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Nitrate, a widespread contaminant in natural water, is a threat to
ecological safety and human health. Although direct nitrate removal
by electrochemical methods is efficient, the development of low-cost
electrocatalysts with high reactivity remains challenging. Herein, bi-
functional single-atom catalysts (SACs) were prepared with Cu or Fe
active centers on an N-doped or S, N-codoped carbon basal plane for
N, or NH;* production. The maximum nitrate removal capacity was
7,822 mg N - g~ Fe, which was the highest among previous studies. A
high ammonia Faradic efficiency (78.4%) was achieved at a low po-
tential (—0.57 versus reversible hydrogen electrode), and the nitrogen
selectivity was 100% on S-modified Fe SACs. Theoretical and experi-
mental investigations of the S-doping charge-transfer effect revealed
that strong metal-support interactions were beneficial for anchoring
single atoms and enhancing cyclability. S-doping altered the coordi-
nation environment of single-atom centers and created numerous
defects with higher conductivity, which played a key role in improv-
ing the catalyst activity. Moreover, interactions between defects and
single-atom sites improved the catalytic performance. Thus, these
findings offer an avenue for high active SAC design.
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ater security is under threat by the various pollutants

discharged from the growing array of human, industrial,
and agricultural activities (1, 2). In particular, the ever-increasing
utilization of nitrogen fertilizers and consumption of fossil fuels have
resulted in severe nitrate pollution in surface water and underground
aquifers, which disturbs the nitrogen cycle and threatens human
health. The maximum nitrate concentration in drinking water should
be 10 mg - L' N-NO;", as stipulated by the World Health Orga-
nization and the US Environmental Protection Agency (3). The
reduction of nitrates by electrochemical methods is a promising
denitrification technology with the advantages of being clean, ver-
satile, and convenient (4). Nitrate electroreduction (NIER) into
value-added ammonia or environmentally friendly nitrogen gas uses
electrons as a completely clean reactant, thus serving as a mild and
facile approach to obtain chemical products and mitigate environ-
mental concerns. Developing low-cost and highly efficient electro-
catalysts for nitrate reduction during the treatment of polluted water
is crucial for ammonia harvesting and water conservation.

Over the past few years, the nitrate removal performance of
many different kinds of electrocatalysts, such as metals, metal ox-
ides, alloys, polymers, and metal-molecular solid catalysts, has been
evaluated (5-11). Among these, metal nanoparticles supported on
carbon-based materials have attracted extensive attention owing to
their high surface areas and metal utilization ratios. For example,
corchorifolius-like carbon-microsphere-sealed Fe nanoparticles
exhibited excellent N-removal capacity (1,816 mg - N - g™ Fe) and
high N, selectivity (98%). This unique structure with a high metal
content is promising for electrodenitrification (5). However, as
most studies have focused on metal active centers with nanometer
dimensions, further atomic-level investigations are necessary. Pre-
vious study showed that the single Cu site in Cu-modified covalent
triazine frameworks could efficiently| promote the N-N bond
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formation and N, production (10). In addition, Chen et al.
reported a Cu-molecular (3,4,9,10-perylenetetracarboxylic dia-
nhydride) solid catalyst for the electrochemical reduction of NO;~
into NHj with a maximum Faradaic efficiency of 85.9%. The su-
perior catalytic activity was attributed to the unique 3d orbital (10)
configuration of Cu on the molecular (11).

Over the last decade, single-atom catalysts (SACs) have attracted
tremendous research interest and shown immense potential in
practical applications because their metal atom utilization efficien-
cies are maximized, and the single-atom sites have unique electronic
structures (12, 13). The rapid development of SACs in the field of
electrochemistry (14) suggests that SACs with superior catalytic
performance for NIER reactions could also be designed.

Generally, N-doped carbon materials with many defect sites
are considered ideal supports for anchoring single transition—
metal atoms. The use of such materials can also meet the demand
for inexpensive SACs in large-scale electrochemical applications.
N-doping can introduce extra defect sites in addition to intrinsic
carbon defects, resulting in an asymmetric charge distribution
(15). Consequently, more charge is transferred from metal atoms
to neighboring N sites through the formation of strong chemical
bonds. The strong metal-support interactions (SMSIs) caused by
the defect sites contribute to the stabilization of single atoms and
affect the intrinsic activity.

In this study, we prepared Cu- or Fe-doped carbon-based
SACs with excellent catalytic performance for NIER. Over the
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recent decades, electrochemical denitrification has been widely
investigated, and different metallic electrode materials including
Cu, Ag, Fe, Ti, and Au have been studied to further improve the
catalytic performance (4, 5, 16-19). Among them, Cu and Fe are
known to be the superior nonprecious metal catalysts for NIER
because of their low prices, excellent electron-donating capabil-
ities, and high activities (20, 21). Cu and Fe were chosen because
their electrocatalytic activities are superior to those of other
transitional metals (17, 20, 22). A postmodification method was
used to further decorate the N-doped carbon material with S
species. S-modification created more defects on the N-doped
carbon basal plane, resulting in a more asymmetric charge distri-
bution, which offered more opportunities to anchor metal atoms
and regulate their coordination environments. (Soft) X-ray ab-
sorption spectroscopy (XAS) results verified the successful deco-
ration of S species at the molecular level on both the N-doped
carbon basal plane and the Fe active sites, which had a FeN,S,
coordination structure. The Fe SACs showed higher catalytic
NIER activity than the Cu SACs, and the NIER Faradic efficiency
was obviously improved upon S, N codoping. Based on the density
functional theory (DFT) calculations, the enhanced NIER activity
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of the Fe SACs was ascribed to lower free energy barriers for
intermediates. The intrinsic electronic properties of the atomic
coordination structure and the interactions between S/N defects
and Fe single-atom sites were also investigated. This study not
only developed highly active NIER SACs but also revealed the
effects of S/N defects on catalysis and their SMSIs with metal
atom centers at the molecular level.

Results

Characterization of SACs and Supports. As supports, an S, N-
codoped carbon basal plane (CNS) and an N-doped carbon basal
plane (CN) were prepared using thiourea, urea, and ammonium
chloride as the S and N precursors, respectively, during the pyrolysis
of pyromellitic dianhydride. To fabricate the corresponding SACs
(e.g., Cu-CN or Fe-CNS), copper or ferric chloride was introduced
during this process, as illustrated in Fig. 14. The transmission
electron microscopy (TEM) image (Fig. 1B) shows that the surface
of CN is not smooth but exhibits many folds and defects, which
could serve as anchoring sites for Cu or Fe single atoms with stable
structures. As confirmed by the aberration-corrected high-angle
annular dark-field scanning TEM (HAADF-STEM) images with

Fig. 1. Characterization of supports and SACs. (A) Schematic of the synthesis process for Cu/Fe-CN(S) SACs; (B) TEM image of CN framework; HAADF-STEM

images of (C) Cu-CN SAGs, (D) Fe-CN SACs, and (E) Fe-CNS SACs (the bright dots in yellow circles in (C), (D), and (E) represent Cu or Fe atoms); (F) electron
energy loss spectroscopy spectrum of Fe-CN derived from the bright dot region in (D); (G) TEM image of Fe-CNS and corresponding X-ray energy-dispersive
spectroscopy elemental mapping images of (H) Fe (purple), C (red), N (green), and S (yellow).
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sub-Angstrom resolution, the as-prepared SACs have atomically
dispersed Cu (Fig. 1C) or Fe (Fig. 1 D and E) atoms on the sup-
ports. The bright spots, as marked by yellow circles, were identified
as single Cu or Fe atoms. The electron energy loss spectroscopy
spectrum of Fe-CN derived from the bright region revealed C, N,
and Fe signals, indicating Fe-N coordination (Fig. 1F). The TEM
image of Fe-CNS (Fig. 1G) revealed no additional Fe clusters or
particles on the surface of CNS on a large scale. Furthermore, the
X-ray energy-dispersive spectroscopy elemental mapping images of
Fe-CNS and Cu-CN (Fig. 1H and SI Appendix, Fig. S1) confirmed
the successful introduction of N and/or S, and all the elements,
including Fe or Cu, were distributed uniformly over the entire
carbon basal plane. The metal contents of the Cu-CN, Fe-CN, and
Fe-CNS SACs were 2.5, 2.1, and 2.0 weight (wt)%, as determined
using inductively coupled plasma-optical emission spectrometry.
XAS is a well-established technique for investigating the
chemical state and coordination environments of metal single-
atom centers in SACs (23-25). The X-ray absorption near edge
structure (XANES) spectra of Cu-CN, Fe-CN, and Fe-CNS at
the Cu K-edge and Fe K-edge were collected to analyze their
different coordination states. As shown in Fig. 24, the rising
edge of Cu-CN is located between those of CuO and Cu foil,
1ndlcat1ng that the domlnant valence state of the single Cu atom
on CN is between Cu” and Cu®*. The Fe K-edge XANES spectra
of Fe-CN and Fe-CNS (Fig. 2C) display similar trends, and in
both, the rising edge is located between those of Fe,O3; and Fe
foil, similar to that for Cu-CN, clearly suggestmg that the valence
states of the Fe species are between Fe’ and Fe?*. A k*-weighted
Fourier-transform—extended X-ray absorption fine structure
(FT-EXAFS) analysis was also conducted to probe the bonding
structure between the heavy metal single atoms and the neigh-
boring light elements in the Cu and Fe SACs. The EXAFS
spectrum of Cu-CN (Fig. 2B) reveals one dominant peak centered
at 1.5 A, which results from the Cu-N scattering path. Further-
more, the absence of a characteristic Cu—Cu peak at 2.2 A indi-
cates the absence of Cu nanoparticles and the presence of
atomically dispersed sites with a CuN, configuration on the carbon
framework. For the Fe SACs (Fe-CN and Fe-CNS), the absence
of an obvious peak at 2.2 A, ascribed to Fe—Fe interactions in Fe
foil, in the EXAFS spectra (Fig. 2D) confirms that no Fe nano-
particles were formed in these SACs. Instead, only a predominant
peak at 1.5 A, associated with the Fe-N scattering path, was ob-
served for each Fe SAC. The XAS results confirm the high dis-
persion of single metal atom sites on CN(S), consistent with the
aberration-corrected HAADF-STEM observations. Additionally,
detailed information about the local coordination environment
was achieved by quantitatively fitting the EXAFS data. The fitting
parameters, including coordination numbers and atomic distances,
are presented in SI Appendix, Table S1. The fitting results for Cu-
CN and Fe-CN indicate that the Cu-N and Fe-N shells have
distances of 1.82 and 1.92 A, respectively, with coordination
numbers of 4.3 and 4.1, respectively. These results are in agree-
ment with the experimental data, and similar Cu-N and Fe-N
parameters have been reported previously for Cu and Fe SACs
(26-28). In contrast, the fitting results for Fe-CNS (Fig. 2D and SI
Appendix, Table S1) revealed two kinds of bonds between the Fe
atom and coordinated N atoms, with bond lengths of 1.98 and
1.87 A. Thus, it is believed that S-doping affects the coordination
between Fe and N atoms, influencing the length of the Fe-N bond
in the FeN, configuration. After S-modification, a new highly
dispersed metal center site with a FeN,S, structure can form on
CNS. It also should be noted that the EXAFS fitting can only give
an average structural information of the metal center, other evi-
dence for the existence of FeN,S, coordination structure in Fe-
CNS SAGs is still needed. The structure is thermodynamically
favored, as confirmed by previously reported DFT calculations
(29). The binding energy of FeN,S, structure (—10.56 ¢V) was
much smaller than that of the FeNsS; structure (-5.01 eV), which
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suggested the S atoms were presumably bonded with the sur-
rounding N or C atoms. Consequently, FeN, and FeN,S, models
were built based on experimental and theoretical studies (Fig. 2E).

The powder X-ray diffraction (XRD) patterns of the SACs (S/
Appendix, Fig. S2) show no obvious peaks corresponding to Cu
or Fe nanoparticles which demonstrates the high dispersion of
Cu/Fe species on CN(S). Furthermore, owmg to its ability to
identify Fe valence and coordination states, 3’Fe Mossbauer spec-
troscopy was performed to study the structure of the Fe species (30,
31). A single doublet appears in the spectrum of the Fe-CN sample
(Fig. 2F). The absence of sextets and singlets indicates the absence
of Fe-Fe bonds, which further confirms that the Fe species are
atomically dispersed. Additionally, a wavelet-transform (WT)-
EXAFS analysis was also conducted to supplement the FT-EXAFS
analysis by providing resolution in both radial distance and k-space
(32). In contrast to those of Fe foil and Fe,Os3, the WT-EXAFS
spectra of Fe-CN and Fe-CNS show only one peak with a maximum
intensity at ~4.0 A~! (Fig. 2F), which corresponds to Fe-N bonds.
The WT-EXAFS spectrum of Cu-CN is similar, with only one peak
attributed to Cu-N bonds (SI Appendix, Fig. S3). Taken together,
these findings strongly indicate that both Cu and Fe are atomically
dispersed on the (S)N-doped carbon matrix.

The elemental compositions and electronic states of the active
sites, including the metal atom centers and their coordinated
atoms, were further investigated using soft XANES and X-ray
photoelectron spectroscopy (XPS). The XPS analysis, as a sup-
plementary to the XAS analysis, can also reflect the bonding
information of the metal centers and the surrounding hetero-
atoms (C,N or S).The C K-edge XANES spectrum of Fe-CNS
(Fig. 34) exhibits two peaks associated with C = C and C-C rings
at 286.2 and 292.1 eV, respectively, whereas the peaks in the
region of 287.4 to 288.6 are attributable to C-N-Fe(C) bonds
(33, 34). The peaks in the N K-edge XANES spectrum (Fig. 3B)
are ascribed to aromatic C-N-C bonds, graphitic N-3C bonds,
and C-N o bonds (33). The predominant peak in the S L-edge
XANES spectrum (Fig. 3C) in the range 165 to 170 eV is at-
tributed to C-S-C bonds (34). The XANES peaks are not
smooth and have small split, which is different from normal
N-doped carbon. This discrepancy is caused by the influence of
the doped S atoms nearby (29). The successful introduction of S
and N species into the carbon skeleton alters the uniform dis-
tributions of electrons in C-C or C = C bonds. As confirmed by
the C 1s XPS spectrum (Fig. 3D and SI Appendix, Fig. S4 A and
B), the deconvoluted peak at 286.0 eV corresponds to C-N
bonds (35). The N 1s spectrum of Fe-CNS (Fig. 3) was decon-
voluted into four types of N species at around 400.9, 400.3, 399.2,
and 398.7 eV, which could be ascribed to graphitic N, pyrrolic N,
Fe-Nx, and pyridinic N, respectively (36, 37). The N 1s spectrum
of Fe-CN exhibited similar simulation results (SI Appendix, Fig.
S4E). The ratios of the various N species are presented in S/
Appendix, Table S2. Furthermore, as revealed by the N 1s XPS
spectra of Fe-CN and Cu-CN (SI Appendix, Fig. S4 C and D),
these samples and Fe-CNS show similar distributions of N spe-
cies. In addition, the S 2p XPS results of CNS (SI Appendix, Fig.
S4E) were analyzed in contrast to the S-states of Fe-CNS. The S
2Py and S 2P;;, peaks of CNS negatively shifted by 0.39 and
0.21 eV compared with those peaks in Fe-CNS. The deviation
was caused by the electron-withdrawing effect between S and the
surrounding Fe-Nj sites (29). Therefore, the FeN,S, structure
dominates the active center site of Fe-CNS SACs. The C/N 1s
XPS results are in accordance with the C/N K-edge XANES
analysis. In addition, the Fe 2p XPS spectrum of Fe-CNS
(Fig. 3F) shows two sets of peaks at 723.4 and 710.5 eV or
726.0 and 711.9 eV, corresponding to Fe(II) or Fe(III) species in
the Fe 2p,,, or Fe 2ps; region, respectively (38), which is con-
sistent with the single Fe atom being positively charged. Similar
results were obtained for the single Cu or Fe atoms supported on
CN (SI Appendix, Fig. S5 A and B) [e.g., in the Cu 2p XPS
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Fig. 2. Coordination environments of metal single-atom centers in SACs. (A) Normalized XANES spectra of Cu-CN, Cu foil, and CuO at the Cu K-edge and (B)
corresponding k?-weighted FT-EXAFS spectra. (C) Normalized XANES spectra of Fe-CN, Fe-CNS, Fe foil, and Fe,Oj; at the Fe K-edge and (D) corresponding k-
weighted FT-EXAFS spectra. (E) Fitted configurations of CuN, and FeN,4S, in Cu-CN and Fe-CNS. (F) °’Fe Méssbauer spectra of Fe-CN SACs. (G) WT-EXAFS

analysis of Fe,03, Fe Foil, Fe-CN, and Fe-CNS.

spectrum of Cu-CN, the two peaks at 955.5 and 935.2 eV are
ascribed to Cu(II) species, whereas those at 953.0 and 933.0 eV
are assigned to Cu(I) species (39)]. Thus, based on the XANES
and XPS results, the isolated single Fe or Cu atoms were posi-
tively charged owing to the electron-transfer effect of neigh-
boring pyridinic N, resulting in SMSIs. The S 2p XPS spectrum
of Fe-CNS (Fig. 3G) displays three peaks at 164.0, 165.4, and
168.3 eV, suggesting the formation of S-C, S-N and S-O bonds,
respectively (40). Thus, S is doped in the CN skeleton, and its
partial coordination with N or O should result in a positive charge.
The successful anchoring of S was also verified by infrared (IR)
spectral analysis (SI Appendix, Fig. S64) and XPS survey of Fe-
CNS (SI Appendix, Fig. S6B). The two obvious bands at 1,072 and
1,320 cm™ correspond to C-S and C-N bonds, respectively (41).
Thus, S-doping not only has an electron-transfer effect on the CN
framework but also produces more defects. Both the XAS and XPS
analysis of the Fe, C, N, and S elements were conducted to revel the
coordination information of active center, and the FeN,S, coordi-
nation structure was most likely existed in the Fe-CNS SACs.

The Raman spectra of CNS and CN both exhibit two obvious
peaks at 1,362 and 1,569 cm ', ascribed to the D-band associ-
ated with carbon defects and the G-band associated with sp*-

40f 10 | PNAS
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hybridized C atoms (42). Generally, Raman method was widely
used to characterize the defect sites in graphitic structure. Al-
though it is hard to count the accurate number of defect sites, the
intensity ratio of the D- and G-bands (Ip/Ig) could reflect the
defect degree of carbon materials (43). The Ip/Ig value of CNS
(1.09) was higher than that of CN (1.01), confirming the in-
creased defect level after the S-doping in the CN framework.
Furthermore, the overlap of the 2D and D- + G-bands at 2,500
to 3,000 cm™" suggests a highly defective structure. The elec-
tronic structures of CNS and CN were further investigated using
electron paramagnetic resonance (EPR) spectroscopy (Fig. 31)
at room temperature. The signal intensity increased to 1.6 times
after S-doping, and the observation of a stronger spin intensity
for CNS indicates that this support contains more defects than
that of CN. The observation of a stronger spin intensity for CNS
indicates that this support contains more vacancies than CN. The
Raman and EPR results are in good agreement with the TEM
images, suggesting a defect-rich structure for CNS. In addition,
the UV (ultraviolet)-visible (UV-Vis) absorption spectra of CNS
and CN (SI Appendix, Fig. S7) have absorption peaks in the
visible-near-IR region, which are attributable to n—n stacking
interactions (44). The higher peak intensity for CNS indicates that
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the amount of conjugated n-electrons increases after S-doping. The
above results demonstrate that CNS is an excellent support with a
defect-rich structure that not only offers numerous vacancies for
anchoring single metal atoms but also lowers the charge-transfer
resistance owing to the nonuniform distribution of electrons near
the defects.

Evaluation of Catalytic Activity. The NIER profiles as a function of
time at —0.67 V (versus reversible hydrogen electrode [RHE])
for all the SACs (Fig. 44) are well fitted with the first-order
kinetic model. The calculated reaction rate constant k for Fe-
CNS (2.3 x 107 - h™') is larger than those for Cu-CN and Fe-CN
(1.5x 107 - h™ and 1.8 x 107 - h™!, respectively). This kinetic
evaluation reveals that the Fe-CNS SAC has the best NIER
catalytic performance. The pH of the solution slightly increased
from 6.7 to 7.8 due to the production of ammonia and hydroxyl
ion; the similar result was also reported by previous studies (7,
45). Since the SACs had similar metal contents, these results
indicate that the NIER activity of the FeNy single-atom sites was
better than that of the CuN, sites. The linear sweep voltammetry
(LSV) curves in Fig. 4B indicate that Fe-CNS has the highest
current density in the potential range from —0.6 to —0.8 V. The
current density of Fe-CNS is —19.8 mA - em > at a working
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potential of —0.67 V, exceeding those of Fe-CN and Cu-CN. The
electrochemical active surface areas (ECSAs) of the three SACs
were also estimated from their double-layer capacitances, as shown
in SI Appendix, Fig. S10 and Table S3. Fe-CNS has the largest
ECSA, in accordance with its higher catalytic activity.

For Fe SACs with similar Brunauer-Emmett-Teller (BET)
surface areas and Barrett-Joyner—-Halenda (BJH) pore size
distributions, S-doping obviously improved the electrocatalytic
activity (SI Appendix, Fig. S8 and Table S3). The superior activity
might be due to the introduced defect sites on CN or the unique
FeN,S; electronic structure. S-doping can create more disordered
defect sites and shift the previously balanced electrons, thus pro-
viding CNS with good electrical conductivity. The numerous de-
fects could also promote the catalytic activity. CNS and CN
themselves show good catalytic NIER activities (SI Appendix, Fig.
S9), and the rate constants for nitrate electrolysis on the CNS and
CNare1.6x 107> -htand 1.4 x 107 - h7}, respectively. Owing to
the NIER activity of CNS, the N-removal capacity per unit mass of
Fe in Fe-CNS was calculated by subtracting of nitrate removal
capacity of CNS, which gave a value of 7,822 mg - N - g~ Fe,
which, to the best of our knowledge, was the highest value among
prior results (SI Appendix, Table S4). The Fe SACs exhibits su-
perior Fe utilization in electrodenitrification.
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Fig. 4. Catalytic activity of SACs. (A) Kinetic linear fitting for nitrate removal over the SACs; (B) LSV curves for the SACs; (C) Faradaic efficiency for ammonia
production in NaNOs-Na,SO, solution and N, selectivity in NaNOz-NaCl solution over Fe SACs at different potentials; (D) ammonia production and partial
current densities; (E) electrochemical impedance spectra of Fe SACs, CN, and CNS; (F) Tafel slope analysis results of Fe SACs, CN, and CNS.

Because of their higher activities, further nitrate electrolysis
was performed over the Fe SACs at various potentials (in the
range from —0.47 to —0.87 V) and under different electrolyte
conditions to reveal the ammonia Faradic efficiency (NH4*-FE)
at different potentials and the dependence of product selectivity
on the electrolyte. For both Fe SACs, the variation in the NH,*-
FE exhibits a typical volcano curve with decreasing potential

or achievin,

bw higher NH,*-

g the

maximum NH4*-FE (78%) with Fe-CNS is —0.57 V, which is
higher than that of Fe-CN (—0.67 V). As the potential becomes
more negative, the hydrogen evolution reaction can complete with
the NIER process, thus lowering the NH,*-FE. Here, harmless N,
or valuable NH, " were regarded as main products, and NO,~ was
the major by-product. Because of its instability, NO,~ could be
easily oxidized to NO5;~ by hypochlorite on anode and further
participate in the reduction reaction. The Nj selectivity of the Fe
SACs was low at higher potentials but reached nearly 100% when

Li et al.

Atomically dispersed Fe atoms anchored on S and N-codoped carbon for efficient

elediSAftMidaN@&MafaaCoOMm


https://doi.org/10.1073/pnas.2105628118

Downloaded at Palestinian Territory, occupied on December 22, 2021

the potential was lower than —0.57 V. Thus, the Fe SACs show
excellent potential for nitrate removal with double functions. In
addition, control electrochemical experiments using Na,SO, so-
lution produced no ammonia (0 mmol - ¢! - h™), indicating that
the source of ammonia is nitrate. The dependency of the partial
current density and ammonia production on the applied potential
was also investigated for the Fe SACs. As shown in Fig. 4D, Fe-
CNS has a higher ammonia partial current density and produces
more ammonia at most potentials. Moreover, decreasing the po-
tential promotes ammonia production.

The enhanced catalytic performance of Fe-CNS was further
confirmed by electrochemical impedance spectroscopy (EIS)
(Fig. 4E and SI Appendix, Fig. S114). The Nyquist plots of all
samples show a partial circular arc in the high-frequency region,
the radius of which reflects the value of the charge-transfer re-
sistance (R) (46). Compared with those of CN and Fe-CN, the
Nyquist plots of CNS and Fe-CNS have shorter arc radii, which
demonstrates that the S-doping can reduce the R, and facilitate
electron transfer.

In addition, Tafel plots were used to analyze the reaction ki-
netics of various catalysts (Fig. 4F and SI Appendix, Fig. S11B).
The fitted Tafel slopes of Fe-CNS and CNS (264 and 378 mV -
decade™!, respectively) are smaller than those of Fe-CN and CN
(306 and 388 mV - decade ™', respectively). The lower Tafel slope
for Fe-CNS suggests that the NIER process on this catalyst re-
quires a lower overpotential and has faster reaction kinetics.
Both the EIS results and Tafel plots confirm that the electronic
structures are optimized by doping with S heteroatoms, which
play a significant role in improving the catalytic performance by
reducing the charge-transfer resistance and overpotential.

The reusability of Fe-CNS for NIER was evaluated. As shown
in SI Appendix, Fig. S12, an inevitable loss in ammonia produc-
tion occurs over five cycles. However, the metal active sites on
Fe-CNS are stable, which facilitates its practical application. The
stability of the SACs was also investigated using cyclic voltam-
metry (CV). In general, nitrates were reduced below the potential
of —1.1 V (47). In our CV results (SI Appendix, Fig. S13), there
was a weak broad peak in the range of —1.2 to —1.5 V, which was
attributed to the nitrates reduction. The maximum peak current of
Fe-CNS in this region was higher than that of Fe plate, which also
confirmed a higher NIER activity of Fe-CNS SACs. The CV
curves of Fe-CNS show almost no change after 100 cycles. In
comparison, a Fe-plate electrode was seriously corroded by oxi-
dation, with the CV curves showing apparent variations in current
density (SI Appendix, Fig. S13 B-E). Thus, the Fe-CNS SAC shows
both higher NIER activity and cycling stability. S-doping plays a
significant role in improving the catalytic performance. Both the
basal electrical conductivity and the activity of the metal atom
centers in the SACs greatly influence the NIER process.

Theoretical Analysis. To further understand the structural prop-
erties of Fe-CNS and its reaction mechanism, a theoretical
analysis was performed using DFT calculations. Owing to the
various final products and intermediates, different reaction
mechanisms have been reported for NIER (14, 48, 49). In par-
ticular, nitrate reduction to nitrite is the first step in the hydro-
genation reaction (50). Furthermore, intermediate N atoms exist
on the catalyst surface and influence the product selectivity (51).

The free energy was used to predict the direction of basic
reaction based on the thermodynamic function. The change in
the free energy for the NIER reaction was analyzed using dif-
ferent structural models. As depicted in Fig. 54, nitrate first
approaches and adsorbs onto the metal atom center. Then, one
O atom is lost to form NO,*. The changes in energy for this basic
reaction on Cu-CN, Fe-CN, and Fe-CNS are 1.42, 2.02, and 2.37
eV, which are in accordance with the NIER activities of these
catalysts. The experimental results showed that the Fe-CNS
SACs have the best catalytic performance for nitrates removal,
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and the NIER activity of Fe-CN is higher than that of Cu-CN.
Subsequently, two O atoms are released from NO,™* to form the
important N* intermediates. The N* intermediates couple with
each other to form N, or are further hydrogenated to form NHj;
(Fig. 5B). The energy changes for the basic reactions from N* to
N,* and from N* to NH* on Fe-CNS are —0.14 and 2.78 eV,
respectively, which indicates that the ammonia path is thermody-
namically favored. Our experimental results indicate that the main
product on different SACs for NIER is ammonia in the mixed
solution of nitrates and sulfate. The DFT calculation results agree
with the experimental ones, with the Fe-CNS catalyst showing the
best catalytic performance for nitrate conversion to ammonia.
The introduction of S and N heteroatoms not only changed
the metal centers but also produced numerous defects, thus
promoting the catalytic performance. However, since the defect
structure has not been accurately determined, we used the
metal vacancies of FeN,S, as model N-defects and investigated
their effect on the NIER reaction. SI Appendix, Fig. S14 shows
the differential charge density of Fe-CNS with and without
N-defects. For the two structures, the charge density around the
metal centers was poor, whereas charge accumulated on the
neighboring N atoms. The electrons of the metal atoms were
transferred to the adjacent N atoms, which is consistent with the
XPS and XANES results. Moreover, the charge transfer of Fe
atoms increased from 0.835 to 0.872 eV, when the interactions of
the N-defects were considered, suggesting that the S-doped de-
fects affect the electronic structure of the Fe atom. These results
also suggest the presence of SMSIs, ensuring the high dispersion
of metal atoms and their stable catalytic performance. Inspired
by this finding, the relationship between the defects caused by
S-doping and neighboring FeN,S, sites was investigated using
DFT calculations to reveal the effect of their interaction on the
intrinsic NIER activity of Fe SACs (Fig. 5 C and D). A model
combining N-defects and FeN4S, sites was built and simulated,
and the same basic NIER reactions were performed on the
interacting Fe sites (Fe-Nger-int) and N-defects (NgerFe-int).
The energy diagrams of the two sites show good potential for
NIER with higher energy changes. This theoretical analysis
revealed that the N-defects of the basal framework could cata-
lyze the NIER process and also promote the catalytic perfor-
mance of Fe single-atom sites due to electronic interactions.

Conclusions

In summary, electroconductive CN and CNS supports and the
corresponding Cu or Fe SACs were prepared by a defect trap-
ping strategy involving thermolysis. The HAADF-STEM images
and XAS results confirmed the homogeneous distribution of
single atoms. The kinetic rate constant of Fe SACs was found to
be higher than that of Cu SACs, indicating that FeNy sites have
higher intrinsic activity than CuN, sites for the NIER. Moreover,
the maximum nitrate removal capacity was 7,822 mg - N - ¢! Fe,
indicating the superiority of Fe SACs. S-doping of the support
greatly influenced the catalytic activity, with Fe-CNS exhibiting a
higher Faradic efficiency at a lower voltage (—0.57 V), as well as
a lower charge-transfer resistance and overpotential. The coor-
dination environment of the Fe atom and the conductivity of the
carbon basal plane were obviously modified by S-doping. Both
theoretical and experimental investigations indicated that the
interaction between CNS and single Fe atoms is strong, which
could optimize the electronic structure of the metal atom center
and promote the catalytic performance for NIER. The Fe-CNS
SAC also showed good cyclability, which facilitates its practical
application. In addition to developing efficient SACs for NIER,
this study provided insights into the influence of defects on
SAG:s. This strategy can be used to design SACs and investigate
their reaction mechanisms from the perspective of metal-
support interactions.
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atomic sites or N-defects considering their electronic interactions.

Materials and Methods

Synthesis of SACs. An N-doped and carbon base-supported single-atom metal
catalyst (Cu-CN SAC) was prepared using a previously reported protocol but with
slight modifications (52). Following the typical synthesis procedure for Cu-CN, a
mixture of 2.1 g urea, 0.5 g ammonium chloride, 1.1 g pyromellitic dianhydride,
and 0.19 g copper chloride dihydrate was ground in an agate mortar. The mixture
was subsequently heated at 220 °C for 3 h in a muffle furnace and then washed
with water, acetone, and ethanol before drying in a vacuum oven at 50 °C for 24 h.
The primary product was then transferred to a tube furnace and calcined at 500 °C
for 3 h at a ramp rate of 2 °C- min~" under an Ar atmosphere, affording the Cu-CN
SAGs. Finally, the obtained SACs were leached in a 0.5 M H,SO, solution at 80 °C
for 24 h to remove residual nanoparticles. Similarly, Fe-CN was also prepared by
substituting the copper chloride dihydrate with an equal number of moles of ferric
chloride in the above-mentioned process to fabricate Fe-CNS; the substitution was
made with thiourea, which was added to the primary product in a mass ratio of
1:6, and the resulting mixture was ground in the agate mortar prior to calcination.

Synthesis of CN and CNS. N-doped and S, N-codoped carbon samples were
prepared using a procedure similar to that for obtaining the corresponding
SACs, without the addition of metal chlorides.

Characterization. TEM images were obtained using a JEM-2010 electron mi-
croscope (JEOL) operated at 100 kV. HAADF-STEM images were recorded
usmg a T|tan Cubed Themls G2 300 TEM apparatus (FEI) operated at 300 kV
at atomic resolution.
pled plasma-optical
angle XRD patterns

in a 20 range 5 to 90° were obtained using a D/max-llIB diffractometer
(RIGAKU) equipped with Cu-K-a1 radiation (A = 1.5406 A). The valences of
the SACs were analyzed by XPS using an Escalab 250Xi photoelectron
spectrometer (Thermo Fisher) with an Al-K-a radiation source (hv = 1,486.6
eV). The C1's peak was used as a reference for the peak positions.

Nitrogen adsorption—desorption isotherms were collected using an
Autosorb-1MP sorption analyzer (Quantachrome). The BET model was employed
to calculate the specific surface area, and the BJH method was adopted to de-
termine the pore size distribution from the adsorption branch. UV-vis absorption
spectra were obtained using a UV2700 spectrophotometer (Shimadzu) in a
wavelength range from 200 to 800 nm, with barium sulfate as the standard
reflectance sample. Fourier-transform IR spectra were recorded for KBr pellets
using a Nicolet iZ10 IR spectrometer (Thermo Fisher) in the 400 to 4,000 cm™"
wavenumber range. Raman spectra were obtained using a LabRAM HR Evolu-
tion spectrometer (HORIBA) with a 532-nm He—-Ne LASER. The acquisition time
of each sample was 20 s, with three replications. EPR spectroscopy was per-
formed using a JEOL FA-200 instrument at room temperature.

XANES and EXAFS spectroscopy of the Cu K-edge and Fe K-edge were
recorded in fluorescence mode at room temperature using the 12-BM sta-
tion at the Argonne National Laboratory (USA). Standard Cu and Fe foils
were used to calibrate the energy, and CuO and Fe,03 were employed as the
reference samples, respectively. The soft XANES spectra of the C K-edge, N
K-edge, and S L-edge were collected using the BL12B beamline at the Na-
tional Synchrotron Radiation Laboratory (China).

The acquired EXAFS data were analyzed using the Athena and Artemis
modules (implemented in the IFEFFIT software packages) to quantify the
structural properties.
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Electrochemical Measurements. The obtained SAC powders, acetylene black,
and polyvinylidene fluoride were dispersed in a solution of N-methyl-2-
pyrrolidone in a weight ratio of 8:1:1. The resulting solution was subse-
quently ultrasonicated to form a homogeneous ink. Thereafter, 140.6 pL ink
was added dropwise on nickel foam of area 2.25 cm?. The foam was vacuum
dried and placed under 10 MPa of pressure to fabricate the electrode.

Electrochemical experiments were performed using a three-electrode cell
system. Typically, a mixture of a nitrate solution (50 mL 100 mg/L N-NO3~) and
0.02 M Na,SO,4 or NaCl was used for the electrode in the electroreduction
process. A commercial Ru-Ir-TiO, electrode and a KCl-saturated Ag/AgCl elec-
trode were employed as the anode and reference electrode, respectively.
Before the measurements were obtained, the electrodes were treated at the
working potential in the electrolyte to obtain a steady current-time curve. The
potential versus RHE was calculated using the following equation:

E(RHE) = E(Ag/AgCl) + 0.22V + (0.059 X pH). [l

The NIER measurements were performed in a CHI-660E electrochemical
workstation (CH Instruments) using the chronoamperometric (i-t) method.
The concentrations of nitrates, nitrites, and ammonia in the solution were
determined by colorimetry analysis based on UV spectrophotometry.

Nitrates can be gradually reduced to ammonia in NaNO3-Na,SO, solutions
via the following route: NO3*—>NO,*—>NO*—-N*-NH*—->NH,*—>NHs*. In a
solution of NaNO3; and NaCl, ammonia is oxidized to N, at the anode, in
accordance with the following equations:

2CI" - Cly(aq.) + 2e~ [2]
Cly(aqg.) + H0 — HOCl + CI~ + H* [31
HOCI - CIO™ + H* [4]
3HOCI + 2NH3 — N3 + 3H,0 + 3HCI. [5]

The nitrate removal efficiency was estimated using the first-order kinetic
model as follows:

Ce = Co-exp(—k-1), [6]

where C, is the initial nitrate concentration, C; is the nitrate concentration
during electrolysis at time t, and k is the rate constant representing first-
order kinetics.

The polarization curves of the samples were examined using LSV at room
temperature at a scan rate of 50 mV/s.

The Faradaic efficiency for ammonia production (FE(NH4*)) and the cor-
responding partial current density of ammonia (J(NH;*)) were calculated
using Faraday’s law as follows:

FE(NH}) = (nx F x Guy; x V) /@ 71

J(NH}) = (Q x FE(NH}))/t, [8]

where F is the Faraday constant, n is the stoichiometric coefficient (for the
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conversion of NO;™ to NH,*), V is the volume of the nitrate solution, Q is the
amount of electricity passing through the electrode, and t is the electrolysis
time.

The Tafel equation (Eq. 9) was used to evaluate the relationship between
the overpotential and current densities as follows:

n=a+b-log(j), [9]

where 7 is the applied overpotential, and j denotes the current density.

EIS analysis was conducted using an Ivium Electrochemical Workstation
(lvium) from 1,000 kHz to 0.01 Hz with an amplitude of 3 mV. Repeated CV
experiments were performed at scan rates of 60 mV/s between 0.1 and —-1.5V
(versus Ag/AgCl). The ECSA of the catalysts was obtained from the electro-
chemical double-layer capacitance (Cy) in the non-Faradaic region with various
potentials. Several CV curves were measured at various scan rates (2.5, 5.0, 7.5,
10.0, and 12.5 mV - s™") within a potential window from —0.45 to —0.65 V. Cy
was calculated using a linear fit of the capacitive current differences, (Ja — Jg)/
2), as a function of scan rates. ECSA was subsequently calculated using the
ratio of Cy and G, where C represents the general specific capacitance with an
atomic smooth electrode under similar electrolyte conditions.

Computational Methods. Methods based on first principles (53, 54) were
employed to perform all spin-polarized DFT calculations within the GGA
using the Perdew-Burke—Ernzerhof (55) formulation. The Vienna Ab initio
Simulation Package 5.4.1 software was used for DFT calculation. The projected
augmented wave potentials (56, 57) were selected to describe the ionic cores,
and the valence electrons were considered using a plane wave basis set with a
kinetic energy cutoff of 400 eV. Partial occupancies of the Kohn-Sham orbitals
were allowed using a Gaussian smearing method and a width of 0.05 eV. The
electronic energy was considered to be self-consistent when the change in en-
ergy was smaller than 10~ eV. The geometric optimization was considered to be
convergent when the change in energy was smaller than 0.05 eV - A", The
vacuum spacing in the direction perpendicular to the plane of the structure was
15 A. The Brillouin zone integration was performed using 3 x 3 x 1
Monkhorst—Pack k-point sampling for the structure. Finally, the adsorption en-
ergies (E,gs) Were calculated using E,gs = Eagisub — Ead — Esunr Where Eagssubs Eaar
and Eg,p, are the total energies of the optimized adsorbate/substrate system,
adsorbate in the structure, and clean substrate, respectively. The free energy was
calculated using the following equation:

G=E+ZPE-TS, [10]

where G, E, ZPE, and TS represent the free energy, total energy obtained from
DFT calculations, zero-point energy, and entropic contributions, respectively.

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