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% Check for updates The electroreduction of nitrate (NO5") offers a promising pathway for carbon

—free NH; production and nitrogen cycle management. Pulsed NO5™ electro-
reduction has demonstrated to enable the improvement of catalytic perfor-
mance, but the underlying mechanisms remain little understood. Herein, we
tune the Cu catalyst structure and steer the key N-containing intermediate
adsorption configuration during pulsed NO5™ electroreduction. By applying
different positive and negative potentials, in situ dynamic restructuring of the
Cu catalyst and the regulation of local microenvironment have been revealed.
According to detailed in situ characterizations and theoretical calculations,
periodic Cu oxidation occurs within specific potential ranges from -0.2V to
0.2V vs. saturated Ag/AgCl, facilitating the transition of *NO adsorption con-
figuration and thereby enhancing NH; formation. It can also increase NO,™
coverage on Cu surface and inhibit side reactions. Conversely, the enhanced
catalytic preformation in potential ranges from -1.2V to —0.2 V was only
attributed to the intrinsic characteristics of pulsed electrolysis. This study not
only reveals the in—depth understanding of pulsed NO5™ electrolysis, but also
offers a general way of optimizing other electrocatalytic reactions.

Nitrate (NO3") electroreduction into ammonia (NH3) via intermittent  different pulse potentials over a single-atom catalyst or an inter-

renewable electricity holds great promise for effluent treatment and
ammonia production under mild conditions'. Most of the reported
works have focused on designing novel catalysts to improve the NO5™-
to-NH; reaction performance through potentiostatic electrolysis.
However, these catalysts would undergo complex synthesis proce-
dures, the use of noble metal and deactivation issues unavoidably*®,
which drives researchers to develop alternative electrolysis techni-
ques. Pulsed electrolysis method has emerged as a simple and
responsive “knob” to affect product selectivity and electrode
durability’™®. For NO3~ reduction, the alternate application of two

metallic compound enables the improvement of NH; generation. The
observations have been attributed only to some generalized factors,
such as the in situ dynamic restructuring of the catalyst and the tuning
of the local microenvironment. There is a strong need for under-
standing the underlying mechanisms and clarifying the essential rea-
son for the enhanced catalytic performance.

NO;~ electroreduction reaction involves two key steps: NO3~
deoxygenation and nitrite hydrogenation. Currently, 3d transition
metal-based catalysts, especially copper, have been intensively studied
for NO;~ reduction”'®, Cu has a favorable ability to bind NO;~ and
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produce active *H, but it usually suffers from rapid deactivation due to
the strong adsorption of N-bound intermediates, like *NO, and
*NO”"2, It is important to develop an appropriate strategy to regulate
the structural properties of the Cu catalyst and thus alleviate the lim-
itation above. Rational modulation of catalyst composition and
structure through approaches such as doping®?*, alloying®*, surface
modification”*°, and hybrid loading™* has been shown to effectively
optimize the electronic configuration and interfacial microenviron-
ment. In addition to structural design, pulsed electrolysis provides a
promising means to enhance catalytic performance. By tuning para-
meters such as potential amplitude, pulse duration, and step
sequence, pulsed operation induces dynamic changes in the reaction
environment, including local pH, mass transport, Cu restructuring, and
oxidation state®. These factors break the balance between transient
physicochemical processes at the electrode/electrolyte interfaces.
More importantly, the variation extent can be controlled by changing
the pulse duration and potential. Therefore, it is particularly crucial for
NO3-to-NHj3 to establish the relationship between pulse parameter
and catalytic performance.

The inherent sensitivity between the catalyst structure and reac-
tion activity is directly reflected in the intermediate adsorption beha-
vior. As such, regulating the formation and coordination of the
intermediates (i.e., *H, N-bound and O-bound) is of great significance
to optimize the NO5-to-NHj; performance. For example, the imbalance
between the generation and consumption of *H will lead to the poi-
soning of active sites or enhance the competing HER. Various materials
design strategies, including heteroatom incorporation, heterogeneous
structure construction, confinement approaches, alloying, and phase
engineering, have been employed on Cu-based and other metal-based
catalysts to tune the kinetics of H,O dissociation to generate *H,
thereby facilitating localized *H enrichment and achieving a dynamic
equilibrium between the generation and consumption of *H*" For
example, applying a positive potential pulse periodically would modify
the Cu surface, which contributes to the redistribution of electron
cloud density, thereby facilitating the moderate adsorption and acti-
vation of *NO,".. Moreover, the modified Cu site also results in different
Cu-N and Cu-0 affinities, which have a marked effect on the adsorp-
tion configurations of *NO (O-end, N-end, and NO-side), as well as the
following reaction pathways. Consequently, revealing the correlation
between the catalyst nature and intermediates adsorption configura-
tion may fill the knowledge gap of pulsed NO;™ electrolysis, and pro-
vide general guidance for other electrocatalytic reactions.

Herein, we used Cu nanoparticles as a model catalyst to investi-
gate the dynamic behavior of catalyst structural changes and reaction
intermediates during NO;~ reduction under pulsed conditions
(Fig. 1A). NH; Faradaic efficiency (FE) and yield rate were significantly
enhanced under different pulsed conditions compared to potentio-
static electrolysis. Notably, we achieved an NH3 FE of 94.1% with a
corresponding yield rate of 2.3 mgh™ cm™. Both in situ experimental
data and theoretical calculations provided compelling evidence that
within the potential range where redox changes occurred (-0.2V to
0.2V), there was a transition from *NO Top to *NO Side-on, enhancing
the coverage and conversion of NO,™ and thereby promoting NH;
formation. Conversely, in the potential range where no discernible
redox process occurred on the catalyst structure (-1.2V to —0.2V),
only *NO Top was observed. The observed improvement in NO5™ to
NH; performance was attributed to the inherent characteristics of
pulsed electrolysis.

Results

Cu nanoparticles with an average size of around 100 nm were syn-
thesized and used as model catalysts (Fig. S1). The electrocatalytic
performance for NO3;™-to-NH3 conversion was assessed in a standard
three-electrode H-cell under ambient conditions. 0.5 M K,SO, aqueous
solution containing 0.01M KNO; was used as electrolyte. Liquid

product concentrations (NO5~, NO, ", and NH;) were quantified by UV-
visible (UV-vis) absorbance spectra, and gaseous products were ana-
lyzed via gas chromatography®. Standard calibration curves for the
corresponding measurements were provided in Figs. S2-S4. All elec-
trode potentials were referenced to the reversible Ag/AgCl electrode™.

Two different electrolysis methods were carried out in our work,
including potentiostatic potential electrolysis and pulsed electro-
lysis. During potentiostatic electrolysis, the FE of NH; exhibited a
characteristic volcanic shape. The maximum value was 57.2% at
-1.4V, corresponding to a yield rate of 0.7 mgh™ cm™ and a partial
current density of 5.3 mA cm™ (Figs. 1B, S5 and S6). The by-products
were NO,™ and H, (Figs. S7 and S8). During pulsed electrolysis, a
periodic potential sequence was applied, consisting of a brief pulse
at a relatively positive potential (Ep), followed by a reduction step at a
more negative potential (Ey), where the electroreduction reaction
predominantly occurs (Figs. S9 and S10)%. At Ep values ranging from
-1.2V to -0.4V, the current generated upon applying Ep is negative,
whereas in the range of -0.2V to 0.4V, the current generated upon
applying Ep is positive. We identified -1.4V as the optimal Ey for
screening the other pulsed electrolysis conditions. The positive
potential and negative potential pulse durations (T» and Ty) were
optimized under the conditions of Ep=0.2V, Ey=-14V, which
showed that NH; FE and yield rate reached their maximum values
concurrently at Tp=2s, Ty=50s (Fig. 1C, D). We also tested the
performance by adjusting Ep at Tp=2s, Ey=-1.4V, and Ty=50s.
Compared with the results of potentiostatic electrolysis, both NH3 FE
and yield rate were increased when applying a pulsed potential of
varying Ep within the potential range of -1.2 V to 0.2 V. In particular, it
could achieve the highest NH3 FE of 94.1% with a corresponding yield
rate of 2.3mgh™cm™ (Figs. 1E, S11 and S12). However, further
increase of Ep resulted in the decline of NH3 FE. The NH3 yield rate
normalized by electrochemical active surface area (ECSA) revealed
that pulsed electrolysis induced a 125% enhancement in intrinsic
catalytic activity. Control experiments further showed that, at
Ep=0.2V, the maximum improvements in FE and yield rate were
12.0% and 65.6%, respectively, when only ECSA changes were pre-
sent. In contrast, under pulsed electrolysis, where both ECSA
enhancement and *NO intermediate reconfiguration occurred, the
yield rate increased by up to 207.9%, with a corresponding 37.2% rise
in FE. These findings clearly indicate that, although the increase in
ECSA may contribute to the observed performance enhancement by
inducing microenvironmental changes (e.g., promoting the local
accumulation of NOy"), itis not the primary factor responsible for the
improved electrochemical performance. Instead, the modulation of
adsorption behavior plays a more critical role in enhancing the cat-
alytic activity (Figs. S13-S16). Furthermore, the energy consumption
for producing 1kg of NH;3 and the corresponding energy efficiency
over Cu nanoparticles under pulsed electrolysis were calculated to
be approximately 16.9 kWh and 25.0%, respectively. Compared to the
values obtained under potentiostatic electrolysis, both metrics
exhibited substantial improvement, indicating that the pulsed elec-
trolysis strategy offered a more energy-efficient pathway for NH3
synthesis (the energy consumption for producing 1kg of NHj:
25.6 kWh and the corresponding energy efficiency: 15.1%) (Table S1)*2

After 20 cycles (60 h) at Ep=0.8 V under pulsed reduction mode,
the decrease in NH; FE was not obvious. In contrast, under potentio-
static reduction mode, NH; FE showed a significant decline after just 3
cycles (9h) (Fig. S17). Furthermore, ICP-OES analysis revealed no
detectable copper in the electrolyte at E,= 0.2V, suggesting that there
was no copper loss. These findings imply that the pulsed reduction
method significantly enhances the stability of the catalyst compared to
the potentiostatic approach. We also applied the pulsed reduction
method to other catalysts (commercial dendrite Cu, commercial
Cu foam, and as-synthesized Cu,O nanocrystals). All of these
catalysts exhibited varying degrees of electrochemical performance
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Fig. 1| Electrocatalytic performance for the NO; -to-NH; conversion. A Scheme
of the potentiostatic potential electrolysis and pulsed electrolysis. Ep represented a
relatively positive potential, and Ey represented a relatively negative potential. Tp
and Ty represented the positive potential and negative potential pulse durations,
respectively; B the FE and yield rate under the potentiostatic potential electrolysis
over Cu nanoparticles in the electrolyte with 0.5 M K,SO,4 and 0.01M KNO;; NH; FE
and yield rate under the pulsed potential electrolysis conducted at C £,=0.2V for

Ep (V vs. Ag/AgCl)

different Tp, Ey=-1.4V for Ty=50s and D Ep=0.2V for Tp=2s, Ey=-14V for
different Ty; E NHj3 yield rate under potentiostatic potential electrolysis and the
pulsed potential electrolysis conducted at different Ep for Tp=2's, Ey=-1.4V for
Tn=50s. Error bars denote standard deviations based on three independent
measurements. The voltage is not iR corrected. Source data for the figure are
provided as a Source data file.

enhancement, indicating the general applicability of the pulsed elec-
troreduction method for different catalysts (Figs. S18-S20).

It is important to reveal the catalyst structure-performance rela-
tionships under relevant reaction conditions. A series of material
characterizations were performed to track the pulse-induced Cu cat-
alyst structural reconstructions. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images showed that the
morphology of the overall Cu catalyst almost remained unchanged
when Ep< 0.2V (Figs. 2A and S21). When a higher positive potential was
applied, the catalyst would undergo significant structural collapse.
After electrolysis at £,= 0.4V, the content of Cu in the electrolyte was
found to be 0.39 ppm through ICP-OES, while no Cu was detected in
the electrolyte at £,<0.2V. This finding aligned with the information
presented by SEM and TEM images, illustrating significant disruption
in the catalyst structure at higher Ep.

To confirm the Cu species under pulsed electrolysis conditions, a
series of characterizations were conducted after holding the potential
at Ep. The high-resolution transmission electron microscopy (HRTEM)
images in Fig. 2B show that the lattice fringe spacing was 0.21 nm when

Epwas —0.4V, indexed to the Cu(111) plane. As the Ep was increased to
-0.2V, the Cu,O(111) facet (0.25nm) was observed. Upon further
increasing Ep to 0.4V, both CuO(111) (0.27 nm) and Cu,O(111) were
noted, with Cu® species being absent*. The structure changes of the
catalysts have also been confirmed by the X-ray diffraction (XRD)
patterns in Fig. S22. Quasi in situ Cu Auger L;M4sMys transitions were
conducted to discern the valence state of the catalysts
(Figs. S23 and S24). At Ep=-0.4V, exclusively metallic Cu® was detec-
ted. Increasing Ep to —0.2 V resulted in the emergence of Cu* species,
indicating the coexistence of Cu® and Cu". Further increasing Ep to
0.2V yielded a higher proportion of Cu*. The corresponding average
copper oxidation state at 0.2V was quantified between 0 and +1. At
Ep=0.4V, CuO became the dominant species, shifting the average
oxidation state to the +1 to +2 range. These results demonstrate that
the applied potential directly modulates the valence state distribution
of the catalyst. According to X-ray absorption near-edge spectroscopy
spectra and their linear combination fitting analysis**°
(Figs. S25 and S26), at Ep=-0.4 V, only metallic Cu® was present. When
Epincreased to —0.2 V, Cu’ species began to appear, though in a minor
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Fig. 2 | Characterization of the catalysts during the potentiostatic and pulsed
electrolysis. A TEM images, B HRTEM images, and C wavelet transform of Cu
K-edge EXAFS spectra for the Cu nanoparticle under the condition at various £p;
D in situ IR spectra under the potentiostatic and pulsed electrolysis; E the ratios of
peak area of *NO Top to *NO Side-on; F the calculation of ratios between the area of

E (V vs. Ag/AgCI) E, (V vs. AgIAgCI)< E (V vs. Ag/AgCl) E,, (V vs. Ag/AgCl)

the NO,™ absorption band and the total area of absorption bands associated with
both NO,™ and *NH,OH production. All characterizations were applied after 1 h of
electrolysis. Error bars denote standard deviations based on three independent
measurements. The voltage is not iR corrected. Source data for the figure are
provided as a Source data file.

fraction (only 14.6%). As Ep was further increased to 0.2V, the pro-
portion of Cu" rose significantly to 56.5%. At Ep=0.4V, Cu* species
emerged, accompanied by a corresponding decrease in the contents
of Cu* and Cu®. Additionally, the wavelet transform of Cu K-edge
extended X-ray absorption fine structure (EXAFS) spectra depicted a
decreasing trend in Cu-Cu coordination intensity and an increasing
trend in Cu-0 coordination intensity with increasing Ep from -0.2V to
0.2V (Fig. 2C). When Ep was 0.4V, the absorption edge lay between
those of standard Cu,O and CuO references, with the Cu-O coordi-
nation intensity post-wavelet transform exhibiting a further increase
compared to that at £,=0.2 V. To probe the structure changes of the
catalysts under the potentiostatic reduction and the pulsed reduction
process, in situ Raman was applied in the electrolyte containing 0.5 M
K,SO,4 and 0.01 M KNO; (Fig. S27). Peaks at 446 cm™ were assigned to
Cu-OH*"%, and the peak at 614 cm™ could be indexed to CuO,*7*4,
Under the potentiostatic reduction and the pulsed reduction pro-
cesses, the peak of Cu-OH always existed. In contrast to the above
results, the peak of CuOy appeared at the £,>-0.2V, and the peak
intensity became stronger as Ep was further increased. These results
further demonstrated that £p played an essential role in changing Cu
species.

We conducted quasi in situ X-ray photoelectron spectroscopy
(XPS), XRD, and in situ Raman to investigate species changes at
Ep=0.2V following varying reduction times (Figs. $28-S30). The quasi
in situ XPS, XRD, and in situ Raman results revealed a decrease in the
ratio of CuOy as the reduction time increased. However, during sub-
sequent cycles, the catalysts exhibited consistent component com-
positions. This observation suggested that while the catalysts undergo
dynamic copper surface reconstruction during the redox cycle, they
maintained similar component characteristics across each cycle.

To elucidate the surface reconstruction behavior from Cu to
CuOx, the ab initio molecular dynamics (AIMD) simulation was applied
to focus on the oxidation process of four-layered Cu models, which
involved the gradual introduction of oxygen. As shown in Fig. S31, we
presented snapshots that depict both the initial configurations and the
final arrangements after oxygen incorporation. Significantly, the
results indicated that the Cu surface consistently undergoes recon-
struction following the oxidation molecular dynamics (MD) cycles.
Besides, we utilized H,*®0 isotope labeling in the electrolyte to confirm
the origin of oxygen species in the materials (Fig. S32)". Time-of-flight
secondary ion mass spectrometry revealed a significant incorporation
of 80, indicating that the oxygen species in CuO, were derived from
hydroxides present in water. When the electrolyte was switched from
H,'®0 to H,"*®0, the 80/*0 ratio increased from 0.003 to 1.4, demon-
strating that the oxygen species from H,0 participate in the evolution
of the copper catalyst. The 80/*O ratio for H,*O was measured at
0.003, which aligns closely with the theoretical value of 0.002.

Our subsequent analysis aimed to establish the structure-activity
relationship of catalysts under different electrolysis conditions. To
resolve the mechanism of NH; FE changes, we employed in situ Fourier
transform infrared (FTIR) spectrometry to probe the dynamics of key
reaction intermediates. Considering the catalyst structural collapse
and the decrease in NH3 FE at Ep > 0.4 V, we excluded high Ep potentials
during subsequent discussions. In Fig. 2D, only the *NO Top peak at
1747 cm™ was observed during the potentiostatic electrolysis and
pulsed electrolysis at Ep=-0.4V, indicating linear adsorption of *NO
over the active sites'’. Upon increasing Ep to —0.2 V, the appearance of
*NO Side-on at 1571 cm™ suggested the side adsorption configuration
of *NO (Table S2)***2. As Ep increased to 0.2V, the ratio of
Areawo side-on/Ar€a-no Top increased to 0.52 (Fig. 2E). Meanwhile, the
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Fig. 3 | The mechanism of *NO adsorption configuration change. A XPS spectra
of O 1s for catalysts during pulsed electrolysis at £, = 0.2 V. The measurement of the
adsorbed OH or water on the vacancy sites was conducted after ~70
oxidation-reduction cycles; B EPR spectra of the catalysts after the pulsed reduc-
tion and potentiostatic reduction. C CV curves illustrating the OH,q for Cu nano-
particles across various potentials during both the pulsed and potentiostatic
electrolysis. D Fluorescence spectra displaying detected *OH radicals in 1M KOH

electrolyte using TPA (0.4 mM) as probe molecules. E The adsorption energy of *NO
Side-on and *NO Top (AE,4(*NO)) over the surface of both O,-Cu,0(111)/Cu(111)
and Cu(111); F the projected density of states (PDOS) of *NO on O,-Cu,0(111)/
Cu(111); G Gibbs free-energy diagrams of *NO-to-*NOH over O,-Cu,0O(111)/Cu(111)
and Cu(111); H Schematic depicting the impact of pulsed strategy on changes in *NO
configurations. The voltage is not iR corrected. Source data for the figure are
provided as a Source data file.

ratios between the area of NO,™ absorption band and the total area of
absorption bands associated with both NO,™ and *NH,OH production
were also calculated (Fig. 2F). For potentiostatic electrolysis, the ratio
of Areano,-/(Areanoz- + Areannaon) Was 60.5%, whereas it decreased to
55.6% under pulsed electrolysis at £,=-0.4 V. With the emergence of
*NO Side-on at £,=-0.2 V, a significant decrease was observed (31.0%).
At Ep=0.2V, the ratio of AreaNoz_/(AreaNoz_ + AreaNHon) further
declined to 27.8%. These results indicated that the ratio of Areano,-/
(Areanoa- + Areanyzon) Was strongly dependent on the adsorption
configuration of *NO intermediate. A higher ratio of Areao side-on/
Area-\o Top corresponded to a faster rate of NO,™ conversion. Similar
enhancements in electrochemical performance were observed at
lower NO5™~ concentrations, accompanied by distinct *NO intermediate
configurations under different applied Ep (Figs. S33 and S34).
Combined with the electrocatalytic performance and Cu species
change, the appropriate applied Ep potentials could be divided into
two regions. The Ep range from -0.2V to 0.2V was designated as
Region 1, characterized by redox processes and the transition in *NO

adsorption configuration from *NO Top to *NO Side-on. The Ep range
from -1.2V to -0.2 V was identified as Region 2. No discernible redox
process occurred on the catalyst, and only *NO Top was present.
Importantly, the NO,™ conversion rates in both regions were faster
than those under potentiostatic electrolysis conditions.

In Region 1, the significant difference that accompanied the NH;
FE enhancement was the adjustment in *NO intermediate adsorption
configuration. We further investigated the underlying causes of the
*NO conformational change and its impact on the reaction pathway,
thereby offering a more comprehensive understanding of the
structure-performance relationship. To elucidate the Ep-dependent
*NO,4, quasi in situ XPS was used to examine the surface composition
of Cu catalysts at varying Ep. The O 1s XPS spectra (Figs. 3A and S35)
depicted peaks at 532.0 and 529.7 eV, representing the adsorbed OH or
water on the oxygen neighboring vacancies and Cu-O-Cu bonding,
respectively. It can be found that the integral-area ratios of these peaks
escalated with prolonged cathodic potentials***. Additionally, elec-
tron paramagnetic resonance (EPR) spectroscopy was performed to
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study the generation of oxygen vacancies after the pulsed reduction
and potentiostatic reduction. The catalysts after the pulsed reduction
at Ep=0.2V and Ep=-0.2V exhibited similar EPR signal (g=2.002),
which could be identified as the electrons trapped in oxygen vacancies
(Fig. 3B)****. However, no signals were detected after the pulsed
reduction at £,=-0.4V and potentiostatic reduction. These results
indicated the generation of oxygen vacancies after higher Ep treat-
ment, which experienced the redox process. Photoluminescence (PL)
spectra (Fig. S36) affirmed oxygen vacancy (Oy) concentration, with a
peak at ~608 nm associated with the recombination of two-electron-
trapped vacancies with photo-generated holes***°. It exhibited max-
imal intensity at E,= 0.2V, indicating the highest Oy concentration.

The presence of Oy in the catalysts can complement the oxophi-
licity of Cu, which in turn enhances the intrinsic activity of NO; -to-NH;
conversion®. To study the surface oxygenophilic properties of the
catalysts under different reduction processes, an electrochemical
hydroxide ion (OH,q) adsorption and desorption experiment was
conducted®>*. Cyclic voltammetry (CV) curves (Fig. 3C) revealed Cu®-
Cu' redox peaks at approximately —0.37 and -0.67 V. Significantly, an
OH,4-associated peak was observed at around -0.59 V over the cata-
lysts subjected to the pulsed process, whereas no significant signal was
detected over the initial Cu nanoparticles®. This heightened OH,q
adsorption suggested stronger oxophilicity of the catalysts under the
pulsed process compared to the initial catalysts. Additionally, fluor-
escence probe experiments were also carried out to assess differences
in catalyst interaction with <OH radicals, indicating that the pulsed
strategy significantly enhances oxygenophilic properties of the cata-
lyst (Fig. 3D). Terephthalic acid (TPA) acted as a nonfluorescent probe,
reacting with +OH radicals generated during the reaction to produce
fluorescent 2-hydroxyterephthalic acid® %, The fluorescence intensity
of the catalysts under pulsed electrolysis surpassed that under
potentiostatic electrolysis. It indicated that the Cu surface had higher
oxophilicity under pulsed electrolysis, thereby facilitating the binding
of oxygen-containing intermediates (*NO) and influencing the reaction
pathway.

Subsequently, density functional theory (DFT) calculations were
also performed to gain a comprehensive understanding of the *NO
intermediates adsorption configuration over different Cu sites. Auger
Electron Spectroscopy (AES) combined with ion etching was employed
to investigate the distribution of oxygen after 1h of pulsed reduction
at Ep=0.2V. As shown in Fig. S37, the oxygen content decreased with
increasing etching depth, indicating that oxygen was predominantly
present on the surface of the catalysts under the pulsed reduction
process. By combining the AIMD results with the AES data, we adopted
the catalyst model as heterostructures of Cu(111) and Cu,O(111) with
oxygen vacancies to conduct DFT calculations (Fig. 3E and Supple-
mentary Data 1). It revealed that both *NO Side-on and *NO Top con-
figurations could be formed on O,-Cu,O(111)/Cu(111), whereas the *NO
Side-on configuration could not be stabilized on Cu(111). The projected
density of states (PDOS) in Fig. 3F illustrates significant hybridization
between the O atom of *NO and the Cu atom on O,-Cu,0(111)/Cu(111),
indicating the strong affinity of *NO for this surface, potentially facil-
itating the formation of *NO Side-on configuration. For Cu-based cat-
alysts, the rate-determining step is typically regarded as the
conversion from *NO to *NOH. Following the hydrogenation of *NO,
the subsequent steps are usually characterized as thermodynamically
spontaneous in the literature™>*°, We subsequently calculated the
Gibbs energy barrier (AG) for the *NO to *NOH transition to investigate
the feasibility of *NO protonation across different configurations. It
decreased from 0.17 eV over Cu(111) to -2.08 eV over Oy-Cu,0(111)/
Cu(111) (Fig. 3G), which could be attributed to the fact that the
oxophilicity-controlled transition of *NO adsorption from Top to Side-
on configuration enhanced the conversion of *NO into *NOH. There-
fore, we can conclude that the redox process under pulsed conditions
induced the emergence of Oy, consequently modifying the oxygen

affinity of the catalyst. It prompted the transition of *NO adsorption
from Top to Side-on configuration, thereby enhancing NH; forma-
tion (Fig. 3H).

Applying the pulsed electrolysis method in Region 1 not only
affected the *NO adsorption configuration, but also regulated the
microenvironment, such as elevating local pH and influencing H,O
activation. To establish the connection between the structural changes
of the catalyst and the competitive adsorption of HO and NO,~, we
continued the research from both theoretical and experimental per-
spectives. MD simulations were initially employed to model the con-
centrations of NO, and H,O on the catalyst surface (Fig. 4A, B and
Supplementary Data 1), indicating an increased concentration of NO,~
and a decreased concentration of H,O on Cu,O(111) than that on
Cu(111)'°. Consequently, the alteration in catalyst components due to
the brief pulse at positive potential could increase NO,™ concentration
and reduce H,O concentration.

In situ FTIR spectroscopy was employed to examine the impact of
different electrolysis strategies on *NO, and *H intermediates
coverage®. Figure S38 illustrates frequency variations of *NO,
stretching vibration at different applied potentials during potentio-
static and pulsed reduction processes. The peak within 1210-1250 cm™
corresponds to the *NO, band frequency. It showed linear changes
with increasing potential, which could be attributed to the alterations
in Fano line shape and Stark effect®’. During pulsed electrolysis, *NO,
band shifted from 1236 cm™ (-1.2V) to 1226 cm™ (-1.5V). The Stark
tuning rate for *NO, adsorption was 33 cm™/V (Fig. 4C), which was
higher than that under potentiostatic electrolysis (11cm™/V). It indi-
cated a stronger interfacial electric field under the pulsed electrolysis
condition, which could improve NO,™ coverage, catalyst conductivity,
and suppress hydrogen evolution reaction (HER)®. Moreover, the peak
frequency of the IR bond correlates with bond strength®. The
observed red-shift of NO,™ peaks under pulsed reduction mode sug-
gested that NO,” was more readily activated.

To visually assess the effect of pulse conditions on inhibiting HER,
online differential electrochemical mass spectrometry (DEMS) was
also used to monitor H, signals. As illustrated in Figs. 4D and S39, H,
evolution was significantly restrained under pulse conditions at
Ep=0.2V compared to that under potentiostatic electrolysis. Bode
plots were analyzed after different oxidation potential treatments to
elucidate the mechanism underlying the suppression of H, evolution
by pulse conditions (Fig. S40)°*. Notably, the peak intensities under
pulsed electrolysis were obviously reduced compared to those under
the potentiostatic process, and they also shifted to lower frequencies
with increasing Ep. It demonstrated that the pulsed process delayed the
Heyrovsky step and suppressed H, generation, facilitating *H capture
by NO;".

Previous studies have proposed that NO;™ reduction involves a
2+6 electron transfer process”. A series of MD simulations and
rotating disk electrode control experiments indicated that the pulsed
strategy not only increased NO5;~ concentration near the electrode
surface but also enhanced the kinetics of NO;™-to-NH;3
(Figs. S41 and S42). To understand how pulsed electrolysis affected the
kinetics performance of NO;™-to-NO,™ and NO, -to-NHj; conversion, we
then investigated the potentials needed to achieve a current density of
-1mA cm™in 0.01M NO;™ or 0.01 M NO, electrolytes under different
electrolysis processes (Figs. S43 and S44)°”%. The results indicated
similar potentials for NO;~ and NO,™ reduction during the potentio-
static reduction process, suggesting comparable catalytic activity in
these two conversions (Fig. 4E). However, in the pulsed reduction
process, NO5™ reduction potentials increased by 386 mV, 402 mV, and
420mV at £Ep=-0.2V, 0V, and 0.2V, respectively, while NO,™ reduc-
tion potentials experienced positive shifts of 552mV, 582 mV, and
618 mV. These indicated the enhanced efficiency of both conversions
during the pulsed reduction process. Further analysis was performed
to calculate rate constants (k;) for NO5~ conversion and (k) for NO,~

Nature Communications | (2025)16:10444


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65391-x

Cu(111)

10 20 30 40 50
R(A)

0.000
R(A)

— Ep=0.2V
Potentiostatic

Intensity (a.u.)

5E-11]
100

Rate constants (k) (min*'1

o

50 150 800

Time (s)

850 900

Fig. 4 | The competitive adsorption of H,0 and NO,'. The radical density of NO,
and H,0 over the surface of A Cu,0(111) and B Cu(111) catalyst model. C The IR peak
position shift under various potentials during both the pulsed electrolysis at
Ep=0.8V and the potentiostatic electrolysis. D H, signals under the pulsed elec-
trolysis at Ep=0.8V and the potentiostatic electrolysis were detected by online
DEMS. E The potentials required to attain a current density of -1 mA cm™ and the

10 20 30 40 50 600.000

E 24,

w
o

N
o

-
o

3.000
' I 91236- 9 E,=02V
e -~ Potentiostatic
Q &
S 12334 Red shift
]
o E
2 51230
S €
3 ¢
o
I S 12271
42 43 14 A5
E (V vs. Ag/AgCl)
@ Ep:from-02Vto0.2V @ Potentiostatic 06T
1 r=v. °
0.01 M NO; ' 0.01 M NO; T
3 =]
! o =
° 9 Q i *) -0.8 &
: ®
I i -1.0 5
I 1 ' I >
' o
9 ' ; -1.2 3*‘
B : _
= 1 3
: 2 1.4%

k,: NO; conversion k,: NO; conversion

reaction rate constants under varying Ep conditions in the pulsed and potentio-
static electrolysis. The note (E,=0.4V, Ep=0.6V, and Ep=0.8 V) stood for the Cu
nanoparticles that experienced an hour pulsed reduction at £,=0.4V, Ep=0.6V,
and Ep= 0.8V, respectively. Error bars denote standard deviations based on three
independent measurements. The voltage is not iR corrected. Source data for the
figure are provided as a Source data file.

conversion. The k; and k; in the pulsed reduction process exhibited a
similar trend, indicating stable conversion of NO3;~ and NO,". Corre-
spondingly, the k./k; ratios increased with increasing oxidation
potential, demonstrating an enhancement in the NH; formation effi-
ciency compared to the potentiostatic process (Fig. S45). Overall,
these findings suggested that pulsed electrolysis boosted NO3;/NO,"
conversion.

Furthermore, we also investigated the mechanism of the
enhanced NO3™-to-NH; conversion via the pulsed method in Region 2.
According to the DEMS results, the H, signals during the pulsed pro-
cess at £p=-0.6V exhibited a decreasing trend compared to the
potentiostatic process, indicating the inhibition of the competing HER
(Fig. S46). Additionally, reaction kinetics were calculated to assess
NO3™ and NO,™ conversion rates within the potential range of -1.2'V to
-0.2V at intervals of 0.2V (Figs. S47 and S48). Compared to the NO5~
and NO,™ reduction potentials in the potentiostatic reduction process,
NOj3™ reduction potentials increased by 18 mV, 53 mV, 72mV, 110 mV,
and 176 mV at Ep=-12V, -1.0V, -0.8V, 0.6V, and -0.4V, respec-
tively, while NO,™ reduction potentials experienced positive shifts of
30 mV, 120 mV, 217 mV, 374 mV, and 427 mV in Region 2 (Fig. S49). The
ky and k; values in the potentiostatic reduction were 4.7 min™ 107 and
1.5 min™ 1073, respectively. In contrast, the rate constants (k; and k) in
the pulsed electrolysis increased with the increasing Ep (ki
5.8min?1073, 6.5min?102, 8.8min?103, 9.9min"10°, and
125min?1073, k' 35min?103, 4.9min'103, 7.5min?1073,
8.9 min1073, and 11.8 min™107%). The positive shifts of NO;™ and NO,
reduction potentials and the increase in rate constants in Region 2
indicated that even without oxidation, the pulsed condition still pro-
moted the conversion of NO3™ and NO,". These findings suggested that
the inherent characteristics of pulsed electrolysis modulated the cat-
alyst microenvironment, potentially preventing catalyst poisoning by
N-containing intermediates and inhibiting side reactions™*®.

Discussion

In summary, this study has revealed the dynamics regulation of the Cu
catalyst structure and key N-containing intermediate adsorption con-
figuration during pulsed NO5™ electroreduction and provided an in-
depth understanding of the enhancement of NH; formation. The
composition and structure of the Cu catalyst underwent diverse peri-
odic reconstruction by applying different alternating positive and
negative potentials. When the Ep was higher —0.2 V, the resulting Cu’/
Cu® surface induced the change of oxygen vacancy concentration. It
could improve the surface oxophilicity and promote the transition
from *NO Top to *NO Side-on, leading to reduce the *NO-to-*NOH
energy barrier and enhance NH; formation. Moreover, the modulated
catalyst microenvironment could also increase NO,  coverage and
inhibit side reactions. Differently, in the Ep range from -1.2Vto -0.2V,
no discernible redox processes occurred on the catalyst, with only *NO
Top being present. The pulsed strategy can improve both the inherent
activity of the active sites and the FE significantly. The elucidated
mechanism will contribute to a deeper understanding of pulsed NO5~
electroreduction, facilitating the rational development of high-
efficiency systems for NOsz-to-NH; conversion. We believe that it
could also inspire the design of novel, efficient catalytic systems for
broad electrochemical reactions.

Methods

Chemicals

Toray Carbon Paper (CP, TGP-H-60, 19 x 19 cm), Nafion D-521 disper-
sion (5% w/w in water and 1-propanol, >0.92 meg/g exchange capacity),
Copper sulfate pentahydrate, and Nafion N-117 membrane (0.180 mm
thick, >0.90 meg/g exchange capacity) were supplied by Alfa Aesar
China Co. Sodium hydroxide, potassium sulfate, potassium nitrate
(299%), and sodium hypochlorite solution (=5.2%) purchased from
Sinopharm Chemical Reagent Co., Ltd., P. R. China. Hydrazine hydrate
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and sodium nitroprusside dihydrate (=99%) were obtained from J&K
Scientific Ltd.

Synthesis of Cu NPs

The preparation of copper nanoparticles involved dissolving 3 g of
stearic acid in 200 mL of 0.05 mol/L CuSO, ethanol solution at 50 °C,
forming a CuSOy-stearic acid mixture. Subsequently, a 1.5 mol/L KOH
ethanol solution was rapidly added at 1.9 L/min under magnetic stir-
ring at 1000 r/min, adjusting the pH to 12 to produce a Cu(OH), col-
loid. This colloid was then transferred to a three-neck flask, heated to
75°C under an argon atmosphere, and reduced by the dropwise
addition of 5 g hydrazine hydrate, with stirring continued for 300 min
to yield a copper nanoparticle dispersion. The nanoparticles were
isolated by centrifugation, washed with absolute ethanol and deio-
nized water, and vacuum-dried.

Characterization

The SEM images were acquired using a JEOL SU8020 system, while
TEM and HRTEM images were obtained with a JEOL JEM-2100F trans-
mission electron microscope. XRD analysis was conducted using a
Rigaku D/MAX2500 diffractometer equipped with a Cu-Ka source. XPS
measurements were performed on a Thermo Scientific ESCA Lab 250Xi
instrument, utilizing a 500 pum X-ray spot and 200 W monochromatic
Al Ka radiation, with a base pressure of approximately 3 x 10™° mbar in
the analysis chamber. Energy referencing for all binding energies was
based on the C 1s peak at 284.8 eV. UV-vis absorbance spectra were
recorded using a Perkin Elmer Lambda 1050+ spectrophotometer.
X-ray absorption spectroscopy measurements were conducted at the
4B9A beamline of the Beijing Synchrotron Radiation Facility, and the
resulting data were analyzed using Athena and Artemis software.
Photoluminescence spectra were acquired using a FluoroMax+
instrument.

Electrode preparation

A total of 5 mg of the synthesized catalyst was dispersed and sonicated
in 0.5 mL of ethanol along with 10 uL of Nafion 521 dispersion solution
to create a uniform catalyst ink. The surface area of the working
electrode was 0.5 cm?, with a catalyst loading on the carbon paper of
0.14 mgcm™.

Electrochemical measurements

Electrochemical measurements were conducted using a CHI 660E
electrochemical workstation (Shanghai CH Instruments Co., China)
within an H-type electrolytic cell, wherein the cathode and anode
chambers were separated by a Nafion 117 proton exchange membrane.
The working electrode comprised the as-synthesized catalysts on
carbon paper, while a saturated Ag/AgCl electrode and a platinum net
served as the reference and counter electrodes, respectively. The
working and reference electrodes were situated in the cathode
chamber, while the counter electrode was positioned in the anode
chamber. The surface area of the working electrode was 0.5 cm”. For
nitrate reduction experiments, 37 mL of 0.5M K,SO, solution con-
taining 0.01 M KNO3 was added to both the cathode and anode com-
partments. A pretreatment involving the application of an oxidation
potential for 300 s was performed within the first cycle, after which the
electrolyte was refreshed. All characterizations were applied after 1h
of electrolysis. Error bars denote standard deviations based on three
independent measurements.

ECSA was estimated by CV measurements performed at scan rates
0f 20, 40, 60, 80, 100, and 120 mV s within a potential window free of
significant Faradaic processes. The capacitive current densities recor-
ded at the selected potentials exhibited a linear dependence on the
scan rate, and the slope of this relationship corresponded to the
double-layer capacitance (Cdl). Since Cdl is directly proportional to the
ECSA, the latter was derived accordingly.

Determination of ion concentration

Ammonia-N determination. A 4 mL sample from the electrochemical
reaction vessel was mixed with 50 pL of solution A (0.75M NaOH and
NaClO), 500 pL of solution B (0.32 M NaOH and 0.4 M C;HsO3Na), and
50 pL of 1wt% CsFeNgNa,O (solution C). After 2h of standing, the
sample concentration was measured indirectly using UV-vis spectro-
scopy, calibrated with standard NH4ClI solutions.

Nitrite-N determination. A color reagent was prepared by mixing 1g
p-amino benzenesulfonamide, 0.1gN-(1-Naphthyl) ethylenediamine
dihydrochloride, 50 mL ultrapure water, and 2.94 mL phosphoric acid.
Electrolyte samples were diluted to 3 mL and mixed with 1 mL of the
color reagent. After 20 min at room temperature, UV-vis absorbance at
540 nm was recorded, and the concentration-absorbance curve was
calibrated using KNO, solutions.

Nitrate-N determination. Electrolyte portions were diluted to 4 mL,
mixed with 1mL of 0.1M hydrochloric acid solution and 0.1 mL of
sulfamic acid (98%) solution (0.8 wt.%). UV-Vis absorbance at 220 nm
and 275 nm was measured, and the absorbance value (A) was deter-
mined by:

A=A20 nm — 2% A75 1m @
Calibration curves using standard KNOj3 solutions were used to
quantify NO3".
Calculation of the Faradaic efficiency (FE) and yield rate.
Faradaic efficiency = (8F x cyyy3 X V) /(Myy3 X Q) )
Yield rate = (Cyy3 X V) /(Mpyys X t xm) 3)

Where:

F is the Faradaic constant with a value of 96,485 C mol,

cnus is the concentration of NHj;,

V represents the volume of electrolyte in the cathode compart-
ment (37 mL),

Mz is the molar mass of NH;,

Q stands for the total charge passing the electrode, and the total
charge means the sum of Q under both Ep and Ey conditions. Q is
obtained by integrating the instantaneous currents in raw it curves.

t is the electroreduction time (3 h),

S is the area of the catalyst on carbon paper (0.5 cm?).

Kinetic evaluation

Kinetic evaluation was conducted by recording linear sweep voltam-
mograms of the catalysts in 0.5M K;SO,4 containing 0.01M NO3™ or
0.01M NO,". To determine the rate constants, electrolysis under the
different reduction processes was performed for 3 h in a 37 mL elec-
trolyte containing 0.01 M NO3™ or 0.01 M NO,™ in the cathode chamber.
The reaction constants (k; for NO5;™ reduction and k, for NO,™ reduc-
tion) were obtained by monitoring the concentrations as a function of
electrolysis time. Concentration decay was assumed to follow the first-
order rate equation

Ct = COexp(_k . t) (4)

where Cy, is the initial molar concentration of the reactant, and C;is the
molar concentration of the reactant at time ¢.

Calculation method

The MD simulations were conducted using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS), an open-source
software platform. The simulation system was constructed using the
PACKMOL package, which involved stacking a liquid phase onto either
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the bulk Cu or Cu,0 surface. The NO, species was represented using
the PCFF force field. The Lennard-Jones potential force field combined
with the Single Point Charge model for water was employed for all
bonded and nonbonded interactions. Interaction parameters between
different atom pairs were determined using the Lorentz-Berthelot
mixing rules. The O-H bond distance and H-O-H angle in water were
constrained to 1.0 A and 109.47°, respectively, using the SHAKE algo-
rithm in LAMMPS. Adsorption models were subjected to periodic
boundary conditions with a cutoff radius set at 1nm. Prior to MD
simulation, the initial models were subjected to energy minimization
using the steepest descent algorithm, followed by a 20 ns MD simu-
lation. The NVT ensemble (T=300K) was employed during MD
simulations, with temperature and pressure controlled using the
Nose-Hoover thermostat and Parrinello-Rahman barostat, respec-
tively. Density distributions of NO,™ along with water molecules along
the z-axis were calculated, and visualization and image rendering were
performed using OVITO software.

AIMD (ab initio molecular dynamics) simulation. All calculations
were carried out with the CP2K package (version 7.1) in the framework
of the DFT, based on the hybrid Gaussian and plan-wave scheme®®,
Molecular orbitals of the valence electrons were expanded into DZVP-
MOLOPT-SR-GTH basis sets®’, and the exchange-correlation between
the electrons was treated by employing the Predew-Burke-Ernzerhof
(PBE) functional” supplemented with Grimme’s D3 dispersion
correction”’. The interaction between the valence electrons and atomic
cores was described by the norm-conserving Goedecker-Teter-Hutter
(GTH) pseudopotentials’. A plane-wave density cutoff of 500 Ry was
adopted. The initial structure was fully relaxed by CP2K with the BFGS
scheme, and the force convergence criterion was set to 4.5x10™*
hartree/bhor. In the AIMD simulations, a constant electric field was
applied to simulate the equivalent potential. The electric field was
applied in the negative z-direction, and the strength was set to
0.0004 a.u., where 1a.u. = 51.423 V/ A. Given a box height of 41.2 A, the
corresponding potential was calculated to be 0.85V.

The AIMD simulation was performed in the MD module of CP2K.
The basis sets and potentials of the elements were set as the same type
as previously mentioned. The time step was set to 2fs, and the tem-
perature was controlled by a Nose-Hoover thermostat’. After 20 ps of
simulations, the RDF of Cu-Cu and Cu-0 and the corresponding tra-
jectory were analyzed and visualized by the VMD code’.

First-principles DFT calculations were performed using the Vienna
Ab initio Simulation Package”, employing the projector augmented
wave method’®. The exchange-correlation functional was treated using
the generalized gradient approximation of the PBE functional”. The
energy cutoff for the plane wave basis expansion was set to 450 eV, and
the convergence criterion for geometry relaxation was set such that
the force on each atom was less than 0.02 eV/A. A vacuum of 15 A was
introduced along the z-direction to avoid interactions between peri-
odic structures. The Brillouin zone integration was performed using a
3x3x1 k-point grid. Self-consistent calculations employed a con-
vergence energy threshold of 107 eV. Van der Waals interactions were
considered using the DFT-D3 method®’. The Poisson-Boltzmann
implicit solvation model, Vaspsol’®, was used to investigate solvation
effects, with the dielectric constant set to 80 to represent water. The
free energies of the NO3~ reduction reaction steps were calculated
using the equation’:

AG=AEppr +AE 7pp——TAS+AGy +AG,y, o)

where AEper is the DFT electronic energy difference for each step,
AEzpe and AS are corrections for zero-point energy and entropy
changes, respectively, obtained from vibrational analysis. T is the
temperature (300 K). AGy is the free energy contribution related to the
electrode potential U, and AG,y, is the correction for the H* free energy

by the concentration, calculated as:
AGpy=2.303xkyx T - pH=2.303 xk;, x T x pH (0r 0.059 x pH)  (6)

Data availability

The data that support the plots within this paper are available in the
Source data file. Additional data available from the authors upon
request. Source data are provided with this paper.
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