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1. Introduction

Electrochemical nitrate reduction to ammonia (eNO;RR) is a green and

appealing method for ammonia synthesis, but is hindered by the multistep
chemical reaction and competitive hydrogen generation. Herein, the syn-
thesis of 2D SnS nanosheets with tailored interlayer spacing is reported,
including both expansion and compression, through the active diatomic
Pt-Ce pairs. Taking together the experimental results, in situ Raman
spectra, and DFT calculations, it is found that the compressed interlayer
spacing can tune the electron density of localized p-orbital in Sn into its
delocalized states, thus enhancing the chemical affinity towards NO;™ and
NO,™ but inhibiting hydrogen generation simultaneously. This phenom-
enon significantly facilitates the rate-determining step (*NO;—*NO,) in
eNOsRR, and realizes an excellent Faradaic efficiency (94.12%) and yield rate
(0.3056 mmol cm~2 h™") for NH; at —0.5 V versus RHE. This work provides
a powerful strategy for tailoring flexible interlayer spacing of 2D materials
and opens a new avenue for constructing high-performance catalysts for

ammonia synthesis.
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Ammonia (NHj;) is a newly developed
green energy that can be used to produce
fertilizers, chemicals, and carbon-free
fuels.l Currently, the ammonia synthesis
methods of the traditional Haber-Bosch
process and electrochemical nitrogen
reduction reaction (eNRR) have limited
application conditions, such as harsh
operating requirements and highly stable
nonpolar N=N bonds with high disso-
ciation energy (945 kJ mol™).2 Con-
sequently, the electrochemical nitrate
reduction reaction (eNO3;RR) to convert
nitrate into ammonia is generally a more
efficient synthesis scheme. It is con-
sidered one of the best pathways to an
ammonia economy.®”) Compared with
the Haber-Bosch process and eNRR,
eNO;RR is nonpolluting, has high effi-
ciency under mild conditions, and the
nitrate anion (NO;7) exhibits low dissociation energy of the
N=0 bond (204 k] mol™).B] More importantly, besides the
redundant nitrates in agricultural and industrial wastewater,
the recent development of nonthermal plasma techniques and
nitrogen oxidation further provides abundant nitrate supply
for the industrialized need.?

However, until now, large-scale eNO3;RR is limited by the
low NHj selectivity and Faradaic efficiency (FE) due to the
complex by-products in the eight-electron transfer process and
the triggered competitive hydrogen evolution reaction (HER)
when the applied bias reaches a specific size.['*12 To this end,
the binding strength of multi-absorbates on the active sites is
decisive for the catalytic activity and selectivity. This strength
determines the energy barriers during chemical reaction.>!
Due to the advent of nanotechnology, 2D materials have
unveiled various excellent properties, including large spe-
cific areas; therefore, 2D materials are considered appropriate
candidates for multiple catalytic reactions.ll Tt is widely
reported that the interlayer manipulation of 2D materials
affects the chemical affinity of absorbates during electrocatal-
ysis. For example, increasing the interlayer spacing of MoS, is
beneficial for the HER activity because the enhanced spacing
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can weaken the van der Waals interaction and decouple the
adjacent MoS; layers. This way, a lower Gibbs free energy of
hydrogen adsorption (AGy+) would be resulted, facilitating the
proton adsorption and desorption.” Moreover, the adjust-
ment of interlayer spacing can not only tune the atomic
distance and electron interaction but also manipulates the
electronic structure of host materials, promising higher elec-
trical conductivity.2%2! Therefore, strategies for enlarging or
shortening the interlayer spacing are very possible to modu-
late the binding strength of intermediates, such as NO,~, and
the competitive HER process in eNO3;RR. Recently, active
diatomic A-B pairs are a novel tool in structural regulation
due to their strong interaction. Cerium (Ce), as a lanthanide
series rare earth element, exhibits unique acid-base and redox
properties, which can be a potential candidate to achieve sup-
port or promoter of noble metals (such as Pt, Rh, Pd).?223] For
instance, many works apply Ce and their oxides as supporting
materials for exceptionally stabilizing Pt single atoms.[?42%]
Some works also facilitate the reaction process by means of
the strong interaction of Pt-Ce pairs. Y. Shi et al. investigated
the synergistic effect of Pt/Ce and USY zeolite in Pt-based
catalysts with high activity for volatile organic compounds deg-
radation. The strong interaction between Pt and Ce effectively
inhibits the formation of by-products.?%! In this case, since Ce
ions have already been used to increase the interlayer spacing
of a graphene oxide membrane, harnessing the strong interac-
tion of active diatomic Pt-Ce pairs to exert stain between the
layers in 2D material is a feasible and promising technique to
adjust the interlayer spacing.?”! Compared to the typical inter-
layer spacing engineering, such as chemical intercalation and
physical compression, the conjunctive application of diatomic
A-B pairs can achieve a bidirectional change in increasing and
decreasing the interlayer spacing instead of a monodirectional
change in the conventional scheme.

Inspired by the above works, we employ 2D SnS mate-
rials as an appealing candidate for eNO3;RR owing to the
intrinsically poor surface electron accessibility inhibiting
HER activity.?®] Through in-situ electrochemical reduction,
the SnS nanosheets (NS) can be successfully converted from
the SnS, NS. By introducing Ce and Pt into the lattices and
spacings of the SnS NS successively, it achieves an expansion
(from 5.672 + 0.019 A to 6.040 + 0.034 A) and shrinkage (from
5.898 + 0.028 A to 5.220 * 0.031 A) of the interlayer spacings.
Taking together the DFT calculation and electrochemical in
situ Raman spectroscopy, we found that the smaller spacings
strengthen the p electron delocalization of Sn 5p orbitals.
The delocalized electrons offer enhanced chemical affinity
towards NO;~ and NO,  but inhibit hydrogen generation
simultaneously, promoting the rate-determining step (RDS) of
*NO3;—*NO, in eNO;RR and facilitating the conversion from
NO;™ to NHj for both activity and selectivity. The SnS NS with
compressed interlayer spacing can achieve an NH; Faradaic
efficiency of 94.12% and a high yield rate of 0.3026 mmol cm™2
h™ at —0.5 V versus RHE. To the best of our knowledge, this
interlayer spacing manipulation by using active diatomic pairs
for eNO3RR has never been reported; therefore, it opens a new
pathway to design low-cost 2D catalysts with highly selective
eNO;RR activity.
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2. Results and Discussion

2.1. Catalyst Design and Characterization

Since SnS is poor for HER process compared to SnS, owing
to the puckered structure (Figure 1a), Gibbs free energy of
hydrogen adsorption at all edges is disadvantageous for HER
and thus becomes a promising candidate for eNO;RR.?l The
SnS nanosheets (SS NS) synthesis is schematically illustrated
in Figure la. SnS, nanosheets (SS, NS) were firstly grown on
carbon cloth by facile hydrothermal method, and then electro-
chemically reduced into SS NS after cyclic voltammetry (CV)
process in 1.0 M H,SO, depicted as following Equation (1):

SnS, +H,0+2e” - SnS+HS +OH"™ (1)

Figure 1b shows the in situ Raman spectra during the con-
version. Along with the increase of CV cycles, the Raman
peaks associated with SnS, at around 313.4 cm™ gradually
become weak, replaced by the progressively reinforced A,
peaks located at 61.7, 95.8, 190.7 and 2173 cm™, and B, peak at
163.8 cm™!, which all index to the SnS structure.3% The mor-
phology of SS maintains the typical nanosheet of SS,, other
than a little more deformation and a slightly increased thick-
ness of the NS. (Figure 1c,d and Figure S1, Supporting Infor-
mation). Through DFT calculation, the smaller bandgap of
SS NS (0.958 eV) compared to SS, NS (1404 eV) suggests a
relatively high intrinsic conductivity.’!! Based on the X-ray dif-
fraction (XRD) results in Figure S2 (Supporting Information),
after CV cycles, the hexagonal SnS, phase with cell param-
eters of 3.6486 A x 5.8992 A (JCPDS card No.23-0677) con-
verts into the orthorhombic SnS phase with cell parameters
of 11.2 A x 3.99 A x 4.34 A (JCPDS card No.65-3812). In the
high-resolution transmission electron microscopy (HRTEM)
images (Figure 1g,h), the characteristic lattice fringes of 1.748 A
corresponding to hexagonal SnS, (111) are observed, which is
well differentiated from the typical lattice spacing of 2.936 A
assigned to orthorhombic SnS (011). These results prove the
successful conversion from SnS, to SnS by in situ electro-
chemical reduction while keeping the flake structure and
good crystallinity. Whereafter, active diatomic Pt-Ce pairs were
used to regulate the interlayer spacing to study the influence
on eNO3;RR. Ce atoms with different concentrations were first
introduced into parallel SS, NS, which also offer the active
sites for stabilizing monodispersed Pt atoms that profited from
their strong interaction.’”) Pt atoms were then inserted by the
CV process; in the meantime, SS, NS experience phase con-
version and change into SS NS (See in Methods, Figures S3
and S4, Supporting Information). In Figure 2a-c, HRTEM
images give the information on the interlayer spacing of the
typical layer structure of SS, Ce doped SS (Ce,-SS, x repre-
sents the atomic percent of Ce elements), and Pt-intercalated
Ce doped SS (Pt,/Ce,-SS, y represents the atomic percent of Pt
elements). The detailed ratios of Ce and Pt are summarized in
Tables S1and S2 (Supporting Information). It confirms that the
fringes are about 5.672 A by measuring the distance of adjacent
SS NS. After Ce doping, the interlayer spacings expand from
5.858 A of SS, NS to 6.030 A of Ceys-SS, due to the electron
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Figure 1. In situ electrochemical conversion of SnS, NS into SnS NS. a) Schematic illustration of the fabrication procedure for SnS NS. b) In situ Raman
spectra during the electrochemical conversion process from SnS, to SnS. SEM images of ¢) SnS, and d) SnS. The inset figures are the SEM images at
lower magnification. Calculated band structures of e) SnS, and f) SnS. E, represents the bandgap. HRTEM images of g) SnS; and h) SnS. The upper
insets are the TEM images, and the bottom ones are the intensity profile that shows the corresponding lattice fringes.

transfer from Ce to the antibonding of SnS, that increases the
repulsive force between adjacent layers (Figures S5 and S6,
Supporting Information), which will be further proved in fol-
lowing experiments. Such expansive behavior decreases slightly
after the phase conversion from SS, NS to SS NS but remains
larger than un-doped SS NS (Figure 2b). The single Pt atoms
were then intercalated into the interlayer of Cey5-SS, by the CV
process. Unlike conventional chemical insertion in previous
works, such as inserting graphene between SnS, nanosheets
and intercalating tetrabutylammonium into the interlayer
of 2H-MoS, nanosheets, which both enlarge the interlayer
spacing, the embeddedness of metal atoms in our work leads
to the compression of interlayer spacing rather than the expan-
sion.?233 This is attributed to the strong interaction of active
diatomic Pt-Ce pairs, which could enhance the forces of adja-
cent layers, thus closing the distance between SS layers.?¥ The
compressed interlayer spacing of Ptyo/Ces-SS is determined
as =5.434 A in Figure 2c. Figure S7 and Table S3 (Supporting
Information) present the average interlayer spacing values col-
lected from over ten different locations in each sample. The
detailed statistical process of SS, Ceys-SS and Pty¢/Ceys-SS,
the main discussion objects, are shown in Figures S8-S10
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(Supporting Information). Along with the increased concen-
tration of Ce and Pt elements, it exhibits an excellent linear
relationship. When the Ce concentration elevates from 0% to
1.0%, the interlayer spacing in SS NS achieves an increase from
5.672 + 0.019 A to 6.040 * 0.034 A. As for Pt intercalation, the
interlayer spacing could be gradually reduced to 5.220 + 0.031 A
with the increasing CV cycles, even below the value of intrinsic
SS NS. Therefore, upon the regulation of active diatomic Pt-Ce
pairs, we successfully tune the interlayer coupling of 2D SS NS
and realize the interlayer spacing changes from 5.220 + 0.031 to
6.040 * 0.034 A, which indicates a variation range from 6.49%
to 7.97% compared to the intrinsic value of SS NS.

In Figure 2d and Figure S11 (Supporting Information), the
typical TEM image of Pty o/Ce(5-SS and SEM images of the cat-
alysts with different Pt concentrations illustrate the flake struc-
ture similar to the initial SS NS. This observation suggests that
Ce doping and Pt insertion process have no significant effect on
the NS morphology. The corresponding STEM, EDX mapping
and EDX spectra reveal strong Sn and S signals well-distributed
in the entire nanosheet and a weak signal of Pt and Ce, which
indicates the successful introduction of Pt-Ce atoms (Figure 2e
and Figure S12, Supporting Information). Similar to the phase
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Figure 2. Interlayer modulation of SnS NS by adopting active diatomic Pt-Ce pairs. HRTEM images of the layered edges of a) SS, b) Ce(5.SS, and c) Pty o/
Ceg5-SS and the intensity profiles in the bottom panels corresponding to the areas marked by white rectangles in the upper panels. Typical d) TEM image,
e) STEM image, d) EDX mappings, and f) SAED pattern of Pty 9/Ceq 5-SS. g) Atomic-resolution HAADF-STEM image of Pty 9/Ceg s-SS and the corresponding
line intensity profiles in the selected regions marked by the gray dashed line. The green and white arrows point to the Ce and Pt atom, respectively.

transition from pure SnS, to SnS, for Cejs-SS,, the hexagonal
SnS, phase also gradually converts into the orthorhombic SnS
phase, but no signal peaks of Pt- or Ce-based compounds are
observed in the XRD patterns (Figure S13, Supporting Informa-
tion). Moreover, the selected area electron diffraction (SAED)
of Pty¢/Cey5-SS in Figure 2f also has only the typical annulus
pattern indexed to polycrystalline SnS with (011) and (121) dif-
fraction planes. Then, atomic-resolution HAADF-STEM images
illuminate the effect of active diatomic Pt-Ce pairs exerted on
SnS NS. It is noteworthy that in the HAADF-STEM image
of Ptyo/Ce5-SS (Figure 2g), some interstitial atoms appear
in pair with the atoms in the lattice, which are thought to be
Pt and Ce.’ Since no extra atoms exist in the interplanar in
Cey5-SS (Figure S14, Supporting Information) and only atoms
with a relatively higher intensity profile occur in the lattice,
the green circled atoms occupied the Sn site in SnS could be
assigned to Ce. Therefore, regarding Pty 9/Ces-SS, the intersti-
tial atoms pointed by white arrow could be Pt atoms. The dif-
ferent brightness of these interstitial atoms may be ascribed to
various heights compared to the measured surface. As a result,
in diatomic Pt-Ce affected SS NS, Ce atoms are doped by sub-
stituting Sn on Sn sites, while Pt single atoms are intercalated
into SS NS and stabilized by Ce, which will be further proved
by the following measurements. Considering that the interca-
lated Pt atoms can probably lie on both surface or interplanar
of the Ce,-SS, we calculate the adsorption energy of Pt single
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atom on Ce,-SS at different positions (Figure S15 and Table S4,
Supporting Information). Among the four situations, position
“a” has the smallest adsorption energy, which is selected as the
model for following DFT calculations. Furthermore, in order to
evaluate the role of Ce toward Pt, we synthesize Pt; ,-SS without
Ce doping. It is evident that Pt atoms tend to aggregate to form
nanoparticles without stabilizing with Ce atoms (Figure S16,
Supporting Information). The lattice fringes of 0.23 nm corre-
spond to the (111) plane of Pt nanoparticles. More importantly,
the aggregated Pt nanoparticles lead to the expansion of inter-
layer spacing unavoidably due to the swell effect (Figure S16d,e,
Supporting Information), which is coincident with previous
reports that the introduction of metal ions in 2D materials would
cause the expansion of interlayer spacing and increase of Fermi
energy levels and band gaps owing to the extra free electrons.*’!
As such, Ce atoms play an essential role in stabilizing the Pt
single atoms in this system. Only through the coexistence of
Pt-Ce pairs can the compression of the interlayer spacing be
realized.

2.2. Chemical Environment Variation in the Interlayer Spacing
Modulation

Since catalytic behaviors of materials, to a great extent, are
determined by the local electronic structure and chemical
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Figure 3. The local chemical environment of the interlayer-spacing-regulated samples. XPS survey spectra of a) Sn 3d and b) S 2p. The binding energy
variation of ¢) Sn 3d and d) S 2p with the increasing Pt concentration. Pt L;;-edge of e) the normalized XANES spectra and f) Fourier transform of
k?-weighted EXAFS spectra of Pty o/Ceq 5-SS and reference Pt foil and PtO,. Charge density difference of g) Ce,-SS and h) Pt,/Ce,-SS. The azure, mauve,
gray and white balls refer to S, Sn, Ce, and Pt atoms. Yellow and blue isosurfaces represent charge accumulation and depletion around Ce and Pt atoms,
respectively. i) The ratio of Sn?*/Sn*" obtained from XPS results of Ceys-SS and Pt;¢/Ceq s-SS.

environment, X-ray photoelectron spectroscopy (XPS) was used
to analyze the change of chemical states and local structures
caused by Pt-Ce diatoms in adjusting the interlayer spacing.l*®l
Table S5 (Supporting Information) summarizes the detailed
values of binding energies of the catalysts. As depicted in
Figure 3a, the binding energies of the characteristic peaks of
Sn*" are downshifted after introducing Ce atoms, indicating
that the in-plane doping of Ce does not change the chemical
state of Sn but can cause the electron transfer to the host mate-
rials of SnS,.1! Basically, such doping-induced electrons would
make a repulsive force between adjacent anti-orbitals of Sn-S,
resulting in a large distance between planes, as we discovered
in the HRTEM results.®® The similar binding energy in Ce s-
SS with Ce(5-SS; illustrates that Ce doping has no significant
role during the phase change (Figure S17, Supporting Informa-
tion). With the intercalation of Pt single atoms, for one thing,
Sn?* begins to appear and gradually increases as the Pt concen-
tration goes up, proving the phase transformation from SnS,

Ady. Energy Mater. 2023, 13, 2203201
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to SnS. For another thing, because Pt has a lower electronega-
tivity than SnS owing to the large electronegativity of nonme-
tallic element S, the binding energies of Sn 3d further shift to
lower values after Pt intercalation. In Figure 3b, XPS spectra of
S 2p can be deconvoluted into peaks of S 2p;;, and 2p;,,, cor-
responding to S~ For a clear comparison, the line graph in
Figure 3c,d show the binding energy variation of Sn 3d and S
2p. Both binding energies have a downward tendency with the
increasing Pt concentration, confirming the electrons transfer
from Pt to the host materials of SnS. X-ray absorption near-edge
structures (XANES) of the Pt Ly-edge for Ptyo/Ceys-SS and
the reference sample Pt foil and PtO, are shown in Figure 3e.
The energy of absorption edge and the height of white-line are
higher than those of Pt foil but lower than PtO,, which dem-
onstrates the electrons flow from Pt atoms to SnS. Addition-
ally, the electrons transfer also affects the valence states of Ce,
as evidenced by the larger portion of v' + u' (=19.31%) that
index to III valence to the area of all the peaks in Pt;¢/Ceys-SS
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than that for Ce,5-SS (=8.00%), while others index to IV valence
(Figure S18, Supporting Information).) These phenomena
suggest that the incoming Ce and Pt in 2D SnS lead to the local
chemical environment variation, more than adjusting the inter-
layer spacing, which probably influences the catalytic property
in eNO;RR. Furthermore, extended X-ray absorption fine struc-
ture (EXAFS) at Pt Lyj-edge and the fitting results (Figure 3f,
Figure S19 and Table S6, Supporting Information) indicate the
atomically dispersed Pt, with only Pt-S coordination structure
in the first coordination shell and no evidence of a Pt-Pt scat-
tering path in the spectra, which clearly prove that Pt is interca-
lated as a single atom into the SS. This result is consistent with
the XPS spectra of Pt 4f, where the main peaks in Ptyo/Ces-
SS at =72.8 and 76.1 eV are assigned to Pt*', corresponding
to the characteristic peak positions of Pt-S bonds (Figure S20,
Supporting Information). This way, Pt;,-SS have a large per-
centage of Pt’, emphasizing that Ce stabilizes Pt single atom
to prevent Pt nanoparticles from evolving (Figures S20 and
S21, Supporting Information). The very close ratio of Sn?*/Sn*"
in Figure 3i means that Pt only exerts influence on electron
transfer but not on the valence state components of Sn, further
confirming that Pt single atoms are intercalated into 2D SS NS
rather than doping. Therefore, although the intercalation of Pt
also brings extra negative electrons, the strong diatomic Pt-Ce
interaction promotes the formation of Pt-S bonds, enhancing
the interlayer force and shortening the interlayer spacing. At
the same time, DFT calculation was applied to study the inter-
layer spacing variation and electronic structure to gain further
insights. To simulate the actual situation of the catalysts, we
set the initial interlayer spacing of SS NS as 5.67 A. The calcu-
lated models after geometrical optimization show the interlayer
spacing of 5.67, 5.89, and 3.68 A for SS, Ce,-SS, and Pt,/Ce,-SS,
respectively (Figure S4, Supporting Information), in accidence
with the interlayer spacing variation in experimental results.
Also, the charge density difference images (Figure 3g, h) fur-
ther reveal a more robust charge redistribution around the Ce
and Pt locations, which proves the electron transfer and the
increase of internal electron concentration, thus enhancing the
catalytic activity.! The electrochemical impedance spectros-
copy (EIS) result shows that Ptyo/Ce(5-SS exhibit a consider-
ably smaller charge transfer resistance of 119.6 Q as compared
to SS (253.1 Q) and Ce(5-SS (293.5 Q), indicating the obviously
improved reaction kinetics of the electrodes with smaller inter-
layer spacing (Figure S22, Supporting Information).?

2.3. Electrocatalytic eNO3RR Performance

Upon possessing the 2D SS NS materials with adjustable inter-
layer spacings, we then evaluate their electrocatalytic perfor-
mance for NO; -to-NH; conversion. The eNO3;RR performance
was performed in an H-type cell under ambient conditions
in 0.5 M Na,SO, (pH adjusted to 11.5) with 0.1 M KNO; as a
nitrate source. There are two reasons for adjusting the pH of
the Na,SO, solution. One reason is that the pH of the initial
unbuffered electrolyte would change from neutral to =11 owing
to the gradually consumed H* along with eNO;RR and compet-
itive HER. The other reason is that the alkaline media prevents
the further reduction of SnS under negative potential according
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to Equation (1), inhibiting the component variation.’*! There-
fore, adjusting the pH of the Na,SO, solution can keep the
stability of both pH and catalyst composition. Linear sweep
voltammetry (LSV) curves exhibit the current density of SS,
Cey5-SS, and Ptj¢/Ceys-SS with and without NO;~ (Figure 4a),
in which the low current response of catalysts without the
existence of NO;~ indicates the intrinsic poor hydrogen evolu-
tion, resulting from the limited surface electron accessibility of
Sn.[#%] As anticipated, the current density of catalysts shows a
negative correlation with the gap of interlayer spacings. Ptq/
Cey5-SS with the smaller interlayer spacing have a higher cur-
rent density over a wide range of negative potentials and more
positive onset potential, indicating more readily the reduction
of NO;~. Furthermore, there are apparent reduction peaks
within the presence of NO;™. The drastic increase in the cur-
rent density indicates the fast nitrate reduction rate. With the
potential becoming more negative, competitive hydrogen evolu-
tion gradually occurs but is still weaker than eNO3;RR, which
leads to a gentler increase rate and forms the plateaus and
inflection points. Until HER dominates, the current densities
rapidly rise again, especially when the potential is more than
—0.7 V versus RHE. Then, possible products, including NHj,
NO;~, and N,H, are detected using the colorimetric method
(Figures S23-S25, Supporting Information), which illustrates
that NH; and NO,™ are the main products during eNO3;RR in
this system, and the yield of N,H, is negligible. As depicted
in Figure 4b, the steady increase of Faradaic efficiency (FE) of
ammonia up to —0.5 V versus RHE, and the deterioration at
more negative potential could result from the enhanced com-
peting HER.M Tt can be seen that Ptye/Ceys-SS offer a FE of
NH; of 94.12%, with a yield rate for NH; (Yyys) of 0.3056 mmol
cm~2 htat —0.5 V versus RHE (Figure 4b,c), 1.89 and 1.58-fold
of Ce(5-SS (49.67%) and SS (59.35%), respectively. In particular,
such multiple of FE increment is more evident in the potential
range in —0.2 to —0.5 V, indicating the more easily motivation
for NO;-to-NH; conversion of Pt ¢/Ceys-SS in smaller energy
consumption, which is promising for industrial-scale applica-
tions. Furthermore, benefiting from the great FE of NH; of
Ptyo/Cey5-SS, it could reach a partial current density of NH;
of 109 mA cm at —0.8 V versus RHE much higher than that
of Cey5-SS and SS NS (Figure 4d). The above results suggest
the critical role of interlayer spacing regulation in modulating
the eNO;3;RR performance, of which the compression of inter-
layer spacing under the assistance of active diatomic Pt-Ce pairs
drastically promotes the FE and generation rate of NHj. Spe-
cifically, the improvement of eNO3;RR performance is derived
from the chemical reaction kinetic equilibrium rather than
mass transfer, as evidenced by the substantially unchanged LSV
curves and FE of NH; and NO,™ products under different stir
rates (Figure S26, Supporting Information).*®! To derive the
intrinsic activities of the catalysts, we normalize the perfor-
mance by the electrochemical active surface area (ECSA) (corre-
lated with the double-layer capacity (Cg), assuming 40 pF cm™2
as a moderate value for specific capacitance of a flat surface) in
Figure S27 (Supporting Information).”l The normalized partial
current density of NH; suggest the high intrinsic eNO3;RR per-
formance of Pty /Cey5-SS. Furthermore, we measured the Zeta
potential of SS, Ceys-SS, and Pty o/Ces-SS at pH = 10 to detect
the surface electronic state. It exhibits an average Zeta potential
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Figure 4. Electrocatalytic NO;™-to-NH; conversion. a) LSV curves at a scan rate of 5 mV s with and without NO5™. b) Faradaic efficiencies (FE) for
NHjs. c) Yield rate for NH; (Ynns). d) Partial current densities of NHj3 (jyy3). €) FE for NO,™. f) The NH;3-to-NO,™ product ratios variation of SS, Ceg s-
SS, and Pty 9/Ceys-SS. g) FE and yield rate of NH; for Pty /Ces-SS in the electrolyte with different concentrations of NO3;~ ([NO57]) at 0.5 V versus
RHE. h) Comparison of Yy3 and FE of Pty /Ceq 5-SS with the recently reported representatives eNO3;RR and eNRR electrocatalysts (see the Supporting

Information for detailed references).

of —45.78 mV of Pty 9/Cey5-SS, —=55.26 mV of SS and —60.60 mV
of Cey5-SS. Although the samples all show the negative surface
charge in an aqueous KCl solution (pH = 10), the Pt;q/Ces-
SS provides a much more favorable surface environment for
nitrate adsorption.

Electrocatalytic NO3;RR follows a consecutive eight-elec-
tron pathway, where NO,™ is an important by-product after
a two-electron transfer process (NOs;™ + 2e” + H,0 — NO, +
20H").8%] This way, the rapid successive conversion rates for
NO;™-to-NO,™ and NO,™-to-NH; are critical for the efficiency
of eNO;RR. Consequently, we evaluate the production rate of
NO,~ during eNO;RR, of which the FE of NO, displays the
opposite situation as NH;j (Figure 4b,e and Figure S28, Sup-
porting Information). Ce,5-SS with a bigger interlayer spacing
show a higher FE of NO,", while Pt;¢/Ce(5-SS with compressed
interlayer spacing exhibit unfavorable NO,” generation. Also,

Ady. Energy Mater. 2023, 13, 2203201
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the further increase of cathodic potential leads to a generally
continuous decline of the nitrite FE but the increase of ammonia
FE of Pty 9/Ces-SS especially when the potential is smaller than
—0.5 V versus RHE, indicating the possible fast reaction of NO,™-
to-NH; conversion. To validate it, we performed the LSV of Ce 5-
SS and Pty /Cey5-SS in the electrolyte with 0.1 M NO,™ and with
0.1 M NOj~, respectively, and compared the FE of NH; during
NO,™ reduction reaction (NO,RR) and NO;~ reduction reac-
tion (NO3RR) (Figure S29, Supporting Information). The rapid
increase of current density in NO,RR of both Cej5-SS and Pty o/
Ce5s-SS indicates the fast electrocatalytic reduction of NO,™.
The Yy value can reach 1.37 mmol cm2 h™! for Pty4/Ce5-SS
and 0.57 mmol cm™ h™' for Ce;s-SS at —0.8 V versus RHE.
However, the difference between FE NO;RR and NO,RR in Ce s-
SS is huge, especially at the smaller potential. For Pty o/Ceq5-SS,
the FEs keep a much smaller difference (Figure S29¢.d,

© 2022 Wiley-VCH GmbH

85LB01 7 SUOWILLOD AIIERID B|cedl dde 8y} Aq peueob 812 Sajole YO 8SN JO S9IN1 10} AT aUIIUQ AB] 1M UO (SUOTHPUOD-PUR-SWLBIAL0D" A 1M Ale.d 1 jBul Uo//Sdiy) SUONIPUOD pue SWie | 8y} 885 *[£202/c0/7T] uo Akeiqiauliuo Ao|im Buodi BuoH Jo Aisieaiun A Aq T02€02202 Wuse/Z00T 0T/I0p/W0d A8 1M Aeiq1jeuluo//sdiy Wwoly pepeojumod ‘9 ‘€202 ‘0v8arToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Supporting Information), which confirms the fast NO;™-to-NO,~
reduction but subsequent desorption of NO,~ to the electrolyte
for Ce5-SS, leading to the observed higher generation of NO,~
in Figure 4e. Furthermore, the high NH3-to-NO,™ product ratio
variation in Figure 4f verifies the stronger desorption of NO,~
intermediates in Ce(5-SS and SS NS compared to Pty o/Ce 5-SS.
This finding reveals that the interlayer spacing regulation plays
a vital role in chemical affinity towards NO,™ that affects the
reduction from NO,™ to NH; and the entire activity and selec-
tivity of eNO3RR.

To further evaluate the eNO3;RR performance of the cata-
lysts, we study the influence of nitrate concentration ([NO;7))
on Pty 9/Ceps-SS, in which the ammonia FE maintains a high
value of more than 70% from 0.001 to 0.5 M and reaches to the
peak at 0.1 M. As reported, the competing HER could be sup-
pressed by increasing [NO;™] and/or the pH value of electro-
lytes.l! Notably, the Pt 4/Ce(5-SS show a decreased ammonia
FE along with a reduced [NO;7], indicating that the eNO;RR
on Ptye/Ceys-SS is challenged by the enhanced hydrogen
evolution. However, there are two possible explanations
for the minor decline in ammonia FE when [NO57] > 0.1 M.
One explanation is that too high [NO;7] is favorable for the
desorption of NO,™ from active sites, resulting in the increased
generation of NO,~. The other reason is the deactivation of
active sites due to the slow mass transfer of a large amount of
produced ammonia.’?!l Besides, to confirm the origin of the
detected NHj, isotope labeling experiments were conducted
in the presence of “NO;~ or 'NO;~ followed by product
identification and quantification via 'H NMR (Figures S30
and S31, Supporting Information). The standard “NH," solu-
tion is split into three characteristic peaks, while that for
BNH," shows two peaks. As a result, there is no signal of
the original “NO;~ or "'NO;™ electrolyte until they experience
electrocatalytic nitrate reduction, and the signal peaks are
basically the same as the standard “NH,* and ®NH,". In addi-
tion, the FE of ammonia and Yyy; are quantitated by NMR
using N isotope labeled nitrate as the reactant. By com-
paring with the calibration curve, the results are very close to
those determined by the UV-vis method, as shown in Figure
S31b (Supporting Information), thus excluding the possibility
of environmental contaminants influencing the detection
results. Finally, the gradually enhanced eNO;RR performance
and the compressed interlayer spacing from Ce5-SS to Pty 3/
Ceos-SS, and to Ptyoe/Ceys-SS directly suggest the catalytic
role of interlayer spacing regulation toward nitrate reduction
(Figure S32, Supporting Information). However, the higher
concentration of Pt may promote the competing HER activity
that inhibits the ammonia selectivity, considering that Pt is
an excellent active site for HER.PY Thereby, Pt;,/Ces-SS
and Pt;,-SS exbibit decreased performance in eNO;RR, even
if the interlayer spacing of Pt;,/Ces-SS is very small. These
results endow the proposed interlayer spacing engineering
on 2D SnS nanosheets through adopting active diatomic
Pt-Ce pairs, showing superior FE and yield rate of NH3, and
ranking among the most NH; synthesizing electrocatalysts
(Figure 4h and Table S7, Supporting Information). The
several orders of magnitude higher in NH; production also
confirm the practical potential of NO;™ reduction compared
to N, reduction.
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2.4. Understanding the Enhanced eNO3RR Performance on
Pty/Cex-SS NS

Then, we sought to understand the origin of the remark-
able performance of Ptyo/Ceys-SS for eNO;RR. Firstly, in-situ
Raman spectroscopy was applied to monitor the possible reac-
tion intermediates or products under potentiostatic operation
for 1 h at —0.5 V versus RHE (Figure 5a). Except for the two
peaks at about 1352.0 and 1590.5 cm™ assigned to the D-peak
and G-peak of carbon cloth, the peaks at 1152.5 and 1521.4 cm™!
gradually appeared on Pt;¢/Ces-SS as the reaction progressed,
which could be attributed to the stretching of H-N-H and N-H
bond, respectively.>>3 This indicates the efficient nitrate reduc-
tion to ammonia on the Ptyg/Ce(5-SS electrode. More directly,
the gradually enhanced peak intensity of H-N-H and N-H peaks
in contour plots in Figure 5b,c provides strong evidence of
increased intermediates. It is well known that transition metals’
versatile d-orbital electron states regulate the ability to adsorb
intermediates as described in d-band theory.” Many works
prove that the enhanced catalytic activity of transition metals
results from the delocalized d electrons.’>**! Consequently,
for main-group metals, such as Sn and Bi, even though they
do not show diversity in d-orbital, they have various localized
p-orbital electron states, making it reasonable to hypothesize
that the p-orbital electron states would also affect their catalytic
performance. Therefore, we compute the electronic structures
of SS, Ce,-SS, and Pt,/Ce,-SS models by DFT calculation. As
depicted in Figure 5d, the computed PDOS diagrams of Sn
5p orbitals show an evident delocalization effect, especially for
Pt,/Ce,-SS. As we know that Ce,-SS, SS, and Pt,/Ce,-SS have an
ordinal decreasing interlayer spacing after geometric optimiza-
tion (Figure S4, Supporting Information), we found the degree
of p-orbital electron delocalization is negatively correlated with
the value of interlayer spacing. Specifically, Pt,/Ce,-SS with
compressed interlayer spacing may lead to an enhanced cou-
pling of electrons in real space, which is responsible for delo-
calizing electrons across Sn-p orbitals.’) As a result, such
electron delocalization may play a significant role in altering
the electronic interaction of absorbates.®8! To shed more light
on this, we built the model of NO;~ that adsorbed on previous
SS, Ce,-SS, and Pt,/Ce,-SS models and computed the PDOS
of Sn-5p and O-2p orbitals (Figure 5e). Evidently, a greater
orbital hybridization around the Fermi level (Ey) is recognizable
between the Sn atom and adsorbed NO;~, indicating enhanced
chemical interaction. Subsequently, the difference between
the band center (&) of Sn-5p and O-2p orbitals exhibits a linear
relationship with the interlayer spacing, of which Pt,/Ce,-SS
have the smallest value of 3.2650 eV, lower than those of SS
(3.3074 eV), and Ce,-SS (3.3663 eV). Hence, the narrower band
center difference demonstrates the crucial function of inter-
layer spacing regulation in weakening and activating the N=0
bonds of NO;™. Furthermore, in Figure 5f, Ce,-SS, SS, and Pt,/
Ce,-SS with gradually compressed interlayer spacing reveal pro-
moted adsorption energy (AE) of NO;~ and NO,, suggesting
the enhanced chemical affinity towards NO;~ and NO,™ and
further prove the reliable effect of interlayer spacing regulation.
It is also noted that the AEyq,- of Pt,/Ce,-SS reaches —1.58 eV,
while that for Ce,-SS only has a value of —1.18 eV. The stronger
adsorption of NO,™ inhibits the generation of HNO, by-product
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Figure 5. Mechanism of performance improvement of Ptyg/Ces-SS. a) In situ Raman spectra of Ptyg/Ceys-SS collected at —0.5V versus RHE in
NO;™-contained solution. b, ¢) Corresponding contour plots of the color background area in a). d) The computed PDOS diagrams of Sn 5p orbitals in
the SS, Ce,-SS, and Pt,/Ce,-SS models. e) The computed PDOS diagrams of Sn-5p and O-2p orbital for NO;™ adsorbed on SS, Ce,-SS, and Pt,/Ce,-SS
models. f) The calculated adsorption energies of NO;™ and NO,™ on SS, Ce,-SS, and Pt,/Ce,-SS models. g) Gibbs free energy diagram of various
intermediates generated during eNO;RR pathways over SS, Ce,-SS, and Pt,/Ce,-SS models. The insets are the structural models that represent the
adsorption form of various intermediates on Pt,/Ce,-SS during eNO3RR. The azure, mauve, red, blue, and white balls refer to S, Sn, O, N and H atoms.

and can facilitate the following conversion of NO,  to NHj,
which is consistent with the experimental results and plays a
decisive role in the improvement of eNO;RR (Figure 4e). To
evaluate the HER performance on the catalysts, we also com-
pute the adsorption energy of H,0 and Gibbs adsorption free
energies of *H (Figure S33, Supporting Information). As a
result, all the binding energies of H,O are much weaker than
that of NO;~ and NO,™ in each sample, ensuring the strong
interaction of NO;™ and NO,™ for their further reduction. Also,
no matter whether on Sn or § site, the calculated AGy- on Pt,/
Ce,-SS is much higher than that on SS and Ce,-SS, and all the
AGy« are positive values, demonstrating the obstructive HER
activity. Overall, assisted by the diatomic Pt-Ce pairs, the SS NS
with compressed interlayer spacing leads to the delocalization
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of p-orbital electrons, and such delocalized electrons enhance
the chemical affinity between catalytic sites and NO;~ and
NO,™ reactants. Additionally, the compressed interlayer spacing
increases the AGyx and thus inhibits the unwanted HER
activity. Consequently, these are the origin of the remarkable
performance of the Pty o/Ce( 5-SS for eNO3;RR. Finally, based on
DFT calculation, we proposed possible reaction pathways and
calculated the corresponding AG of each intermediate over Ce,-
SS, SS, and Pt,/Ce,-SS models (Figure 5g and Figures S34-S36,
Supporting Information). Generally, the eNO3;RR process
includes the adsorption of NO;~, deoxygenation, hydrogena-
tion, and the desorption of NH;. For the hydrogenation, we pro-
posed two possible pathways, i.e., *NOH—*NHOH—*NH,0H
and *NOH—>*N—*NH. As depicted in Figure 5g, the
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downward trend from NO;~ to *NO; suggests an energetically
favorable reaction. However, in the following *NO;—*NO,,
Pt,/Ce,-SS involve an uphill free energy increment (+0.09 eV),
and those for SS and Ce,-SS are +0.28 eV and +0.31 eV, respec-
tively. These upward thermodynamic changes reveal this
system’s RDS. The stark contrast from Pt,/Ce,-SS to SS and
Ce,-SS indicates the promotion of RDS thermodynamically by
the interlayer spacing regulation. Further, it theoretically gives
the origin of the remarkable performance of Pt;o/Ce(s-SS.
Moreover, the higher AG of Pt,/Ce,-SS for producing HNO,
demonstrates the difficulty in desorbing *NO,. Subsequently,
due to the unfavorable hydrogen adsorption over the catalysts,
the protonation of *NO—*NOH requires an energy uphill
again. Overall, the higher NO;™—*NO; but lower *NO,—NO,~
energy change and the facilitated RDS (*NO;—*NO,) suffi-
ciently illustrate that the interlayer spacing regulation strategy
can effectively facilitate the conversion from NO;™ to NH; for
both activity and selectivity.

3. Conclusions

In summary, we demonstrate an interlayer spacing engi-
neering on 2D SnS nanosheets by adopting active diatomic
Pt-Ce pairs that significantly improve NO;™-to-NH; conversion
for both activity and selectivity. Specifically, the tailored inter-
layer spacing realizes a linear expansion and compression rate
from 6.49% to 797% compared to the intrinsic value of SnS
(5.672 + 0.019 A). Taking together the experimental results, in
situ Raman spectra, and DFT calculation, it reveals that the inter-
layer spacing regulation can tune the electron density of local-
ized p-orbital in Sn into its delocalized states, thus enhancing
the chemical affinity towards NO;~ and NO,™ but inhibiting
hydrogen evolution simultaneously and promoting the rate-
determining step of *NO;—*NO, in eNO3;RR. Consequently, the
designed SnS catalysts show an excellent FE for NH; (94.12%)
and Yygs (0.3056 mmol cm™2 h7!) at —0.5 V versus RHE. By
the strong chemical interaction between Ce and Pt atoms, this
work provides a powerful strategy for tailoring flexible interlayer
spacing of 2D materials, opening a new avenue for constructing
high-performance catalysts for ammonia synthesis.
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from the author.
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