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Abstract: Electrochemical nitrate conversion to ammonia driven by sustainable green electricity is regarded as a promising
supplement to the traditional Haber—-Bosch process. However, it is still restricted by the low NHj yield rate and Faradaic
efficiency. Here, we propose a continuous intermediates spillover strategy by constructing dual single-atom alloy to boost
ammonia yield rate and Faradaic efficiency. The intermediates continuously spill over back and forth on the atomically
dispersed Mo and Fe sites in Pd lattice, which adaptively experiences low energy barrier for each elementary step in nitrate
conversion. As a result, the synthesized dual single-atom alloy metallene delivered an NHj yield rate of 13.4 mol g, ~' h™,
and Faradaic efficiency of 94.6%, as well as remarkable cycling stability of 300 h. Furthermore, the dual single-atom alloy
metallene was assembled into a zinc-nitrate battery as the cathode, which delivered an output voltage of 1.477 V, and the

\

J

Introduction

Ammonia (NH;) plays an extremely important role in
modern society, which is the raw material for the manufacture
of nitrogen fertilizer, nitrogen-containing medicines, polymer
materials, dyes and so on.['*] The global annual ammonia
production has reached 235 million tons in 2019.[*] Up to now,
industrial ammonia synthesis heavily relies on the century-old
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Haber-Bosch process, in which nitrogen (N;) and hydrogen
(H,) are reacted to NH; using Fe-base material as a catalyst
at harsh conditions (temperature 400 °C-500 °C, pressure
150-300 atm). Due to the harsh conditions and the huge
ammonia production in the world, NH; synthesis industry
consumes about 1%—-2% of the global annual energy demand,
accounting for about 1% of the carbon dioxide (CO,)
emission.>®! Hence, it is very urgent to develop a green,
sustainable and energy-saving ammonia synthesis technology
to partially replace the Haber—Bosch process.

Electricity driven nitrates reduction reaction (NO;RR)
is regarded as a powerful complement to the traditional
Haber-Bosch process toward large-scale ammonia synthesis.
Benefitting from the extremely high solubility of the nitrate
ions, and relative low bond energy of N=0 (204 kJ mol™!),
the ammonia generation kinetics of NO;RR is increased by
3—4 orders of magnitude with relatively low energy input in
comparison to the fascinating nitrogen reduction reaction
(NRR).[-16] Moreover, nitrates are widely existed in nature,
mainly derived from industrial wastewater, domestic sewage,
livestock manure and nuclear industry wastewater.['’] Beyond
that, NO;RR possesses high equilibrium potential of 0.69 V
versus the reversible hydrogen electrode (RHE), higher than
that of the oxygen reduction reaction (ORR, 0.4 V) in Zn-
air/oxygen batteries.['®1] As such, integrating of NO;RR as a
cathode coupled with zinc oxidation as an anode to assemble
zinc-nitrate battery, can achieve the goal of one stone and
three birds, namely the removal of nitrates, obtaining valuable
ammonia and outputting electrical energy.”>?*! However,
the current electrochemical NO;~-to-NHj; conversion is still
restricted by the low NHj yield rate and Faradaic efficiency
(FE).

Typically, NO; -to-NH; conversion is a process
involving nine protons and eight electrons (NO;~ + 9H*
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+ 8¢~ —NH; + 3H,0), in which the various N-intermediates
undergo step-by-step hydrogenation and dehydration on the
catalyst surface, ultimately convert to NHj. Currently, various
strategies, including alloying,!'>?°] heteroatom doping,'®!
heterojunction,!''??! defect engineering!?’! have been put
forward, aiming to reduce the energy barrier of the rate-
determining step (RDS) of NO;RR.?!! Nevertheless, the
influence of the energy barriers of the non-RDSs in NO;RR
on the overall performance was ignored. Inspired by the
water flow process in nature, which always spontaneously
experiences the lowest energy path, the overall NO;RR
performance is bound to be optimal if each elementary step
also undergoes the lowest energy barrier. For the multi-
intermediates and multi-steps involved reduction process,
multiple active centers nor single active center are essential
to achieve the lowest energy barrier required for each
conversion step as much as possible.>’!]

Here, we put forward a novel continuous intermediates
spillover strategy to enhance proton-coupled electron trans-
fer process by constructing dual single-atom molybdenum
(Moy) and iron (Fe;) alloy metallene. Previous reports have
confirmed that Mo and Fe single-atom sites could achieve
the tandem NOs;RR, which achieved high NH; FE.[?*?"] In
addition, the Pd metallene was chosen as the carrier due to the
high specific surface area, tunable electronic structure, which
endowed high electrochemical performance in catalysis.**]
The atomically dispersed Mo and Fe atoms in Pd matrix
facilitated N-intermediates hop back and forth between Mo
and Fe sites in searching of the lower energy barrier for each
elementary step, which was confirmed by in situ spectroscopic
characterizations and theoretical calculations. Beyond that,
atomic Mo and Fe doping regulated the interfacial water
network structure to inhibit the too fast water splitting
kinetics, which synchronously guaranteed high NH; yield rate
and FE. As a result, the synthesized dual single-atom alloy
metallene displayed greatly enhanced NH; yield rate and NH;
FE compared with that of the counterpart metallenes.

Results and Discussion

As demonstrated in Figure la, atomically dispersed Mo
and Fe atoms in Pd metallene matrix were synthesized
using an one-pot wet-chemical approach, in which Pd(acac),,
Fe,(CO)y, and Mo(CO), were co-reduced at 80 °C for 12 h.
Carbon monoxide (CO) molecules in situ released from
Fe;(CO)y and Mo(CO), adsorbed tightly on Pd-rich alloy
surface, which resulted in the formation of ultrathin Pd-rich
nanosheet, i.e., Pd-rich trimetallene, denotes as Mo;Fe;Pd
trimetallene.”®! As a control, atomically dispersed iron
(Fe,Pd) or molybdenum (Mo, Pd) atoms bimetallenes, and Pd
metallene were synthesized with a similar synthetic process
(Figures S1 and S2). Powder X-ray diffraction (XRD) patterns
show that both Mo;Fe;Pd and the control samples possess
face-centered cubic (fcc) structure, consistent with that of
fcc Pd (JCPDS no. 46-1043, Figure 1b). As determined by
inductively coupled plasma-mass spectrometry (ICP-MS), the
molar ratios of Pd, Fe, and Mo were 90:8:2. Transmission
electron microscopy (TEM) and high-angle annular dark-field
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scanning TEM (HAADF-STEM) images reveal that the sam-
ple is dominated by ultrathin nanosheet structure (Figures 1c
and Sla) with average lateral size of about 100-200 nm. The
thickness of the trimetallene is only 1.8 nm, determined by
atomic force microscopy (AFM) measurement (Figure 1d),
coincided with the result determined by TEM characteriza-
tion (the insert in Figure 1c), further confirming the metallene
structure. Atomic-resolution aberration-corrected HAADF-
STEM image (Figure 1e) displays clear two-dimensional atom
arrangement with a lattice distance of 0.195 nm at the edge
of the metallene, assigning to the (100) plane of Mo;Fe,Pd.
EDS elemental mapping images in Figure 1f demonstrate
the uniform distribution of Mo, Fe, and Pd across the entire
metallene, further verifying the trimetallic alloy structure. X-
ray photoelectron spectroscopy (XPS) result of Mo,Fe,Pd
trimetallene indicates that Mo 3d spectrum (Figure 1g) dis-
plays two pairs of peaks with binding energy located at 227.2,
229.7 eV and 232.5, 235.8 eV, assigning to 3ds, and 3ds, of
Mo’ and Mo®*, respectively.l”%] Fe 2p spectrum (Figure 1h)
between 710 and 735 eV suggests the surface Fe element
mainly appeared in the form of oxidized species, possibly due
to the surface oxidation of Mo;Fe Pd.’'] Notably, Pd was
mainly existed in the form of metallic state (Figure S3).

To decode the exact fine structure of molybdenum and
iron elements in the sample, Mo;Fe,Pd trimetallene sample
was further characterized by synchrotron radiation-based X-
ray absorption fine structure (XAFS) spectroscopy. Figure 2a
shows Mo K-edge X-ray absorption near edge structure
(XANES) spectroscopy in reference with Mo foil and MoO,.
Mo extended XAFS (EXAFS) spectra were obtained by
Fourier transform of Mo K-edge, in which Mo—Mo bond
was absent in Mo;Fe,Pd sample (Figure 2b and Table S1).
Mo—Pd (2.72 A) and Mo—Fe (2.50 A) bonds were resolved
in the first shell with a coordination number (CN) of 3.7 and
1.7, respectively. The fine structure was further confirmed by
fitting the k*-weighted Fourier transformed EXAFS spectra
and k space results (Figures S4a and S5a). The results indicate
that Mo atoms are atomically dispersed in PdFe alloy matrix.
Figure 2c,d shows the Fe K-edge XANES and EXAFS spectra
of Mo, Fe;Pd trimetallene sample in comparison to Fe foil
and FeO, respectively. Similar to Mo case, Fe—Fe bonds were
absent, and Pd—Fe (bond length 2.80 A, CN 1.6) and Fe—O
bonds (bond length 1.96 A, CN 3.1) were resolved. The results
suggest that Fe is also atomically dispersed in PdMo alloy
lattice. Notably, the existence of Fe—O bonds suggests Fe
element was partially oxidized in the air, consistent with that
of XPS results. The Fe fine structure was also verified by
fitting the k*-weighted Fourier transformed EXAFS spectra
and k space results (Figures S4b and S5b). Pd K-edge XANES
and EXAFS spectra (Figures 2e,f, S4c, and S5c) resolve
Pd—Pd and Pd—Mo/Fe bonds. Then, wavelet transforms (WT)
analysis of the Mo, Fe, and Pd K-edge EXAFS oscillations
of Mo, Fe,Pd trimetallene sample was performed in reference
with MoQO,, Mo foil, Fe foil, FeO, and Pd foil (Figure 2g).
Two-dimensional contour maps of Mo;Fe,;Pd sample resolve
Mo—Pd, Mo—Fe, Pd—Pd bonds, while Mo—Mo and Fe—Fe
bonds are absent. Putting together the above results, we
conclude that Mo and Fe atoms are atomically dispersed in
Pd-rich alloy lattice, namely dual single-atom Mo and Fe alloy.
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Figure 1. a) Schematic illustration of the synthesis of MojFe;Pd trimetallene. b) XRD patterns. c) HAADF-STEM image, d) AFM image, €)
atomic-resolution HAADF-STEM image, f) EDS elemental mapping profiles of Mo;Fe;Pd trimetallene, Pd (red), Fe (green) and Mo (yellow)
distribution. High-resolution g) Mo 3d and h) Fe 2p spectra. The insert in c) is the enlarged HAADF-STEM image of Mo;Fe;Pd trimetallene.

Electrochemical NO;RR performance of Mo,;FePd
trimetallene was evaluated in an H-type cell using a typical
three-electrode system at room temperature. Linear sweep
voltammetry (LSV) tests were first performed in the mixture
solution of KOH and KNO; to assess the current response.
As shown in Figure 3a, the onset potential for Mo, Fe,Pd
trimetallene is positively shifted from 0.32 (Pd metallene),
0.43 (Fe, Pd bimetallene), 0.48 (Mo, Pd bimetallene) to 0.55 V
versus RHE, suggesting that Mo;Fe;Pd is more active in
NOs;RR. As expected, the current density in NOs;RR of
Mo, Fe,Pd trimetallene is obvious higher than that of Mo, Pd,
Fe,Pd bimetallenes, and Pd metallene. The results indicate
that alloying dual single-atom Mo and Fe in Pd lattice
indeed strengthens NO3;RR performance of Pd metallene.
Notably, the synergistic effect of dual single-atom Mo and
Fe atoms doping for NOs;RR was confirmed by altering
Mo and Fe contents in Mo,Fe,Pd trimetallene (Figures S6
and S7), and discussed in detail in the following section.
Upon confirming the optimal Mo and Fe content, potential-
dependent ammonia yield rates (Figures 3b and S8) and
ammonia FEs (Figure 3c) were obtained after electrolysis at
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the fixed potentials. Obviously, NHj; yield rates and NH; FEs
all gradually increased as the applied potentials negatively
shifted from —0.1 to —0.7 V versus RHE for all the samples.
Mo, Fe,Pd trimetallene delivered much higher NH; yield
rates than that of Fe;Pd, Mo,;Pd bimetallenes, and Pd met-
allene samples over the entire potential range. The maximum
NH; yield rate of Mo,Fe;Pd trimetallene reached 13.4 mol
g, L h~!at —0.7 V, which was about 4.8- and 1.5-fold higher
than that of Pd metallene (2.8 mol g..~' h™') and Fe,Pd
bimetallene (9.1 mol g.,. ! h™1), respectively. Consistent with
the activity, NH; FEs of Mo, Fe,Pd trimetallene all surpassed
Fe,Pd, Mo, Pd bimetallenes, and Pd metallene in the potential
range of —0.1 to —0.7 V. Impressively, Mo, Fe, Pd trimetallene
delivered a high NH; FE of 94.6% at —0.7 V, much higher
than that of Fe,Pd (84.9%), Mo; Pd (71.5%) bimetallenes, and
Pd metallene (47.8%). The approaching 100% NH; FE of
Mo, Fe, Pd trimetallene suggests that the competing hydrogen
evolution reaction (HER) and the by-products in NO;RR are
almost inhibited (Figures S9-S11), which is vital important in
real-world applications. To confirm the accuracy of the above
NHj; quantitative results, the yielded NH; in the electrolyte
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Figure 2. Normalized a) Mo K-edge, c) Fe K-edge and e) Pd K-edge XANES spectra of MojFe;Pd trimetallene in comparison to Mo foil, MoO,, Fe foil,
FeO and Pd foil respectively. k3-weighted Fourier-transform b) Mo K-edge, d) Fe K-edge and f) Pd K-edge EXAFS spectra. g) Wavelet transforms of the
k%-weighted Mo in reference with Mo foil and MoO;, k®-weighted Fe in reference with Fe foil and FeO, and k?-weighted Pd in reference with Pd foil.

was further spectrographically quantified with indophenol
blue assay, and the results are consistent (Figure S12).

In industrial scenarios, durability is an important param-
eter for catalyst assessment. In H-type cell, Mo,Fe,Pd
trimetallene could sustain continuous thirty cycles at —0.7 V,
NH; yield rates and NH; FEs were stable without obvious
activity decay (Figure S13). To further assess the stability,
the catalyst was further characterized by XRD pattern
and TEM measurement after durability test. The crystal
structure and the morphology of the Mo, Fe,Pd trimetallene
were well maintained (Figure S14). EDS mapping images
confirmed the uniform distribution of the elements, and
XPS results revealed the valence states of the elements
were well sustained, confirming the rigidity of the catalyst
(Figures S15 and S16). In view of the excellent NO3;RR
performance of Mo Fe;Pd trimetallene, the catalyst was
further evaluated in a flow cell with the volume of the
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electrolyte (1 M KNO; + 1 M KOH) amplified 12.5 times
(500 mL, Figure S17), simulating the industrial NO;RR
scenarios. Amazingly, Mo, Fe,Pd trimetallene electrode could
be stably operated at a total current density (jiora) Of about
225 mA for 300 h (Figure 3d). In which, the yielded NH;
in the electrolyte showed a linear relationship with the
electrolysis time. Finally, 0.32 mol NH; was obtained after
300 h electrolysis with nitrate ions conversion of 64.0%.
More importantly, NH; FEs were maintained above 80%
during the entire device operation process. After the long-
term of electrolysis, NH; in the electrolyte was stripped out
by bubbling Ar flow and collected downstream with a diluted
HCl solution (Figure S$18).1%?] Finally, 9.36 g of high-purity of
NH,Cl powder was obtained by evaporating the hydrochloric
acid solution, the NH,Cl powder was confirmed by XRD pat-
tern (Figure 3e). Mo;Fe,Pd trimetallene catalyst exceeds the
current state-of-the-art Mo and Fe- based electrocatalysts as
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Figure 3. a) LSV curves in NO3RR. b) Potential-dependent NHj3 yield rates and c) the corresponding NH3 FEs of Mo;Fe;Pd trimetallene in reference
with Fe;Pd, Mo;Pd bimetallenes, and Pd metallene. d) Long-term cycling stability test, and the time-resolved NH3 yielded amount and NH3; FEs of
Mo Fe; Pd trimetallene in a flow cell. €) XRD pattern of the obtained NH4Cl powder after long-term cycling test, the inset is the photograph of the
obtained NH4Cl powder. f) The comparison of electrochemical NO3RR performance of MosFe;Pd trimetallene with the recently reported
electrocatalysts. g) TH-NMR spectra of the electrolytes using K'’>NO3 or K™ NO3 as N-resource in NO3RR test. h) NHs yield rates and NH; FEs of
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summarized in Figure 3f in terms of the onset potential, NH3
yield rate, NH; FE, current density and service life (Table S2).

Then, N isotope labeling experiment was carried out
to confirm that the produced NH; was really rooted from
NO;RR, not contamination from nitrogenous precursors
(Figure 3g). Nuclear magnetic resonance spectrum ('H-
NMR) of the electrolyte shows a double peak between
7.1-7.4 ppm with a coupling constant of 72 Hz using K*’NO3
as N-resource, the characteristic signal of "NH,*.**] As a
control, a triplet peak with a coupling constant of 52 Hz arise
in 'H-NMR spectrum with K!*NO; as N-feeding. The above
result irrefutably confirms the yielded NH; indeed come from
NO;RR. Moreover, Mo, Fe,Pd trimetallene delivers excellent
NO;sRR performance in a wide range of NO5;~ concentrations
(Figure 3h) and pH (Figure S19).
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In the field, the direct conversion of nitrates in wastewater
into ammonia to provide nitrogen source for crops is the
most direct way for nitrogen cycle. Using solar power
to drive the above device can not only reduce the cost
of electricity, but also realize the self-driven sustainable
operation of ammonia synthesis. This requires the stable
operation of the electrolyzer over a wide voltage range.
Under this scenario, we further simulated the ammonia
production by electrolysis of nitrates driven by solar energy
(Figure S20). A commercial silicon solar panel (1.9 W)
illuminated by xenon lamp (100 mW cm~2) was employed
to power ammonia electrosynthesis using Mo, Fe,Pd trimet-
allene as a catalyst in the wild environment. As expected,
the yielded NH3 amounts showed a linear relationship with
the illumination time, and an average NHj yield rate reached
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Figure 4. Potential-dependent partial current densities of a) jno,-, b) jnm, and c) ju, for MoiFePd trimetallene in reference with Mo1Pd, Fe;Pd
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structure signal of h) Mo;Fe;Pd and (i) Fe;Pd metallene determined by ATR-FTIR.

2.96 mol g, ! h™!, demonstrating the potential application
prospects.

Upon assessing the NO3;RR performance, it is essential
to decode the specific role of Mo and Fe dual single-
atom alloy in ammonia electrosynthesis. Generally, NOs;RR
usually follows a two-step tandem reduction process, i.e.,
NO;~ + 2H" + 2¢ —NO,” + H,0O (process i) and
then NO,~ + 7H* + 6e"—NH; + 2H,O (process ii).[’*]
To explore the role of atomic Mo and Fe sites in Pd
lattice on NO3;RR performance, partial current density
(j) is the most intuitive evidence. Figure 4a—c shows
the potential-dependent partial current densities of NO,~
(jxo,~), ammonia (jxg,) and HER (jg,) for Mo,Fe,Pd
trimetallene in comparison to Fe;Pd, Mo;Pd bimetal-
lenes, and Pd metallene, respectively (Figure S21). For
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NO;~—NO;,~ conversion, the jyo,- arranges as follow:
Mo;Pd > Pd > Fe;Pd > Mo,Fe Pd (Figure 4a). In contrast,
the jnp, is listed as Mo Fe;Pd > Fe;Pd > Mo;Pd > Pd. By
comparing the results of Fe;Pd, Mo, Pd, and Pd samples, it is
concluded that alloying single-atom Mo in Pd matrix greatly
enhances jno,-, While single-atom Fe in Pd lattice increases
Jjnu, and weakens jno,-. Considering the promotion effect of
single-atom Mo and Fe on process i and ii, alloying dual single-
atom Mo and Fe in Pd lattice may cascade NO;™—NO,~
(by Mo) and NO,~—NHj3; (by Fe) processes in NO3;RR. The
above supposition was verified by the smallest jxo,- and the
largest jnu, of Mo, Fe,Pd trimetallene.

As a major side reaction, water splitting process not only
releases hydrogen, but also provides active hydrogen (*H)
atoms. As nine *H are involved in NO3;RR, therefore the
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kinetics of water splitting greatly determines the final NH;
yield rate and NH; FE, especially in the more negative
potential area. On the one hand, the sluggish kinetics of
water splitting process is not enough to provide sufficient
*H for the subsequent deoxyreduction processes, resulting
in weakened NHj; yield rate. However, the too fast kinetics
of water splitting boosts *H formation and aggravates HER,
leading to an awful NH; FE. The trade-off water splitting
activity directly determines NH; yield rate and NH; FE. As
shown in Figure 4c, jy, is declined for Mo, FePd trimetallene
in comparison to Fe;Pd bimetallene and Pd metallene, com-
parable with that of Mo, Pd bimetallene. The possible reason
may be due to the regulated M—H (M=Pd, Mo, and Fe) bond
strength after alloying single-atom Mo in Pd-rich metallene,
and/or the optimized interfacial water network structure.[3>3]
Putting together the above results, alloying dual single-atom
Mo and Fe in Pd not only cascades NO; —NO,~ and
NO, —NH; conversions, but also modulates the hydro-
gen bond to restrain the major competing HER. As a
result, the N-selectivity of NH; was greatly enhanced, and
NO,~ was completely suppressed for Mo, Fe;Pd trimetallene
(Figure S22).

Beyond that, the chemical redox reaction of Pd and NOs~
also contributed the NO,~ formation in NO;RR, similar
with the role of single-atom Mo. The oxidized Pd species
was further reduced to metallic Pd in the operation of
NO;RR (Figures S23-S25).1*7] Based on the above analysis,
the detailed mechanism of dual single-atom Mo and Fe
in Pd for NOs;RR was summarized in Figure S26. More-
over, electrochemical active surface area (ECSA) was also
obtained, Mo;Fe Pd trimetallene delivered a higher ECSA
than that of MoPd, Fe;Pd bimetallenes, and Pd metallene,
which also contributed to the enhanced NO;RR performance
(Figure S27).

To further investigate why the single-atom Mo and Fe
sites can cascade NO3;RR, in situ spectroscopic character-
izations were carried out to clarify the reaction pathway.
Potential-dependent in situ attenuated total reflection flourier
transform infrared spectroscopy (ATR-FTIR) measurements
were conducted both for Mo;Fe;Pd, Mo;Pd, Fe;Pd sam-
ples. Figure 4d—f shows the potential-resolved ATR-FTIR
spectra in NO3;RR from 0 to —0.9 V (V versus RHE) of
Mo, Fe,Pd, Fe;Pd and Mo, Pd samples, respectively. As shown
in Figure 4d, the signal of *NO3; and *NO, located at 1193 and
1230 cm~! was emerged at —0.1 V, indicating the conversion
of *NOs to *NO,.I3*] Then, three obvious vibration peaks
located at 1010, 1082 and 1340 cm™! arose at —0.2 V, which
were attributed to p,sNH,, vN—O and vNH,*, respectively,
suggesting the formation of NH;.3#1 Compared with *NO,,
the intensity of p,sNH, and vNH,4* increased sharply when
the applied potential was lower than —0.35 V, suggesting
the accelerated conversion of NO;~-to-NHj3. The result well
explains the enhanced jyy, and NH3; FE. Two tiny peaks
located at 1511 and 1545 cm~! appeared at —0.65 V, assigning
to *NO and *NH,OH, respectively.[***}] The result indicates
that NO3;RR may undergo *NO,-to-*NO pathway, and then
to *NH,OH, finally convert to NHj;. The peak located
at 1641 cm~! was assigned to vO-H of interfacial H,O
molecule.[**] The above possible pathway coincided with that
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of in situ Raman spectra in NO;RR (Figure S28). Notably,
the signal of the key intermediates was all emerged on Fe,Pd
bimetallene (Figure 4¢), Mo, Pd bimetallene (Figure 4f) and
Pd metallene (Figure S29), suggesting the similar reaction
pathway on Fe;Pd, Mo,;Pd bimetallenes, and Pd metallene.
That is to say dual single-atom Mo and Fe doping in Pd matrix
does not change the reaction pathway of NO;RR. Moreover,
it should be emphasized that Mo,Fe,;Pd sample delivered
higher ATR-FTIR intensity than that of Fe; Pd, Mo, Pd bimet-
allenes, and Pd metallene, proofing the enhanced NOs;RR
performance of Mo;Fe;Pd. As a stark contrast, only the
signal of p,sNH, and vNH, ™ with much lower intensity was
observed on Pd metallene, further confirming the greatly
enhanced NO3;RR performance of dual single-atom Mo and
Fe alloy trimetallene.

In addition to the type and strength of the N-intermediates
signal, it was observed the difference of the position for *NO,
*NH,OH and *NH,. Specifically, the signal of *NO arose at
1439 and 1511 cm ™! for Fe; Pd and Mo; Pd, respectively. While,
the signal of *NO was located at 1511 cm~! for Mo, Fe,Pd,
coincided with that of Mo, Pd (Figure 4g). As determined by
XAFS results, Mo,Fe,Pd sample possesses two distinct sites,
i.e., Mo and Fe sites, therefore, it is inferred that *NO could be
adsorbed on Mo site for Mo, Fe;Pd sample. Accordingly, the
ATR-FTIR signal of *NH,OH and *NH, were located at 1545
and 1010 cm™! for Mo;Fe;Pd sample, more closer to that of
Mo, Pd and Fe,Pd samples, respectively. The results indicate
that *NH,OH could be adsorbed on Mo site, while *NH,
was adsorbed on Fe site. Based on the above results, we infer
that the N-intermediates occurs continuous spillover between
Mo and Fe sites as the hydrogenation process proceeds.
Obviously, the intermediates spillover was driven by energy,
so that the intermediates conversions always experienced
the lower energy barrier, as such electrochemical NO;RR
performance was boosted.

To further investigate the role of dual single-atom Mo and
Fe alloy on the water splitting, the signal of the interfacial
water structure between 3000 and 3800 cm~! were truncated
from the in situ ATR-FTIR spectra.*’! Figure 4h,i shows
the potential-resolved interfacial water structure signal of
Mo, Fe,Pd trimetallene and Fe,Pd bimetallene, respectively,
which were divided into three peaks by Gaussian fitting,
i.e., 4-HB-H,O (3200 cm™'), 2-HB-H,O (3400 cm™') and
K+-H,0 (3600 cm~!).[°] Alloying single-atom Fe in Pd lattice
facilitated the formation of K™-H,O due to the oxytropism of
Fe element (Figures S30 and S31), consistent with previous
results.[” As such, Fe,;Pd bimetallene delivered higher ratio
of K*-H,O signal than that of Pd metallene. Generally,
K*-H,O improves the kinetics of water splitting reaction due
to the lower activation energy, and thus more active hydrogen
atoms are formed on the catalyst surface.[**] The results well
explain the enhanced NO;RR performance and the enlarged
Jju, for Fe;Pd sample. Further alloy single-atom Mo in Fe,Pd
alloy decreased the proportion of the K*-H,O for Mo, Fe;Pd
trimetallene. As a result, the fast kinetics of water cracking to
produce *H was decreased, accordingly, the coupling of *H
and *H to release hydrogen was inhibited. Finally, enhanced
NH; yield rate and the approaching 100% NH; FE were
synchronously achieved for Mo, Fe,Pd sample.
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Figure 5. a) The Gibbs free energy diagrams for NO3RR on different sites of Mo;Fe;Pd. b) Comparison of adsorption energies of reaction
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MosPd, and MoyFe;Pd surface.

Density functional theory (DFT) calculations were per-
formed to further investigate the intrinsic mechanism of dual
single-atom Mo and Fe doping in Pd metallene (Mo;Fe;Pd)
for NO3;RR. According to the previous results, Pd metallene
enclosed with (111) plane was employed as the slab.[?] The
optimized structural models of Fe,;Pd, Mo, Pd, and Mo, Fe,Pd
metallenes showed that dissimilar metal atoms could be
doped in Pd effectively and stably (Figure S32). Bader charge
analysis indicated electron transfer was occurred from Mo
and Fe atoms to the adjacent Pd atoms for Mo;Fe,Pd, and
the electronic structure was effectively regulated. Considering
the complexity of the catalytic sites for Mo;Fe;Pd sample,
the Gibbs free energy diagrams for NO;RR on Mo;Pd
and Fe;Pd bimetallenes were first calculated (Table S3).
As shown in Figures S33-S35, the RDSs on Fe,Pd and
Mo, Pd are *NO + H" + e —>*NHO (AG., = 0.89 eV)
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and *NH, + H" + e —>* + NH; (AGnx = 1.03 eV) in
NO;RR, respectively. The results indicate that NO,”—NHj;
conversion is inhibited on Mo;Pd, hence NO, ™ prefers to be
obtained. In contrast, the energy barrier of the RDS on Fe,Pd
is lower than that on Mo,Pd, *NO, has a larger tendency to
be converted to NH;. The above results well explain the larger
Jjno,~ for Mo, Pd and larger jnu, for Fe,Pd (Figure 4a,b).
Based on the above analysis, the Gibbs free energy
diagrams for NO3;RR on Mo, Fe,;Pd were further calculated.
Notably, Mo and Fe sites were co-existed, energy diagrams
on Mo and Fe sites for Mo;Fe;Pd (Figures 5a, S36, S37,
and Table S3) were calculated, respectively. The RDSs are
*NO—*NHO and *NHOH— *NH,OH with energy barrier
of 0.62 and 0.33 eV on Mo and Fe sites, respectively. From the
above results, it is reasonably inferred that N-intermediates
may experience different catalytic sites from the viewpoint
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Figure 6. a) The schematic illustration for the assembled Zn-NO3 ™~ battery with Zn anode and Mo;Fe;Pd trimetallene cathode. b) Open-circuit
voltage of Zn-NO;3 ™ battery, c) discharging polarization curves and the resultant power densities of the battery using the MojFe;Pd, Mo;Pd, Fe;Pd
and Pd metallenes cathodes, the inset in b shows the voltage determined by avometer. d) Rate performance of Zn-NO; ™~ battery using MosFe;Pd
trimetallene as cathode. €) NHj3 yield rates derived from the Zn-NO; ™~ battery system at different discharge current densities. f) Discharge-charge
processes of the Zn-NO3 ™ battery at a constant current density of 2 mA cm~2. g) The comparison of the open-circuit voltage and the powder density
for MojFe; Pd trimetallene with the recently reported electrocatalysts. h) Photographs of LEDs and a mini fan motor powered by the Zn-NO3 ™~ battery.

of the minimum energy principle. To further support the
conclusion, the adsorption energy of all the N-intermediates
in NO3;RR were calculated and compared. As shown in
Figure 5b, *NHO and *NH, intermediates prefer to adsorb
on Fe site with larger adsorption energies, while the other
N-intermediates tend to adsorb on Mo site in the case of
coexistence of Mo and Fe sites, i.e., Mo,;Fe,;Pd sample. The
result suggests that N-intermediates may hop back and forth
between Mo and Fe sites in NO3;RR. Therefore, the optimal
pathway of NO3;RR for Mo;Fe;Pd is achieved on alternant
Mo and Fe sites, and the RDS is changed to *NO—*NHO
with the ultralow AG,.x value of 0.12 eV (Figure 5c).

As summarized in Figure 5d, NO;~ is initially adsorbed
on Mo site for Mo;Fe;Pd, and then hydrogenated step
by step to *NO (Mo site). Subsequently, *NO is further
hydrogenated to *NHO and adsorbed on Fe site, followed
by spillover to Mo site, and *NHOH is adsorbed on Mo

Angew. Chem. Int. Ed. 2025, 64, €202509303 (9 of 11)

site. After hydrogenation of *NHOH to *NH,OH on Mo
site, NH,OH is dehydrated and spilled over to Fe site again.
Finally, NH; is formed through one step hydrogenation and
desorption processes. The reaction intermediates spill over
three times between Mo and Fe sites in the entire NO;RR
process, ultimately avoiding the large energy barriers of the
RDS on Mo;Pd and Fe,Pd. Benefitting from the continuous
intermediates spillover effect, the RDS on Mo, FePd is
changed to *NO—*NHO with ultralow energy barrier of
0.12 eV, much lower than that of Mo, Pd and Fe,Pd samples.
As such, electrochemical NO;RR on Mo, Fe,Pd is greatly
accelerated, aligned with the partial current density results
(Figure 4a,b).

To investigate the electronic structure of dual single-
atom alloy metallene, projected density of states (PDOS)
of metal valence orbitals in Fe;Pd, Mo,Pd, and Mo,Fe;Pd
were calculated and compared (Figure S5e). The results
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demonstrated that Mo,Pd exhibited higher d-band center
(eq = —2.18 eV) than Fe;Pd (¢q = —2.41 eV), and the
eq value of Mo,Fe;Pd was adjusted to a moderate level
of —2.25 eV due to the co-doping of atomic Mo and Fe
atoms, which can effectively regulate the interaction between
metal active sites and the reaction intermediates. Based on
the single active site, the adsorption energies of the N-
intermediates exhibited obvious linear scaling relationship
between Fe;Pd and MoPd (Figure 5f). Moreover, Mo;Pd
owned stronger adsorption of intermediates compared to
Fe,Pd, which was the primary reason why NH; desorption
was the RDS for Mo,Pd. The adsorption energies of the
different intermediates on Fe{Pd, Mo;Pd, and Mo;Fe;Pd
were compared and displayed in Figure 5g. The results suggest
that dual single-atom Mo and Fe sites in Mo;Fe;Pd can
break the linear adsorption of intermediates on the single
active site, which plays an important role in enhancing the
electrocatalytic activity for NO;RR. Therefore, the co-doping
of Mo and Fe atoms in Pd metal can be considered an
effective strategy for enhancing the electrocatalytic perfor-
mance in NO3;RR through regulating of electronic structure.
In addition, the water splitting process for *H supply was
also calculated (Figure S38 and Table S4). *H,O0—*OH +
*H process occurred on Fe;Pd(111) or Fe site-Mo,Fe,;Pd(111)
all delivered lower energy barriers than that of Mo, Pd(111)
and Mo site-Mo;Fe;Pd(111), suggesting Fe doping in Pd
matrix indeed facilitates H—OH bond breakage. As a result,
the kinetics of NO3;RR to NHj conversion was accordingly
improved, consistent with the variation trend of the partial
current density (Figure 4c).

The excellent NO3;RR performance of Mo, Fe,Pd trimet-
allene enables the exploration of NO;RR in a zinc-nitrate
(Zn-NO;7) battery. A hybrid aqueous Zn-NO;~ battery
catalyzed by Mo, Fe, Pd trimetallene was assembled combined
with a Zn anode (Figure 6a). The anolyte was 3 M KOH
solution and the catholyte was 3 M KOH + 0.5 M KNOs.
The assembled Zn-NO;~ battery delivered a stable open-
circuit voltage (OCV) of 1.477 V, higher than that of Mo, Pd,
Fe,Pd, and Pd metallenes electrodes (Figure 6b). A maximum
discharge power density of 13.4 mW cm™2 was achieved,
higher than that of Mo, Pd bimetallenes (3.7 mW cm~2), Fe, Pd
bimetallens (4.8 mW cm~?) and Pd metallenes (2.6 mW cm™2)
(Figure 6¢). The rate capability of the battery was assessed
at the current densities of 2, 5, 10, 15, and 20 mA cm2,
demonstrating the excellent discharge stability (Figure 6d).
To confirm Zn-NO;~ battery was a device not only outputting
electrical energy, but only producing valuable NH;, NHj; yield
rates were obtained at different discharge current densities
(Figure 6¢e). Importantly, the power density and the OCV of
the battery were all higher than recently reported state-of-the-
art results using transition metal based catalysts (Figure 6g
and Table S5).

Zinc-nitrate battery was rechargeable, in which the dis-
solution and deposition of Zn on the anode and NO;RR
and ammonia/water oxidation on the cathode occurred
during the discharge and charge processes, respectively.[*]
Figure 6f shows the long-term charge and discharge curves
of Mo, Fe Pd trimetallene electrode at a current density of
2 mA cm~2. Impressively, zinc-nitrate battery could achieve
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steady charge and discharge test for 45 h. Two batteries
in series could light LED lights and drive the small fan
continuously for 16 h (Figure 6h), demonstrating the excellent
application prospect. In brief, the well-designed battery could
work consecutively as an energy-chemical output device for
practical ammonia production and continuous power output.

Conclusions

In summary, a highly efficient and durable dual single-atom
Mo, Fe, Pd alloy metallene was synthesized for electrochem-
ical nitrate conversion to ammonia. Atomically dispersed
molybdenum and iron atoms in Pd lattice provided two
distinct catalytic sites, enabling the continuous intermediates
spillover between Mo and Fe sites. So that NO3;RR expe-
rienced the lowest energy barrier for each elementary step,
which was confirmed by in situ spectroscopic characteriza-
tions and theoretical calculations. Furthermore, the co-doping
of Mo and Fe atoms altered the interfacial water structure
to restrain the competing HER, as well as regulated the
electronic structure, resulting in high NHj yield rate and
NH; FE synchronously. Mo;Fe;Pd trimetallene delivered a
remarkable NHj yield rate of 13.4 mol g, ! h™! and NH; FE
of 94.6%, as well as excellent cycling stability. Moreover, the
assembled zinc-nitrate battery delivered an OCV of 1.477 V,
and the maximum output power density of 13.4 mW cm2.
This work provides new insights into the design of efficient,
selective and durable electrocatalysts for multi-steps and
multi-intermediates involved electrosynthesis process from
the angle of intermediates hopping effect.
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