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The electrochemical nitrate reduction reaction (NO3RR) is a promising strategy for decentralized ammonia (NHgz)
production and environmental remediation under ambient conditions. However, achieving complete eight-
electron/nine-proton (8¢ /9H") conversion of NO3 to NH3 with high selectivity and efficiency remains chal-
lenging owing to sluggish NO3 activation and competing N-N coupling side reactions such as N, N3O, and NO
gas evolution. Herein, we report a rationally designed Cu dual-atom (DA) catalyst composed of asymmetrically
coordinated Cu atomic pairs anchored on an L-tryptophan-functionalized Fe304/a-Feo,O3 heterostructure (Cuy/
try-FeO,), synthesized via a CO laser irradiation method involving multi-step continuous-wave exposure for
interface engineering. The hybrid Cuy/try-FeO, support provides abundant N and O coordination sites and
enhanced electron mobility, enabling spatially separated Cu atom by asymmetrically coordinated Cu-N/O dual
sites exhibit synergistic electronic interactions, forming robust DA configurations. In situ and ex situ spec-
troelectrochemical analyses, supported by theoretical calculations, confirm a *NO3 — *NO3 — *NO — *NHO —
*NH20 — *NH3 — NHg reaction pathway. At the optimal potential, the total Faradaic efficiency toward NH3 and
NO3 approaches ~95%, indicating effective suppression of competing Ha, No, and N5O formation and confirming
a highly selective 8¢”/9H' NO3RR mechanism. Notably, NO3RR tests using Cuy/try-FeOyx achieve a high NH;
yield rate of 0.29 mmol h™! cm ™2 and a maximum Faradaic efficiency of 88.5% at —0.2 V vs. RHE. Furthermore,
when integrated into a Zn-NO3 battery, the catalyst enables self-powered NO3 to NH3 conversion with stable
operation over 100 h. This study presents a rational approach that integrates DA site engineering catalyst design
with bio-functional support design to regulate intermediate adsorption and electron transfer, thereby enhancing
the activity and selectivity for self-powered molecular NO3 upcycling technologies.

1. Introduction

Ammonia (NHj3) is a vital chemical in modern society, and its sus-
tainable production under ambient environments is essential for
accomplishing a carbon-neutral environment. Traditionally, NHj is
synthesized via the Haber-Bosch process—an energy-intensive method
dependable for over 1%-2% of global energy consumption and sub-
stantial carbon dioxide (CO,) emissions [1-5]. As a substitute to the
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Haber-Bosch method, the electrochemical nitrate reduction reaction
(NOsRR) offers a low-temperature, low-pressure strategy to simulta-
neously produce NHs and removal of NO3 pollutants, which are com-
mon in agricultural and industrial wastewater. This dual-function
approach is particularly attractive for decentralized NHj synthesis
powered by renewable electricity [6-8]. Despite its advantage, the
NO3RR remains kinetically complex and mechanistically challenging.
The conversion of NO3 to NHj3 is an eight-electron, nine-proton
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(8e~/9HM) process involving multiple adsorbed intermediates (*NOs,
*NOy, *NO, *NHOH, and *NHj), resulting in sluggish kinetics and
competitive side reactions such as Hy and NO gas evolution. Efficient
catalysis of this transformation requires highly active and selective
catalytic centers capable of stabilizing and converting nitrogenous in-
termediates while suppressing parasitic side reactions [9,10].

Transition metal-based catalysts, particularly those derived from
earth-abundant elements such as Fe [11], Co [12], Ni [13,14], Cu
[15-17], and Bi [18] have attracted considerable attention for the
electrochemical NOsRR owing to their natural abundance and diverse
redox properties. Among them, Cu exhibits a stronger affinity for NO3
and NO3 and a favorable d-band center for stabilizing key intermediates
(*NO2 and *NO). However, Cu-based catalysts, particularly at the
atomic scale, are prone to surface aggregation and poor long-term sta-
bility during the NOsRR [19-21]. To address these challenges, recent
studies have increasingly focused on the development of dual-atom
catalysts (DACs), which exploit synergistic interactions between neigh-
boring metal atoms [22,23]. These interactions in DACs create unique
geometric and electronic configurations that enhance the NOsRR ki-
netics, modulate intermediate binding energies, and enable alternative
reaction pathways not accessible to single-atom catalysts or
nanoparticle-based electrocatalysts [24-29]. However, most existing
studies have primarily concentrated on heterometallic Cu-based DACs
(e.g., Cu-Fe, Cu-Ni, and Cu-Co), aiming to enhance NO3 adsorption and
intermediate activation through elemental synergy [30-32]. These
heteronuclear systems differ fundamentally from homonuclear Cu dual
sites and therefore do not isolate the intrinsic effects of Cu-Cu in-
teractions or tailored coordination environments on NOsRR perfor-
mance. In contrast, homonuclear Cu dual-atom (Cu-DA) configurations
provide a distinctive platform to elucidate how Cu-Cu electronic
coupling and geometric proximity govern key reaction steps. Such sys-
tems enable a more fundamental understanding of the structure-activity
relationships underlying NOsRR, offering valuable insights into catalyst
design principles beyond heterometallic synergy [33-35].

In addition, designing the substrate for DACs plays a significant role
in defining the coordination environment, electron density, and stability
of the metal sites. Fe-based oxides are well known for their reversible
redox reaction (Fe2+/Fe3+), surface oxygen vacancies, and structural
robustness, enabling them to function as charge carriers and catalytic
supports for the NOsRR process [36,37]. In particular, heterostructure
substrates composed of mixed-valence oxides, such as Fe304/a-FepOs3,
can facilitate rapid charge redistribution and interfacial electron trans-
fer—both critical for multielectron electrocatalytic processes [38-40].
To further enhance dual-atom (DA) stabilization and dispersion, sub-
strate surfaces functionalized with organic ligands such as L-tryptophan
can serve as anchoring agents for metal ions. L-tryptophan is an amino
acid-rich molecule whose N- and O-comprising functional moieties (e.
g., -COOH, -NHj, and indole) provide multiple coordination sites for
metal ions and promote strong metal-ligand interactions [41,42]. These
functionalities also improve the dispersion of active sites and modulate
the local electronic structure around them, enabling efficient adsorp-
tion, activation, and hydrogenation of NO3 during the NOsRR process.
However, conventional approaches for synthesizing such materials often
involve complex, high-temperature, and energy-intensive procedures
[42,43].

Herein, we report a CO, laser-irradiation method involving multi-
step continuous-wave exposure for interface engineering strategy to
construct asymmetrically coordinated Cu-DA sites on an L-tryptophan-
functionalized mixed-phase Fe304/a-FesO3 (Cuy/try-FeO,) hetero-
structure, where L-tryptophan serves as a N-rich anchoring molecule.
The mixed-iron oxide (FeO,) substrate provides a highly conductive,
redox-active platform that enhances interfacial electron mobility, while
the dual-phase oxide junction promotes efficient charge separation. XPS
and XAS analyses confirm the introduction of L-tryptophan onto FeO,,
enabling Cu anchoring through N and O coordination, leading to the
establishment of stable Cuy-N/O configurations with spatial separation
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and electronic asymmetry. This architecture not only stabilizes the Cu-
DA sites but also enhances NO3 adsorption and activation, particu-
larly improving the NO3 — NO3 conversion step. In situ and ex situ
spectroscopic analyses confirm an NO3RR pathway consistent with the
sequence NO3 — NO3 — *NH, — NHj, following an 8e”/9H™ mecha-
nism with no detectable Ny or N»O byproducts, highlighting high
selectivity toward the NO3-mediated pathway. Moreover, integration of
the Cuy/try-FeOy catalyst into a Zn-NOj3 battery platform demonstrates
its capability for self-powered NO3 to NH3 conversion, achieving high
NHj yield and long-term durability under room temperature and at-
mospheric pressure. This study not only elucidates the mechanistic role
of Cu-based DACs in the NO3RR but also highlights the advantages of Fe-
based heterostructures in stabilizing and activating dual-metal sites. By
tailoring interfacial coordination between Cu-O-Cu bridged sites and
the FeO, substrate, along with modulating their local electronic envi-
ronments, we propose a robust strategy for advancing the NOsRR
catalysis and decentralized NH3 production technologies.

2. Results and discussion
2.1. Mechanistic analysis of structural evolution

The surface-functionalized, cubic-structured FeO, was employed as a
conductive and chemically active substrate for the subsequent loading of
Cu-DA via a CO; laser—irradiation method involving multi-step contin-
uous-wave exposure for interface engineering process, as shown in
Fig. la. First, the cubic-structured Fe-based Prussian Blue Analogue
(FePBA) was synthesized through a self-assembly co-precipitation
method involving coordination between Fe?" and [Fe(CN)e] 3’, followed
by recrystallization under solution supersaturation conditions (Fig. S1).
The prepared FePBA contains Fe>™ and Fe>' oxidation states, coordi-
nated with C=N bridges to form a three-dimensional (3D) porous
framework. Upon thermal decomposition, FePBA is converted into a
mixed-valence metal oxide, where Fe?* and Fe3* reorganize into a a
heterostructure composed of Fe3O4/a-FeyOs (FeO,) (Fig. 1a). This
transformation is driven by the rapid decomposition of the cyanide-
bridged Fe?'/Fe®t coordination framework under high-temperature
conditions [44,45]. The phase evolution during this conversion was
analyzed using XRD, as revealed in Fig. 1b. The initial FePBA framework
exhibits characteristic peaks matching the crystal structure of KyFe[Fe
(CN)g] (JCPDS No. 31-1000). After thermal treatment of FePBA
framework, the XRD pattern displays distinct peaks corresponding to the
FesO4 and o-FeyO3 phases, indicating the formation of a
heterojunction-interfaced oxide. Specifically, the FeOx sample exhibits
major diffraction peaks at 30.36° (220), 35.77° (311), 38.43° (220),
43.01° (422), 53.46° (511), and 57.39° (440), which are indexed to
Fe304 (JCPDS No. 19-0629), and 23.27° (012), 33.10° (104), 40.85°
(113), 49.61° (024), and 55.30° (116), which are indexed to a-Fe;O3
(JCPDS No. 33-0664) [46]. To further investigate the chemical evolu-
tion during this transformation, Raman (Fig. 1¢) and Fourier transform
infrared (FTIR) spectroscopy (Fig. 1d) were employed. In both the
Raman and FTIR spectra, the FePBA sample exhibits a sharp vibrational
peak at ~2100 cm ™!, accredited to the C=N stretching mode of the
cyanide bridging ligands. In the FeOx sample, this nitrile group peak is
completely absent, indicating the complete decomposition of the cya-
nide framework under thermal treatment, evolving into nitrogen and
carbon monoxide gases. In addition, the Raman bands at 520.67 and
728.94 cm ™! in FePBA, attributed to metal-cyanide coordination within
the PBA framework, are no longer present after its thermal treatment.
Instead, new peaks appear at 214.0, 271.8, 374.1, 674.9, and
1284.3 cm L. corresponding to metal-oxygen lattice vibrations of the
resulting FeO, structures. These features confirm the successful forma-
tion of a dual-phase Fe304/a-FeoO3 heterostructure, consistent with the
XRD results [47,48].

Additionally, FESEM and HRTEM were conducted to reveal the
surface morphology and heterojunction interface between Fe3O4 and
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Fig. 1. (a) Schematic of the preparation of Cuy/try-FeO, via CO, laser—irradiation. (b-d) XRD, Raman, and FTIR spectra of FePBA and FeO,. (e-f) TEM and HRTEM
image showing lattice fringes of a-Fe;O3 (d104)=0.27 nm) and Fe304 (d311)=0.25 nm). (g) SAED pattern confirming the coexistence of a-Fe;O3:Fe304 through

indexed diffraction rings.

a-FeoO3 within the FeO, substrate. The FESEM images (Fig. S2) reveal a
well-defined 3D nanocube morphology that is retained in the FePBA and
FeO, materials. EDS elemental mapping reveals the presence of C, N,
and Fe in FePBA, and primarily O and Fe in FeO,, indicating the suc-
cessful thermal conversion of FePBA to FeO, while preserving the
nanocube morphology. HRTEM images (Fig. 1e) show that the FeO,
structures consist of hollow nanocubes with an average size of ~200 nm.
Further HRTEM analysis (Fig. 1f) reveals two distinct lattice fringes with
spacings of 0.25 and 0.27 nm, consistent to the (311) plane of Fe3O4 and
the (104) plane of a-FeOs3, correspondingly. The close spatial proximity
of these lattice planes confirms the formation of a crystallographically
aligned Fes3O4/a-FepO3 heterojunction interface within FeO,. The
selected area electron diffraction pattern (Fig. 1g) displays well-defined
diffraction rings that further support this structural assignment: Fe304
(311) plane and the a-Fe,O3 (104) phase [49,50]. These observations,
including nanocube retention, lattice spacing, and elemental distribu-
tion are reliable with the XRD, Raman, and FTIR results, collectively
validating the successful formation of a Fe304/a-FeoO3 heterojunction
through the thermal decomposition of FePBA.

XPS provides further insight into the surface composition and chem-
ical states of the materials. The survey spectra confirm the presence of Fe,
O, C, and N in FePBA, and primarily Fe and O in FeO, (Fig. S3a). The C 1s

spectrum of FePBA exhibits distinct signals at 284.2 and 287.9 eV,
accredited to M—C and C=N bonding, respectively. In FeO,, the C=N peak
disappears, while the remaining carbon signals are attributed to adven-
titious carbon contamination (Fig. S3b). The N 1s region of FePBA shows a
peak at 397.7 eV owing to the cyanide nitrogen, which is absent in FeOy,
indicating complete removal of C=N ligands during thermal decomposi-
tion of FePBA (Fig. S3c). The O 1s spectrum of FeO, displays a dominant
peak at 539.9 eV, associated with lattice oxygen, along with a shoulder
feature corresponding to surface oxygen species (Fig. S3d). Notably, the
Fe 2p spectrum of FeO, (Fig. S3e) shows coexisting Fe?' and Fe**
oxidation states with a systematic binding energy shift relative to FePBA;
the Fe?* 2ps, peak shifts by +1.05 eV and the Fe> 2p3/5 by +1.19 eV,
indicating a change in the local electronic environment and increased
electron delocalization at the Fe3O4/a-FepOs interface (Fig. S3e). This
positive shift in the Fe core-level binding energies suggests stronger Fe-O
interactions in FeO, compared to FePBA, indicating altered electron
density at the interface region. Such electronic modulation of the sub-
strate is beneficial for electrocatalytic applications. In particular,
increased electron density at the heterojunction interface facilitates fast
interfacial charge transfer and enhances coupling the electronic coupling
between the FeO, substrate and the DA active sites [51]. Furthermore,
ultraviolet photoelectron spectroscopy (UPS) spectra of FeOy and a-FepO3
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(Fig. S4) reveals a reduced work function (12.15 eV) and a valence band
edge in FeO, positioned closer to the Fermi level, supporting the high
electron mobility of the FeO, substrate [52].

2.2. Immobilization of Cu-DA sites on the try-FeO, substrate

To immobilize the Cu-DA on the FeO,substrate surface, the FeOx
surface was first functionalized with L-tryptophan using CO, laser
(4=10.6 pm, 25 W) irradiation, yielding a functionalized material referred
to as try-FeO,. Based on our previous study [41], we propose that
L-tryptophan binds to FeO, through nucleophilic substitution and dehy-
dration, in which a carboxyl linkage forms between the —-C-OH group of
L-tryptophan and terminal ~OH groups on the FeO, surface, as illustrated
in Fig. S5. Subsequently, CO, laser-irradiation was applied again to
induce Cu chelation onto the try-FeO, surface, facilitating the formation
of Cu-DA sites. The L-tryptophan on the FeO, absorbs the localized laser
generated-thermal energy, enhancing the molecular mobility and pro-
moting interaction between Cu®" and donor sites present in L-tryptophan
and the FeOy matrix. This process stabilizes Cu?* through Cu-N and Cu-O
coordination, resulting in the immobilization of atomically dispersed Cu
species within the hybrid FeO, framework, denoted as Cuy/try-FeO, [53].
Notably, the Cu loading in Cuy/try-FeO, is intrinsically constrained by the
finite density of coordination sites provided by the L-trypto-
phan—functionalized FeO, support. As a result, increasing the concentra-
tion of the Cu precursor does not lead to a measurable increase in Cu
loading, confirming a coordination-site-limited stabilization mechanism.
Covalent bonding and surface modification of FeO, with L-tryptophan
were confirmed via FTIR spectroscopy (Fig. 2a). In addition to the Fe-O
vibrational peak at 591 cm ™!, new peaks corresponding to C-H stretching
(852 and 1338 cm’l) and C-O stretching (~1059 cm’l) confirm the
successful functionalization of L-tryptophan on the FeO, surface. Upon Cu
incorporation into try-FeOy, the FTIR spectrum of resulting Cuy/try-FeO,
exhibits a notable reduction in the intensities of organic vibrational bands,
including those of C-H, C-O, and —OH signals, indicating changes in the
molecular environment because of the direct coordination of Cu with
O-containing functional groups on try-FeO, [42,54]. Notably, Raman
spectroscopy (Fig. S6) reveals no significant shifts in vibrational bands,
indicating that the bulk structure of the FeO, support remains consider-
ably preserved upon Cu incorporation. Aberration-corrected HAADF--
STEM imaging was performed to envision the atomic dispersion of Cu in
the Cuy/try-FeO, composite (Fig. 2b). Elemental mapping (Fig. S7) con-
firms the uniform distribution of Cu throughout the FeO, scaffold, colo-
calized with O and N. Compared with the try-FeO, substrate, the
Cuy/try-FeO, sample shows bright, discrete atomic features correspond-
ing to isolated Cu atoms. Dual Cu atomic pairs (highlighted in the white
rectangle) exhibit an average interatomic spacing of 3.03 A (Fig. 2b).
Furthermore, FESEM-EDS and inductively coupled plasma analyses
indicate a total Cu loading of 4.63 wt%, uniformly distributed across the
try-FeO, surface (Fig. S8 and Table S1). These DA Cu configurations, with
short interatomic spacings, are expected to promote synergistic electronic
interactions and facilitate intermediate adsorption during the NO3RR
processes.

XPS analysis was performed to elucidate the surface chemical states
and electronic configurations of try-FeO, and Cuy/try-FeO,. The survey
spectra (Fig. S9a) confirm the existence of Fe, O, C, and N in both
samples, while Cu signals are observed exclusively in the Cuy/try-FeO,
catalyst. As revealed in Fig. S9b, the high-resolution N 1s spectrum of
try-FeO, reveals signals attributed to N-containing groups from L-tryp-
tophan, such as the amino group and indole nitrogen, confirming the
successful functionalization of the FeO, surface. The higher intensity of
the amino-N peak compared to the indole-N peak is attributed to
localized lone pair electrons on the amino group of L-tryptophan, which
promote strong coordination with metal centers and enhance their sta-
bilization on the substrate [55-57]. Upon Cu incorporation into try--
FeO,, the resulting Cuy/try-FeO, exhibits a new peak in the N 1s region
consistent to metal-nitrogen (M—N) bonding, indicating coordination
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between Cu atoms and the amino nitrogen groups of L-tryptophan. This
observation supports the hypothesis that N-based coordination plays a
critical role in stabilizing Cu atoms on the try-FeO, surface. The O 1s
spectra (Fig. S9c) were deconvoluted into components corresponding to
the metal-oxygen bonds (Fe-O), surface hydroxyl groups (-OH), and
adsorbed H30. The binding energies and relative intensities of these
chemical states remain largely unchanged between try-FeO, and
Cuy/try-FeOy, suggesting that the surface oxygen species are preserved
upon Cu incorporation into try-FeO,. Similarly, the C 1s spectra
(Fig. S9d) of try-FeO, show peaks consistent to C-C, C-N/C=C, and C=0
species characteristic of L-tryptophan; these signals are retained in
Cuy/try-FeO,, indicating that Cu coordination does not disrupt the
organic moieties contributed by L-tryptophan on the FeO, surface. The
Fe 2p spectra (Fig. S9e) display characteristic multiplet splitting asso-
ciated with Fe>* and Fe?* oxidation states in both samples, confirming
the structural preservation of the FeO, matrix. However, in Cuy/try--
FeO,, the Fe 2p signals display a slight shift toward higher binding en-
ergies compared to FeO,, suggesting a reduced electron density at the Fe
centers. This shift is attributed to interfacial charge transfer from Fe
centers to the adjacent Cu atoms at the Cuy/try-FeO, interface, as well as
the electronic influence of L-tryptophan-derived surface functionalities,
which collectively modulate the local electronic structure around Fe
[58]. To investigate the atomically dispersed Cu species in Cuy/try-FeO,,
high-resolution XPS analysis of the Cu 2p region was conducted
(Fig. 2c). The Cu 2p spectrum displays signals at 932.9 and 934.6 eV,
consistent to Cu™ and Cu?* oxidation states, respectively. These findings
confirm that Cu atoms are stabilized via coordination with both nitrogen
sites from L-tryptophan and oxygen terminations on the FeO, surface,
indicating a synergistic Cu-N—(tryptophan) and Cu-O-(FeO,) interac-
tion. This dual coordination environment supports the atomic dispersion
and stabilization of Cu species in Cuy/try-FeO,.

To further evaluate the coordination environment and chemical state
in Cuy/try-FeO,, XANES and EXFAS analyses were done using standard
reference materials. These measurements were performed at the Core-
Facility Center for Photochemistry & Nanomaterials, Gyeongsang Na-
tional University, using the in situ cryo X-ray absorption spectrometer,
IC-XAS (NFEC-2025-07-307201). As shown in the Cu K-edge XANES
spectrum (Fig. 2d), the absorption edge position of Cuy/try-FeO, lies
between those of metallic Cu® and Cu®" oxide reference materials. The
inset of Fig. 2d indicates that the isolated Cu atoms exhibit an average
oxidation state close to Cu?". This suggests partial charge transfer be-
tween the Cu sites and surrounding O/N ligands from try-FeO,. Simi-
larly, the Fe K-edge XANES spectrum (Fig. S10a) displays a white-line
feature located between those of Fe304 and Fe,O3 reference materials.
In addition, the existence of a pre-edge peak corresponding to the 1s —
3d electronic transition (Fig. S10b) confirms the dominance of octahe-
drally coordinated Fe sites, particularly at the Fe304/a-FeoO3 interface
[59]. The intensity and position of this pre-edge feature reflect local
structural reorganization due to interfacial phase integration and rear-
rangement between Fe3O4 and a-FeoO3 domains, leading to altered Fe
coordination environments and Fe-O bond characteristics that enhance
charge transfer and intermediate binding during electrochemical re-
actions [60]. These findings are reliable with the XRD, Raman, and XPS
analyses, which support the formation of the Fe3O4/a-Fe;O3 hetero-
structure. To quantitatively determine the composition of the
mixed-phase FeO,, linear combination fitting (LCF) of the Fe K-edge
XANES spectrum was performed using FepO3 and Fe3O4 as reference
materials (Fig. S11) [61]. The fitting results (Table S2; total weight
sum = 1.000, indicating proper normalization based on the sum of
fractional phase contributions) reveal Fe;O3 and Fe30O4 contributions of
50.1%+4.0% and 49.9%+4.0%, respectively, to the overall FeO,
composition. The low residual fitting error (R-factor=0.0108) confirms
the robustness of the LCF model in accurately quantifying the relative
phase composition of FeO, and highlights the phase heterogeneity
arising from the coexistence of Fe;O3 and Fe3O4 domains within the
FeO, material.
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Fig. 2. (a) FTIR spectra of try-FeO, and Cuy/try-FeO,. (b) HAADF-STEM image of Cuy/try-FeO, and corresponding magnified regions with intensity profile and
interatomic spacing (d=3.03 A). (¢) Cu 2p XPS spectrum of Cuy/try-FeO,. (d-g) Cu K-edge XANES spectra, FT-EXAFS analysis in R space, WT-EXAFS contour plots
with Cu foil reference, and FT-EXAFS fitting curves in both R and K space for Cuy/try-FeO,. (h) Schematic illustration of the predicted spatially separated Cu-DA

configuration stabilized on the try-FeO, support.

To understand the coordination structure of stabilized Cu-DA sites in
the try-FeOy catalyst, FT k*weighted EXFAS was performed, with
reference spectra from the Cu foil, Cuy0, and CuO shown in Fig. 2e. The
first scattering peak in the EXFAS spectrum of Cuy/try-FeO, appears at
~1.50 A, corresponding to the metal-ligand coordination environment.
Based on previous analysis, this peak is attributed to a combination of
Cu-N and Cu-O bonds in the Cu-DA sites. In addition, a broad feature
centered at ~2.50 A suggests the presence of two Cu centers spatially
separated and bridged by oxygen atoms from the try-FeO, lattice, rather
than directly bonded. Notably, the absence of a Cu—Cu scattering peak at
~2.20 A confirms the lack of metallic Cu-Cu bonding, further sup-
porting the atomic dispersion of the Cu species. To gain further insight,
wavelet transform (WT) study of the Cu K-edge EXAFS was conducted
for Cuyp/try-FeO, (Fig. 2f). The WT contour plot displays a prominent
intensity maximum at ~4.5 A1, consistent to the Cu-N coordination
shell. A secondary feature at ~7.5 A~!, assigned to Cu-Cu scattering,
appears with significantly low intensity, suggesting weak or less
frequent Cu—Cu interactions. Importantly, the shift in the WT maxima
for the Cu-Cu paths in Cuy/try-FeO,, relative to the Cu foil indicates a
distinct local geometric and electronic environment around the Cu
centers. Quantitative EXAFS fitting at the Cu K-edge enabled the precise
determination of local coordination environments and interatomic dis-
tances around the Cu centers, providing detailed structural insights into
the DA configuration (Fig. 2g-Table S3). The fitted bond lengths for
Cu-O and Cu-N were estimated as 1.94 and 1.90 A [62], respectively,
with corresponding coordination numbers (CNs) of 2 and 1. Moreover,

the two Cu atoms are separated by 3.01 A, in good agreement with the
DA configuration confirmed by EXFAS fitting (R-factor=0.00184),
indicating an excellent quality of fit. The simultaneous presence of
Cu-O, Cu-N, and Cu-Cu scattering paths within the same local coordi-
nation environment demonstrates that the Cu atoms are not isolated
single sites but are spatially separated and structurally correlated. This
coordination environment is consistent with an asymmetrically coordi-
nated Cu-O—Cu DA motif, in which the two Cu centers are bridged by
oxygen atoms associated with the FeO, support while being simulta-
neously coordinated by nitrogen atoms from the L-tryptophan ligand
(Fig. 2h) [42]. The successful formation of spatially separated Cu-DA
sites in the try-FeOy substrate is anticipated to synergistically enhance
the NO3RR performance of Cuy/try-FeO, by improving its intermediate
binding and electron transfer capabilities.

2.3. Electrocatalytic NO3RR performance

To elucidate the catalytic activity and selectivity of Cuy/try-FeOy for
the NO3RR, a comprehensive series of electrochemical measurements
and NHj3 quantification experiments were conducted. Comparative
studies were also performed using try-FeO, and FePBA to assess the role
of Cu-DA sites on the try-FeO, surface. All electrochemical measure-
ments were carried out in a three-electrode H-type cell, in which the
anodic and cathodic compartments were separated by a Nafion mem-
brane, as illustrated in Fig. S12a. All reported potentials are referenced
to the reversible hydrogen electrode (RHE). As shown in Fig. 3a, the
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electrochemical NOsRR activity was initially evaluated using LSV in
1.0 M KOH, with and without 0.5 M KNOs. The Cuy/try-FeO, catalyst
exhibited a suggestively earlier onset potential and higher cathodic
current density compared with FeO, and FePBA. Specifically, Cuy/try-
FeO, displayed an onset potential of —0.1 V vs. RHE, whereas FeO, and
FePBA showed NO3 reduction onset only beyond —0.2 V (Fig. S12). This
improved onset potential indicates a low energy barrier for NO3 acti-
vation, likely owing to the electron-rich coordination environment
around the Cu centers in Cuy/try-FeO,. Moreover, the LSV curves
recorded in the absence of NO3 showed negligible current, confirming
the minimal interference from the HER and highlighting the NO3 se-
lective behavior of Cuy/try-FeO,. Supporting the LSV results, Tafel slope
analysis, EIS, and electrochemical active site measurements
(Figs. S13-S15) provided further insights into the electrocatalytic
behavior of the Cuy/try-FeO,. The smallest Tafel slope observed for Cuy/
try-FeO, in 1.0 M KOH (Fig. S13) reflects accelerated interfacial charge-
transfer kinetics, suggesting that the reaction rate is governed by a
proton-coupled electron transfer (PCET) step associated with the hy-
drogenation of the *NO, intermediate. EIS measurements revealed the
lowest charge transfer resistance (R.) for Cuy/try-FeO, among all
samples, with and without NOs3, indicating superior interfacial electron
transport enabled by the Cu-DA sites. Furthermore, Cuy/try-FeO,
possessed the highest active site density of 0.279 pmol cm ™2, followed
by FeO, (0.185 pmol em™2) and FePBA (0.109 pmol em™2). These
findings highlight the synergistic effect between the try-FeO, support
and Cu atoms, enhancing NOs adsorption and accelerating charge
transfer at the Cu-DA active centers.

To further assess the NO3RR efficiency, the NHjs yield rate (YR) was
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determined at various applied potentials using the indophenol blue
colorimetric process (Fig. S16). The ultraviolet-visible (UV-vis) absor-
bance of the catholyte was analyzed after 1 h of electrolysis at each
potential to quantify NH3 produced during the NOsRR (Fig. S17 and
$18). As revealed in Fig. 3b, Cuy/try-FeO, reaches a maximum NH3 YR
of 0.47 mmol h™* em ™2 at —0.4 V vs. RHE. The sharp rise in YR between
—0.1 and —0.2 V vs. RHE suggests the onset of rapid multielectron
transfer, while the slight decline beyond —0.3 V indicates increasing
competition from the HER at increasingly negative potentials. By
contrast, FePBA and FeO, exhibited maximum NH3 YRs of only 0.21 and
0.31 mmol h™! em ™2, correspondingly. The Faradaic efficiency (FE) was
concurrently evaluated (Fig. 3c), with Cup/try-FeOx achieving a
remarkable FE of 88.48% at —0.2 V vs. RHE, outperforming FeO,
(59.97%) and FePBA (41.84%). These results indicate that Cu-DA sites
enhance NO3 adsorption, stabilize key intermediates, and facilitate their
efficient conversion to NHs. The consistently higher NH; YR and FE
across the full potential range confirm the intrinsic electrocatalytic
advantage of Cuy/try-FeO,.

The NO3RR typically proceeds via a two-step mechanism: NO3 —
NO3 — NHs. Thus, NO3 is a key intermediate and a potential prema-
turely released byproduct during the NO3RR process. To quantify NOg
alongside NHs, a colorimetric method using the Griess reagent was
employed (Fig. S19 and S20). As shown in Fig. 521, Cuy/try-FeO, ex-
hibits a higher NO3 YR compared to FePBA and FeO,, suggesting
enhanced intermediate formation during the NO3RR process. To confirm
that NO; is not a final product but an intermediate undergoing further
reduction, electrolysis was extended to 10 h at a fixed potential
(Fig. S22). The gradual decrease in the NO3 concentration, accompanied
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by a continuous increase in the NH3 YR (Fig. 3d), supports efficient time-
dependent conversion of NO3 into NHs. This time-dependent behavior
highlights the ability of the catalyst to facilitate the full 8e /9H™
reduction pathway via sequential *NO; — *NHz — NHj steps. For a
comprehensive comparison, a pentagonal radar plot (Fig. 3e) summa-
rizes five key performance descriptors: NH3 YR, FE, current density,
NOz YR, and active site density. Cup/try-FeO, outperforms the bench-
mark catalysts across all metrics, particularly those related to NHj3
production, confirming its superior electrocatalytic capability for NO3 -
to-NHs3 conversion.

Furthermore, NH3 quantification was rigorously cross-validated
using multiple methods to ensure accuracy and eliminate potential er-
rors during the NOsRR process. Besides the standard indophenol
colorimetric test, "H NMR spectroscopy was directed using D20 as the
solvent to confirm the formation of 1*NHZ. A well-resolved triplet signal
observed between 6.6 and 7.2 ppm (Fig. S23), corresponding to the
nuclear spin of 14N (I=1), provides direct molecular evidence of NHj
production via the reduction of 14NO§. The NH3 YR determined via
NMR was 0.31 mmol h™! ecm™2 for Cuy/try-FeO, at —0.2 V vs. RHE,
which closely matches the value obtained from the colorimetric method
(Fig.s 3f and S24), thereby confirming the reliability of the indophenol
blue method. Control experiments conducted without NO3 (Fig. S25)
showed negligible NH3 formation, ruling out contributions from back-
ground nitrogenous contaminants or ambient nitrogen fixation path-
ways. The long-term stability of Cuy/try-FeO, was evaluated through a
10-cycle chronoamperometric durability test (Fig. 3g). Although current
density gradually decreased over successive cycles, full recovery
occurred upon electrolyte replenishment, suggesting that the perfor-
mance drop resulted from NO3 depletion rather than catalyst degrada-
tion. Moreover, the current density in NO3RR is pH-dependent, and the
electrolyte pH can vary due to the formation and consumption of reac-
tion intermediates during the reaction. To assess this effect, the bulk pH
of the electrolyte (1.0 M KOH+0.1 M KNO3) was measured before and
after a 10 h long-term NO3RR test conducted at —0.2 V vs. RHE. The pH
remained essentially unchanged (initial pH ~ 13.94; final pH ~ 14.01),
confirming the high buffering capacity of the alkaline medium and
ensuring a stable reaction environment throughout the NO3RR process.
UV-vis analysis of the catholyte (Fig. S26) showed that the NH3 YR
remained consistent across 10 repeated cycles
(0.25-0.31 mmol h™! em™2), with FE exhibiting only minimal variation,
confirming the robust structural and electrochemical stability of the
Cuy/try-FeO, catalyst. Post-electrolysis FESEM-EDS analysis (Fig. S27)
confirmed that the Cu atoms remained atomically dispersed with no
signs of aggregation or leaching, maintaining an oxidation state within
the +1/+2 range, which supports redox cycling during NO3 activation
and intermediate stabilization. Moreover, XPS, XRD, and Raman spectra
(Fig.s S28-S30) revealed partial in situ phase transformation from
a-Feo03 to Fe3Oy, attributed to lattice oxygen reconfiguration under the
reducing cathodic environment. Furthermore, the chemical stability of
Cu under the applied potential was evaluated by ICP-OES analysis of the
electrolyte after a 10 h NO3RR durability test conducted at —0.2 V vs.
RHE. The Cu concentration in the electrolyte was below 0.4 ppb, indi-
cating negligible Cu leaching and excellent retention of Cu species in the
Cuy/try-FeO, catalyst during prolonged electrolysis. This structural
adjustment did not compromise catalytic performance, indicating the
intrinsic durability of the Cuy/try-FeO, system. To benchmark the per-
formance of the Cuy/try-FeO, catalyst, a comparative plot (Fig. 3h) il-
lustrates the NH3 YRs of leading top-performing NO3RR -catalysts
reported in the literature. In addition to Fig. 3h, a comprehensive per-
formance benchmarking summary—including electrolyte composition,
NOj3 concentration, and the applied potential corresponding to the data
in Fig. 3h is provided in Table S4. The Cuy/try-FeOy catalyst achieved a
record-high YR of 0.29 mmol h™! em™2, surpassing state-of-the-art Cu-
based systems. This highlights that integrating dual Cu atomic sites
within an FeO, matrix effectively combines the electronic advantages of
Cu-DA catalysis with the redox flexibility of mixed-valence Fe oxides,
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offering a synergistic and robust alternative to noble metal-based
NO3RR systems.

2.4. In situ and ex situ spectroelectrochemical probing of the NOsRR
mechanism

To elucidate the NOsRR pathway on the Cuy/try-FeO, catalyst, we
employed in situ Raman spectroscopy and ex situ FTIR measurements.
As shown in Fig. 4a and b, the in situ Raman spectroelectrochemical
experimental setup and the resulting Raman spectra obtained under
different applied cathodic potentials (—0.1 to —0.4 V vs. RHE) reveal the
evolution of key vibrational features corresponding to the surface-bound
intermediates. First, typical peaks at ~225 and ~670 cm™!, corre-
sponding to the Aj4 lattice vibrations of a-Fe;03 and Fe304, respectively,
confirm the coexistence of the dual-phase iron oxides. With increasing
negative potential, new Raman bands appear at ~1330 and
~1048 cm’l, attributed to *NO3 and *NHj; intermediates, respectively
[30-32]. These features indicate progressive NO3 reduction and step-
wise hydrogenation occurring on the catalyst surface. The correspond-
ing 3D Raman contour map (Fig. 4c) further visualizes the formation and
transformation of these intermediates, demonstrating the catalyst's
ability to stabilize *NO; and NH, species. In addition, the ex situ FTIR
spectra (Fig. 4d and e) of the catholyte after 1 h of electrolysis using
Cuy/try-FeOy at different potentials confirm vibrational features of sol-
uble nitrate-derived intermediates. Peaks at ~1350-1385 and
1230-1250 cm ™! resemble to the asymmetric stretching modes of NO3
and NO3, respectively, while those at ~3300-3400 and ~1600 cm ™ !are
accredited to the N-H stretching and bending vibrations of the *NHj or
NHj3 species [63-65]. The consistent presence and potential-dependent
intensity changes of these bands confirm the stepwise reduction of
NO3 via nitrogenous intermediates, with no detectable NyO- or
Ny-related vibrational features, confirming high selectivity toward NHz
formation. In situ Raman and ex situ FTIR analyses under applied po-
tential reveal a clear sequential NO3 transformation pathway: NO3 —
NO; — *NH,; — NHs, consistent with an 8e”/9H™ coupled electron
transfer process (Fig. 4f) [66,67]. Notably, the agreement in interme-
diate identity and their potential-dependent evolution observed in situ
Raman and ex situ FTIR findings strongly supports a concerted mecha-
nism facilitated by the synergistic interplay between Cu-DA sites and the
redox-active FeO, heterostructure.

2.5. Theoretical insights into the Cu-DA and NO3RR reactant interactions

To elucidate the enhanced catalytic performance of Cuyp/try-FeO, in
the NO3RR, we performed DFT calculations on pristine FeO, and Cuy/
try-FeO, catalysts. As illustrated in Fig. 5a, two Cu atoms are asym-
metrically immobilized on the L-tryptophan-functionalized FeOy surface
(Fig. S31), coordinated with lattice oxygen and amine groups. This
configuration is thermodynamically stable, confirmed by cohesive en-
ergy and electron localization function analyses (Fig. S32). The strong
Cu-O and Cu-N interactions stabilize the dual Cu configuration and
enable efficient electronic coupling between Cu-DA and the FeO, sub-
strate. The charge density difference plot (Fig. 5b) reveals substantial
interfacial charge redistribution at the Cuy/try-FeO,, with electron
accumulation at the Cu sites (yellow regions) and partial depletion in the
surrounding FeO, matrix (blue regions), indicating electron transfer
from FeO, to Cu. This generates a locally electron-rich Cu environment
that facilitates electrophilic NO3 adsorption and activation during the
NO3RR process. The PDOS analysis (Fig. 5¢) shows an upward shift of
the Cu d-band center toward the Fermi level compared with pristine
FeOy, implying enhanced orbital overlap with adsorbates. This shift
promotes charge transfer and improves the overall electrocatalytic ac-
tivity of the Cuy/try-FeO, catalyst.

Furthermore, we investigated the adsorption energy of NO3 on the
Cuy/try-FeO, catalyst. Among the various configurations analyzed,
configuration I (Fig. 5d) exhibited the most favorable chemisorption
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energy of —2.13 eV, indicating strong thermodynamic affinity of NO3 at
the Cuy, active interface. By contrast, NO3 adsorption at other sites shown
in configurations II, III, and IV (Fig. S33) exhibited significantly lower
binding energies (—0.57, —1.15, and —0.29 eV, respectively), suggesting
that the try-FeO, substrate primarily facilitates charge transfer to the Cu
centers rather than serving as the main adsorption site during the NOsRR.
For comparison, the binding energy of NO3 on pristine FeO, was
—1.34 eV (Fig. S34), which is weaker than that on the Cuy/try-FeO,,
further confirming the enhanced adsorption capability resulting from Cu
incorporation. The strong Cu-O interaction is further illustrated by the
orbital interaction schematic (Fig. 5f), where backdonation from Cu d-

orbitals to the *x antibonding orbital of NO3 occurs, while lone pairs from
the oxygen atoms donate electron density into vacant Cu d* orbitals. This
classic donation-backdonation mechanism resembles ligand-field stabi-
lization in organometallic complexes and contributes to the weakening of
the N-O bonds in adsorbed NO3 species, thereby facilitating the contin-
uous NO3RR.

Based on the detected reaction intermediates from in situ and ex situ
spectroelectrochemical analyses, a complete reaction pathway for NO3
to NH3 on Cuy/try-FeO, and FeO, is presented in Fig.s 5g and S35. The
NO3RR proceeds via a sequential hydrogenation-deoxygenation mech-
anism, as illustrated in Fig.s 5h and 5i, following the pathway: *NO3 —



Y. Lee et al.

—
)]
—
e
(=2
—

x
(@]
] -
ml o}
= _ Electron
~= accumulation
=]
Q

® at Cu site

—
Q.

)

c
o >
g o
5o
o N
T |
|<"
-]
(oI
2

—
o
e

Advanced Powder Materials 5 (2026) 100407

(c) s
Average d- Er Fel@
1.04 band center O(p)
at -2.23 eV
0.5+
® \I
a 0.0
25
o Cu(d)
Q ,,] Average d- Er Fe(d)
o band center Esor
15] at—0.88 eV\ e

] i
H 1
£ | i
2 ' |
c
© I”: H
S Zi |
€11  *No, *NOH *NO, *NO (NO-end) i
c ! m: :
2 O} i
© 1 - 7 - - :
g ' *ONH (NO-end) !
H 1
| * *NH, *NH, *ONH, (NO-end) ;
U o e e o o 1
2 0.5
(h) (i) Cu-Site of CUZItry-FeOX (ii) Cu-Site of Cu,/try-FeOy
* -Si -
S 04 NO, Fe-Site of FeO, oo Fe-Site of Cu,/try-FeO,
[} 0
8%
g 4 NOH* 09 H*
w *
[ NO NH,*
0 . RDS NOH,* X -1.04
* NO,—NO,H 0.89 eV 1.08eV
-8 - 1.11eV 15

Reaction Coordinate

Reaction Coordinate

Fig. 5. (a) Optimized structure of Cuy/try-FeO, surface. (b) Charge density difference plot showing electron accumulation at the Cu site. (c) PDOS of FeO, and Cuy/
try-FeO,. (d) Optimized NO3 adsorption configuration on Cuy/try-FeO,. (e) Charge redistribution of Cu,/try-FeO, upon NO3 adsorption. (f) Schematic illustration of
n-donation and backdonation between Cu d-orbitals and NO3. (g) Reaction pathway for NO3 electroreduction to NH; with key adsorbed intermediates. (h-i) Gibbs
free energy diagram for NO3 to NH3 on Cuy/try-FeO, and FeO, surfaces. (h-ii) *H adsorption on Cu,/try-FeO, surface.

*NOsH — *NOy — *NOoH — *NO — *NOH — *NOH, — *NH, — *NHj
— NHs (desorption of NHj from the catalyst surface) [68-71]. Detailed
reaction energies, zero-point energy corrections, and entropy contribu-
tions employed in the free-energy calculations are summarized in
Table S5. Among these steps, the hydrogenation of *“NO, to *NO,H is
identified as the RDS, with a calculated energy barrier of 0.89 eV on
Cuy/try-FeOy. Notably, this is significantly lower than the corresponding
barrier of 1.11 eV on FeO,, indicating that Cu incorporation effectively
reduces the overpotential for the NO3RR and improves the Cuy/try-FeO,
catalytic efficiency. These results highlight the kinetic advantage of

Cuy/try-FeOy in facilitating N-O bond dissociation, a crucial step in the
NOg3RR catalysis. Site-specific free energy analyses (Fig. S36) reveal that
the initial NO3 — *NOs adsorption step is more thermodynamically
favorable at the Cu sites (—0.65 eV) than the Fe sites (—0.51 eV), con-
firming enhanced reactant activation at Cu centers. Moreover, the en-
ergy barrier for the RDS at the Cu site is only 0.48 eV, signifying an
efficient hydrogenation process during NOsRR. For final product
desorption, NH3 exhibits a desorption energy of —0.66 eV from the Cu
site, which is significantly more favorable than —1.02 eV from the Fe
site. This moderate binding strength aligns with the Sabatier principle,
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balancing adsorption and desorption to prevent catalyst poisoning while
ensuring effective product release. In addition, during hydrogenation,
active hydrogen species (*H) generated via water dissociation under
alkaline conditions on the catalyst surface play a crucial role in pro-
moting PCET processes [72]. To explore the hydrogen evolution dy-
namics, we examined *H adsorption on Cu and Fe sites within
Cuy/try-FeO, (Fig.s 5h-ii and S37). The Fe site demonstrates strong *H
adsorption (—1.08 eV), indicating its role as a primary *H generation
site. By contrast, the Cu sites exhibit weaker *H adsorption (—0.71 eV),
favoring hydrogen transfer rather than retention. This disparity in
hydrogen binding strength suggests a synergistic dual-site hydrogena-
tion mechanism, in which Fe sites function as transient *H reservoirs
that facilitate proton activation and stabilization, followed by hydrogen
spillover to adjacent Cu-DA sites. At the Cu centers, the transferred H
participates in the selective hydrogenation of nitrogen-containing in-
termediates, thereby accelerating key NOsRR steps while simulta-
neously suppressing the competing HER. Together, this cooperative
interaction between the Cu and Fe centers enhances the kinetics and
selectivity of the NO3RR, promoting efficient N-O bond cleavage and
NHj formation. The electronic and structural complementarity of the
Cu-DA configuration thus underlies the superior catalytic performance
of the Cuy/try-FeO, system [73,74].
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2.6. Zn-NO3 battery: integrated power generation and ammonia
production

The dual-functional Zn-NOj3 battery system integrates energy con-
version with chemical production, offering a promising approach for
sustainable, decentralized NHgs synthesis. As illustrated in Fig. 6a, the
Zn-NOj3 system uses a Zn metal anode immersed in 6.0 M KOH con-
taining 0.1 M Zn(OAc), and a cathodic compartment containing the
Cuy/try-FeO, catalyst in 1.0 M KOH with 0.5 M KNO3. The two cham-
bers are divided by a Nafion membrane, enabling a spontaneous redox-
coupled reaction. During discharge, the Zn plate undergoes oxidation at
the anode, releasing electrons and generating chemical energy. This
energy is directly used at the cathode to drive the NOsRR to NHg,
removing the need for an external power supply. Thus, the device en-
ables spontaneous chemical-to-electrical energy chemical energy con-
version through internal redox coupling. The overall reaction
mechanism during discharge is as follows:

Anode : 4Zn — 4Zn*" 4 8e™, (@)

Cathode : NOj + 6H,0 + 8¢ — NH; + 90OH™, (2)
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Fig. 6. (a) Graphic depiction of the Zn-NO3 battery assembly using Cuy/try-FeO, as the cathode. (b) OCV plot with inset showing the OCV value recorded on a
multimeter for the Zn-NO3 battery assembled using the Cuy/try-FeO, cathode. (c) Discharge polarization and power density curves of the assembled Zn-NOj3
battery. (d) Photograph of an electronic timer powered by the assembled Zn-NOj battery with Cuy/try-FeO, cathode for 24 h. (e) Digital photographs of a ‘GNU’
pattern of 29 parallel red LEDs powered by the battery. (f) Discharge rate capability test at various current densities. (g) The difference in the NH3 YR and FE with

current densities. (h) Long-term discharge curves at 15 mA-cm™
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2 over 100 h. (i) XRD pattern of NH,4Cl powder recovered using acid trap after 15 h of electrolysis.
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Overall : 4Zn + NO; + 2H,0— 4Zn*" + NH; + 90H . 3)

Electrochemical measurements of the Zn-NO3 battery were con-
ducted using a two-chamber H-cell setup, as illustrated in Fig. S38. The
OCV of the Zn-NOg3 battery reaches ~1.24 V (Fig. 6b, inset with mul-
timeter reading), which is sufficient to drive the NO3RR at the Cuy/try-
FeO, cathode. The discharge curve (Fig. 6¢) shows a maximum power
density of 3.61 mW cm 2, demonstrating the battery's capability to
deliver high voltage and moderate power density under ambient con-
ditions. These findings highlight the practical feasibility of the Zn-NO3
battery to power electronic devices and directly drive the NOsRR for
NHj; production via spontaneous electrochemical processes. As shown in
Fig. 6d, a single battery system successfully powered a commercial clock
for over 24 h under ambient conditions, highlighting excellent opera-
tional durability. Furthermore, connecting two Zn-NO3 batteries in se-
ries (Fig. 6e) confirmed the system's reversibility: upon disconnection,
the clock ceased operation and resumed immediately upon reconnec-
tion. This on—off behavior verifies that the spontaneous electrocatalytic
activity is driven solely by internal redox reactions without external
bias. The rate performance of the Zn-NO3 battery was assessed through
stepwise discharge at various current densities (Fig. 6f). The stable
voltage output across different current conditions indicates excellent
electrochemical stability and efficient mass transport kinetics at the
Cuy/try-FeO, cathode under dynamic operating conditions. Quantita-
tive analysis reveals an NH3 YR of up to 0.29 mmol h™! cm™2 with a
maximum FE of 50.34% (Fig.s 6g and S39), confirming efficient electron
utilization and selective NH3 production with minimal competing side
reactions. Durability testing further confirms the long-term performance
of Cuy/try-FeO, cathode in Zn-NOs battery application. As shown in
Fig. 6h, galvanostatic discharge cycling over 100 h exhibits negligible
voltage degradation, indicating the structural and catalytic robustness of
the Cuy/try-FeOy electrode. To demonstrate its practical applicability,
the electrosynthesized NH3 was captured and converted into NH4Cl
powder via acid trapping (Fig. S40). The XRD pattern of the recovered
solid (Fig. 61) shows characteristic diffraction peaks matching standard
NH4Cl, confirming the successful transformation of NHj into a value-
added product. Together, the high NH3 YR, substantial FE, and stable
power output validate the Zn-NO3 battery as a viable, energy-
autonomous system for the NOsRR. This dual-functional system offers
a promising paradigm for integrating primary battery technology with
decentralized electrosynthesis, particularly for sustainable NHj
production.

3. Conclusions

Herein, we present a rationally designed Cu-DA catalyst (Cuy/try-
FeO,), composed of asymmetrically coordinated Cu atomic pairs
anchored on a CO; laser-engineered, L-tryptophan-functionalized
mixed-phase Fe304/a-FeoO3 heterostructure, enabling highly selective
8e /9H' NO3 electroreduction to NHs under ambient environments.
The catalyst achieves an NHs YR of 0.29 mmol h™! ¢cm™2 and a
maximum FE of 88.5% at —0.2 V vs. RHE. When integrated into a
Zn-NOj3 battery, the system enables sustained, self-powered NO3 to NH3
conversion for over 100 h. The spatially separated, asymmetrically co-
ordinated Cu-N/O dual sites exhibit synergistic electronic interactions
that facilitate efficient *H generation, NO3 activation, and intermediate
hydrogenation. Combined in situ Raman spectroscopy, ex situ FTIR
analysis, and DFT calculations corroborate a sequential reaction
pathway of *NO3 — *NO; — *NO — *NHO — *NH30 — *NH3 — NHj,
accompanied by effective suppression of competing byproducts (Ha/Ny/
N,0). This study highlights the role of DA site engineering and bio-
functional support design in achieving selective and energy-efficient
NOj3 conversion, offering a versatile platform for decentralized and
sustainable NH3 production.
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4. Experimental section
4.1. Synthesis of Fe-based Prussian blue analogues

The Fe-based Prussian blue analogue (FePBA) precursor was syn-
thesized via a self-assembly co-precipitation process. Specifically, So-
lution A was obtained by dissolving 35 mM of CgHsNazO; and
12.25 mM of FeCly-4H20 in 40 mL of DI water. Simultaneously, Solu-
tion B was prepared by dissolving 14 mM of K3[Fe(CN)g] in 20 mL of DI
tewater. Solution B was then added dropwise to Solution An under
continuous magnetic stirring at ambient temperature. The resulting
mixture was stirred at 60 °C for 12 h. After, the precipitate was collected
by centrifugation at 8000 rpm for 10 min, and washed thrice with DI
water and ethanol to remove any unreacted species. The attained solid
was dried in a vacuum oven at 60 °C for 3 h, yielding a pale brown
powder referred to as FePBA.

4.2. Synthesis of Fe3O4/a-Fe303 cubic heterostructures

The as-synthesized FePBA powder was transferred into a ceramic
crucible and kept in an air furnace. The sample was heated in air to
350 °C at heating rate of 5 °C min ! and continued at this temperature
for 1 h. After, the furnace was allowed to cool naturally. The resulting
black powder was designated as Fe3O4/a-FexO3 (FeO,) and stored in a
desiccator for further use.

4.3. Surface functionalization of FeOx with L-tryptophan

To prepare the L-tryptophan functionalized FeO, (try-FeO,), 5 mg of
the prepared FeO, and 2 mg of L-tryptophan were dispersed in 10 mL of
ethanol in a 20 mL quartz vial. The mixture was subjected to ultra-
sonication for 10 min to ensure uniform dispersion. During sonication,
the suspension was irradiated with a COy laser (1=10.6 pm,
power=25 W) for 10 min. After irradiation, the suspension was centri-
fuged at 9000 rpm for 10 min, and the resulting product was washed
three times with DI water and ethanol. The final product, try-FeO,, was
dried under vacuum at room temperature and stored in an airtight
container.

4.4. Synthesis of Cu-DA on try-FeOy

To synthesize Cu-DA anchored try-FeO, (Cuy/try-FeO,), 1 mg of try-
FeO, was dispersed in 5 mL of ethanol containing 1 mM Cu(NOg3)5-6H50
in a quartz vial. The suspension was ultrasonicated for 5 min to ensure
homogenous dispersion and to promote coordination between Cu?* ions
and surface functional groups. Simultaneously, the mixture was irradi-
ated with a COg laser (1=10.6 pm, power=25 W) for 5 min during
sonication. The resulting product was collected by centrifugation at
9000 rpm for 10 min, subsequently three washing cycles with ethanol
and deionized water to remove any unbound ions or residual species.
The final Cuy/try-FeO, catalyst was dried under vacuum and stored in an
inert atmosphere (argon-filled glovebox) to prevent surface oxidation.

Detailed information regarding the synthesis procedure and experi-
mental parameters is discussed in the Supporting Information.
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