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Ammonia (NH3) is an ideal carbon-free power source in the future
sustainable hydrogen economy for growing energy demand. The
electrochemical nitrate reduction reaction (NO;™RR) is a promising
approach for nitrate removal and NH; production at ambient condi-
tions, but efficient electrocatalysts are lacking. Here, we present a
metal-organic framework (MOF)-derived cobalt-doped Fe@Fe,03
(Co-Fe@Fe,03) NO3 ™ RR catalyst for electrochemical energy produc-
tion. This catalyst has a nitrate removal capacity of 100.8 mg
N gt ' h™' and an ammonium selectivity of 99.0 + 0.1%, which
was the highest among all reported research. In addition, NH3 was
produced at a rate of 1,505.9 pg h™' cm™2, and the maximum fara-
daic efficiency was 85.2 + 0.6%. Experimental and computational
results reveal that the high performance of Co-Fe@Fe,O; results
from cobalt doping, which tunes the Fe d-band center, enabling
the adsorption energies for intermediates to be modulated and
suppressing hydrogen production. Thus, this study provides a strat-
egy in the design of electrocatalysts in electrochemical nitrate
reduction.
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D ue to the rising threat of global pollution and rapid deple-
tion of fossil fuels, there is an urgent requirement to
exploit clean, safe, and sustainable energy sources (1, 2).
Ammonia (NH3) is crucial for the production of agricultural
fertilizers and can be used as a green hydrogen-rich fuel (3). In
addition, it is a key raw material for fine chemicals and fuels
(4). NH; is synthesized using the Haber—-Bosch process (5, 6)
from dinitrogen and hydrogen at high temperatures and pres-
sures (7, 8). However, this process is energy intensive, requiring
~2% of the total global power generation (9). In addition, the
production of hydrogen from fossil fuels produces greenhouse
gases (10, 11). Therefore, the use of nitrogen with water as a
hydrogen source to produce NHj via electrocatalytic (photoca-
talytic) nitrogen reduction has attracted considerable attention
(12, 13). Despite years of development, this process still has
low activity, faradaic efficiency (FE), and selectivity for NH;
production because of the strong N=N bonds (941 kJ mol™)
(14), competitive hydrogen evolution reaction (HER), sluggish
kinetics (15), and low energy efficiency (16-18). Thus, new
routes for ammonia synthesis under mild conditions are
required.

Nitrate is ubiquitous in water bodies. However, human activ-
ities have polluted surface and groundwater with excess nitrate
(19, 20), resulting in eutrophication. The accumulation of
nitrate can cause serious diseases, thus posing a threat to
human health (21, 22), which is why nitrate-removal methods
have attracted increasing attention (23). Therefore, from an
environmental and energetic point of view, the conversion of
waste aqueous nitrate into value-added products, such as
recycled ammonia solution, is attractive. The electrochemical
nitrate reduction reaction (NO3; RR) is a promising route to
produce NHj; because of the moderate operating conditions
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and decent efficiency (24). Recently, the activities and selectiv-
ities of transition metals for NO; RR to recycled ammonia
have been extensively studied (9, 25, 26), revealing that the use
of NO;~ for large-scale green NHj; production could save
energy and reduce pollution.

However, the low activity and selectivity, as well as instability,
of electrocatalysts have hindered the use of NO3; RR. Specifi-
cally, the conversion of NO3;~ to NHj; involves an eight-electron
transfer reaction, and crucially, the HER is competitive. Further-
more, the potential for the NO;~ to NHj reaction is usually
lower than that of the HER, resulting in H, generation, con-
sumption of electron donors, and thus, relatively low selectivity
and FE (27). Therefore, catalysts that disfavor N=N bond for-
mation and the HER are required to improve NO;~ to NHj;
efficiently and selectively.

Recently, carbon-coated iron nanomaterials have been found
to show competitive performance to noble metal catalysts in
NO; RR applications (21, 28, 29). Nevertheless, the NO3~
removal efficiency and NH; selectivity of these reported
Fe-based electrocatalysts are still far from satisfactory. The
main drivers of this phenomenon are listed here. First, the high
corrosion and dissolution of Fe-based catalysts are significant
drawbacks, which seriously reduce the stability of the electrode,
especially over prolonged use. Moreover, the conventional
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carbon coating synthesis method lacks precise control and leads
to uneven carbon encapsulation, reducing catalyst reactivity
and stability (20, 30). Second, nanostructured Fe-based cata-
lysts can easily aggregate due to their natural magnetic proper-
ties and high surface energy, which hinders surface active sites
(21). Third, the d-electrons of transition metals are prone to
the formation of metal-H bonds for competitive HER, leading
to a low selectivity and low catalytic efficiency (31). Thus, a
rational design to tailor material properties has drawn atten-
tion. Because of their diverse and tunable structures and com-
positions, metal-organic frameworks (MOFs) have attracted
significant attention in chemistry and materials science (32-34).
MOF precursors can be used to form metal-based catalysts and
carbon materials having good electrocatalytic activity via pyroly-
sis or chemical reactions (35, 36). Importantly, MOF-derived
porous graphitic carbon-coated nanoparticles (NPs) have a
lower tendency to agglomerate and higher reactivity than tradi-
tional materials as well as high structural and compositional
integrity during catalytic reduction (37). Moreover, heteroatom
doping can be exploited to tune the intrinsic conductivity and
electronic structure, thus enhancing catalytic performance (38).
For most heterogeneous catalysts, the electronic structure
uniquely determines the inherent adsorption ability for inter-
mediates (38). Thus, by tuning the electronic band structure,
the catalytic performance can be controlled. In addition, dop-
ants change the electronic environment around the doping site,
generating new catalytic active sites and increasing catalytic
activity (39-42). Additionally, cobalt has emerged as a promis-
ing candidate for dopant that can adjust the electronic structure
owing to its higher FE (7) and higher NHj selectivity at a nega-
tive potential (24).

Herein, we report on Fe@Fe,O3; NPs doped with Co encap-
sulated in porous graphitic carbon derived from Fe-MOF
(denoted Co-Fe@Fe,03) for the NO; RR. Co-Fe@Fe,0;
shows a high nitrate removal capacity (100.8 mg N g.,, ' h™"),
high ammonia selectivity (99.0 + 0.1%), and a very high FE
(85.2 £ 0.6%). The Co-Fe@Fe,0O; NPs were obtained by
pyrolyzing transition metal-doped Fe-MOF-74. The Co dopes
Fe sites in the Fe,Oj lattice, forming a single phase with little
structural change. Furthermore, '’N isotope-labeling experi-
ments revealed that the produced ammonia originated from
nitrate reduction. Density functional theory (DFT) calcula-
tions also revealed the effect of Co doping on catalytic perfor-
mance, revealing that it causes a shift of the d-band center of
Fe, which changes the adsorption energy of intermediates
and products, thus enhancing catalytic performance for the
NO; RR.

Results and Discussion

Catalyst Synthesis. MOF-74 was selected as the precursor
because of its porous architecture, large surface area, and easy
preparation of mixed metal MOFs (43). Fe-MOF was prepared
with a small quantity of Co-MOF (Fig. 14) to yield cobalt-
doped Fe-MOF. First, we synthesized Co-MOF based on Co*"
and 2,5-dihydroxyterephthalic acid (H,DOBDC) employing the
solvothermal method. Second, small amounts of Co-MOF and
Fe”* were used as precursors of the Co and Fe atoms to synthe-
size a cobalt-doped iron-based MOF so as to replace Fe with a
small amount of cobalt. Finally, pyrolysis in argon converted
the organic ligands in the MOF to porous graphitic carbon and
metal ions to uniformly dispersed Co-doped Fe@Fe,O3; NPs
embedded in the carbon (denoted Co-Fe@Fe,0O3). The high
density of catalytically active sites and the porous conductive
matrix of the Co-Fe@Fe,O5; NPs resulted in excellent electro-
catalytic performance, with enhanced NHj selectivity and FE.
For comparison, a carbon-embedded pure Co NP catalyst pre-
pared from Co-MOF-74 (referred to as Co NPs subsequently),
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a nondoped Fe@Fe,Oj5 catalyst, and Co-Fe@Fe,O3-t (where t is
the pyrolysis temperature) catalysts were synthesized (Materials
and Methods).

Catalyst Characterization. The morphologies of Co-Fe@Fe,O;
and the precursor MOF were observed using field emission scan-
ning electron microscopy (FESEM) and high-resolution trans-
mission electron microscopy (HRTEM) (Fig. 1). The Co-doped
Fe-MOF-74 has a porous spherical-like morphology (S/
Appendix, Fig. S1). After pyrolysis at 900 °C, the resultant Co-
Fe@Fe,O3 comprised flower-like nanospheres 1 pm in diameter
(Fig. 1B), having a similar morphology to that of the Co-doped
Fe-MOF despite some cracks on the surface. The heterostructure
of Co-Fe@Fe,O; was investigated further using transmission
electron microscopy (TEM) (Fig. 1C) and HRTEM (Fig. 1 D
and F). Before analysis, the samples were ground in a mortar.
The TEM image shows a large number of Co-Fe@Fe,O; NPs
encapsulated in the graphitic carbon layers. The HRTEM images
show that the carbon shell lattice is consistent with the (002)
plane of graphitic carbon, and the carbon layer coated on the
Co-Fe@Fe,O; NPs is more graphitic than that far from the Co-
Fe@Fe,O; NPs, probably because the NPs catalyze carbon
graphitization. In the HRTEM and fast Fourier transform (FFT)
images of the Co-Fe@Fe,O; NPs, lattice fringes of the Co-Fe@
Fe,03 NPs (Fig. 1 D-F) can be seen, having spacings of 0.207
and 0.184 nm, corresponding to the (024) and (202) planes,
respectively, of Fe,O5 (Fig. 1 D and E). The lattice fringe spacing
of 0.202 nm can be ascribed to the (110) face of metallic a-Fe
(Fig. 1F). As shown in the images, the Fe NPs were covered by
Fe,Oj shells. This metallic Fe core with a semiconducting Fe,O5
shell is expected to enhance the catalytic activity via formation of
a Schottky barrier between Fe and Fe,Os, which is favorable for
charge separation. The scanning TEM and X-ray spectroscopy
(EDX) elemental mapping images confirm the presence of C, O,
Fe, and Co (Fig. 1G and SI Appendix, Fig. S3). Additionally, a
line profile extracted from the EDX confirms the unique hetero-
structure discussed above (SI Appendix, Fig. S2). Moreover,
inductively coupled plasma measurements quantified the metal
contents in Co-Fe@Fe,03, revealing Fe and Co contents of 70.9
and 1.85 wt %, respectively. Nitrogen adsorption/desorption iso-
therms (SI Appendix, Fig. S4) confirmed that the prepared
Co-doped Fe-MOE Co-Fe@Fe,03, Fe@Fe,03, and Co NPs are
porous, having Brunauer-Emmett-Teller (BET) surface areas of
350.12, 19.79, 172.8, and 137.89 m’ gfl, respectively, and that
Co-Fe@Fe,O; has a mesoporous structure arising from the
nanoflower morphology induced by high-temperature pyrolysis.
This morphology results in abundant interlayer mesopores in the
particle interior, which is promising from the perspective of
exposing active sites and promoting electrolyte transport and
thus, electrocatalytic activity.

The X-ray diffraction (XRD) patterns of Co-Fe@Fe,O3 (Fig.
2A4) and Fe@Fe,O3 (SI Appendix, Fig. S5) reveal the presence of
Fe and Fe,0;, and the peaks at 44°, 65°, and 82° correspond to
the (110), (200), and (220) planes, respectively, of alpha-Fe (Pow-
der Diffraction File #06-0696). The other peaks are typical of
crystalline Fe,O3 (Powder Diffraction File #33-0664), confirming
the presence of Fe,O;. The XRD pattern of the pure Co NPs
contains (111), (200), and (220) reflections consistent with metal-
lic Co (SI Appendix, Fig. S5). The chemical environments and
electronic structure of the Co, Fe, C, and O in Co-Fe@Fe,05
were analyzed using X-ray photoelectron spectroscopy (XPS)
between 0 and 1,200 eV. The XPS survey spectrum contains
sharp peaks at 284.5, 532.8, and 780.1 eV corresponding to C 1s,
O 1s, and Fe 2p, respectively. The weight ratio of the Co dopant
in Fe@Fe,O3; was only 1.85%, so the Co 2p peak was not
observed in the survey spectrum. However, the Co 2p spectrum
for Co-Fe@Fe,0; (Fig. 2B) contains peaks at 796.4 eV consis-
tent with Co (2p;,) and at 786.8 and 802.2 eV, corresponding to

Zhang et al.
High-ammonia selective metal-organic framework-derived Co-doped
Fe/Fe203 catalysts for electrochemical nitrate reduction


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115504119/-/DCSupplemental

; MOF growth

Fe?

+

[

H,DOBDC
@CLHOO

Co-Fe MOF

Pyrolysis

Fig. 1.
(G) EDX elemental maps of C, O, Co, and Fe.

the shake-up satellite peaks of Co®*. In addition, a peak corre-
sponding to Co®" was observed at 781.5 eV. Therefore, the Co
dopant in Fe@Fe,O5; NPs is in the ionic state. The Fe 2p spec-
trum of Co-Fe@Fe,O; (Fig. 2C) shows peaks at 711 eV
(Fe 2p3,2) and 724 eV (Fe 2p,p) (28). Satellite peaks are at 719.4
and 733.0 eV. Peaks at 710.5 eV (Fe*) and 712.3 eV (Fe*") cor-
respond to the Fe 2p;,, orbitals, while the other peaks at 723.9
eV (Fe?™) and 725.8 eV (Fe?") can be attributed to the Fe 2p;
orbitals. However, no obvious Fe” peak was observed, indicating
that the iron in the surface region is present as iron oxide, consis-
tent with the XRD data. The O 1s spectrum (SI Appendix, Fig.
S6C) indicates the presence of the metal-O bond (530.0 eV) in
the Fe;O3 or CoO (44). The C-OH and C-COOH (532.0 and
533.2 eV, respectively) peaks are originated from the pyrolysis of
Co-doped Fe-MOF-74. For the C 1s spectrum in SI Appendix,
Fig. S6B, peaks at 284.7 and 288.9 eV are attributed to the
C = C and O-C = O bonds, and the C-C peaks are at 285.6 and
284.3 eV, respectively (45).

X-ray absorption fine structure (EXAFS) spectra were
obtained to reveal the structure and coordination environment
of Co and Fe atoms in Co-Fe@Fe,O5 (Fig. 2 D-I). As shown in
the X-ray absorption near-edge structure (XANES), the analy-
sis of Co-Fe@Fe,O3 and reference samples reveals that Fe has
two valence states, Fe” and Fe**. The white line peak intensity
for Co-Fe@Fe,O3 is markedly higher than that of Fe foil,
confirming that there is an oxidation state on the Fe surface
(46), consistent with the XPS results. The peaks at ~2.20 and
149 A in the Fourier-transformed k°-weighted extended
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Synthesis and morphology of Co-Fe@Fe,0s. (A) Synthetic procedure. (B) FESEM image. (C) TEM image. (D and F) HRTEM image. (E) FFT image.

EXAFS spectrum (Fig. 2F) can be assigned to Fe-Fe and Fe-O
bonds, respectively (47). The former implies elemental iron,
whereas the latter implies Fe,Os;. Consistent with the TEM,
XPS, and XRD data, this result suggests that the metallic iron
core is covered with an Fe,O; layer. The XANES spectra at the
Co K edge reveal that the energy absorption threshold for Co-
Fe@Fe,O; is higher than that of Co foil, and the energy
absorption threshold of Co-Fe@Fe,Oj3 is much closer to that of
CoO, again suggesting the ionic state of cobalt in Co-
Fe@Fe,03 (48). Additional structural information about the Co
atoms was obtained by EXAFS. Fig. 2H shows the Fourier-
transformed k>-weighted y(k) function of the EXAFS spectra for
Co-Fe@Fe;0;, CoO, and Co foil. The dominant peak in the
functions for Co-Fe@Fe,03 and CoO is at 1.5 A, consistent with
Co-O bonds (49). In addition, there is no Co-Co peak at 2.16 A,
which would indicate metallic Co, suggesting that the Co in Co-
Fe@Fe,Oj is present in the oxide layer on the catalyst surface. ST
Appendix, Table S1 summarizes the results of fitting the EXAFS
spectrum of Co-Fe@Fe,O; for bond analysis. These data (Fig. 2
F and I and SI Appendix, Fig. S7) also indicate that Co was incor-
porated into Fe;O3 as CoO, as also shown by the XPS results.

NO; RR Activity and Electrochemical Analysis. The prepared elec-
trocatalysts were used to modify nickel foam electrodes and tested
for NO; RR activity in a neutral electrolyte [S0 ppm NO; N
(NaNOj3) and 0.1 M NaySOy4] for 10 h using a three-electrode
system (Materials and Methods and SI Appendix, Fig. S8). In addi-
tion, electrocatalytic tests combining chronoamperometry and
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Fig. 2. Characterization of Co-Fe@Fe,0s. (A) XRD pattern. (B) Fe 2p and (C) Co 2p XPS spectra. (D) Fe K-edge XANES spectra, (E) Fourier-transformed (FT) Fe
K-edge EXAFS spectra, and (F) corresponding FT-EXAFS fitted curves. (G) Co K-edge XANES spectra, (H) FT Co K-edge EXAFS spectra, and (/) corresponding

FT-EXAFS fitted curves.

ultraviolet-visible (UV-vis) spectroscopy were carried out using the
same electrolyte at —0.645 V (vs. the reversible hydrogen electrode
[RHE]). After electrocatalytic NO; ™ RR for 10 h, the as-used elec-
trolyte was collected to quantify the NO;~, NH4*, and NO,~ con-
centrations using the colorimetry method (Materials and Methods),
and the calibration curves are shown in SI Appendix, Fig. S9. As
shown in SI Appendix, Fig. S10, the nitrate removal efficiency and
NH; selectivity increased with prolonged electrolysis time. The
Co-Fe@Fe,O5 showed the best performance: 96.7 + 0.2% nitrate
removal and 99.0 = 0.1% NHj selectivity after 10 h, suggesting
that Co-Fe@Fe,O5 exhibits excellent electrocatalytic properties.
These performance metrics are much better than those of reported
iron-based and other metal catalysts (SI Appendix, Table S2). In
contrast, the values for the Fe@Fe,O; catalyst (without the Co
dopant), which had a larger surface area and pore volume, were
86.1 + 4.0% and 92.7 + 1.2%, respectively (Fig. 34).

Heteroatom doping modifies the electronic structure and
affects catalytic performances, but the pyrolysis temperature
can also have an effect. Notably, the NO3;~ removal efficiency
and NHj selectivity of the Co-Fe@Fe,Os-t catalyst after 10 h
improved with an increase in pyrolysis temperature, and the
sample pyrolyzed at 900 °C yielded the highest values (Fig. 3B),
suggesting that graphitic carbon is crucial for NO; RR activity,
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consistent with previous reports (50). However, the NO; RR
performance of Co-Fe@Fe,03-1,000 was lower, possibly due to
the decreased surface area and structural collapse (51). Nota-
bly, a small amount of the Co-Fe@Fe,03-900 catalyst achieved
1,008.0 = 3.4 mg N gca[1 denitrification in 10 h (Fig. 3 D and
E), much higher than those of Fe@Fe,O5 (897.0 + 42.1 mg
N gear '), pure Co NPs (873.6 + 43.2 mg N g, '), and other
Co-Fe@Fe,05-t (Co-Fe@Fe,03-600: 942.5 + 22.0 mg N gcafl;
Co-Fe@Fe,03-700: 987.4 + 11.1 mg N gcat_]; Co-Fe@Fe,03-
800: 993.1 + 27.8 mg N gcat_l; Co-Fe@Fe,05-1,000: 972.2 +
6.9 mg N g., ') catalysts. Fig. 3C and SI Appendix, Fig. S11
show the change in NO3;~, NO,~, and NH," concentrations
with time. At a constant voltage of —0.645 V (vs. RHE), the
NO;™-N concentration decreased from 50.35 to 1.61 ppm over
10 h using the Co-Fe@Fe,03-900 catalyst, and the NO;~ con-
version was ~96.7 + 0.2%. The NH,* concentration increased
steadily and reached 48.65 ppm after 10 h, indicating nitrate-to-
ammonium conversion. Meanwhile, the intermediate NO,~
concentration was negligible during the reaction, indicating
high ammonium selectivity. The catalytic performances of Co,
Fe@Fe,03, and Co-Fe@Fe,O5-t were studied for comparison
(SI Appendix, Figs. S12 and S13). The NO3;~ conversion rate
and NHj; production rate of Co-Fe@Fe,03-900 are significantly
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higher than those of Co, Fe@Fe,03;, and Co-Fe@Fe,0O3-t, and
Co-Fe@Fe,03-900 showed the lowest nitrite yield after
NO; RR.

Moreover, very high (0.2 M) or low (0.02 M) concentrations
of Na,SO, were not favorable for the NO; RR (Fig. 3F)
because the former causes competitive anion adsorption on
active sites, whereas the latter reduces electrolyte conductivity.

Cyclic voltammetry (CV) measurements were used to evalu-
ate the NO3; RR activities of Co-Fe@Fe,03, Fe@Fe,O3, and
Co (SI Appendix, Fig. S14). At a scan rate of 50 mV s ', an
apparent oxygen reduction peak was observed in aqueous 0.1 M
Na,SO,4 with 500 ppm NO; -N but disappeared in aqueous
0.1 M Na,SO, without NO;5 -N, indicating the reduction of
nitrate to nitrite. The oxygen reduction peak occurred at —0.55
V vs. RHE for the Co-Fe@Fe,Oj3 catalyst, demonstrating that
the Co dopant and mesoporous carbon enhance the NO; RR
performance. In addition, the electrochemical catalytic activi-
ties of Co-Fe@Fe,03, Fe@Fe,0O3, and Co were measured by
linear sweep voltammetry (LSV) at a scan rate of 10 mV s~ in
0.1 M Na,SO, electrolyte with and without NO3;™-N, revealing
clear peaks at —0.3 and —0.5 V (vs. RHE) resulting from the
electroreduction of adsorbed nitrate ions. As shown in Fig. 44,
Co-Fe@Fe,03 has an onset potential of —0.65 V (vs. RHE)
and a limiting current density of 23.28 mA cm ? in 0.1 M
Na,SO, in the presence of nitrate, comparable with that
obtained in 0.1 M Na,SO, electrolyte without nitrate, demon-
strating the remarkable catalytic activity for the NO; " RR. In
addition, the current density of the Co-Fe@Fe,O3 catalyst
was higher at high NO;-N concentrations than at low concen-
trations (SI Appendix, Fig. S164). Furthermore, NO; RR elec-
trolysis tests were performed at the various potential and
electrolyte concentrations to investigate the catalytic activity
and the optimum working potential of the Co-Fe@Fe,O; cata-
lyst for electrochemical NHj; synthesis. SI Appendix, Fig. S15
shows the corresponding chronoamperometry curves within the
potential range of 0.55 to 0.95 V vs. RHE, and electrolyte con-
centrations range from 50 to 1,000 ppm. The current density
remained steady, indicating the good chemical stability of the
Co-Fe@Fe,0O; catalyst during the electrochemical NO; RR
tests. The slight fluctuations of the current density at —0.75 and
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—0.95 V vs. RHE can be attributed to the bubbles on the elec-
trode surface produced by the dominant HER at the lower
potential. After electrocatalytic NO; RR for 4 h, the electro-
lyte was collected to quantify the produced NHj; by the colorim-
etry method. From —0.445 to —0.945 V, the NH; yield rate
gradually increased, whereas the FE displayed a volcano shape,
having its maximum of 85.2 + 0.6% at —0.75 V (Fig. 4B). At
different NO;~ concentrations, the potential conditions
required to maximize the FE differed. Specifically, at 50, 200,
500, and 1,000 ppm NO;3;~, the FE was maximized at —0.55,
—0.75, —0.75, and —0.55 V, respectively. Combining the NHj;
selectivity and FE results, the optimum NO3; RR activity of
Co-Fe@Fe,0O3 was achieved at —0.75 V vs. RHE in 0.1 M
Na,SO; electrolyte containing 500 ppm NO; -N, yielding an
NH; selectivity of 94.6 + 1.1% and FE of 85.2 + 0.6% (Fig.
4C). When the NO5; ™ -N concentration was increased to 1,000
ppm, NHj selectivity dropped only slightly, demonstrating the
wide range of applicable concentrations. As the cathodic poten-
tial was increased, the NHj yield rate gradually increased,
reaching a maximum of 1,505.9 + 130.5 pg h™' cm 2 at —0.95
V vs. RHE. However, the FE and NHj selectivity gradually
declined at -0.95 V vs. RHE because of increasing competition
with the HER at high potentials.

The NO; RR performances of Co, Fe@Fe,O3, and Co-
Fe@Fe,O; are shown in Fig. 4E, revealing the effect of cobalt
doping. All electrodes reduced NO5;~ to NHj, and the NH;
selectivity, FE, and NHj yield rate of Co-Fe@Fe,O3 were 94.6
+ 1.1%, 85.2 + 0.6%, and 880.5 + 38.0 pg h~' cm 2, respec-
tively, much higher than those of the Co NPs (94.3+ 0.9%,
77.1+ 0.4%, and 866.1+ 88.7 pg h™' cm 2, respectively) and
Fe@Fe,03 (81.8 + 2.9%, 79.1 + 3.2%, and 561.1 + 117.8 pg
h™! em~2 respectively). Notably, the NH; selectivity of Co-
Fe@Fe,Oj3 is much better than those of reported NO; RR cat-
alysts (SI Appendix, Table S3). Additionally, we compared the
energy efficiency (EE) of Co, Fe@Fe,03, and Co-Fe@Fe,0s.
Consequently, we achieved an NHj half-cell EE of 23% using
Co-Fe@Fe,O5 in 500 ppm of NO;~ (SI Appendix, Fig. S17),
which is higher than that of the Co and Fe@Fe,O; catalysts.

The Tafel slope of 70.73 mV dec™! for Co-Fe@Fe,0; is
smaller than those for Fe@Fe,05 (87.78 mV dec™') and Co
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Fig. 4. Electrochemical performances of catalysts for 4 h of NO3;™RR electrolysis. (A) LSV curves of Co-Fe@Fe,03, Fe@Fe,03, and Co in 0.1 M Na,SO, solu-
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tion with and without NO3™-N (500 ppm). (B) FE of NH3 on the Co-Fe@Fe,05 catalyst with different NO3 concentrations. (C) Comparison of the highest FE,
yield rate, and NHj3 selectivity for the Co-Fe@Fe, 05 catalyst at different NO3 concentrations. (D) Potential-dependent FE, NH3 yield rate, and NH3 selectiv-
ity for Co-Fe@Fe,03. Comparison of (E) FE, NH3 yield rate, and NHjs selectivity; (F) Tafel plots; (G) Cq4 values; and (H) Nyquist plots for Co-Fe@Fe,0s3,
Fe@Fe,03, and Co NPs. (/) Consecutive recycling test at —0.745 V for Co-Fe@Fe,0s.

(83.76 mV dec™), further indicating the faster NO; RR kinet-
ics of Co-Fe@Fe,0s5 (Fig. 4F).

The electrochemical surface areas (ECSAs), which are
related to catalytic activity, of the catalysts were calculated
using CV measurements from 0.435 to 0.535 V vs. RHE at dif-
ferent scan rates (SI Appendix, Fig. S18). No significant faraday
currents were observed. As shown in Fig. 4G, the Co-Fe@
Fe,O; NPs (37.75 cszCSA) has a higher ECSA than Fe@
Fe,05 (6.5 cszCSA) and Co (15.9 cm“gcsa), suggesting that
Co doping increases the ECSA and thus, has a positive impact
on the NO3; RR activity. Next, electrochemical impedance
spectroscopy was used to obtain Nyquist plots for Co-Fe@
Fe,0;, Fe@Fe,03, and Co NPs (Fig. 4H). The semicircle
radius is related to the charge transfer resistance, and a smaller
arc radius indicates faster interfacial electron transfer. The
Nyquist plots indicate that Co doping affected the electrochem-
ical properties of the electrodes significantly; the arc radius of
Co-Fe@Fe,O3 was the smallest of those of the produced cata-
lysts, indicating low charge-transfer resistance and suggesting
that Co doping can promote charge transfer in the cathode,
which is conducive for NO; ™~ reduction. After eight cyclic chro-
noamperometric runs using Co-Fe@Fe,O; (Fig. 4]), the NH;
selectivity, FE, and NHj yield rate showed no obvious decay,
confirming its excellent electrocatalytic stability. These results
suggest that the excellent NO; ™ RR activity of Co-Fe@Fe,Oj is
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associated with its unique structure and porous carbon encap-
sulation, suggesting that this is a favorable approach to achieve
effective and highly selective NO; RR. In particular, carbon
encapsulation enhances the conductivity of Co-Fe@Fe,03,
maintains its structural integrity, shortens the ion-diffusion
pathways, and enhances stability.

To further prove the stability of Co-Fe@Fe,O; during
NO3 RR, the structure and valence states of Co-Fe@Fe,O5
before and after NO3; RR were probed by TEM, HRTEM,
XPS, and XRD. The catalyst coated on the nickel foam was
collected by ultrasonication in ethanol to measure TEM and
HRTEM, while the catalyst coated on the nickel foam was
directly used to measure XRD and XPS. As shown in S/
Appendix, Fig. S194, TEM images showed that the structure of
the carbon-coated Co-Fe@Fe,Os; NPs was well maintained
after the NO3; RR tests. Meanwhile, the lattice fringes in the
HRTEM image (SI Appendix, Fig. S19 B and C) of Co-Fe@
Fe,05 also confirm the crystal structures of Fe,O3 and graphitic
carbon with lattice spacing of 0.251 and 0.35 nm, which are
indexed to the corresponding (110) plane of the Fe,Oj3 crystal
phase and to the (002) plane of graphitic carbon, respectively.
This proves that the structure of the Co-Fe@Fe,O; is main-
tained after the NO3;  RR process. Moreover, the recycled Co-
Fe@Fe,Oj3 catalyst showed no substantial difference compared
with unreacted catalyst during the electrocatalytic NO; RR
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process, which was confirmed by comparing the Fe 2p XPS
spectra (SI Appendix, Fig. S20). This demonstrates the good
stability of our catalyst. In addition, we performed additional
XRD characterization of Co-Fe@Fe,O5; before and after
NO; RR to provide convincing evidence that the heterostruc-
ture remains after the NO3; RR reaction. As shown in S/
Appendix, Fig. S21A4, the characteristic diffraction peaks of a-Fe
were identified in the XRD pattern. We added the XRD pat-
terns that partially amplify the peaks at 20° to 40° (S Appendix,
Fig. S21B) and 60° to 90° (SI Appendix, Fig. S21C) of SI
Appendix, Fig. S214. The characteristic diffraction peaks of
iron oxide and a-Fe were identified. Other than the three peaks
assigned to the nickel foam substrate, the peak positions before
and after the NO; RR reaction agree well with each other.
This indicates that the crystal phase of Co-Fe@Fe,O3 does not
change after the electrocatalytic reaction, which further proves
the stability of the catalyst. Therefore, MOF-derived Co-Fe@
Fe,O3 was used as an efficient catalyst for NO;~RR with good
structural stability and excellent durability.

Origin of Nitrogen in Ammonia. To exclude other potential nitro-
gen sources, such as the catalyst, electrolyte, or laboratory
environment that could affect the NO3; RR results, tests in
nitrate-free Na,SO, solution were conducted to verify that the
source of ammonia was the 1*NO; starting material in the elec-
trolyte. Negligible ammonia generation was observed (SI
Appendix, Fig. S16B). In addition, a >N isotopic labeling with
"H-NMR observation was used to confirm the origin of the pro-
duced NH;. As shown in Fig. 54, after electrochemical
NO; RR using Na!> NO; as the electrolyte, a doublet corre-
sponding to ’NH,* at & = 6.98 and 7.10 ppm appeared; in con-
trast, when Na'* NO; was used, a triplet corresponding to
Y“NH," at & = 6.99, 7.06, and 7.13 ppm was observed (Fig. 5B).
Thus, the produced NH; was derived from the NO; " RR. To
quantify the NH; derived from NO5;™ RR, maleic acid (C4H;04)
was used as an external standard. Using a standard curve based

on peak integral ratios (NH4"-N/C,H40,4) and the NH,*-N con-
centration, the generated ammonium in the electrolyte was
quantified (Fig. 5 D and E). The NMR-derived production rates
of "'NH; and "“NHj; after 4 h were consistent with the UV-vis
results (Fig. 5 C-F), confirming the reliability of these ammo-
nium quantitation methods. In addition, the FE was calculated
to be 79.3% by 'H-NMR (confer 80.1% by UV-vis).

Mechanistic Study. A catalyst combining high NO5;~ adsorption
with a poor rate of direct H* to H, conversion should show
high reaction selectivity and FE. Thus, DFT calculations were
conducted to understand how Co doping promotes the
NO;3; RR activity of Co-Fe@Fe,0j3. Specifically, we analyzed
the preferential adsorption of NO3;~ on Co-Fe@Fe,03, as well
as its inhibitory effect on the HER, using a model based on the
(001) plane of Fe,O3 with 1.85 wt % Co and an Fe (111) base
layer. Structural optimization of Co-Fe@Fe,O5 (Fig. 64), as
well as Fe@Fe,05 (Fig. 6B), and Co (Fig. 6C) models was car-
ried out, and the H* and NO; ™~ adsorption energies and the H,
formation energies were calculated. In NO3; RR, the first and
arguably the most important step is NO3~ adsorption. The
favorable adsorption of NO;™ is crucial, affecting the subse-
quent reduction of NO; ™~ in the presence of H* and inhibiting
the competitive adsorption of other anions. However, strong
adsorption hinders intermediate desorption, whereas weak
adsorption limits electron and proton transfer to the adsorbed
intermediates. As shown in SI Appendix, Fig. S22, the adsorp-
tion energy (E,.q4s) of *NO;~ (where the asterisk indicates an
adsorbed species) on Co-Fe@Fe,O3 of —2.60 eV is more posi-
tive than that of Co (—2.43 eV) and more negative than that of
Fe@Fe,03 (—2.61 eV). A more negative E 45 corresponds to
stronger adsorption. Thus, the adsorption strength of *NO;™~
on the catalyst decreases in the order Fe@Fe,03; > Co-Fe@
Fe,O5; > Co, indicating that Co-Fe@Fe,O; exhibits a moderate
adsorption strength, which is favorable for both adsorption and
desorption and could facilitate the NO3 RR. Moreover, the
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The maleic acid proton appears at & = 6.31 ppm. The "H NMR spectra of '>°NH,* contain doublet at § = 7.10 and 6.98 ppm. The "H-NMR spectra of "*NH,*
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tial. (E) PDS energy barriers of Co-Fe@Fe,03, Fe@Fe,03, and Co. (F) Electron density of NO3™ on Co, Fe@Fe,03, and Co-Fe@Fe,0s. Orange, violet, blue, and
red spheres represent Co, Fe, N, and O atoms, respectively. Blue and red regions indicate electron-donating and electron-withdrawing areas, respectively.
(G) H, formation energies. (H) Calculated density of states and d-band centers (the integral domain was set to [-2.0, 2.0 eV]) of the metal active sites of
different catalysts. Dashed magenta and solid cyan lines represent the Fermi level and the calculated energy level of the d-band center, respectively (the

Fermi level is set at zero energy).

calculations reveal the crucial role of Fe active sites neighboring
Co sites (Fec,) for NO3; RR activation.

Next, the electrochemical reaction NO5; + 6H,O + 8¢ NH; +
90H was modeled using a series of deoxidation reactions,
*NO;~ — *NO,  — *NO — *N, followed by hydrogenation
reactions, *N — *NH — *NH, — *NHj;, according to a previ-
ous report (52). To illustrate the influence of Co doping on the
reaction pathways, we calculated the free energy diagrams for
NO;~ reduction (Fig. 6D). The optimized structures of key
NO; RR intermediates are shown in SI Appendix, Figs.
S23-S25. For both Fe@Fe,O; and Co-Fe@Fe,Os, the
potential-dependent step (PDS) is the reduction of *N to *NH,
for which the calculated free energies are 0.32 and 0.18 eV,
respectively. For pure Co, the PDS is the reduction of *NH to
*NH,, having a free energy of 0.52 eV (Fig. 6F). These results
suggest that the Co dopant activates adjacent Fec, active sites,
resulting in reduced energy barriers in comparison with those
over pristine Fe@Fe,O3;. Thus, Co and Fec, synergistically
enhance the NO; RR activity of Co-Fe@Fe,O;. Therefore, in
NO; RR, the main effects of Co doping are 1) being the key
NO; RR active sites and 2) being an activator of Fe sites, thus
enhancing the intrinsic NO3;™ RR activity of Fe@Fe,0s.

The interactions between the three catalysts and NO3;~ were
investigated further by calculating the charge densities of the

8 of 11 | PNAS

https://doi.org/10.1073/pnas.2115504119

three model systems (Fig. 6F). There was charge accumulation
(red) around the O atoms and charge depletion (blue) around
the Co and Fe atoms. In addition, the electrons from the high-
est occupied molecular orbital of the NO;~ molecules transfer
to the empty d-orbitals of the Co or Fe centers, resulting in
stronger O-Co or O-Fe bonds. Meanwhile, the fully occupied
Co or Fe 3d orbital donates electrons to the lowest unoccupied
molecular orbital of the NO;~ molecules, significantly weaken-
ing the n = O bonds and facilitating » = O bond cleavage. This
implies a charge transfer between NO5;~ and Fe or Co, which is
crucial for NO3;™ RR electrocatalysis. Importantly, the Co dop-
ants tune the energy of the d-orbitals of Fe to enhance the
charge transfer between Co-Fe@Fe,O; and NO; -, thus
enhancing performance. In addition, a more significant electron
transfer between NO;~ and Fec, in Co-Fe@Fe,Os; was
observed than that between NO3~ and Fe in Fe@ Fe,Os. This
result is consistent with the calculated NO;  adsorption
energies.

To probe the origin of the high performance of Co-
Fe@Fe,0;, the free energies of the HER on Co-Fe@Fe,0s;,
Fe@Fe,03, and Co NPs were calculated. For the HER, the
optimized structures of adsorbed *H are shown in ST Appendix,
Fig. S26. The free energies for H adsorption (AG+y) were cal-
culated to be —0.30, 0.02, and —0.05 eV for Co, Fe@Fe,Os;,
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and Co-Fe@Fe,0s, respectively (Fig. 6G). Moreover, the AG
of H, formation on the Co surface was calculated to have a
higher energy barrier than those on Co-Fe@Fe,05; and Fe@
Fe,03, suggesting that Co inhibits HER activity. Thus, although
Co has a low nitrate reduction efficiency, it inhibits HER
activity, resulting in the high selectivity and FE observed
experimentally in Co-Fe@Fe,O3.

To gain insight into the different NO;™ RR activities of the cat-
alysts, the d-band centers (g4) of the metal active sites were cal-
culated. As shown in Fig. 6H, the calculated £4 values for the two
Co active sites are —0.50 and —0.50 eV, for the two Fe active
sites of Fe@Fe,03, the calculated g4 values are —0.39 and —0.36
eV, indicating the stronger binding of NO;~ on Fe@Fe,O; than
that on Co. Further, with Co doping, the g4 of the Fe active site
shifts to higher energy (—0.30 eV), whereas the £4 of the Co dop-
ants shifts to lower energy (—0.59 eV); thus, the binding strength
of NO;~ on Co-Fe@Fe,Oj3 is slightly weaker than that on
Fe@Fe,O3. As shown in SI Appendix, Fig. S27, the hybridization
between the O atoms of NO5;~ and the Fec, atom of Co-Fe@
Fe,O3 is more favorable than that between the O atoms of NO5™
and Fe atoms of Fe@Fe,O3 or Co atoms of Co. Thus, Co doping
changes the Fe 3d orbital configuration and enhances the activity
of Fe for NO;™ reduction to NH;. Therefore, the excellent cata-
lytic NO3;™ RR performance of Co-Fe@Fe,O5 can be ascribed to
the optimal adsorption strength of the reaction intermediates on
Co-Fe@Fe,0s5.

Conclusions

In summary, we used Co-doped Fe-MOF-74 as a precursor to
prepare a Co-doped Fe@Fe,O3 catalyst, in which Co replaces
some Fe sites in Fe,Os;. For the NO3; RR, Co-Fe@Fe,O;
exhibited high catalytic activity and NH; selectivity. A mecha-
nistic study further revealed that the high catalytic performance
of Co-Fe@Fe,O; can be attributed to the Co dopant, which
affects the Fe d orbitals, thereby changing the adsorption
energy of the intermediates and free energies of the PDS as
well as suppressing the HER. The results of this work suggest
that doping an MOF precursor allows the d-band centers of
metal-based catalysts to be finely tuned, yielding a high nitrate
removal capacity, selectivity, and FE for the NO3; RR.

Materials and Methods

Materials. FeCl,-4H,0, and N, N-dimethylformamide (DMF) were purchased
from Sinopharm Chemical Reagent Co., Ltd and used without further puri-
fication. Co(NOs),-6H,O0 and H4DOBDC were purchased from J&K
Chemical Company.

Catalyst Preparation.

Synthesis of Co-MOF-74. Co-MOF was prepared according to the literature
method (53) with some modification. Briefly, in a 100-mL beaker, 0.180 g
H4DOBDC, 0.891 g Co(NOs),-6H,0, 25 mL H,0, 25 mL DMF, and 25 mL ethanol
were added, ultrasonicated until homogeneous, transferred to a 100-mL Tef-
lon-sealed autoclave, and heated to 100°C for 24 h. After the solution had
cooled to room temperature, the product was collected by centrifugation,
washed three times with methanol, and soaked in methanol six times for 3 d.
Finally, the product was collected by centrifugation, dried in vacuo at 60°C,
and ground before use.

Synthesis of Fe-MOF-74. Typically, 0.891 g FeCl,-4H,0 was added to 80 mL of
a DMF solution of 0.180 g H4DOBDC. Then, the mixture was transferred to a
100-mL Teflon-sealed autoclave and heated to 110 °C for 12 h. After the solu-
tion had cooled to room temperature, the product was collected by centrifu-
gation, washed three times with methanol, and soaked in methanol six times
for 3 d. Finally, the product was collected and dried in vacuo at 60 °C.
Synthesis of the Co-doped Fe-MOF-74. Co-doped Fe-MOF-74s (Co-Fe MOFs)
were synthesized in the same way as for the Fe-MOF-74, but an additional
10 mg of Co MOF was added to the Fe-MOF-74 precursor solution.

Synthesis of the CoNPs, Fe@Fe,Os; and Co-Fe@Fe,O3 catalysts. The
obtained Co MOF, Fe-MOF, and Co-Fe MOF were placed in a ceramic boat,
heated to 900 °C at a ramp rate of 5°C min~", and maintained at this tempera-
ture for 2 h in a tube furnace under an argon atmosphere. Subsequently, the
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furnace was allowed to cool to room temperature. Hereafter, these materials
are labeled as Co, Fe@Fe,0s3, and Co-Fe@Fe,0s, respectively.

Synthesis of the Co-Fe@Fe,03-t catalysts. Co-Fe@Fe,0s-t was synthesized in
the same way as Co-Fe@Fe,0s. The obtained Co-Fe MOF was pyrolyzed at dif-
ferent temperatures (600°C, 700°C, 800°C, 900°C, and 1,000°C) at a ramp
rate of 5°C min~"' and maintained at this temperature for 2 h in a tube fur-
nace under an argon atmosphere to form Co-Fe@Fe,Os-t (t indicates the
pyrolysis temperature).

Material Characterization. Sample morphologies were characterized by scan-
ning electron microscopy using a high-performance field emission scanning
electron microscope (Zeiss Merlin). TEM images were collected using a JEOL
JEM 2010F fitted with an EDX unit. The chemical composition was investi-
gated using XPS (Escalab 250Xi; Thermo Fisher Scientific) with monochromatic
150-W Al-K, radiation. The peak positions were calibrated to the C1s peak.
The textural properties of the samples were analyzed using an Autosorb-
1MP-type Ny-physisorption surface area and porosity analyzer (Quantach-
rome). The specific surface area was calculated using the BET method from
the data in a relative pressure (P/P,) range of 0.05 to 0.25; pore size distribu-
tion plots were derived from the adsorption branch of the isotherms using the
Barrett-Joyner-Halenda model. XRD phase analysis was carried on a D/max-B
(Rigaku) diffraction and a Cu-K, source (A = 0.154056 nm) at a scan rate (26)
of 1° min~" with an accelerating voltage of 40 kV. UV-vis absorbance spectra
were measured using an HACH 6000 spectrophotometer. The isotope-labeled
samples were analyzed using an 800-MHz 'H-NMR spectrometer (Bruker).

Electrochemical Analysis of Nitrate Reduction. Measurements were carried
out at room temperature using a typical cylindrical three-electrode, one-com-
partment cell (effective volume = 50 mL). A platinum wire and a saturated cal-
omel electrode (SCE) were used as the counterelectrode and reference elec-
trode, respectively. Nickel foam was coated with the catalyst NPs and used as
the working electrode (1.5 x 1.5 cm). The recorded potential was converted to
the RHE scale as follows: E (vs. RHE) = E (vs. SCE) + 0.242+ 0.059 pH. The work-
ing electrode was prepared using a mixture of catalyst powder (4 mg), acety-
lene black (0.5 mg), and polyvinylidene difluoride (0.5 mg) dissolved in
N-methyl-2-pyrrolidone (20 pL), ground to a uniform paste, evenly coated on
nickel foam, and dried at 60 °C in a vacuum oven for 12 h. The final working
electrode sheet was obtained by pressing the treated nickel foam at 20 MPa.
Electrochemical tests were performed on an electrochemical workstation
(lvium Stat) at —0.445 to —0.945 V, and the electrolyte was stirred at 300 rpm.
A 1,000-ppm sodium nitrate stock solution was used to prepare 50-mL solu-
tions of various concentrations (50, 200, 500, and 1,000 ppm). The electrolyte
was 0.1 M Na,SO,. The product concentrations, including nitrite, nitrite, and
ammonium, after reaction were analyzed. LSV was used to measure the elec-
trocatalytic activity between voltages of —0.945 and 0.655 V. All potentials
were recorded against the RHE.

lon Concentration and Conversion Efficiency Calculations. A UV-Vis spectro-
photometer (DR-6000; Hach Co.) was used to determine the concentrations of
nitrate, nitrite, and ammonium. The products after reaction were taken out
and diluted to 10 mL to detection range.

Determination of nitrate-N. One molar HCl (0.2 mL) and 0.8 wt % sulfamic
acid solution (0.02 mL) were added to the diluted solution described above.
The absorption intensities at wavelengths of 220 and 275 nm were recorded.
The final absorbance value was calculated by the following equation: A =
Az20nm — 2A275nm- Absolute calibration was achieved by using NaNOs solutions
of the known concentration as standards, and a good linear fit was observed
with the absorbance of NO;~ concentration (y = 0.24749x — 0.00289,
R?=0.9998).

Determination of nitrite-N. P-aminobenzenesulfonamide (20 g), N-(1-Naph-
thyl) ethylenediamine dihydrochloride (1 g), ultrapure water (500 mL), and
phosphoric acid (50 mL) were mixed as a color reagent. Then, 0.2 mL of this
color reagent was added to the diluted solution described above. The absorp-
tion intensity at a wavelength of 540 nm was recorded after resting for
20 min. Absolute calibration was achieved by using NaNO, solutions of the
known concentration as standards, and a good linear fit was observed with
absorbance and NO,~ concentration (y = 3.22336x — 0.00169, R? = 0.9996).
Determination of ammonia-N. Potassium sodium tartrate solution (0.2 mL,
p =500 g/L) and Nessler's reagent (0.3 mL) were added to the diluted solution
described above. The absorption intensity at a wavelength of 420 nm was
recorded after resting for 10 min. The standard curve was plotted with the
absorbance values on the y axis and the concentration of NH3 on the x axis.
The resulting standard curve (y = 0.19955x — 0.00002, R? = 0.9999) shows a
good linear agreement between the absorbance value and NH; concentration.
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The nitrate removal efficiency was calculated as

(G —Cy)
Co

conversion = x 100%,
where G, (parts per million) represents the initial concentration and C; (parts
per million) is the concentration after the reaction at time t.

The nitrate removal capacity per unit weight of catalyst was calculated as

. Co—CG)V
removal capacity = M,
m

where V (liters) is the volume of the nitrate solution and m (grams) is the mass
of the catalyst on the nickel foam.

The ammonia and nitrite selectivities were obtained using

_ <
(G —C)

where Cis the generated concentration of ammonia and nitrite.
The ammonia FE was calculated as

selectivity = x 100%,

8F x CNH3 x V
Mnnz X Q

where 8 is the number of electron transfers toward the formation of 1 mol of
ammonia, F is the Faraday constant (96,485 C mol~"), C is the ammonia con-
centration, V is the catholyte volume (milliliters), M is the molar mass of NH,
and Q is the total charge passing through the electrode.

The ammonia production rate (yield) was as

CnHz X V
txS '

faradaic efficiency =

yieldyyz =

where t is the electrolysis time and S is the geometric area of the working
electrode (1.5 x 1.5 cm?).
The half-cell EE was calculated using the following equation:

(1.23 — E%,3)FEnmss

EEnH3 = 123 .

where E%H3 is the equilibrium potential (0.70 V) of nitrate electroreduction to
ammonia, FEyys is the FE for NHs, 1.23 V is the equilibrium potential of water
oxidation (i.e., assuming that the overpotential of the water oxidation is
zero), and E is the applied potential (vs. RHE) for NH3 production.

ECSA Evaluation. The ECSA was obtained by measuring the electrochemical
double-layer capacitance (Cq)) within the potential window without a faradaic
response. All catalysts were scanned within the potential range of 0.435 to
0.535 V vs. RHE in 0.1 M NaSOj, at various sweep rates (20 to 160 mV s '). The
current densities at 0.48 V vs. RHE at different sweep rates were then calcu-
lated and plotted against the sweep rates for each catalyst. By performing lin-
ear fitting, the slopes of the current densities vs. sweep rates were obtained,
thus giving the Cy values for the different catalysts. The relationship between
the gravimetric Cy (farad gram™") and lapacitive IS
|
Cy=—,
d =Tm
where v is the given scan rate and m is the mass of catalyst on the electrode.
The ECSA was calculated as
Gyl
ECSA =—,
G
where G (=0.4 F m~2) is the general specific capacitance for an atomically
smooth planar surface under homogeneous electrolytic conditions.

XANES and EXAFS. XANES and EXAFS measurements were performed at the
BL14W beamline at the Shanghai Synchrotron Radiation Facility (SSRF)
to study the coordination states of Fe and Co. The storage rings of the SSRF
were operated at 3.5 GeV with a stable current of 200 mA. Using an Si (111)
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double-crystal monochromator, data collection was carried out in fluores-
cence mode using a Lytle detector. All spectra were collected under ambient
conditions. Fe foil, Fe,03, Co foil, and CoO were used as the reference samples.
The obtained XANES and EXAFS data were analyzed using ATHENA.

DFT Calculations. Spin-polarized calculations were performed using the
Vienna ab initio simulation package (54, 55). The ion—electron interactions
were described by the projector augmented wave method (56), and the gen-
eral gradient approximation Perdew-Burke-Ernzerhof functional was used
(57, 58). During structure relaxation, the convergence criteria for the residual
force and energy were set to 0.03 eV A~" and 107> eV, respectively. A 4 x 4
supercell of Co (111) was used as the model for Co; the bottom two layers
were fixed, but the top two layers were relaxed. The Fe@Fe,0; model was a
3 x 3 supercell of Fe,03 (001) on a 4 x 4 supercell of Fe (111). Co-Fe@Fe,03 was
constructed by substituting one Co atom for one Fe atom on the model sur-
face. Brillouin zones were sampled using 3 x 3 x 1 and 2 x 2 x 1
Monkhorst-Pack k-point grids for Co and Fe@Fe,03/Co-Fe@ Fe,0Os, respec-
tively. A vacuum space of 15 A was employed to avoid interactions between
two periodic units.

The NO3™RR on different catalyst surfaces was simulated according to the
following reactions:

*NO3 + H,0 + e — *NO; + 20H7,

*NO; + 2H,0 +2e” — «*NO + 20H",
*NO + HO0 +2e™ — «N +20H",
*N+H;O+e” — «NH+ OH™,
*NH +H,0 +e” — «NH, + OH™,
*NH; + HO + e~ — *NH3 + OH ™.

Here, the asterisk represent an adsorption site.
The free energy change (AG) of each elementary reaction was calculated
using

AG = AE + AEzpe — TAS,

where AE, Ezpg, T, and S are the reaction energy difference, zero-point energy,
temperature, and entropy, respectively.

Isotope Labeling and "H-NMR Experiments. Isotope labeling was used to
determine the source of the nitrogen in the products. A 98.5% concentration
of Na'>NO; was used as the N source during nitrate reduction. The electrolytes
for the NO; RR were 0.1 M Na,SO, and 500 ppm ">NO;~-"°N.

"H-NMR spectroscopy was used to quantify ammonia and identify its
source. A calibration curve was created as follows. First, a series of ">NH,*-"°N
standard solutions [(">NH,)>S0,] having known concentrations (50, 100, 150,
200, 250 ppm) were prepared with 0.1 M Na,SO,. Second, 50 mL of the
5NH,*-">N standard solution with different concentrations of external stand-
ards (0.02 g maleic acid) was prepared. Third, 50 uL deuterium oxide (D,0O)
was added to the mixture (0.45 mL). Finally, a linear relationship between the
integrated peak area ratio of ">NH,*-'°N and maleic acid and the ">NH,*-"°N
concentration was obtained. Accordingly, when Na'>NO; and Na'*NO; were
used as the N sources, the electrolytes containing ">NH,*-">N and "NH,*-'*N
after electrocatalytic reduction for 4 h were removed, the solution was
adjusted to a weakly acidic pH with 4 M H,SO,, and further quantification was
carried out using the above method. The'*NH,* and ">NH,* signals can be
distinguished because '“NH,*appears as a triplet and "°NH,* appears as a
doublet.

Data Availability. All study data are included in the article and S/ Appendix.
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