiO,. ACS Catal. 10, 3533-3540 (2020).
Wang, Y. et al. Enhanced nitrate-to-ammonia activity on copper—nickel alloys
via tuning of intermediate adsorption. J. Am. Chem. Soc. 142, 5702-5708
(2020).

Taniguchi, I., Nakashima, N., Matsushita, K. & Yasukouchi, K. Electrocatalytic
reduction of nitrate and nitrite to hydroxylamine and ammonia using metal
cyclams. J. Electroanal. Chem. 224, 199-209 (1987).

Chebotareva, N. & Nyokong, T. Metallophthalocyanine catalysed
electroreduction of nitrate and nitrite ions in alkaline media. J. Appl.
Electrochem. 27, 975-981 (1997).

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Xu, S. et al. A flexible, redox-active macrocycle enables the electrocatalytic
reduction of nitrate to ammonia by a cobalt complex. Chem. Sci. 9, 4950-4958
(2018).

Martinez, J., Ortiz, A. & Ortiz, I. State-of-the-art and perspectives of the
catalytic and electrocatalytic reduction of aqueous nitrates. Appl. Catal. B 207,
42-59 (2017).

Chen, M. et al. Achieving high-performance nitrate electrocatalysis with PdCu
nanoparticles confined in nitrogen-doped carbon coralline. Nanoscale 10,
19023-19030 (2018).

Reyter, D., Bélanger, D. & Roué, L. Study of the electroreduction of nitrate on
copper in alkaline solution. Electrochim. Acta 53, 5977-5984 (2008).

Gao, J. et al. Non-precious Co;0,4-TiO,/Ti cathode based electrocatalytic
nitrate reduction: preparation, performance and mechanism. Appl. Catal. B
254, 391-402 (2019).

Garcia-Segura, S., Lanzarini-Lopes, M., Hristovski, K. & Westerhoff, P.
Electrocatalytic reduction of nitrate: fundamentals to full-scale water
treatment applications. Appl. Catal. B 236, 546-568 (2018).

Katsounaros, I, Dortsiou, M. & Kyriacou, G. Electrochemical reduction of
nitrate and nitrite in simulated liquid nuclear wastes. J. Hazard. Mater. 171,
323-327 (2009).

Guo, S. et al. Insights into nitrate reduction over indium-decorated palladium
nanoparticle catalysts. ACS Catal. 8, 503-515 (2018).

Su, L. et al. Tailoring the assembly of iron nanoparticles in carbon
microspheres toward high-performance electrocatalytic denitrification. Nano
Lett. 19, 5423-5430 (2019).

Hasnat, M. A., Karim, M. R. & Machida, M. Electrocatalytic ammonia
synthesis: role of cathode materials and reactor configuration. Catal.
Commun. 10, 1975-1979 (2009).

Katsounaros, I, Ipsakis, D., Polatides, C. & Kyriacou, G. Efficient
electrochemical reduction of nitrate to nitrogen on tin cathode at very high
cathodic potentials. Electrochim. Acta 52, 1329-1338 (2006).

Dortsiou, M. & Kyriacou, G. Electrochemical reduction of nitrate on bismuth
cathodes. J. Electroanal. Chem. 630, 69-74 (2009).

Chen, G.-F. et al. Electrochemical reduction of nitrate to ammonia via direct
eight-electron transfer using a copper-molecular solid catalyst. Nat. Energy 5,
605-613 (2020).

Liu, J.-X., Richards, D., Singh, N. & Goldsmith, B. R. Activity and selectivity
trends in electrocatalytic nitrate reduction on transition metals. ACS Catal. 9,
7052-7064 (2019).

Yang, X.-F. et al. Single-atom catalysts: a new frontier in heterogeneous
catalysis. Acc. Chem. Res. 46, 1740-1748 (2013).

Wang, A, Li, ]. & Zhang, T. Heterogeneous single-atom catalysis. Nat. Rev.
Chem. 2, 65-81 (2018).

Li, Z. et al. Well-defined materials for heterogeneous catalysis: from
nanoparticles to isolated single-atom sites. Chem. Rev. 120, 623-682 (2020).
Liu, L. & Corma, A. Metal catalysts for heterogeneous catalysis: from

single atoms to nanoclusters and nanoparticles. Chem. Rev. 118, 4981-5079
(2018).

Liang, H.-W. et al. Molecular metal-Ny centres in porous carbon for
electrocatalytic hydrogen evolution. Nat. Commun. 6, 7992 (2015).

Wu, Z.-Y. et al. Transition metal-assisted carbonization of small organic
molecules toward functional carbon materials. Sci. Adv. 4, eaat0788 (2018).
Li, J. et al. Atomically dispersed manganese catalysts for oxygen reduction in
proton-exchange membrane fuel cells. Nat. Catal. 1, 935-945 (2018).
Chung, H. T. et al. Direct atomic-level insight into the active sites of a high-
performance PGM-free ORR catalyst. Science 357, 479-484 (2017).

Chen, P. et al. Atomically dispersed iron-nitrogen species as electrocatalysts
for bifunctional oxygen evolution and reduction reactions. Angew. Chem. Int.
Ed. 56, 610-614 (2017).

Jiao, L. et al. From metal-organic frameworks to single-atom Fe implanted N-
doped porous carbons: efficient oxygen reduction in both alkaline and acidic
media. Angew. Chem. Int. Ed. 57, 8525-8529 (2018).

Zhang, M. et al. Metal (hydr)oxides@polymer core-shell strategy to metal
single-atom materials. J. Am. Chem. Soc. 139, 10976-10979 (2017).

Su, J. F,, Ruzybayev, L, Shah, I. & Huang, C. P. The electrochemical reduction
of nitrate over micro-architectured metal electrodes with stainless steel
scaffold. Appl. Catal. B 180, 199-209 (2016).

Yin, D. et al. In situ growth of copper/reduced graphene oxide on graphite
surfaces for the electrocatalytic reduction of nitrate. Electrochim. Acta 324,
134846 (2019).

Wang, Y., Zhou, W, Jia, R., Yu, Y. & Zhang, B. Unveiling the activity origin of
a copper-based electrocatalyst for selective nitrate reduction to ammonia.
Angew. Chem. Int. Ed. 59, 5350-5354 (2020).

Li, J. et al. Efficient ammonia electrosynthesis from nitrate on strained
ruthenium nanoclusters. J. Am. Chem. Soc. 142, 7036-7046 (2020).

Xia, C. et al. Continuous production of pure liquid fuel solutions via
electrocatalytic CO, reduction using solid-electrolyte devices. Nat. Energy 4,
776-785 (2019).

| (2021)12:2870 | https://doi.org/10.1038/s41467-021-23115-x | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

57. Xia, C, Xia, Y., Zhu, P, Fan, L. & Wang, H. Direct electrosynthesis of pure
aqueous H,O, solutions up to 20% by weight using a solid electrolyte. Science
366, 226-231 (2019).

58. Shin, H,, Jung, S., Bae, S., Lee, W. & Kim, H. Nitrite reduction mechanism on
a Pd surface. Environ. Sci. Technol. 48, 12768-12774 (2014).

59. Katsounaros, I, Figueiredo, M. C., Chen, X., Calle-Vallejo, F. & Koper, M. T.
M. Structure- and coverage-sensitive mechanism of no reduction on platinum
electrodes. ACS Catal. 7, 4660-4667 (2017).

60. Clayborne, A., Chun, H.-J., Rankin, R. B. & Greeley, J. Elucidation of pathways
for NO electroreduction on Pt(111) from first principles. Angew. Chem. Int.
Ed. 54, 8255-8258 (2015).

61. Bae, S.-E., Stewart, K. L. & Gewirth, A. A. Nitrate adsorption and reduction on
Cu(100) in acidic solution. J. Am. Chem. Soc. 129, 10171-10180 (2007).

62. Dima, G. E., de Vooys, A. C. A. & Koper, M. T. M. Electrocatalytic reduction
of nitrate at low concentration on coinage and transition-metal electrodes in
acid solutions. J. Electroanal. Chem. 554-555, 15-23 (2003).

63. Zeng, Y., Priest, C, Wang, G. & Wu, G. Restoring the nitrogen cycle by
electrochemical reduction of nitrate: progress and prospects. Small Methods 4,
2000672 (2020).

64. Hou, Y. et al. Atomically dispersed nickel-nitrogen-sulfur species anchored
on porous carbon nanosheets for efficient water oxidation. Nat. Commun. 10,
1392 (2019).

65. Chun, H.-J,, Apaja, V., Clayborne, A., Honkala, K. & Greeley, J. Atomistic
insights into nitrogen-cycle electrochemistry: a combined DFT and kinetic
Monte Carlo analysis of NO electrochemical reduction on Pt(100). ACS Catal.
7, 3869-3882 (2017).

66. Zhu, D., Zhang, L., Ruther, R. E. & Hamers, R. J. Photo-illuminated diamond
as a solid-state source of solvated electrons in water for nitrogen reduction.
Nat. Mater. 12, 836-841 (2013).

67. Bahn, S. R. & Jacobsen, K. W. An object-oriented scripting interface to a
legacy electronic structure code. Comput. Sci. Eng. 4, 56-66 (2002).

68. Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials. J. Phys. Condens.
Matter 21, 395502 (2009).

69. Ahmed Adllan, A. & Dal Corso, A. Ultrasoft pseudopotentials and projector
augmented-wave data sets: application to diatomic molecules. J. Phys.
Condens. Matter 23, 425501 (2011).

70. Ernzerhof, M. & Scuseria, G. E. Assessment of the Perdew-Burke-Ernzerhof
exchange-correlation functional. J. Chem. Phys. 110, 5029-5036 (1999).

71. To, J. W. F. et al. High-performance oxygen reduction and evolution carbon
catalysis: from mechanistic studies to device integration. Nano Res. 10,
1163-1177 (2017).

72. Calle-Vallejo, F., Huang, M., Henry, J. B., Koper, M. T. M. & Bandarenka, A.
S. Theoretical design and experimental implementation of Ag/Au electrodes
for the electrochemical reduction of nitrate. Phys. Chem. Chem. Phys. 15,
3196-3202 (2013).

Acknowledgements

This work was supported by Rice University, the National Science Foundation Nano-
systems Engineering Research Center for Nanotechnology Enabled Water Treatment
(NEWT EEC 1449500), and the Welch Foundation Research Grant (C-2051-20200401).

H.W. is a CIFAR Azrieli Global Scholar in the Bio-inspired Solar Energy Program. S.S.
acknowledges the support from the University of Calgary’s Canada First Research
Excellence Fund Program, the Global Research Initiative in Sustainable Low Carbon
Unconventional Resources. Aberration-corrected STEM-EELS was conducted at the
Center for Nanophase Materials Sciences, which is a DOE Office of Science User Facility.
The authors acknowledge Prof. H-W. Liang and M.X. Chen for XAS measurement and
data analysis.

Author contributions

Z.-Y.W. and H.W. conceptualized the project. HW. and S.S. supervised the project.
Z.-Y.W. developed and performed catalyst synthesis. Z.-Y.W., QH., F.-Y.C,, and C.X.
conducted the catalytic tests of catalysts and the related data processing. Z.-Y.W. per-
formed materials characterization with the help of D.A.C., Q.X,, M.S,, ].Y.K, Y.X,, KH,,
and Y.H. 'H NMR experiments and analysis was carried out by P.Z., Z.-Y.W., and Q.Z.H.
S.S., MK, XY, and L.G. performed the DFT simulation. Z.-Y.W., HW., and S.S. wrote
the manuscript. M.S.W. and Q.L. helped the revision of the manuscript. All authors
discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23115-x.

Correspondence and requests for materials should be addressed to S.S. or H-W.

Peer review information Nature Communications thanks Gang Fu and the other
anonymous reviewers for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

10 | (2021)12:2870 | https://doi.org/10.1038/541467-021-23115-x | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-23115-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Electrochemical ammonia synthesis via nitrate reduction on Fe single atom catalyst
	Results
	Synthesis and characterizations of Fe SAC
	Electrocatalytic nitrate reduction performance
	DFT calculations

	Discussion
	Methods
	Synthesis of Fe SAC
	Synthesis of Co SAC and Ni SAC
	Synthesis of NC catalyst
	Synthesis of FeNP/NC catalyst
	Characterization
	XAS measurement and data analysis
	Electrocatalytic nitrate reduction
	Calculation of the FE and NH3 yield rate
	Determination of ammonia
	Determination of nitrite22
	NMR determination of ammonia
	15N isotope-labeling experiment
	Computational details

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




