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Capturing Copper Single Atom in Proton Donor Stimulated

O-End Nitrate Reduction

Yunpeng Zuo, Mingzi Sun, Tingting Li, Libo Sun, Shuhe Han, Yang Chai, Bolong Huang,*

and Xin Wang*

Ammonia (NH,) is vital in global production and energy cycles.
Electrocatalytic nitrate reduction (e-NO;RR) offers a promising route for
nitrogen (N) conversion and NH; synthesis, yet it faces challenges like
competing reactions and low catalyst activity. This study proposes a
synergistic mechanism incorporating a proton donor to mediate O-end
e-NO;RR, addressing these limitations. A novel method combining ultraviolet
radiation reduction, confined synthesis, and microwave treatment was
developed to create a model catalyst embedding Cu single atoms on La-based
nanoparticles (p-CNCu‘La"-m). DFT analysis emphasizes the critical role of
La-based clusters as proton donors in e-NO;RR, while in situ characterization
reveals an O-end adsorption reduction mechanism. The catalyst achieves a
remarkable Faraday efficiency (FEy;) of 97.7%, producing 10.6 mol

Emetal | ! of NH,, surpassing most prior studies. In a flow cell, it
demonstrated exceptional stability, with only a 9% decrease in current density
after 111 hours and a NH; production rate of 1.57 mgy,;/h/cm~2. The proton
donor mechanism’s effectiveness highlights its potential for advancing
electrocatalyst design. Beyond NH; production, the O-end mechanism opens
avenues for exploring molecular-oriented coupling reactions in e-NO;RR,
paving the way for innovative electrochemical synthesis applications.
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1. Introduction

Ammonia (NH,;) is widely utilized in
diverse industries, including chemical
products, pharmaceuticals, fertilizers,
and fuels, playing a fundamental role
in contemporary society.'*l Currently,
the dominant method for NH; produc-
tion is the energy-intensive Haber-Bosch
process.[*?] This process requires high
temperatures (=500 °C) and pressures
exceeding 100 atmospheres, resulting
in substantial energy consumption and
significant carbon dioxide emissions.[®1"]
Consequently, there is an urgent need to
develop environmentally friendly and sus-
tainable methods for NH; synthesis. The
electrochemical nitrate reduction reaction
(e-NO;RR) offers a promising alterna-
tive to NRR for synthesizing NH,.["1]
Unlike NRR, e-NO,RR does not require
overcoming the high-energy dissociation
of the N=N triple bond (941 kJ mol™).
Instead, it involves breaking the N=0 bond
in nitrate (NO,;~), which requires only
204 k] mol L.[**1¢] This lower energy requirement, combined
with the high solubility of nitrates in solution, can significantly
accelerate NH, synthesis. Moreover, nitrates are prevalent in in-
dustrial wastewater and contaminated groundwater, making e-
NO;RR a dual-purpose process that can aid in wastewater den-
itrification and enhance the nitrogen cycle in ecosystems.!17:18]
Notably, the complexity of actual wastewater components, includ-
ing organic matter and heavy metal ions, has the potential to
compete with the e-NO;RR, thereby influencing the reaction’s
progression.

The e-NO;RR is a complex process involving eight electron
transfers and various intermediates. While diverse catalysts have
been explored for this reaction, there remains a scarcity of de-
tailed studies on the structural changes in molecular adsorption
between the intricate O and N intermediates and the catalyst dur-
ing e-NO;RR.1"-2! This challenge arises from the intricate forces
at play between the NO intermediates and catalyst atoms, such
as N-end, O-side, N-side, and O-end (as shown in Figure 1), mak-
ing the precise control of e-NO,RR pathways arduous.[*?224] Ag
research on e-NO,RR progresses, the coupling reactions (C-X,
where X =N, P, S) of e-NO;RR intermediates like hydroxylamine
and primary amine with carbon sources to yield high-value chem-
icals have emerged as a significant research focus.[>?’] Notably,
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Figure 1. lllustration of the e-NO3;~RR to NHj3, showcasing pathways such as N-end, O-side, N-side, and O-end, and the advantages of the molecular

configuration within the O-end pathway.

the spatial molecular configuration of reaction intermediates is
dictated by the interactions between NO intermediates and cat-
alyst atoms.[?#2%] In the O-end e-NO,RR catalytic pathway, the
exposed “OH-NH, at the outer end facilitates spontaneous C-N
coupling reactions with carbon sources (notably ketone groups),
yielding high-value amino acids, oximes, amides, and other valu-
able products.[?#?%] Therefore, the advancement of catalysts tai-
lored for O-end e-NO;RR pathways holds promise for enhancing
NH, production and facilitating molecular-targeted C-X coupling
electrochemical synthesis.

Cu-based catalysts exhibit high activity in the e-NO;RR due to
the alignment of their d orbital energy levels with the LUMO z*
of NO, , which facilitates electron transfer from the metal atoms
to the adsorbed NO,, thereby accelerating the reaction.[!%2]
However, the limited capacity of Cu to supply electroactive hydro-
gen largely impedes the efficient hydrogenation and reduction
of nitrogen intermediates (e.g., *NO,, NO, N), resulting in sub-
optimal Faraday efficiency of NH, formation (FEy,;) with pure
Cu catalysts.[!-23] Various strategies have been investigated to en-
hance the FE,; of Cu catalysts, including the use of Cu-based
alloy catalysts,[2#%] single-atom Cu configurations,[?*?’ and Cu
nanomaterials with diverse morphologies.?**] By introducing
Cu single atoms (Cu‘) onto other nanoparticles, both high affin-
ity to N-species intermediates and hydrogen supply can be en-
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sured. La-based particles demonstrate moderate H" release capa-
bility under reducing potential conditions, offering rich active H”
on the surface of La-based particles, which are able to spill over
to the nearby active Cu sites, thus expediting hydrogenation of
N-intermediates to form ammonia on Cu-based catalysts.[30-32]
Such tandem catalytic synthesis of NH, requires an abundant
supply of H atoms per nitrogen source, highlighting the impor-
tance of having proton donor around the nitrogen intermediates
(e.g., "NO,, NO, N). Consequently, the integration of Cu* onto La-
based nanoparticles is anticipated to enhance the e-NO;RR activ-
ity of Cu sites and facilitate tandem catalysis for increased NH,
production. In the design of binary alloy nanomaterials, the cat-
alytic performance is intricately influenced by factors such as the
alloy effect and strain, contributing to a complex structure-activity
relationship within the catalytic system.3*341 Additionally, the e-
NO;RR catalytic mechanism of Cu-based catalysts, particularly
the binding modes with the nitrogen and oxygen ends in NO,
intermediates, as well as the intricacies of the electron transfer
process, remain enigmatic and warrant continuous exploration
and elucidation.

Herein, this work synthesized porous N-doped carbon (p-CN)
spheres loaded with Cu® incorporated La-based nanoparticles
(p-CNCu’La"-m), using a combination of ultraviolet radiation
reduction, confined synthesis, and microwave treatment, and
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Figure 2. Materials synthesis and structural characterization analysis. a) Schematic illustrations of the preparation of p-CN-CuLa"-m. b) Atomic reso-
lution image of Cu’La" nanoparticle. The scale bar represents 0.5 nm. c) The corresponding intensity profiles of lattice fringes along blue and red box in
(b). d) EELS spectrum of p-CN-Cu‘La"-m on the Cu*La" and particle-free area.

evaluated their performance in electrochemical nitrate reduction
(e-NO;RR). By introducing Cu® into La nanoparticles, the bond
between Cu and N atoms can be weakened and the Cu—O bonded
form can be maintained, thereby selectively adsorbing NO inter-
mediates. At the same time, La-based particles show moderate ad-
sorption under reduction potential conditions.!*”) The H" release
ability can provide the catalyst with abundant active H*, which
can overflow to nearby active Cu sites, thus accelerating the hy-
drogenation of N intermediates on Cu sites.?32] The results of
in situ Raman and in situ infrared show that the p-CNCu‘La"-m
is an O-end e-NO;RR catalytic mechanism as shown in Figure 1,
and the interaction between Cu atoms and La substrate signifi-
cantly improves the catalytic activity under alkaline conditions.
The e-NO;RR efficiency achieves a significant FE; of 97.7%,
producing 10.6 mol g, ..., ~' h™! of NH;.

2. Results and Discussion

This study integrates ultraviolet radiation reduction, confined
synthesis, and microwave treatment to capture Cu® on the sur-
face of La-based nanostructure, as depicted in Figure 2a. La-based
nanoparticles were first synthesized under ultraviolet reduction
conditions using p-CN spheres as substrates. The p-CN features
a variety of pore structures that serve as reaction cavities for the
spatially constrained synthesis of single atoms.[* As shown in
Figure S1 (Supporting Information), heterogeneous nucleation
initially presents a lower energy barrier compared to homoge-
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neous nucleation.®®! Under ultraviolet irradiation, the CN sub-
strate acts as an active site for the reaction, facilitating electron
transfer to La ions to form La atoms, thereby enabling the loading
and synthesis of La-based nanoparticles (p-CNLa"). By leveraging
the microporous of the p-CN as reaction cavities, double confine-
ment synthesis strategy was applied to synthesize p-CNCu® with
Cu’® on p-CN and p-CNCu‘La" with Cu® in p-CNLa".**] The no-
table specific surface area of p-CN facilitates the physical adsorp-
tion of Cu atoms with inadequate stability, resulting in the in-
stability of p-CNCu’La" and restricting the number of Cu atoms
on La-based particles. To achieve a more stable dispersion of
Cu atoms on the surface of La-based nanostructures, microwave
treatment was utilized to induce the migration of Cu atoms to
the surface of La-based nanoparticles, leading to the formation
of p-CNCu’La"-m.

The X-ray diffraction (XRD) analysis (Figure S2, Supporting
Information) of the synthesized samples reveals a characteristic
CN broad peak within the 20-30° range. Comparatively, the XRD
results of the p-CNCu® sample closely resemble those of p-CN,
suggesting the absence of a crystalline structure in the obtained
p-CNCu’. In contrast, the XRD pattern of the p-CNLa" sample is
compared with standard XRD data of La, LaN, and La,O;. The
distinctive Bragg diffraction peak of p-CNLa" at 27.5° falls be-
tween the diffraction peaks associated with the (100) and (101)
facets of metallic La. Similarly, the peak at 30.4° lies between La
(102) and La, O, (101), while the 31° peak is attributed to La (102),
indicating that the nanoparticles in p-CNLa", p-CNCu’La", and

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UR01 SUOWILIOD BAIER1D) 3(qealidde au Aq peusenof a2 sapile WO ‘8N JO s8Nl o} Akiqi@UIUO A8]IM UO (SUORIPUOO-PUR-SWRY/W0™A8 1M AXe1q 1 pUIIUO//SANY) SUORIPUOD PUe SWB | U1 88S *[9202/20/72] Uo AigiTauluo A8(IMm ‘INOH ON NH A LISHIAINN DINHO3LATOd DNOX ONOH AQ Z£95T202 BWPe/200T 0T/10p/wi0d 43| 1mA g 1jeul U0 paouenpe//sdily Wwoiy papeojumod ‘2T ‘5202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

p-CNCu’La"-m are partially oxidized La-based nanoparticles sta-
bilized by the CN substrate.’”] TEM images in Figure S3 (Sup-
porting Information) reveal that La-based nanoparticles were ef-
fectively deposited onto the surface of p-CN, with the size dis-
tribution from 30 to 80 nm. The energy dispersive spectrome-
try (EDS) line scan spectra (Figure S3e, Supporting Information)
further illustrate the distribution of La within the p-CN matrix.
HRTEM images (Figure S3b,c, Supporting Information) demon-
strate that the La-based nanoparticles possess a dendritic aggre-
gate structure. La atoms disperse and nucleate on the p-CN, form-
ing atomic clusters. Subsequent deposition of La atoms leads
to multi-site growth, culminating in the formation of dendritic
La aggregates, as evidenced by the HRTEM results. TEM and
scanning transmission electron microscopy (STEM) images in
Figure S4 (Supporting Information) indicate that p-CNCu‘La"
sample maintains a similar morphology to p-CNLa" with the dis-
persion of La-based nanoparticles on the surface of p-CN. The
EDS line scan spectra (Figure S4e, Supporting Information) fur-
ther illustrate the Cu is widely dispersed in p-CN. Interestingly,
the HRTEM and STEM images in Figure S5 (Supporting Infor-
mation) demonstrate the uniform dispersion of Cu‘La" nanopar-
ticles with an average size of ~3.8 nm after microwave treat-
ment. Atomic-level STEM analysis (Figure 2b) reveals a lattice
spacing of 0.287 nm for the loaded particle, attributed to the
Cu’la" (102) crystal plane which indicates the particles are still
mainly La phase after microwave treatment. EDS mapping im-
ages (Figure S6, Supporting Information) indicate that there are
numerous Cu atoms on La-based particles in the p-CNCu’La"-
m. Besides, the relative intensity difference of the lattice fringes
(Figure 2¢) further verified the existence of Cu® on the surface
of Cu’La". Electron energy loss spectroscopy (EELS) measure-
ments were conducted to probe the electronic structure of La and
Cu in p-CNCw’La"-m. In Figure 2d, the typical La M, and Cu
L, , edge EELS spectra from the p-CNCu*La"-m sample are illus-
trated, showcasing a prominent spin-orbit splitting effect.[373#
Within the loaded particle region of p-CNCu‘La"-m, the EELS
spectrum reveals characteristic La M, and M; edge spectral peaks
around ~832.1 eV and ~848.6 eV, respectively. These peaks,
which display a blue shift compared to La,O; and proximity to
La metal, indicate a shift in the 4f unoccupied state density of
La atoms.3”38] The Cu L, edge spectrum observed in the Cu‘La"
particle, alongside the Cu L, edge spectrum peak at the CNCu®
position (~933.1 eV), suggests a lack of white edge in Cu within
Cu’La", implying a filled Cu3d band in this region.[*] This sig-
nifies the structural stability of the captured Cu single atoms in
Cu’La" particle. The presence of white lines indicates Cu binding
to N at the CNCu* position, with the Cu 3d band showing partial
occupancy.*!

In order to further analyze the valence state of the elements
in p-CN-Cu‘La"-m sample and the coordination environment of
Cu, X-ray photoelectron spectrometer (XPS) and X-ray absorp-
tion spectroscopy (XAS) measurements were used, and the re-
sults are shown in Figure 3. The charge effect was eliminated by
correcting the binding energy (BE) of Cls to 284.8 eV. The XPS
survey spectrum of p-CN-Cu’La"-m is shown in Figure S7 (Sup-
porting Information), which confirmed the existence of C, N, Cu,
and La in the p-CN-Cu’La” and p-CN-Cu’la"-m. The Cu signal
in p-CN-Cu’La” sample appears notably weak, likely due to the
low Cu metal content, which is evidenced by the ICP-MS, indi-
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cating a Cu content of only 1.02% in the p-CN-Cu’La" (Table S1,
Supporting Information). The high-resolution N 1s XPS spectra
in Figure 3a indicate that p-CN-Cu‘La" and p-CN-Cu’La"-m con-
tain four forms of N, namely pyrrolic-N (400.0 eV), pyridine-N
(397.9 eV), graphite-N (401.4 eV), oxidized N (403.5 eV), and N-
Cu/La (398.6 eV).[**41] The percentage of N-metal increased from
7.05% in p-CN-Cu’ (N-Cu), 10.74% in p-CN-La" (N-La), 11.52% in
p-CN-Cu’La” (N-Cu/La) to 18.50% in p-CN-Cu’La"-m (N-Cu/La)
as shown in Figure 3c. Additionally, the BE position of the La 3d
peak for p-CN-La" (848.43 eV) shift to 837.53 eV (p-CN-Cu‘La")
and 836.83 eV (p-CN-Cu’La"-m), suggesting an increased propor-
tion of La-Cu on the surface of La-based nanoparticles after mi-
crowave treatment.[*?l XANES analysis can be employed to ana-
lyze the oxidation state of Cu atoms in p-CN-Cu’, p-CN-Cu’La”,
and p-CN-Cu‘La"-m catalysts, by comparing the edge positions
with Cu foil. Notably, the normalized XANES spectra of Cu K-
edge (Figure 3d) under transmission mode showed higher ab-
sorption edges for p-CN-Cu’La" and p-CN-Cula"-m in contrast
to standard Cu foil, indicating an oxidized state for Cu elements
in these samples. The fitted extended X-ray absorption fine struc-
ture (EXAFS) results of the Cu K-edge were adopted to further an-
alyze the structural features of p-CN-Cu’La"-m (Figure 3e; Figure
S8, Supporting Information) with the pertinent local atomic
structural parameters are outlined in Table S2 (Supporting In-
formation). EXAFS fitting analysis gives the coordination num-
ber and bond distance of Cu atoms in p-CN-Cu*, p-CN-Cu’La",
and p-CN-Cu’La"-m samples relative to the neighboring scatter-
ing atoms, providing the first shell Cu-N coordination number
and bond distance of 4.5 + 0.2 and 1.5 + 0.2 A, suggesting the
presence of isolated Cu atoms in these samples.[**] The wavelet
transforms (WT) of Cu K-edge EXAFS results (Figure 3f-i) ex-
hibit a contour intensity maximum at 4-7 A~! in the k-space of
p-CN-Cu?, p-CN-Cu’la” and p-CN-Cu‘la”-m, indicating the first
shell coordination of Cu-N. It is worth noting that at ~7.0 A~
in k-space, p-CN-Cu® has a weaker contour intensity value, indi-
cating the presence of a small number of Cu clusters. For the
p-CN-Cu’la"-m sample, there is a maximum and a second maxi-
mum value of the contour intensity at 6.0 A~" and ~#11.0 A~' in
k-space, indicating the presence of Cu single atoms and a prob-
able trace amount of Cu-La, in accordance with the TEM-EELS
data.[**] This suggests that microwave treatment can facilitate the
trapping of Cu sites on the CN-La" substrate.

The electrocatalytic e-NO,RR performance of p-CN-La", p-CN-
Cu’, p-CN-Cu‘La", and p-CN-Cu’la"-m samples were systemat-
ically studied using a H-type cell with a three-electrode system.
To enhance the accuracy of the potential supplied by the mer-
cury oxide reference electrode during testing, 1 M KOH was em-
ployed as the electrolyte, aligning with the same concentration
present in the internal KOH solution of the reference electrode
to minimize the impact of the liquid junction potential. Prior to
testing, the newly acquired reference electrode underwent cali-
bration using a hydrogen reversible reaction, with the outcomes
detailed in Figure S9 (Supporting Information). All data during
the electrochemical test were performed without iR compensa-
tion. To initially discern the variances in the electrocatalytic per-
formances of the prepared samples, the electrochemically ac-
tive surface area (ECSA) was assessed through electric double
layer capacitance (Cy) measurements. As displayed in Figures
S10 and S11 (Supporting Information), p-CN-Cu‘La"—m shows
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Figure 3. Analysis of the valence states and coordination environments of the elements in the prepared samples. a,b) The N1s and La3d XPS results of the
p-CN-Cu®, p-CN-Cu®La", and p-CN-Cu’La"-m. c) Ratio of 6 eral.n /O N-totalONdS. d) K-edge XANES spectra, €) Fourier transforms of k3-weighted EXAFS
of the Cu foil, p-CN-Cu?, p-CN-Cu®La" and p-CN-Cu®La"-m. The red lines in (e) represents the EXAFS fitting curve of those samples. f—i) k3-weighted WT

EXAFS spectra of the four corresponding samples.

the larger ECSA compared to p-CNCu® and p-CNCu‘La", reveal-
ing the more exposed active sites. Linear sweep voltammetry
(LSV) profiles normalized to ECSA in Figure 4a and Figure S12
(Supporting Information) demonstrate that p-CN-Cu’La"-m ex-
hibits the highest intrinsic e-NO;RR  activity among the cata-
lysts, indicating that CNLa" captured Cu® can accelerate the e-
NO,RR reaction rate. The lowest Tafel slope and impedance of p-
CN-Cu’La"-m sample (Figure 4b; Figure S13, Supporting Infor-
mation) demonstrates its faster electron transfer frequency dur-
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ing e-NO;RR. Three different colorimetric methods were used
to determine the concentrations of NH;, NO,™ and N,H,, re-
spectively. The standard curves for NH;, NO,~, N,H, detection
are shown in Figures S14-S16 (Supporting Information). Follow-
ing chronoamperometric measurements, the production of NH,
were analyzed and quantified using colorimetric method (Figure
S17, Supporting Information). With the increase of potential, the
FE\y; of p-CN-Cu’ catalyst gradually increased (Figure 4c), but
its FEyy; could only reach ~70% under —0.5 V versus RHE,
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Figure 4. Electrocatalytic performance test in an H-type cell in 1 M KOH + 0.5 m KNOj electrolyte. a) LSV curves with a scan rate of 5 mV s~' normalized
by geometric area of the electrode (1cm?). b) Tafel, ¢) FEy 3, and d) NH; yield rates of p-CN-Cu®, p-CN-Cu®La", and p-CN-Cu*La"—m normalized by ECSA
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e-NO;RR, using "*NO;~and "NO;~ as the nitrogen source. g) Long stability tests and h) A ternary spider chart illustrates the relationship between
FEnn3 (top), NH; production rate (right), and applied potential in the e-NO3RR (left).

which was similar to other literature reports.[*!] In the case of
p-CNLa", within the range of 0 to —0.5 V versus RHE, a more
negative potential leads to an increased formation of H" on the
surface, eventually overflowing to the captured Cu*® site for pro-
moting the hydrogenation of NO, to form NH;. p-CN-Cu‘La"-
m produced NH; with a high FE of 97.7+2.8% at —0.45 V
versus RHE, corresponding to the normalized yield by ECSA
of 2.21 mmol h™ cm™ (Figure 4d), and normalized yield by
mass of 289.4 +8.3mmol g, ! cm™ h™! (Figure S18, Support-
ing Information). It is noteworthy that the p-CN-Cu’La"—m ex-
hibit NH, yield reaching as high as 10.6molg, ., 'h™" when
normalized to the metal loading (Figure S19, Supporting Infor-
mation). FEyg,- of p-CN-Cu’la" and p-CN-Cu‘La"-m samples
continued to decrease with the increase of potential (Figure 4e),
further verifying the change of FE,;. To verify the source of
NHj;, we employed isotope-labeled NO,~ and combined with 'H

Adv. Mater. 2025, 37, 2415632 2415632 (6 of 12)

nuclear magnetic resonance (NMR) analysis (Figure 4f), which
confirmed that NH,; products were generated from electrochemi-
cal e-NO;RR rather than from any contamination. Figure 4g illus-
trates the long-term stability assessment of the p-CN-Cu‘La"-m
catalyst for e-NO;RR. The current density of the p-CN-Cu’La"—
m sample increased from the initial =29 to —18 mA cm™? after
110 h, meanwhile, the FE,;; derived from data at various time
intervals remained largely consistent, underscoring the catalytic
durability of p-CN-Cu’La"—m. The high-resolution HRTEM char-
acterization results of the p-CN-Cu’La"-m post-stability test is de-
picted in Figure S20 (Supporting Information). These results in-
dicate that the catalyst retains its original structure, affirming the
structural stability of the low-coordination Cu atoms dispersed on
the surface of the crystal. Subsequent atomic-resolution HRTEM
results following stability assessments demonstrate the struc-
tural integrity and stability of Cu atoms on the La surface.
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Figure 5. In situ electrochemical testing. a,b) Electrochemical in situ Raman spectra of e-NO;RR of p-CN-Cu‘La" and p-CN-Cu’La" —-m as a function of
potential and time. c,d) in situ ATR-SEIRAS spectra recorded over p-CN-Cu®La" and p-CN-Cu’La"-m at different applied potentials (vs RHE). e) Schematic
illustration showing the electrocatalytic NO;3"-to-NH3 reduction pathway on p-CN-Cu‘La"-m.

Moreover, the notable stability observed in the flow cell empha-
sizes the significant practical promise of the prepared materials
(Figure S21, Supporting Information). In comparison to the re-
ported catalysts (Figure 4h; Table S3, Supporting Information),
the synthesized samples have demonstrated competitive FE ;5
and NH, yield (10.6 mol g, h™1).324#]

To identify the reaction intermediates and elucidate the re-
action mechanism of e-NO;RR on p-CN-Cu‘la” and p-CN-
CuLa"-m, in situ Raman and attenuated total reflection surface-
enhanced infrared spectroscopy (ATR-SEIRAS) measurements
were performed. Raman spectra of e-NO;RR on p-CN-Cu‘La" and
p-CN-Cu’La"-m at potentials from 0.6 to —0.5 V versus RHE are
shown in Figure 5a,b and Figure S22 (Supporting Information).
The weak broad peak at 280.3 cm™! of p-CN-Cu’La" is classified
as the vibration peak of La-O or La-ON,, while the strong peak at

Adv. Mater. 2025, 37, 2415632 2415632 (7 of 12)

693.4 cm™! is Cu-O or Cu-ON,.[*8-%0] Unlike p-CN-Cu‘La", p-CN-
Cu’La"-m has a strong La-O peak at 272.5 cm™!, and a weak Cu-
O peak at 642.5 cm™'.[*8-50] The vibration intensity of the La—O
bond in p-CN-Cu’La"-m is significantly stronger than that of p-
CN-Cu’La", which indicates that the particle size of La particles
becomes smaller and more atoms are exposed at the interface as
a result of microwave treatment. As the potential gradually shifts
toward more negative value, the bond vibration of Cu—O on the
Cu site in p-CN-Cu’La" becomes stronger. Under the reduction
potential conditions, the oxide or hydroxide of Cu is very easy to
be reduced to Cu® valence state. The large number of Cu-O bonds
indicates the mechanism path of e-NO,RR at the Cu site is the
O-end path.l*13] The ATR-SEIRAS spectrum of e-NO,RR at a po-
tential of 0.5 to —0.5 V versus RHE shows that different nitrogen-
containing intermediates appear in the spectrum. The peaks at

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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1026 and 1232 cm™! in Figure 5c¢,d can be attributed to the stretch-
ing vibration modes of “N-OH, and “N-O, respectively.>?”!] Fur-
thermore, the peaks at 1500 and 1586 cm™! can be assigned to
the stretching vibration mode of “N = O and the bending vibra-
tion mode of “"NH,-OH, respectively.>?5% Additionally, the peak
at 3251 cm™! can be attributed to the stretching vibration mode
of secondary ammonia “N-H.[>?7>! Based on in situ Raman and
ATR-SEIRAS results, the proposed e-NO;RR pathway on p-CN-
Cu’la"-m was displayed in Figure 5e. After NO,” was adsorbed
on p-CN-Cu’la"-m, it first undergoes a series of deoxygenation
reactions from NO;* to NO,” and then to NO* on the catalytic
active center. After the NO intermediate is finally formed at the
interface, the molecular configuration changes to form an O-end
adsorption, and the N atom is connected to O but not directly
bonded to the active center. In contrast to the previous O-end
mechanism, once the intermediate product “ONH, is formed,
the H intermediate generated from the La site will react with
O and NH, intermediates, which readily yield the final product
NH,.

To further understand the origins of superior e-NO;RR per-
formances of p-CN-Cu’La"—m, we have carried out theoretical in-
vestigations based on DFT calculations to understand the origins
of superior e-NO;RR performances of p-CN-Cu‘La"-m by com-
paring with p-CN-La", and (c) p-CN-Cu’® (Figure S23, Supporting
Information). To reveal the surface electroactivity, the electronic
distributions regarding the bonding and anti-bonding orbitals
near the Fermi level (E;) are demonstrated. For p-CN-Cu’La"—
m, we notice that the surface La cluster with atomic dispersion
of Cu contributes to the bonding orbitals (Figure 6a). The car-
bon support with Cu® also shows contributions to the bonding
orbitals, supporting the high electron transfer and exchange ca-
pability of the surface. Without the Cu’, the anti-bonding orbitals
become more evident on the p-CN-La" surface even for the car-
bon support, leading to the reduced electroactivity for e-NO;RR
(Figure 6b). The electroactivity has been further reduced in p-
CN-Cu, where the anti-bonding orbitals become dominant on
the surface (Figure 6¢). To demonstrate the different electronic
structures, we have compared the projected partial density of
states (PDOS) of p-CN-Cu‘La"—m, p-CN-La", and p-CN-Cu’. For
p-CN-Cu’la"—m, La-5d orbitals are located near the E; while the
Cu-3d orbitals display a sharp peak near E,-2.95 eV (E, denotes
0 eV) (Figure 6d). The La sites facilitate the electron transfer ef-
ficiency and the Cu sites play as the main active sites to bind
with N species during e-NO;RR, which collectively benefit the
e-NO;RR. The 2p orbitals of the carbon support cover a broad
range to promote site-to-site electron transfer. For p-CN-La", al-
though the La-5d orbitals are still located near Eq, there is a lack
of electron-rich sites with strong reduction capability to facili-
tate the reduction of NO,~ (Figure 6e). In p-CN-La", the 2p or-
bitals of the carbon support are more electron-rich, but it cannot
supply sufficient reduction trends for NO;, resulting in strongly
reduced electroactivity. For p-CN-Cu’, the Cu-3d orbitals are up-
shifted toward the E; when compared with p-CN-Cu’La"—m, rep-
resenting a slightly higher valence state as characterized by the
experiments (Figure 6f). The good overlapping between Cu-3d
and 2p orbitals of carbon supports are noted. However, the low
electron density near the E; cannot guarantee an efficient elec-
tron transfer, which also largely decreases the e-NO;RR perfor-
mance. The PDOS results have indicated the synergistic effect
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of Cu’ and La clusters for e-NO;RR. To obtain an in-depth un-
derstanding of the electronic structures in p-CN-Cu’La"-m, we
have shown the site-dependent PDOS with different environ-
ments (Figure 6g; Figure S24, Supporting Information). From
the interface regions to the top surface, the electroactivity of Cu
sites is highly correlated to the coordination number with neigh-
boring La atoms. With the increasing CN with La, the Cu-3d or-
bitals downshift and become more electron-rich while the low-
coordinated atoms such as Cu’ on carbon support or edge of La
clusters display the closest positions to the E. This confirms that
lower coordinated Cu’ is significant to achieve the high electroac-
tivity of p-CN-Cu’La"-m. Meanwhile, the La sites strongly vary
at different positions, which further affects the electroactivity of
La-5d orbitals (Figure 6h). The interfacial La sites show strong
interactions with p-CN, displaying a broad distribution of La-5d
orbitals. Owing to the similar high coordination number, both La-
5d orbitals are similar for interface and center La sites. The sur-
face La site is selected from the middle layer to compare with the
edge sites of the surface layer. Notably, with the reducing coordi-
nation number, the electron density of La-5d orbitals near the Ej
is significantly improved, which strongly facilitates the electron
transfer efficiency from the c to the intermediates, supporting the
improved reaction kinetics as well. These results confirm that the
electroactivity of both Cu and La sites are correlated with the co-
ordination environment, whereas the abundant edge sites with
low coordination numbers in Cu’La” nanoparticles supply highly
electroactive sites to promote the e-NO;RR. The PDOS evolutions
also confirm the distinct electroactivity during the conversion of
key intermediates (Figure 6i,j). For p-CN-Cu’La"-m, the down-
shifting of 2p orbitals of N-species is noted, which indicates the
faster conversion from NO,* to NO". In comparison, the contin-
uous downshifting trend is interrupted in CN-La from NO," to
NO*, which potentially induces energy barriers for this conver-
sion during the e-NO;RR. The superior e-NO;RR performance
of p-CN-Cu’La"-m is attributed to the co-existence of Cu® and La
clusters to supply sufficient active sites and fast site-to-site elec-
tron transfer. Then, we further carry out explorations from the
energetic perspective to study the e-NO,;RR process. The fast e-
NO,RR not only requires the strong adsorptions of NO;~ but also
the H, O to initiate the dissociation for fast proton supply during
the reduction. Notably, the p-CN-Cu’La"-m exhibits the largely
enhanced adsorptions of nitrate, which is ascribed to the intro-
duction of Cu’® as the active sites (Figure 6k). For the H,O ad-
sorption, we notice that the p-CN-La" shows a slightly stronger
trend, which confirms that the La clusters play a critical role in
the proton supply during the e-NO;RR. The adsorption config-
urations of key intermediates reveal that the Cu-La sites play as
the main active sites for the e-NO;RR, where Cu facilitates the
adsorption of intermediates while La sites promote the genera-
tion of active hydrogen from water dissociation (Figures S25 and
S26, Supporting Information). Accordingly, we have compared
the reaction energy trends of e-NO;RR on both p-CN-Cu‘La"-m
and p-CN-La" (Figure 6l; Figure S26, Supporting Information). It
is noted that p-CN-Cu’La"—m displays a highly energetic favored
trend for the reduction of NO,~ to NO* while there is a large
energy barrier of 0.56 eV for NO," conversion to NO* on p-CN-
La", which agrees well with the PDOS results. The hydrogenation
from NH,0" to NH,OH" is the rate-determining step for p-CN-
Cu’La"-m with an energy barrier of 0.29 eV, which is much lower
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Figure 6. Density functional theory analysis of catalytic mechanism. The electronic distributions of bonding and anti-bonding orbitals near Fermi level
on a) p-CN-Cu’La"-m, b) p-CN-La", c) p-CN-Cu®. Blue isosurface = bonding orbitals, and green isosurface = anti-bonding orbitals. PDOS of d) p-CN-
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= N, and white balls = H. Site-dependent PDOS of g) Cu-3d and h) La-5d in p-CN-Cu‘La"—m. The PDOS of key intermediates during e-NO;RR in (i) p-
CN-CuLa"-m and j) p-CN-La". k) The adsorption energies comparisons of NO; ~ and H,0. ) The reaction energy trends of NO;~RR on p-CN-Cu®La"-m
and p-CN-La" of different reaction pathways. m) The dissociation barriers of water in p-CN-Cu‘La"-m and p-CN-La".

than that in p-CN-La", supporting the improved e-NO,RR perfor-
mance. The competition of different reaction pathways occurs at
the hydrogenation step of NO*, where p-CN-Cu’La"—m and p-CN-
La" prefer the formation of NHO* and NOH?¥, respectively. It is
apparent that the NOH* pathway displays continuous barriers on
p-CN-Cu’Lla"-m and p-CN-La" until the formation of NH*, indi-
cating the high selectivity of the NHO* pathway. For p-CN-La",
although the formation of NOH* is slightly more preferred, the
large barrier for N* generation also limits the selectivity of the

Adv. Mater. 2025, 37, 2415632 2415632 (9 of 12)

NOH* pathway. For the transition states (T'S), we have noted that
the overall activation barriers of p-CN-La” are much larger than
that of p-CN-Cu’La"—m, indicating the faster electron transfer dy-
namic in p-CN-Cu’La"—m. (Figure S27, Supporting Information).
Moreover, the activation energies of TS become the largest at the
conversion from NH,0* to NH,OH, which is considered to be
the rate-determining step (RDS) for both p-CN-Cu‘La"-m and p-
CN-La". More importantly, the overall e-NO;RR is much more
exothermic in p-CN-Cu’La"-m than p-CN-La", leading to the
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increased selectivity and yield of NH,. Additionally, the proton
supply by water dissociation on p-CN-Cu’la"—m is also easier
with a low barrier (0.09 eV) of the TS (Figure 6m). Notably, wa-
ter decomposition on the La sites to generate protons, leading to
the formation of O" intermediates on the catalyst surface. This
observation aligns with in situ Raman data, which reveals a dis-
tinct metal-O vibration peak at elevated potential levels. In con-
trast, the increased barrier of TS (0.33 eV) for p-CN-La" affects
the proton supply and reduces the e-NO;RR activity. Based on the
activation energy for the TS, the p-CN-Cu’La"-m displays much
higher reaction rate constants k for both e-NO;RR and water dis-
sociation, which represents the much faster reaction kinetics and
supports the Tafel plot results by experiments (Table S4, Support-
ing Information).

3. Conclusion

In summary, we have proposed a proton donor strategy
to enhance the reactivity of Cu metal sites for e-NO,RR.
The p-CNCu’La"-m exhibited exceptional catalytic performance
(achieving a FE of 97.7% and a yield of 10.6 mol g, ..,~' h™".
in situ electrochemical ATR-SEIRAS and in situ electrochemical
Raman spectroscopic tests indicated that the e-NO;RR mecha-
nism on this catalyst followed an O-end route process. DFT cal-
culations revealed that low-coordinated Cu displayed high elec-
troactivity toward e-NO;RR, while La sites provided a conducive
electron transfer environment and efficient hydrogen supply ca-
pacity, thereby enhancing the efficiency of e-NO;RR. The syner-
gistic effect of low-coordinated Cu and La amplified adsorption
of crucial intermediates, lowered the energy barrier and acceler-
ated the e-NO;RR reaction. Long-term stability assessments in
H cells and flow cells confirmed the robust structural stability
of the developed materials. This study not only presents a reac-
tion pathway to enhance the e-NO,RR activity of Cu-based ma-
terials but also offers insights for designing for designing pro-
ton donor cooperated functional catalysts for synergistic catalytic
system. Specifically, this offers a foundational synthesis approach
and design concepts for functional lanthanide metal nanomateri-
als, facilitating the integration of catalysts containing lanthanide
elements in NRR, e-NO;RR, and C-N coupled electrosynthesis
systems reliant on these reactions.

4. Experimental Section

Chemicals:  All chemical reagents were utilized as received without ad-
ditional purification. Lanthanum nitrate hexahydrate (La(NO;);e6H,0,
>99%), sodium salicylate (99%), copper(ll) nitrate trihydrate, potassium
sodium tartrate tetrahydrate (99%), sodium hypochlorite solution (Na-
Cl0), °N labelled NH,Cl (98 atom % '>N), and concentrated phos-
phoric acid (H;PO,, >85wt%) were obtained from Sigma-Aldrich. Ethy-
lene glycol (>99.5%), potassium chloride (KCl, 99%), potassium hy-
droxide (KOH, AR, >85%), 1-Butyl-3-methylimidazolium hexafluorophos-
phate, sodium borohydride, potassium nitrate (KNO3, 99%) were all pur-
chased from Sino-pharm Chemical Reagent Co., Ltd. China. Sulfanilamide
(99%), sodium nitroprusside (>99%), N-(1-naphthyl)ethylenediamine di-
hydrochloride (99%), and p-(dimethylamino)benzaldehyde (99%) were
purchased from Adamas-Beta. Hydrazine (85%) was bought from Thermo
Fisher Scientific Inc. The water used in all experiments was de-ionized.

Material Characterizations: Scanning electron microscopy (SEM) im-
ages were taken on an electron microscope, scanning (QUATTRO S),
Thermo Scientifi at 15 kV. Transmission electron microscopy (TEM),
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atomic resolution TEM, and EDX elemental mapping were collected on a
JEM-ARM-200F microscope operated at 200 kV and an FEI Titan HRTEM
microscope operated at 300 kV. Powder X-ray diffraction (XRD) patterns
were recorded through an X-ray diffractometer (Rigaku SmartLab) using
Cu Ka (4 = 1.5418 A) radiation. Inductively coupled plasma mass spec-
trometry (ICP-MS) was tested by an Agilent-7900 system. X-ray photo-
electron spectra (XPS) were tested on a Thermo Scientific Escalab 250Xi
X-ray photoelectron spectrometer, using non-monochromatized Al-Ka X-
ray (1486.6 eV) as the excitation source. The isotope labeling experiments
were collected through "H-NMR measurement (Bruker 600 MHz system).
The Raman spectra were tested by Japan HORIBA LabRAM HR Evolu-
tion Raman spectrometer. Fourier transform infrared spectroscopy (FTIR)
was measured by a Bruker VERTEX 80v with an MCT detector. UV-vis
spectrum testing is performed using the SHIMADZU UV-1900i instru-
ment. The X-ray absorption spectra at the Cu K-edge were recorded at
the XAS station (BL 14W1) of the Shanghai Synchrotron Radiation Facility
(SSRF). The data were processed by the ATHENA module and fitted by the
ARTEMIS module in the IFEFFIT software package with a Hanning window
(dk=1.0A7T).152]

Preparation of p-CNLa": p-CN was synthesized based on the pre-
viously reported method.?*l 30 mg of p-CN powder and ~7 mg
La(NO;);e6H,0 was dispersed in a solution of 8 mL ethylene glycol and
8 mL deionized water, then transferred to a watch glass with a diameter
of 212 cm. The mixture was exposed to UV light for 5 min under shaking
and repeated three times. The resulting product was thoroughly washed
through multiple centrifugation steps using ethanol and deionized water,
yielding the final product identified as p-CNLa".

Preparation of p-CNCu*La" and p-CNCu*: p-CNLa" material (20 mg)
was firstly dispersed in the 1-butyl-3-methylimidazole hexafluorophos-
phate. Then ~4 mg of Cu(NO;),e3H,0 and a suitable amount of H,O
were added and ultrasonicated for 30 min. Then the p-CNLa"&Cu complex
was collected by centrifugation and the precipitate was further dispersed
in the H,0, and then sodium borohydride (NaBH,) was added to obtain
p-CNCuLa". For the synthesis of p-CNCu® sample, the p-CN powder was
employed to place p-CNLa" and the remaining procedures are analogous.

Preparation of p-CNCu*La"-m: The p-CNCu‘La" powder was placed in
a glass container, mixed with an adequate quantity of deionized water to
create a paste. Subsequently, the mixture was transferred to a microwave
oven and heated for 90 s.

Ammonia (NH;3) Detection: NH; detection was conducted us-
ing the indophenol blue method. Three solutions were prepared
in advance.

Solution A was created by combining 5 g of sodium salicylate and 5 g of
potassium sodium tartrate tetrahydrate with 100 mL of T m KOH solution.

Solution B was 0.05 m NaClO solution.

Solution C was 0.01 g mL™" sodium nitroprusside solution.

For the detection of NHs;, 2 mL of the reaction solution was diluted
in 1 M KOH solution based on charge of the chronoamperometry test.
Subsequently, the solution was mixed with 2 mL of solution A. Follow-
ing this, 1 mL of solution B and 0.2 mL of solution C were sequentially
added to the aforementioned mixture. After allowing it to stand for 2 h,
the absorption spectrum of the solution was measured using a UV-vis
spectrophotometer (SHIMADZU UV-1900i). The quantity of generated
NH; was determined based on the absorbance value at a wavelength
of 655 nm.

Nitrite (NO,~) Detection: Nitrite (NO,~) detection was conducted
using the Griess method. The color reagent was prepared by combin-
ing 1 g of sulfanilamide, 0.1 g of N-(1-naphthyl)ethylenediamine di-
hydrochloride, and 2.94 mL of H;PO, in 50 mL of deionized (DI)
water.

Subsequently, 1 mL of the diluted reaction solution and 1 mL of the
color reagent were added to 2 mL of DI water and left to stand for 20 min.
The resulting solution was analyzed using a UV-vis spectrophotometer
to quantify the generated NO,~ by measuring the absorbance value at a
wavelength of 540 nm.

Hydrazine (N,H,) Detection: N,H, detection was carried out using
the Watt and Chrisp method. The color reagent was prepared by mixing
5.99 g of p-(dimethylamino)benzaldehyde, 30 mL of concentrated HCl,
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and 300 mL of ethanol. Initially, 5 mL of the reaction solution was neutral-

ized with an HCl solution and then combined with 5 mL of the prepared

color reagent. The resulting solution was stirred for 20 min and subse-

quently analyzed using a UV-vis spectrophotometer to quantify the gen-

erated N,H, based on the absorbance value at a wavelength of 460 nm.
The FEyw3 was determined using the formula:

Q =Qnn3/Q = nyu3Venns F/Q (M

where Q represents the applied overall coulomb quantity (C), Qyps is the
coulomb required to produce NHj, n is the electron-transfer number (for
1mol NHj, itis 8), V is the volume of the catholyte of the cathode chamber
(25 ml), cyp3 is the concentration of NH; produced, and F is the Faraday
constant (96485 C mol~").

Electrochemical Measurements: The electrochemical measurements
for the e-NO;RR were conducted using an Autolab PGSTAT302N elec-
trochemical workstation. A mercury oxide (Hg/HgO) reference electrode
and a platinum sheet served as the reference and counter electrodes,
respectively.

To prepare the catalyst ink, 5 mg of the sample was dispersed in a mix-
ture of 500 mL isopropanol and 500 mL H,O along with 100 L of 5 wt.%
Nafion. The mixture was sonicated for 30 min to achieve a homogeneous
ink. The catalyst was then loaded onto a hydrophobic carbon paper with
a geometric area of 1 cm™2 using spray coating. Linear sweep voltamme-
try and chronoamperometry tests were performed in the H-cell with the
electrolyte comprising T M KOH + 0.5 m KNOj3.

In Situ ATR-FTIR Tests:  In situ ATR-FTIR tests were performed using a
Bruker V80 instrument equipped with an electrochemical VeeMax IlI ap-
paratus from PIKE. A liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector was utilized. A silicon prism coated with a thin Au layer
was employed to reflect the signal. In situ signals were then recorded at
various potentials.

Calculation Setup: To investigate the e-NO;RR performances of CN-
Cula, the density functional theory (DFT) calculations were applied
based on the CASTEP packages.[>3] The generalized gradient approx-
imation (GGA) and Perdew-Burke—Ernzerhof (PBE) functionals were
selected to supply accurate descriptions of the exchange-correlation
interactions.[>4=>¢] For the geometry optimizations, the ultrasoft pseu-
dopotentials were chosen and the cutoff energy was set to 440 eV based
on the ultrafine quality. The k-point is applied with 0.05 1/A separation
with the Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm for all the
energy minimizations in this work.[’’] During the geometry optimiza-
tions, we have considered stringent convergency criteria including the
Hellmann-Feynman forces should not exceed 0.001 eV A~" and the total
energy difference should be converged to smaller than 5 x 1075 eV/atom.
For the model building, the substrate p-CN was built on a single graphene
in a 6x6x1 supercell with vacancies and N-doped carbon unit in the struc-
ture. For the La" anchored on the p-CN substrate, the cluster was cleaved
from the (100) surface with a three-layer thickness including 23 La atoms.
To construct the Cu®La" nanoparticle, 5 Cu atoms have been introduced
to replace the La atoms on the surface, which are atomically dispersed in
the nanoparticle. Meanwhile, the Cu® was also cleaved from (100) surface
with four-layer thickness.

For the calculations of the reaction energy, the following equation is
applied:

AG = AE+ AZPE —TAS (2)

For Equation (2), AE is the reaction energy calculated from the DFT
based on the final enthalpy of the reactants and products of each step.
Meanwhile, the AZPE and AS are the changes of the zero point energy
and entropy, respectively at T = 298 K and 1 atm.

The activation energies (E,) of transition states (TS) are further eval-
uated by the TS searching methods embedded in CASTEP through the
complete LST/QST protocol. The maximum QST step is set to 5. To dis-
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cuss the reaction kinetics, the study have further calculated the reaction
rate constants based on the following equation.

kT(P°\"  [-E
k=T<ﬁ) eXP<RT"> @)

In this equation, E, represents the activation energy of the reaction step,
ky, is the Boltzmann constant, h is the plank constant, Ris the gas constant,
T is the reaction temperature, p° is standard atmospheric pressure and n
is the reaction order. For e-NO3RR, the reaction order is 1 and the reaction
rate constants is calculated based on the equation as follows.

kT (-E,
K=o ( RT > *)
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