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Efficient solar-driven electrocatalytic nitrate-to-
ammonia conversion by 2D ultrathin Fe single- atom
catalystsT

d
Ji Li, @ *® Weigi Zhong,? Kai Wu,? Eddy Petit,® Luc Lajaunie, ¢ Kun Qi, ) Yang
Zhang,” Huali Wu," Jiefeng Liu, Jing Heng,? Xuechuan Wang, ’ Qingxin Han, :
Taotao Qiang @ * and Damien Voiry (& **

The controllable design of single-atom electrocatalysts with high active site exposure density, enhanced mass/volume
specific activity, and low mass transfer resistance holds tremendous potential for green ammonia synthesis involving
the electrochemical nitrate reduction reaction (eNO3;RR). Here we report the synthesis of ultrathin two-dimensional
electrocatalysts with the inclusion of iron (Fe) single-atom catalytic active sites (2D Fe-SACs) for the nitrate reduction
reaction (NOsRR). Our isotopic nuclear magnetic resonance (NMR) analyses revealed that 2D Fe-SACs exhibit

remarkable performance, with

a maximum faradaic efficiency of 95.4 + 4.00% for the NO3;RR to NH; at an overpotential of —0.40 VV

versus the reversible hydrogen electrode (vs. RHE). Density functional theory (DFT) calculations suggest that the
enhanced selectivity of 2D Fe-SACs to produce NHjs is attributed to a low energy barrier of

0.31 eV associated with the oxidation of *NO to *NHO. Then, we assembled the catalyst in a two- electrode
electrolyzer connected to an InGaP/GaAs/Ge triple-junction solar cell and achieved a solar-to-

ammonia (STA) conversion efficiency of 4.35% and a maximum vyield rate of 0.29 mmol h™* cm™ equivalent to 5.10
mg h™* cm™ These findings open new avenues for developing platinum group metal
(PGM)-free single-atom catalysts (SACs) to realize the Haber-Bosch process using solar energy.

Electrochemical nitrate reduction reactions (eNOsRRs) have
been demonstrated to be an effective alternative approach in
which nitrate is reduced to environmentally friendly nitrogen
for water purification purposes.k® Recently, nitrate-to-ammonia
(NTA) conversion has been proposed and has stimulated
tremendous interest via the eNO3zRR. Numerous catalysts have
been developed to achieve NTA conversion, including
monometals,*® alloys,®1? transition metal oxides,’>1" metal
phosphides,*® metal sulfides,'® metal nitrides,®® metal
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hydroxides,?* metal oxyhydroxides,?? metal-free catalysts,?® and
single/dual-atom catalysts.?#?> Among these, single-atom cata-
lysts (SACs), particularly Fe-based SACs, have garnered signifi- cant
attention due to their earth abundance, low cost, high atomic
utilization, and superior catalytic efficiency and selec- tivity in
electrochemical nitrate reduction reactions (eNO3RRs). Yu and
co-workers?® proposed a strategy based on a polymer hydrogel
to create nitrogen-coordinated Fe sites with uniform atomic
dispersion on carbon. The remarkable performance of Fe-based
SACs is attributed to the single-site iron atoms occu- pying a
nitrate-preoccupied transition center, effectively hindering
water adsorption. Wang and colleagues?’ developed porous Fe
single-atom catalysts (Fe-SACs) using a transition metal-
assisted carbonization method. FeCls and o-phenyl- enediamine
precursors were used in the presence of SiO2. These Fe-SACs
exhibited impressive electrocatalytic properties for ammonia
production. The research revealed that Fe single- atom catalysts
effectively suppress the N—N coupling step required for the
formation of Nz, thanks to the absence of neighboring metal
sites.

However, most of the reported Fe-SACs for the eNOsRR are
three-dimensional (3D) bulk structures on a micrometer scale,
with the Fe sites deeply embedded within the supports. This
architecture leads to a low density of exposed active sites,
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reduced mass/volume-specific activity, and sluggish mass transfer
kinetics during the reaction.?®?® In contrast, ultrathin two-
dimensional (2D) Fe-SAC nanosheets offer several advan- tages.
First, their large surface area facilitates close contact with the
electrolyte and electrode, thereby enhancing charge transfer at the
catalytic interface. Second, the highly open structure of the
nanosheets exposes a greater number of interior atoms, resulting in
highly accessible active sites for catalysis.3° Take the zeolitic
imidazolate framework (ZIF) derived Fe-SACs as an example,
they exhibit a 3D rhomboid dodecahedron in shape. The
nanosheet catalyst is a catalyst that has a 2D structure and a
thickness that falls within the range of 1 to 20 nm. The ratio,
denoted as Rs, between the accessible surface area of a two-
dimensional material and that of a three-dimensional mate- rial,
follows an inversely proportional relationship with the thickness
of the two-dimensional material (see eqn (22)1 and Fig. 2b). This
clearly highlights that under identical synthetic conditions, two-
dimensional single-atom catalysts exhibit greater potential in
terms of high atomic utilization and cata- lytic activity for the
eNOsRR.

Additionally, for practical applications, the effective inte-
gration of nitrate reduction catalytic systems with solar cells
presents opportunities for wastewater valorization and sustainable
green ammonia synthesis. However, solar-driven ammonia
synthesis remains highly challenging, with the highest reported
solar-to-ammonia (STA) efficiency for NHz production from N2
still below 1%.31-34 Moreover, there are very few studies on solar-
driven ammonia synthesis using nitrate as the nitrogen source.
Herein, we report a highly efficient inte- gration of
GalnAs/Ga(Iln)As/Ge triple-junction solar cells with an
electrochemical cell comprising 2D Fe-SACs for the NOsRR and
Pt for the oxygen evolution reaction (OER), achieving a STA
efficiency of 4.35% for NHs production. Our 2D Fe-SACs exhibit
exceptional activity and selectivity for the NOsRR, with an onset
potential of 0.1 V vs. RHE and a maximum faradaic efficiency of
95.4%.

To achieve the synthesis of a low-dimensional Fe single atom
electrocatalyst, i.e. 2D Fe-SAC nanosheets, we have adopted a
general salt-template confined in situ growth of Fe-doped ZIF-8
and pyrolysis strategy, see Scheme 1.% To begin with, nano- sheets
of MOFs, which serve as precursors for 2D Fe-SAC nanosheets,
were synthesized within the gaps of NaCl crystals. Subsequently,
the nanosheets of MOFs and NaCl were pyrolyzed at a temperature
of 900 °C under an Ar atmosphere. Following that, the Fe—NC
nanosheets were purified with water and 5% dilute sulfuric acid
solution three times, respectively. The morphology of as-
synthesized 2D Fe-SACs was characterized by

scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As illustrated in Fig. 1a and ESI Fig. S1 and
S2,7 the 2D Fe-SACs have a crumpled sheet structure without any
apparent presence of nanoparticles. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping and electron energy loss
spectroscopy in scanning transmission electron microscopy mode
(STEM-EELS) were used to confirm the presence of Fe on carbon
nanosheets. Insets of Fig. 1a, f and ESI Fig. S3, S5t show that the
Fe, C, and N elements in the three products are distributed
uniformly over the entire sample, with no metal NPs observed.
This observation is supported by the absence of diffraction peaks
from Fe metal or Fe oxides from our XRD analysis (ESI Fig. S67).
The thickness of our 2D Fe-SACs was measured by AFM (see Fig.
1b). The results show that their thickness is about 1.1 nm, inferred
to be composed of approx- imately 2-3 layers of N-doped
graphene loaded with Fe atoms.3® To further investigate the
morphology and structure of the catalyst, aberration-corrected
high-angle annular dark-field scanning TEM (AC HAADF-
STEM) analysis was performed. As shown in Fig. 1c, the
brighter spots can be attributed to dispersed Fe atoms. For better
observation, some Fe atoms were circled. All these results suggest
that our catalyst exhibits two- dimensional and single-atom
catalyst features (referred to as 2D Fe-SACSs). We then performed
Brunauer—-Emmett-Teller (BET) analysis to determine the specific
surface area of 2D Fe- SACs. Our results revealed a specific
surface area of 77.4 m?

g~* which is higher compared to both the 3D Fe-SACs and the
mesoporous Fe-SACs prepared using the same synthesis
conditions (see ESI Fig. S7t). The Barrett-Joyner—Halenda (BJH)
pore size distribution curves further revealed the presence of
micropores measuring 1.9 nm in diameter, with a relatively

small pore volume of 0.247 m® g~*. These findings suggest that
the catalytic reaction would primarily take place on the flat

surface of the 2D Fe-SACs.

The chemical structure of the 2D Fe-SACs was further
investigated using X-ray photoelectron spectroscopy (XPS). The
high-resolution XPS spectra of the Fe2p region show two broad
groups near 710.8 eV/710.8 eV along with a small but significant
satellite near 720 eV that is likely associated with Fe?* and Fe3*
(Fig. 1d).3" The N1s spectrum is de-convoluted into four peaks at
398.02, 398.70, 399.34, and 401.04 eV which correspond to,
respectively, pyridinic N, Fe—N, pyrrolic N, and graphitic N (see
ESI Fig. S8%).%8 To investigate the electronic and coordination
structure of 2D Fe-SACs, X-ray absorption near-edge spectros-
copy (XANES) and extended X-ray absorption fine structure
(EXAFS) analyses were performed. Fig. 1g shows the Fe K-edge
XANES profiles for 2D Fe-SACs, Fe foil, Fe203, and FePc. The
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Scheme 1 Schematic illustration of the synthetic procedures for 2D Fe single-atom catalysts.
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Fig. 1 (a) TEM images of 2D Fe-SAC nanosheets, scale bar = 100 nm, (inset: dark-field imaging transmission electron microscopy image of 2D Fe-SAC
nanosheets and corresponding energy dispersive X-ray analyses (EDX), scale bar =200 nm). (b) AFM images of the 2D Fe-SAC nano- sheets. (c) High-resolution
HAADF-STEM image of 2D Fe-SAC nanosheets. (d) High-resolution XPS spectra of Fe 2p for 2D Fe-SAC nanosheets

and 2D NC. (e) High-resolution XPS spectra of N 1 s for 2D Fe-SACs. (f) The EELS spectrum of 2D Fe-SACs. (g) Normalized XANES spectra at the Fe K-edge of the
Fe foil, Fe,0s, Ferrous phthalocyanine (FePc), and 2D Fe-SACs. (h) The corresponding k3-weighted Fourier transform spectra. (i) Fitting results of Fe-MoS2

nanosheets, inset: its possible structure.

near-edge absorption energy position of 2D Fe-SACs was located
between that of the FePc and Fe20s3, suggesting that the oxida- tion
state of Fe in 2D Fe-SACs was between +2 and +3, which is in
agreement with our XPS results.3® The Fourier-transformed

EXAFS curve of 2D Fe-SACs (see Fig. 1h) only shows one
distinct peak at approximately ~1.5 A, which was mainly
attributed to the Fe—N/O first coordination shell. Moreover, no

obvious Fe—Fe peak (2.2 A) or other peaks are observed. To gain
more information on structural parameters, least-square EXAFS
fittings were performed (see Fig. 1i). The fitting parameters and
results are summarized in ESI Table S1.F It shows that one Fe atom
was coordinated by four N atoms at 1.96 A forming a Fe— N4
moiety. Taken together, our findings point out the presence of
individual iron atoms coordinated by nitrogen atoms sup- ported
on ultra-thin nitrogen-doped carbon nanosheets as illustrated in
the schematic presented in the inset of Fig. 1i.

Next, we evaluated the electrocatalytic performance of our
catalysts for NOs~ reduction by conducting electrochemical
measurements in H-type cells with 0.1 M KOH and 0.1 M KNO3s

(the volume of both anode and cathode chambers was 30 mL).
The LSV measurements were performed with and without NO3s™ at
ascan rate of 20 mV s™* and the polarization curve of 2D Fe- SACs
was compared to those of three-dimensional Fe-SACs and

mesoporous Fe-SACs (see Fig. 2a, the synthesis method is
described in the experimental section of the ESI{). All the Fe
single-atom catalysts with different structures displayed lower
onset potentials and higher current densities in the presence of
nitrate-containing electrolytes, indicating their effectiveness in
selectively converting nitrate to ammonia. Among the catalysts
tested, the 2D Fe-SACs exhibited the lowest onset potential of
approximately 0.1 V vs. RHE compared to the 3D and meso-
porous Fe single-atom catalysts. Conversely, no significant
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Fig. 2 The electrochemical performance investigation for the NO3RR on 2D Fe-SACs. (a) LSV curves of 2D Fe-SAC, 3D Fe-SAC, Meso Fe-SAC, and 2D NC
nanosheets with and without 0.1 M KNOj electrolyte. (b) BET normalized LSV curves of 2D Fe-SAC, 3D Fe-SACs, Meso Fe-SACs, and 2D NC nanosheets. (c)
*H NMR spectra (600 MHz) of electrolyte produced from the NOsRR under —0.40 V versus RHE on 2D Fe-SACs using

0.1 M K*NO; and K'NOj as electrolytes. (d) Potential-dependent faradaic efficiency of ammonia on 2D Fe-SAC, 3D Fe-SAC, Meso Fe-SAC, and

2D NC nanosheets. () The cathodic EE for NO “5to-NH cgnversion on 2D Fe-SAC nanosheets compared with 3D Fe-SAC, Meso Fe-SAC, and 2D NC
nanosheets. (f) Tafel slopes of the NO;RR on 2D Fe-SAC, 3D Fe-SAC, Meso Fe-SAC, and 2D NC nanosheets. (g) Potential-dependent ammonia yield rate of
the four types of catalysts in the presence of 0.1 M KNO; electrolyte. (h) NOs;RR stability at an applied potential of —0.40 V vs. RHE. Ammonia selectivity and

current density are displayed for 60 h of operation.

differences were found in the geometric current densities of the
three iron-based single-atom catalysts. Notably, despite having
the smallest specific surface area among the three catalysts, as
determined through specific surface area tests (see ESI Fig. S7
and Table S3 in the ESI}), the 2D Fe-SACs demonstrated clearly
higher current densities when normalized to the BET-calculated
specific surface area (Fig. 2b). This finding highlights the
inherently superior catalytic activity of the 2D Fe-SACs in
nitrate-to-ammonia conversion compared to the other two iron
single-atom catalysts. The enhanced catalytic activity of the 2D
Fe-SACs can be attributed to the abundant dispersion of iso-
lated iron atoms on the surface of the synthesized 2D carbon
nanosheets, facilitated by the templating synthesis method, as
opposed to the iron atoms being embedded within the bulk
carbon, which hinders mass transfer.

To exclude possible interferences and verify the reliability of
UV-Vis detection in our experiments, isotopic experiments were

carried out with 0.1 M KNOs, 0.1 M K'*NOg3, and 0.1 M K2SOa,
respectively. Fig. 2c shows the *H NMR spectra of the electrolytes
aller chronoamperometric experiments for 30 min, at —0.40 V vs.

RHE. In the presence of K¥NO3, two symmetric signals are
detected at d =7.02 and 7.14 ppm with a coupling constant of
73.1 Hz caused by the scalar interaction between 'H and **N and

can be assigned to '®NH ;. Conversely using K*NOj, three
symmetric signals located at 6.99, 7.08, and 7.17 ppm with
a coupling constant of 52.2 Hz in the electrolyzed electrolyte are
observed and can be assigned to *NH £. These results suggest

that ammonia is obtained by the electrochemical reduction of
NQ, ~ and does not result from external contamination. The
concentration of NHs in the electrolyte was further quantified

using 'H NMR using an external standard and a previously re-
ported colorimetric method (see ESI Fig. S13 and S14+).4° The two
analysis methods produced very similar results, indicating that



colorimetry offers satisfactory accuracy as a quantitative method
for subsequent product measurements.

Fig. 2d and ESI Fig. S15} present the eNOsRR performance of
four kinds of catalysts at increasing overpotentials from 0 to

—1.0 V vs. RHE. 2D Fe-SAC nanosheets displayed a volcanic
shape curve with a maximum of 95.4 £ 4.0% at —0.40 V vs. RHE

which is higher than that for 3D and mesoporous Fe SAC
catalysts as well as 2D NC. This is due to the ultra-thin layered
structure of 2D Fe-SACs, which means that most of the catalytic
active sites are exposed on the surface, whereas, 3D Fe-SACs and
Meso Fe-SACs possess active sites embedded within the pores
despite their high specific surface area. Therefore, 2D Fe-SACs
show higher faradaic efficiency for ammonia. To further quan-
tify the catalytic properties of 2D Fe-SACs, we estimated the
cathodic energy efficiency (EEno, rr) of the Fe single-atom
catalysts with different morphologies (Fig. 2e). The EEno rr

for 2D Fe-SACs was found to be the highest at 31.6% for
a cathodic potential of —0.40 V vs. RHE, which is at least 1.6 times
higher than that of 3D Fe-SACs and Meso Fe-SACs. We

then assessed the charge transfer resistance (Rct) at the inter- face
between 2D Fe-SACs and the electrolyte using electro- chemical
impedance spectroscopy (EIS) (ESI Fig. S217). By modeling the
EIS responses with the Randles equivalent circuit, we determined
the Rct for the eNO3RR on 2D Fe-SACs. The Rer values are found
to be relatively low in the case of 2D Fe-SACs at

31.4 U compared to 76.6 U for 3D Fe-SACs and 43.7 U for Meso Fe-
SACs. These results point to faster kinetics for electron transfer
at the surface of the catalyst in agreement with the
reduction of the Tafel slope at 322 mV dec* compared to
>450 mV dec™ for 3D Fe-SACs and Meso Fe-SACs (Fig. 2f).

We further conducted a comparative analysis of the turnover
frequency (TOF) for the three types of Fe single-atom catalysts in the
context of their catalytic performance in ammonia produc- tion
from nitrate (see ESI Fig. 167). Notably, the 2D Fe-SACs
demonstrated a superior turnover frequency across the entire
range of tested applied potentials (ranging from 0 to —1.0 V vs.
RHE). Collectively, these findings provide compelling evidence
supporting the assertion that the notable intrinsic catalytic
activity is attributed to the exposure of abundant loaded Fe
single-atom active sites residing on the accessible surfaces of
carbon nanosheets.

To better understand the behavior of 2D Fe-SACs, we explored
the influence of Fe loading, pyrolysis temperature, nitrate
concentration and pH value in the electrolyte. At —0.40 V
vs. RHE, the faradaic efficiency continuously increases from
21.0% up to 95.4% as the Fe content is increased from 0% (i.e. 2D
NC) to 0.83% (ESI Fig. 8177‘) The corresponding yield rate (YR)

BERN N EARG ™ 407 LRIMEYSY S 01478 B8R0 drbon

cat
nanosheets The effect of pyrolysis temperature on the catalytic

performance is shown in ESI Fig. S18a and b.t The FE was
maintained at a high level for the catalysts obtained at the five
pyrolysis temperatures. We found however that the yield rate
increased slowly with the increase of the pyrolysis temperature
because increasing the pyrolysis temperature was beneficial to
improve the conductivity of the catalyst. The effect of nitrate
concentration on catalytic properties is shown in ESI Fig. S19a.f

The greatest FE is 95% at 0.06 M electrolyte concentration and
the FE showed a volcano trend as the electrolyte concentration
decreased. We also observed that when increasing the nitrate
concentration above that of the electrolyte, the primary by-
product is nitrite. On the opposite, when the concentration of
nitrate decreases, the evolution of hydrogen increases. The pH
has a significant impact on the product selectivity of the NOsRR
using 2D Fe-SACs, with strong competition from the hydrogen
evolution reaction at low pH levels. When the pH exceeds 3, the
selectivity for NHs increases sharply to over 80%, while pH
exerts minimal influence on the nitrite selectivity of the NOsRR
(see ESI Fig. S19b¥). Thus, our two-dimensional single-atom
iron-based catalyst demonstrates greater suitability for nitrate
reduction under alkaline conditions in practical applications.

The ammonia YR of 2D Fe-SACs was found to reach a
maximum of 68.6 + 2.20 mg h™* mgcat ~* at —1.0 V vs. RHE,
equivalent to 3.4 £ 0.11 mg h™t cm™. This rate is at least 1.7
times higher than that of iron-based catalysts with 3D and

mesoporous structures (Fig. 2g). Our 2D Fe-SACs exhibit supe-
rior performance compared to prior research on single-atom
catalysts for the eNOsRR (see ESI Table S27). This enhance-
ment in catalyst properties is ascribed to the two-dimensional
structure of the Fe single atom's support and the improved
kinetics at the active sites. To evaluate the stability toward the
conversion of NOs—-to-NHs, we applied a steady-state potential
on the 2D Fe-SAC electrode, while recording the current density
and measuring the FE using colorimetry. Fig. 2h and ESI Fig.
S207+ show that the FE at —0.40 V vs. RHE displays minimal
changes over 60 hours with an average value of 90.0 + 2.8%.
Although the current density shows a slight decline during the

initial stages of the reaction, this phenomenon can be attrib-
uted to the generation and accumulation of a minor quantity of
a gaseous byproduct (i.e. hydrogen). The robustness of the 2D
Fe-SAC performance was further corroborated by the high
retention of the current density and we demonstrated a 60 hour
average yield rate of 22.1 +0.9 mg h't mg ct at —0.4 V vs.
RHE.

To obtain more insight into the remarkable selectivity of the 2D
Fe-SACs for the electrosynthesis of NHs, we investigated the
eNOsRR on 2D carbon nanosheet SACs with various transition
metals. Fig. 3a shows the polarization curves on 2D Fe-SACs, 2D
Co-SACs, 2D Ni-SACs, and 2D Cu-SACs in the presence of NOs—.
2D Fe-SACs outperformed the other 2D carbon nanosheet SACs
as evidenced by the larger current density and the lower onset
potential compared to 2D Co-SACs, 2D Ni-SACs, and 2D Cu-
SACs. The FE for NHs was found to vary between 37.5 and 44.1%
at —0.4 V vs. RHE for 2D Co-SACs, 2D Ni-SACs, and 2D Cu-
SACs , which is lower than that of 2D Fe-SACs at 95.4% (Fig.
3b). Remarkably the values of the onset potential for the
NOsRR, EE, and jnH® on 2D Fe-SACs are also respectively 2 to 14
fold higher, 2 times higher, and at least 200 mV lower (at j = 10
mA cm™2) vs. RHE than the other 2D catalysts (Fig. 3a and c) —
strongly suggesting that the dispersed Fe atoms on the 2D

carbon nanosheets are key for enhancing the intrinsic catalytic
activity and selectivity towards the NOsRR.

To rationalize our experimental results, we conducted
density functional theory calculations to investigate the NOsRR
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on 2D carbon-based SACs with different transition metals
including Fe, Co, Ni, and Cu atoms coordinated with 4 pyridinic
nitrogens on graphene as presented in ESI Fig. S22.74! Fig. 3d
and ESI Fig. S23t show the successive steps associated with
nitrate reduction on the 2D carbon-based SACs, which can be
decomposed into two main electrochemical processes: *NOz~
7/ *NO2 / *NO / *NHO (or *NOH) / *NHOH and *NH /
*NH2 / *NHs corresponding to deoxidation and hydrogena-
tion mechanisms, respectively.*243 We first computed the Gibbs
free energy of the full eNOsRR pathway on the different 2D
carbon-based SACs. All 2D carbon-based single-atom catalysts
demonstrate comparable energy curves that bear resemblance
to the eNOsRR observed on Fe-MoSg, as detailed in our prior
study.** The potential-determining step (PDS) is associated with
the *NO deoxygenation process (i.e. *NO / *NHO (or *NOH)).
Compared with the *NO . *NOH pathway, the *NO./ *NHO
pathway exhibits a lower reaction energy barrier (see Fig. 3e and ESI
Fig. S251). Among the different metal single atoms, the lowest
reaction free energy is obtained for 2D Fe-SACs at

0.31 eV. Concurrently, the Gibbs free energy change of the PDS
exhibits a strong linear relationship with the overpotential value
at a current density of 10 mA cm™, as derived from the LSV
curve (see Fig. 3f). Consequently, the free energy change of the
*NO / *NHO reaction can serve as a key indicator for
screening novel 2D carbon-based SACs for the eNOsRR in future
research. To elucidate the origin of the reduced energy barrier
for the PDS on the active sites, we examined the length bond of
NO adsorption on each 2D carbon-based SAC, as shown in ESI
Fig. S247 and 3g. We observed that the length of the NO bond is

larger compared to the theoretical NO bond length of 1.15 A,
when adsorbed on the individual metal atom site.*> The elon-
gation of the NO bond is most pronounced on 2D Fe-SACs due
to the activation effect of the Fe atom on *NO, which reduces
the energy barrier for the eNOsRR (ESI Table S4+). The d-band

center of 2D Fe-SACs (1.22 eV and —0.363 eV) is closer to the
frontier molecular orbital energy level of NO. Consequently, the

Fe atom and NO are hybrided through electrons injected into
the s* orbital of NO from the d-band of 2D Fe-SACs. Simulta-
neously, a feedback p bond is formed via donating electrons
from the p* antibonding of NO to the d-band of 2D Fe-SACs
near the Fermi level (see ESI Fig. S257). Furthermore, it should
be noted that with the increase in atomic number, the activation
effect of the spin-polarized Fe, Co, and Ni atoms on

*NO gradually diminishes. The trends of these activation effects
are entirely consistent with the Bader charge analysis results
between the various catalysts and *NO, as calculated (see
Fig. 30).

To evaluate the practical application potential of the three
different morphologies of carbon-based Fe single-atom cata-
lysts for ammonia production, we incorporated the catalysts
into a 2-electrode H-cell reactor powered by an external photo-
voltaic (PV) cell. Initially, we evaluated the electrolytic properties of
the full cell and systematically measured the FE as the cell
voltage increased. The results indicate that under identical
reaction conditions, the performance trends of the 2D Fe-SAC
catalysts in the NOsRR are similar in both two-electrode and
three-electrode systems. However, the electrochemical window
is wider, and the voltage is relatively higher in the two-electrode



system. This is because the two-electrode system lacks a refer-
ence electrode, making the working voltage the reaction
potential difference between the working electrode and the
counter electrode. Additionally, electrode surface polarization
leads to a potential shil ], resulting in a higher voltage. Notably,
the FE for NHs production by 2D Fe-SACs continuously
increased up to 3.5 V, approaching a near-unity value (as shown
in Fig. 4a). Fig. 4b and c provide an overview of the full cell
energy efficiency (EE), the yield rate, and the electric power
consumption (EPC, in kW h kg™) obtained by varying the
voltage. The estimated EEsun-cen is 24.2%, indicating the high
energy-to-chemical conversion capability of our 2D Fe-SACs.

Additionally, at a voltage of 3.5 V, the EPC was 46.6 kW h
kg™, while the production rate reached 0.024 mmol h™ cm™,
corresponding to 412.6 mg h™! cm=2. We finally combined the 2-
electrode H-cell reactor with photovoltaic cells to achieve indi-

rect photo-catalytic conversion of nitrate to ammonia (Fig. 4d and
ESI Fig. S25t). Given the higher potential required for
electrochemical ammonia synthesis, achieving a reasonable
efficiency in the experimental integration of photovoltaics and
electrolysis processes is challenging. GalnAs/Ga(In)As/Ge triple-
junction solar cells were utilized to generate adequate photo-
voltage to drive the catalytic reactions. Initially, the solar-to-
ammonia conversion efficiency of the PV-EC system was pre-
dicted via analysis of the 1-V characteristic curve of the solar cell
and the polarization curves of the different catalysts for the
eNOsRR under dual electrodes. The solar-to-ammonia conver-
sion efficiencies (STA) of 2D Fe-SACs, 3D Fe-SACs, and Meso Fe-
SACs were estimated to be 3.9%, 2.9%, and 2.8%, respectively, as
depicted in Fig. 4e. Notably, we found that the Fe-based SACs
exhibit a 2 to 3-times increase in efficiency compared to STA
without Fe single atoms, highlighting the promising potential
of Fe-based SACs for effective eNOsRR ammonia production. Our
observations also indicate that two-dimensional single- atom
catalysts surpass counterparts with different morphol- ogies in
practical eNOsRR ammonia production, attributable to the
abundance of exposed active sites on their surfaces. Under AM
1.5G illumination for 1 hour, we determined that the production of
ammonia reached 58.8, 49.5, 50.2, and 22.7 mmol of NHs3 on 2D
Fe-SACs, 3D Fe-SACs, meso Fe-SACs and 2D NC, respectively.
The rate of photocatalytic activity corresponds to

approximately ~0.30 mmol h™' cm™2 (see Fig. 4), which is
equivalent to 5.10 mg h™* cm™2, surpassing previous reports on
the photocatalytic NOsRR (refer to ESI Table S3t). The estimated

efficiency of solar-to-ammonia (STA) conversion is around
4.35%, which opens directions for feasible implementation of
photocatalytic nitrate-to-ammonia conversion strategies.

Conclusion

Our report explored three distinct morphologies of carbon-
based single-atom iron catalysts for the nitrate electro- chemical
reduction to ammonia. Our investigations revealed that two-
dimensional 2D Fe-SACs obtained through a salt- templating
growth method exhibited superior electrocatalytic

performance. At an overpotential of —0.40 V vs. RHE, 2D Fe-
SACs achieved a remarkable FE of 95.4 + 4.00% for NHas. The

high activity of 2D Fe-SACs towards the eNO3RR can be attrib-
uted to both the strong interaction between the 2p* orbitals of
*NO species and the d-band of iron atoms and the increased
exposure of active sites at the interface accessible to the elec-
trolyte owing to the two-dimensional nature of the carbon support.
The high selectivity for ammonia combined with the improved
kinetics on the nanosheet surface leads to a solar-to- ammonia
(STA) conversion efficiency of approximately 4.35%,

and a yield rate up to 0.29 mmol cm™2 h™ powered by an
external solar cell. Overall this study provides a guide for the
design of the eNOsRR for realizing autonomous ammonia
production, opening directions for future applications in solar-
driven NHs production.
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