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Electrochemical nitrate reduction to ammonia offers a sustainable route for
wastewater remediation and fertilizer production. However, the prevailing
hydrogen-atom-mediated pathway often suffers from low selectivity owing
to competing hydrogen evolution. Here we show that nanoconfinement
can fundamentally redirect the reaction pathway towards a highly efficient
proton-coupled electron transfer process. We constructed a catalyst
comprising CuCo alloy nanoparticles embedded within carbon nanotubes

viaflashjoule heating. This architecture achieves an ammonia yield of
2.23 mg h™'cm™with 93.8% Faradaic efficiency, surpassing non-confined
counterparts. Mechanistic studies reveal that the nanoconfined
microenvironment restructures the interfacial hydrogen-bond network
to create a water-deficient, nitrate-enriched interface that suppresses
water dissociation and facilitates direct proton shuttling. The system
demonstrates robust stability in treating real wastewater, with
technoeconomic and life-cycle analyses confirming its viability. This work
establishes nanoconfinement as a powerful lever for steering interfacial
environments and reaction pathways in electrocatalysis.

Theelectrocatalytic nitrate reduction (NO,RR) toammonia, powered
byrenewableelectricity, hasemerged as a promising research frontier
that combines environmental remediation of nitrate-contaminated
wastewater with carbon-neutral energy conversion' (Fig. 1a). However,
the inherent complexity of NO;RR, comprising multistep electron-
proton transfers and the sequential evolution of diverse nitrogenous
intermediates (for example, *NO,", *NO and *NHO), leads to unsatis-
factory selectivity and sluggish kinetics* . It is well recognized that
the electrochemical process of NO;™ to NH; critically hinges on the
sufficient supply of active hydrogen atoms (H*)”%, The conventional
H*-mediated NO;RR strategy incorporates active sites featured with

strong H,0 dissociation capability to supply H* for hydrogenating
nitrogen-containing intermediates®’°. However, it suffers froma high
energy barrier for H* generation and transfer, as H,0 molecules must
reorientinto athermodynamically favourable H-end configuration" ™,
In addition, this process is hindered by the free-energy mismatch
between H*rich and H*-deficient regions, rendering it both energeti-
cally and kinetically unfavourable™. Although the introduced heter-
ogeneous active sites with strong water dissociation capability can
supply sufficient H* for the hydrogenation step, the accumulation of H*
promotes the competing hydrogen evolutionreaction (HER), thereby
lowing the Faradaic efficiency (FE) and selectivity of NO,RR" (Fig. 1b).
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Fig.1|Schematicillustration of NO;RR and insitu NH; recovery. a, A
conventional NO;RR process. b, The current hydrogen atom transfer-dominated
pathway. ¢, The proposed PCET-dominated pathway.

Suchissues cannot be adequately resolved using common catalyst, as
common optimization strategies, such as vacancy engineering and
heteroatom doping, remaininsufficient to overcome these limitations.

Alternatively, an H*-independent proton-coupled electron trans-
fer (PCET) pathway for NO;RR could be realized by modulating the
hydrogen bond (HB) network at the interface®*'¢. The interfacial HB
network provided multidimensional channels for stochastic proton
shuttling and functions as a‘proton superhighway’, enabling ultrafast
transport through the Grotthuss mechanism'®". An efficient proton
supply ensures the hydrogenation of key nitrogen intermediates,
thereby preventing kinetic stagnation atincomplete reduction stages
such as *NO or *N. This pathway obviates the need for H* generation,
substantially suppressing the competing HER while maintaining high
FE. Proton transfer between the electrolyte solution and electrode
surface can be fine-tuned by tailoring the HB network at the solid-
liquid interface'", For instance, strengthening the HB network by
incorporating HB acceptors on the electrode surface or within the
electrolyte could promote interfacial proton transfer between elec-
trolyte and electrode surface®. However, interfacial HB regulation is
typically achieved through catalyst modification, making it difficult to
elucidate its specific influence on catalytic reactions. Moreover, less
attention hasbeen paid to tailoring the HB structures within interfacial
microenvironment and uncovering their rolein NO;RR, which remains
anunresolved and challenging issue (Fig. 1c).

Distinct from conventional bulk systems, nanoconfined interfaces
redefine water-solute-solid interactions at the electrode-electrolyte
boundary by profoundly reorganizing the structure and orientation of
interfacial H,0 molecules”. Owing to their well-defined hollow cavities
and tunable electronic properties, multiwalled carbon nanotubes
(CNT) provide anideal platformto elucidate the role of HB in catalytic

reactions. The spontaneously formed HB network around NO;” mark-
edly enhances the proton mobility across interlaced H,0 molecules,
establishing a kinetically favourable pathway for NO;RR that closely
resembles the catalytic principle of nitrate reductase®. A previous
report revealed that the curved CNT structure redistributes electron
density towards the outer surface, rendering the concave inner walls
particularly favourable for binding electron-rich reactants®. Moreover,
the presence of athick boundary layer in conventional bulk-phase cata-
lytic systems substantially prolongs the time required for NO; toreach
the active sites, thereby diminishing the overall reaction kinetics?**.
By contrast, nanoconfinement could enrich the local concentration
of NO;~ within confined spaces and thins the boundary layer, thereby
improving mass transport, maximizing catalyst utilization and accel-
erating reaction kinetics*?.

Recently, the interfacial engineering of bimetallic nanocatalysts
has emerged as a transformative strategy to address the inherent
limitations of monometallic systems in electrocatalytic processes.
By leveraging synergistic electronic and geometric interactions, such
tailored interfaces enable the precise optimization of adsorption
energetics and ensemble effects, thereby enhancing both activity and
selectivity. Anotable exampleis the work by Choi et al., who designed
aPd/Cu,0 heterointerface that promotes cooperative hydrogenation
and reduction steps, achieving remarkable NH, yield and FE*. Inspired
by these advances, we herein propose a structurally innovative yet
conceptually coherent strategy: the spatially selective encapsula-
tion of CuCo alloy nanoparticles within the inner channels of CNT
(denoted as CuCo-in-CNT), in contrast to their deposition onthe outer
surfaces (CuCo-out-CNT), achieved via a confined flash joule heating
technique. The choice of Cuand Co as catalytic centres is strategically
guided by their partially unoccupied d orbitals, which enable robust
acceptor-donor backbonding interactions. This electronic feature
enhances electron transfer from M™ sites to NO,~, thus promoting effi-
cient nitrate activation. Crucially, through anintegrated suite of in situ
electrochemical probes and theoretical simulations, we reveal that this
nanoconfinementapproach fundamentally reorganizes the interfacial
HB network. This restructuring effectively diverts the nitrate reduction
pathway from the conventional H*-mediated route (non-confined)
towards a highly efficient PCET mechanism (confined). Such recon-
figuration not only mitigates competing hydrogen evolution but also
establishes a new paradigm for controlling reaction selectivity and
kinetics, with promisingimplications for sustainable water treatment
and ammonia synthesis.

Results and discussion

Fabrication and characterization of CuCo-in-CNT and
CuCo-out-CNT

The CuCo alloy was successfully incorporated into the inner CNT
channels via the confined flash joule heating technique®, as illus-
trated schematically in Fig. 2a (Methods; Supplementary Text 3 and
Supplementary Table 1). Powder X-ray diffraction (XRD) patterns
displayed a pronounced peak at 43.4°, positioned between those of
face-centred cubic Cu (PDF no. 97-005-3246) and face-centred cubic
Co (PDF no. 97-005-2934), confirming the formation of CuCo alloys
with face-centred cubic phase (Fig. 2b and Supplementary Fig. 3).
High-resolution transmission electron microscopy (TEM) verified
that CuCo alloy nanoparticles were distributed on both the inner and
outer surfaces of CNT in CuCo-in-CNT and CuCo-out-CNT, respec-
tively (Fig. 2c and Supplementary Fig. 4). Further characterization by
high-angle annular dark-field TEM coupled with energy-dispersive
X-ray spectroscopy elemental mapping elucidated the distribu-
tion and size of the alloy particles. The results showed that the
CuCo alloys were preferentially aligned inside the CNT channels
in the CuCo-in-CNT sample (Supplementary Figs. 5 and 6). These
alloy nanoparticles exhibited a narrow size distribution, with aver-
age diameters of 6.2 + 0.1 nm for CuCo-in-CNT and 8.8 + 0.2 nm for
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Fig. 2| Characterization and coordination structure information of CuCo-in-
CNT and CuCo-out-CNT. a, A schematic diagram depicting the fabrication route
of CuCo-in-CNT. b, Powder XRD patterns of CNT, CuCo-in-CNT and CuCo-out-
CNT. ¢, Representative high-resolution TEM image of CuCo-in-CNT, where circles
indicate CuCo alloy nanoparticles and arrows indicate the regions selected for
local magnification. d, Local magnified image of the boxed region in c; the dashed
boxes indicate the regions selected for further magnification, and the solid
outlines delineate the boundaries between the inner CNT wall and the CuCo alloy

R (R)

nanoparticles. The representative high-resolution TEM images selected from
multipleindependent sample areas. Similar structural features were consistently
observed across different regions and batches (Supplementary Fig. 5).

e, The CuLMM Auger of CuCo-in-CNT and CuCo-out-CNT. f, The normalized Cu
K-edge XANES spectra of Cu foil, Cu,0, CuO, CuCo-in-CNT and CuCo-out-CNT.
g, The corresponding Cu K-edge EXAFS spectra. FT denotes Fourier transform
ofthe EXAFS oscillations. R denotes radial distance (A) in real space. h, The co-
species K-edge EXAFS spectra.

CuCo-out-CNT (Supplementary Fig. 7). Notably, the diffraction inten-
sity of CuCo-in-CNT was slightly attenuated compared with that of
CuCo-out-CNT, consistent with spatial confinement effects**. The meas-
ured lattice spacing of 1.9 A corresponds to the (111) plane of metallic
CuCoalloy (Fig.2d). Atomicintensity line-scan profiles further verified
the coexistence of Co and Cu within the same crystalline domains,
providing strong evidence for the formation of ahomogeneous CuCo
alloy inside the CNT channels®® (Supplementary Fig. 8). Inductively
coupled plasma mass spectrometry confirmed that both catalysts
possessed comparable total metal loadings and Cu/Co molar ratios
(Supplementary Fig. 9 and Supplementary Table 3).

Raman spectroscopy was utilized to probe the interactions
between encapsulated metal nanoparticles and CNT sidewalls. Two
prominent bands appeared at approximately 1,342 and 1,576 cm™,
corresponding to defect (/,) and graphitic structure (/;), respec-
tively® (Supplementary Fig. 10). The higher I,/I; ratio observed for

the CuCo-in-CNT was consistent with alloy encapsulation, which
reduced the degree of graphitization®. In addition, no detectable
signals attributable to Cu or Co oxides (480-700 nm) were observed,
confirmingthat the confined species existed exclusively in the metal-
lic alloy form* (Supplementary Fig. 11). We further carried out X-ray
photoelectron spectroscopy (XPS) and X-ray absorption fine spectra
(XAFS) measurements to unveil electronic structure as well as local
coordination environment of the CuCo alloy for spatially confined
and non-confined systems. According to XPS depth profiling, the C
1sXPS peaks remain unchanged, illustrating that the confinement did
not alter its structure (Supplementary Fig. 12). The X-ray absorption
near edge structure (XANES) results revealed that the Cu absorption
edgeinboth CuCo-in-CNT and CuCo-out-CNT were situated between
those of Cu foil and Cu,0, clearly indicating the formation of elec-
tropositive Cu species, which was consistent with the XPS results®*
(Fig. 2e,f and Supplementary Fig. 13). The linear combination fitting
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of the XANES spectra indicated an average Cu valence of +0.27 for
CuCo-in-CNTand +0.13 for CuCo-out-CNT, whereas the oxidation states
of Coremained nearly identicalinboth systems, inagreement with XPS
analysis (Supplementary Fig.14). The stabilized electropositive Cuand
Co centres created a favourable microenvironment for adsorption
and activation of those electronegative nitrate anions’. Moreover, the
confined system displayed elevated metal valence state relative to the
non-confined counterpart, aphenomenon that can be rationalized by
the stronger metal-support interactions of electron-deficient CNT
channels and electron-rich CuCo alloy*.

In the K-edge extended X-ray absorption fine structure (EXAFS)
spectra of CuCo-in-CNT and CuCo-out-CNT, only metal-metal (Cu-
Cu/Co) and metal-carbon (M-C) coordination were detectable
(Fig.2g,h). The absence of metal-oxygen coordination confirms that
both samples were predominantly in metallic alloy state*. Relative to
the non-confined system, the confined system exhibited a stronger
metal-carbon signal, probably owing to enhanced metal-support
interactions between the CuCo alloy and inner walls of CNT (Fig. 2f
and Supplementary Fig. 15). Furthermore, the least-square EXAFS
fitting revealed that both confined and non-confined systems exhib-
ited well-defined alloy coordination (Supplementary Table 2). This
fact was again evidenced by the wavelet transform contour plots of
CuCo-in-CNT and CuCo-out-CNT with just an intensity maximum at
7.5 Aaligning with Cu/Co foil references (Supplementary Figs.16-19).

Electrocatalytic NO,RR performance evaluation

The electrocatalytic performance of CuCo-in-CNT towards NO;RR
was systematically evaluated in a three-electrode H-type cell, with
CuCo-out-CNT and pristine CNT as references. To better mimic prac-
tical conditions, a neutral Na,SO, electrolyte was used. Linear sweep
voltammetry revealed that the CuCo-in-CNT exhibited a markedly
higher current density and a lower onset potential (-0.2 V) than that
of CuCo-out-CNT (-0.3 V) and CNT (-0.6 V), demonstrating its supe-
rior reductive catalytic activity (Fig. 3a). This observation was further
supported by the smaller Tafel slope of the CuCo-in-CNT relative to
other reference catalysts’ (Supplementary Fig. 20). This was also con-
sistent with the results of electrochemical impedance spectroscopy
(Supplementary Fig. 21). The CuCo-in-CNT exhibited a lower charge
transfer resistance compared with CuCo-out-CNT and CNT, reflecting
diminished impedance and intrinsically accelerated charge transfer
kinetics. Notably, even after normalization to the electrochemical
active surface area, the partial current density and NH, yield rate of
CuCo-in-CNT remained superior to those of CuCo-out-CNT and pristine
CNT. This result definitively excluded the possibility that the enhanced
activity of CuCo-in-CNT stems merely fromalarger active surface area®
(Supplementary Figs. 22 and 23).

The conversion of NO; to NH, was then assessed over a potential
range of —0.3 to —0.8 V versus reversible hydrogen electrode (RHE),
with NH; concentration quantitatively determined using a colorimetric
protocol’® (Supplementary Fig.24). The CuCo-in-CNT electrode dem-
onstrated marked superiority over the CuCo-out-CNT and CNT controls
in both NH; yield and FE across all applied potentials, with optimal
performance at —0.7 V versus RHE. At this potential, the electrode
achieved complete conversion of nitrogen (100.0 mg NO; -N) to NH,
within120 min. The residual concentrations of NO;™-N (5.0 mg ™) and
NO, -N (2.3 mg1™) were well below the World Health Organization
drinking water standard, concomitant with an NH, selectivity of 96.3%
(Fig. 3b and Supplementary Fig. 25). The CuCo-in-CNT electrode
achieved a remarkable NH, yield of 2.23 mg h™ cm™, outperforming
the CNT and CuCo-out-CNT electrodes by factors of 89.7 and 1.7, respec-
tively (Supplementary Fig. 26). Meanwhile, its FEyy, exhibited a
volcano-type relationship with the applied potential, peaking at 93.8%
at—0.7 Vversus RHE (Fig. 3c). Furthermore, the CuCo-in-CNT electrode
delivered a high NH, partial current density of 24.6 mA cm™ coupled
with 96.3% selectivity (Supplementary Fig. 27). This combination of

high activity and specificity culminates in a superior integrated per-
formance, outperforming most reported state-of-the-art electrocata-
lystsinNH, yield, FE and selectivity (Fig. 3d and Supplementary Table 4).

The inferior performance of the single-metal controls reveals the
inherentlimitations of either Cuor Coalone. Cu-CNT catalysed nitrate
conversion but generated substantial nitrite byproduct, achieving low
NH;selectivities of merely 43.9% (confined) and 36.7% (non-confined).
Conversely, Co-CNT provided higher selectivity but was plagued by
insufficient nitrate conversion (75.2% confined; 62.6% non-confined).
This performance dichotomy underscores the critical role of the CuCo
alloy synergy indriving efficient NO;RR (Fig. 3e). Probing this synergy
further, we tuned the Cu/Co ratio by adjusting the CuCl, and CoCl,
precursor proportions and observed a nonlinear relationship between
metal compositionand catalytic performance (NH,yield, FEy;y,), provid-
ing definitive evidence for a robust cooperative effect beyond mere
physical mixing® (Fig. 3f). Isotope-labelling experiments using ®*NO,~
confirmed that the produced NH, originated exclusively fromNO;, as
evidenced by theappearance of adoublet signal corresponding to *NH,"
inthe'HNMR spectra (Supplementary Fig. 28), and no NH, was detect-
ableincontrolexperiments withoutNO; (ref. 5) (Supplementary Fig.29).

Addressing the challenge of treating industrial wastewater with
highly variable nitrate loads (tens to hundreds of milligrams per litre)
requires catalysts with pronounced activity across abroad concentra-
tion range. The CuCo-in-CNT electrode consistently delivered high
NO;™ conversionand FEy, from100 to 800 mg N I (Fig. 3g), confirm-
ingits wide operational adaptability. Its efficacy extended to complex
water environments, including simulated brackish water, without
compromising NH, production (Fig. 3h and Supplementary Table 5).
Most notably, the electrode exhibited exceptional stability over mul-
tiple cycles, with minimal activity loss and remarkably low metal leach-
ing (0.03 mg 1™ for Cu and 0.07 mg 1™ for Co after 20 cycles). We
attribute this durable performance to a nanoconfinement-induced
core-shellstructure, which effectively immobilizes the alloy nanopar-
ticles within CNT channels, thereby preserving their catalytic activity
andstructuralintegrity (Fig. 3iand Supplementary Fig.30). This stands
insharp contrast to the CuCo-out-CNT counterpart, which experienced
rapid performance decay and deleterious metal leaching within ten
cycles, conclusively affirming that nanoconfinementisindispensable
for achieving stable electrocatalyticammonia synthesis.

Mechanisticinsights

Further mechanistic investigations were conducted to elucidate the
origin of distinct NO;RR performance between confined (CuCo-in-CNT)
and non-confined (CuCo-out-CNT) systems. The selective blocking of
electron-deficient Cu®* and Co?* sites with KSCN markedly attenuated
the activity of both catalysts, confirming M%* as the primary NO,~
adsorption centres® (Supplementary Fig. 31). Given that NO;RR may
proceed via hydrogen atom transfer or the PCET mechanism, ter¢-butyl
alcohol (TBA) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were used
as radical quenchers to trap H*. For CuCo-out-CNT, the introduction
of either quencher resulted in a markedly decreased NO,” removal,
underscoring the critical involvement of H* in the reaction pathway™.
By striking contrast, the CuCo-in-CNT maintained high activity even
at elevated Crpa/Cyo,- ratios, effectively excluding the contribution
of the H*-mediated pathway, and its performance was similarly unaf-
fected after the addition of the another H* scavenger DMPO (Fig. 4a
and Supplementary Figs. 32 and 33). DMPO-assisted electron paramag-
neticresonance spectrarevealed that, despite its higher NO;RR activ-
ity, the CuCo-in-CNT displayed much weaker H* signals than that of
CuCo-out-CNTinnitrate-free electrolyte, with the signals disappearing
completely upon nitrate addition® (Supplementary Fig. 34). Further-
more, the kinetic isotopic effect (KIE) effects were conducted by sub-
stituting H,0 with deuterated water (D,0) to further elucidate the
mechanistic differences in NO;RR between confined and non-confined
systems™. In a hydrogen atom transfer-dominated NO,RR pathway,
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Fig.3|Electrocatalytic NO;RR performance. a, Linear sweep voltammetry
curves of CNT, CuCo-out-CNT and CuCo-in-CNT in an Ar-saturated electrolyte of
0.1 M Na,SO, with or without 100 mg NO; -N per litre.jdenotes current density
(mA cm™).b, The NH, yield and selectivity over CuCo-in-CNT at various working
potentials.c, The FEnn, of CNT, CuCo-out-CNT and CuCo-in-CNT at various
working potentials. d, Acomparison of FEy,, NH; yield and selectivity over
CuCo-in-CNT with reported electrocatalysts. e, The NO;” conversion using

Cycles (n)

monometallic catalysts. f, The FEyy, and NH, yield over CuCo-in-CNT witha
different Cu/Coratio. g, The NO;™ conversion efficiency and FEu, at various
initial NO,™ concentrations. h, The FEyy, and NH, yield over CuCo-in-CNT in
different water matrices. i, The cycling testsand ion loss tests at —0.7 V versus
RHE.Theerrorbarsinb, e, fand grepresent thes.d. (meanvalues +s.d.,n=3),
obtained by repeating the experiment three times.

the higher D-O bond dissociation energy markedly suppressed NO;RR
by increasing the barrier to forming D*, whereas a PCET-dominated
pathway is not affected. Consistent with this mechanistic distinction,
the CuCo-in-CNT exhibited anotably lower KIE, affirming a PCET-driven
reactive route. Conversely, substantially higher KIE observed for the
CuCo-out-CNT suggests a predominant hydrogen atom transfer mech-
anism (Fig. 4b).

Subsequently, the online differential electrochemical mass spec-
trometry (DEMS) was then utilized to assess its selectivity and poten-
tial intermediates. The m/z signals of 33, 30, 17 and 2 corresponding
to NH,OH, NHO, NH; and H, were recorded for both CuCo-in-CNT
and CuCo-out-CNT (Supplementary Fig. 35). The faint NH,OH signal
observed in both CuCo-in-CNT and CuCo-out-CNT suggested that
neither catalyst led to a substantial formation of NH,OH during the
NO;RR process. Notably, the ratio of NH;/H, (51.1) of CuCo-in-CNT
from DEMS was one order than that of CuCo-out-CNT (10.0) and CNT
(0.3), further confirming the excellent NH, selectivity of CuCo-in-CNT
(Fig. 4c). Taken together, the results revealed that NO;" electroreduc-
tionto NH; on CuCo-in-CNT proceeds predominantly througha PCET
pathway, rather than the hydrogen atom transfer mechanisminvolving
H* generation and migration.

Time-resolved attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy was then used to monitor the
dynamic evolution of key intermediates in confined and non-confined
systems, offering deeper insight into their mechanistic distinctions.
The CuCo-in-CNT spectra exhibited characteristic peaks correspond-
ingtothekeyintermediatesin NO;RR, withsignalsat1,672,1,617,1,460,
1,430 and 1,315 cm™ assigned to *H,0, *NO, NH,*, *NH, and *NO;,
respectively**° (Fig. 4d). By contrast, only weak bands at 1,615 and
1,455 cm™ belonging to *NO and NH,* were observed in the case of
the non-confined counterpart® (Fig. 4¢). These differences stem from
the spatially confined effect, which stabilizes reaction intermediates,
promotesthe hydrogenation of key intermediates and enhances selec-
tivity towards NH,.

The combined ATR-FTIR and DEMS results identified the mecha-
nisms and pathway of NO;RR on CuCo-in-CNT and CuCo-out-CNT.
Moreover, the remarkably weaker O-H bending vibration
(1,672 cm™) on the CuCo-in-CNT directly points to its suppressed
H,O adsorption capability, as further verified by the zeta poten-
tial test (Supplementary Fig. 36). Differences in water adsorption
strength arise from the influence of confined microenvironment
on the interfacial water structure, which not only reorganizes the
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Fig. 4 |Mechanistic investigation of CuCo-in-CNT and CuCo-out-CNT. a, The
effect of different ratios ofCTBA/CNO3— onthe NO; conversion activity over
CuCo-in-CNT and CuCo-out-CNT. b, The related KIE and the NH, yield of
CuCo-in-CNT, CuCo-out-CNT and CNT. ¢, The intensity signals of H,and NH, from
DEMS and the ratio of NH,/H, of CuCo-in-CNT, CuCo-out-CNT and CNT. Ris the
intensity ratio of the DEMS signals for NH; and H,. d,e, In situ ATR-FTIR spectra
collected on CuCo-in-CNT (d) and CuCo-out-CNT (e) exposed to potentials

ranging from OCP to-0.7 V versus RHE. f,g, The deconvoluted bands in the O-H
stretching region (3,000-3,700 cm™) for interfacial water on CuCo-in-CNT

(f) and CuCo-out-CNT (g), acquired at different applied potentials (versus RHE).
h, The potential-dependent population distribution of differently hydrogen
bonded water species on both catalysts. i, The stark slope of CuCo-in-CNT and
CuCo-out-CNT.Theerrorbarsinarepresent thes.d. (meanvalues +s.d.,n=3),
obtained by repeating the experiment three times.

interfacial HB network but also modulates the interactions between
water and active sites, thereby altering the hydrogenation pathway in
confined system*#*?, Accordingly, we monitored the O-H stretching
regiontointerrogate the HB network and interfacial water structure
(Fig. 4f). A broad envelope spanning 3,000-3,700 cm™, character-
istic of the (vO-H) mode of H,0, was deconvoluted into three com-
ponents centred at -3,300, ~3,500 and -3,600 cm™ (ref. 13). These
features were associated with four-coordinated HB water (4-HB-H,0),
two-coordinated HB water (2-HB<H,0) and free H,0, respectively.
As the applied potential was varied from —0.5 to 1.0 V versus Ag/
AgCl, the O-H stretching band of 4-HB+H,0 on CuCo-in-CNT not
only exhibited a progressive blue shift but also showed a pronounced
increase in relative content from 40.1% to 53.9%. This evolution
reflects the formation of a more ordered HB network that favours
proton hopping via the Grotthuss mechanism. By contrast, no such
potential-dependent restructuring was detected in the non-confined
CuCo-out-CNT system (Fig. 4f,g and Supplementary Fig. 37). Therise

in4-HB+H,0 content was accompanied by a concomitant decrease in
2-HB-H,0 and free H,0 populations, indicating a systematic trans-
formation of interfacial water from weakly bonded (2-HB) to more
highly coordinated (4-HB) states—a transition again absent in the
non-confined counterpart***,

The potential-dependent growth of 4-HB+H,0 content fol-
lowed a strong linear correlation (R*> 0.80) with cathodic potential
(Supplementary Fig. 38), providing a quantitative measure of the
field-drivenreorganization of theinterfacial HB network and its associ-
ated proton-transfer capacity. This correlation underscores that the
electric-field-induced restructuring directly enhances proton mobility.
Furthermore, the average number of HBs per water molecule increased
with applied voltage in CuCo-in-CNT, whereas the opposite trend was
observed for CuCo-out-CNT (Supplementary Fig. 39). These distinct
behaviours confirm that the two catalysts undergo fundamentally dif*-
ferentinterfacial reconfigurations, whichin turn dictate their divergent
NO;RR pathways (Supplementary Table 6).
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To gain deeper insights into the interfacial H,O structure trans-
formation, we examined the frequency variations of different H,O
vibrational modes under confined and non-confined conditions at
varyingelectrode potentials on the basis of the vibrational Stark effect™
(Fig. 4i). For CuCo-in-CNT, the Stark slope of 2-HB+H,O was clearly
greater than that of both 4-HB+H,0 and free H,0, indicating that the
confined system facilitated the electric-field-driven conversion of
2-HB+H,0 to 4-HB+H,0 (Supplementary Fig. 40). This pronounced
interfacial interaction substantially enhanced the H,0-H,0 inter-
actions within interfacial HB network, transforming the originally
2-HB+H,0-dominated framework into a three-dimensional, strongly
bonded HB network dominated by 4-HB-H,O (ref. 45). Such reconstruc-
tured HB networks featuring two-dimensional connectivity facilitates
thelinear pathway for proton transport along the CuCo-in-CNT inter-
face, reducing the activationbarrier for NO; reduction and sustaining
local proton availability without inducing excessive HER. In addition,
the considerably steeper Stark slope of 4-HB+H,0 on CuCo-out-CNT
indicated that this catalyst drives the more highly coordinated H,0O
molecules situated nearer to the electrode surface in the presence
of electricfield, thereby potentially promoting the competing HER.

To elucidate the interfacial HB network and the dynamic proton-
transfer process at the confined/non-confined interface, molecular
dynamics (MD) simulations were carried out toinvestigate NO," distribu-
tionand migration near the surfaces of CuCo-in-CNT and CuCo-out-CNT.
Theinitial configurations were prepared by randomly distributing NO;"
and H,0 molecules around the CuCo-in-CNT and CuCo-out-CNT layers
within the simulation boxes*® (Supplementary Fig. 41). Representative
MD snapshots reveal that the confined interface of CuCo-in-CNT formsa
denser three-dimensional HB network compared with the non-confined
interface, enhancing the network connectivity and promoting effi-
cient proton transfer within the HB matrix (Fig. 5a,b). Interactions
withinthis reinforced three-dimensional HB network actively drive the
rearrangement and reorientation of interfacial H,0 molecules, result-
ing in a substantially increased average distance of water molecules
from the catalyst surface in CuCo-in-CNT relative to CuCo-out-CNT".
These orientation variations were further validated through the H,0
molecular configurations on both CuCo-in-CNT and CuCo-out-CNT
(Supplementary Fig. 42), where 6 denoted the angle between the H-O
bond and the surface normal of the catalyst. The peak value of cos(6)
within a10 A distance on CuCo-out-CNT is markedly higher than that
on CuCo-in-CNT, indicating that the most interfacial H,0 molecules
favoured anordered H-down configuration on CuCo-out-CNT, whereas
the stronger interfacial HB network in CuCo-in-CNT induced a more
disordered arrangement, resulting in averaged cos(8) values. Moreo-
ver, MD simulations indicate that the local concentration of NO; near
CuCo-in-CNT reachesamaximumof 3.1ions A at adistance of -3 A from
the surface, corresponding to a1.7-fold enhancement compared with
CuCo-out-CNT* (Fig. 5d). Collectively, these simulations demonstrate
that nanoconfinement induces a substantial reorganization of the
interfacial water structure: it reduces the population of water molecules
attheinterface while markedly promoting NO,~ enrichment. This shift
fromaH,0-dominated to aNO, -dominated adsorption configuration
effectively suppresses the competing HER, thereby enhancing both
selectivity and catalytic activity towards NH; production.

Complementary DFT calculations were used to examine the
potential-dependent evolution of 4-HB+<H,0 species and its cor-
relation with HB strength (Supplementary Fig. 43). As shown in
Supplementary Fig. 44, withincreasing applied voltage, the HBs within
the confined environment elongate, and their strength decreases—a
change that facilitates proton shuttling between adjacent bonds via
the Grotthuss mechanism. The rationality of interfacial HB network
regulationin modulating the selectivity and mechanism of the NO;RR
was further validated through DFT calculations. The corresponding
structural models of the confined and non-confined systems? are
illustrated in Supplementary Fig. 45. The results of formation energy

revealed that, compared with being loaded on the external surface of
CNT, CuCo alloy nanoparticles confined within the channels of CNT
exhibited lower formation energy, indicating that CuCo-in-CNT are
more readily formed instead of CuCo-out-CNT within open-ended
CNT (Supplementary Fig. 46). The Bader charge analysis reveals that
both CuCo-in-CNT and CuCo-out-CNT transferred |e| from Cu and Co
sites to CNT (Supplementary Fig. 47), generating positively charged
M? species, consistent with the characterization results’. An electron
localization function analysis further confirmed this redistribution
trend (Supplementary Fig. 48). Benefiting from the strong metal-sup-
port interaction and confinement effect, as well as the electrostatic
attractionbetween positively charged M® sites and negatively charged
NO; ions, the CuCo-in-CNT transfers more electrons to NO, (0.76 |el|)
than CuCo-out-CNT (0.68 |e]) (Supplementary Fig. 49).

The modulation of the interfacial energetic landscape by nano-
confinement was unequivocally demonstrated by DFT calculations.
We found that CuCo-in-CNT exhibited a moderately weaker affin-
ity for NO,;™ (-0.79 eV) compared with its non-confined counterpart
(-0.87 eV). By contrast, a more pronounced difference was observed
for H,0 adsorption, with a much stronger adsorption energy E,4 on
CuCo-out-CNT (-1.25eV) than on CuCo-in-CNT (-0.43 eV) (Fig. 5e and
Supplementary Fig. 50).

These computational insights were further corroborated by
insitu Raman spectroscopy. The spectra display a markedly stronger
NO;™ enrichment signal on CuCo-in-CNT than on CuCo-out-CNT
(Supplementary Fig. 51), confirming the enhanced nitrate adsorp-
tion capacity of the confined system. This experimental result aligns
wellwiththe MD simulations, demonstrating that under the strength-
ened interfacial H,0-H,0 HB network in the confined environment,
the adsorption configuration on CuCo-in-CNT shifts from being
water-dominated to nitrate-dominated. The stronger NO,™ adsorp-
tion and weaker H,0 adsorption indicated that CuCo-in-CNT sup-
pressed H,0 adsorption and dissociation, thereby enabling efficient
NO, reductionviathe PCET pathway>". Conversely, the increased pres-
ence of weak interfacial HB and free H,0 in CuCo-out-CNT promoted
the conversion of H,0 to H*, enabling the subsequent NO;RR via an
H*-mediated mechanism. This results aligned well with the standard
Gibbs free energy for the HER*’. As shown in Fig. 5f, the CuCo-in-CNT
exhibited a higher hydrogen evolutionbarrier, indicating thatitis less
proneto HER and effective at suppressing side reactions, thereby deliv-
ering higher NO;RR activity. By contrast, the lower hydrogen-evolution
barrier of CuCo-out-CNTrenders it more susceptible to the competing
HER, resulting in decayed efficiency (Supplementary Figs. 52 and 53).

The regulation of the interfacial HB network not only affected
the adsorption and activation of interfacial H,0 molecules but also
decreased the energy barriers for the formation and transformation of
intermediates during NO;RR. Figure 5g depicted the Gibbs free energy
of each intermediate, whereas the associated adsorption configu-
rations were provided in Supplementary Figs. 54 and 55. The hydro-
genation of *NO to *NHO presented the highest energy barrier for both
CuCo-in-CNT and CuCo-out-CNT, indicating that this step served as the
rate-determining step (RDS) of the NO,;RR process. The RDS barrier for
CuCo-in-CNT (0.53 eV) was strongly lower than that of CuCo-out-CNT
(0.70 eV), emphasizing the synergistic roles of confinement and interfa-
cialhydrogen bondinginaccelerating *NO hydrogenation and mitigat-
ingintermediate accumulation. The combined electronic and geometric
structure analysis via integrated crystal orbital Hamilton populations
further elucidated the differences in the RDSs between CuCo-in-CNT
and CuCo-out-CNT. The CuCo-in-CNT interacts more weakly with the
*NO/*NHO intermediates than CuCo-out-CNT (Supplementary Fig. 56),
which facilitates the subsequent hydrogenation process and product
desorption. These findings suggest that the CuCo-in-CNT enhances
NO;RR activity by constructing amicroenvironment with stronginter-
facial HB network while simultaneously suppressing HER, thereby
increasing NH, yield and selectivity.
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Continuous nitrate transformation and in situ
ammoniarecovery

To examine the industrial applicability potential of the catalyst, we
integrated the CuCo-in-CNT into a membrane electrode assembly
(MEA) and used itin aflow electrolyser, where CuCo-in-CNT and IrO,/
Ti mesh served as cathode and anode, respectively*® (Fig. 6a and
Supplementary Fig. 57). As shown in Fig. 6b, the catalyst activity and
energy consumption under constant current mode were examined.
Asthe currentincreased from 0.05 A cm™to 0.4 A cm ™, the maximum
NH, yield reached 1.7 mol h™.. The generated NH, after the NO,RR in
cathodic electrolyte was bubbled by air at ambient temperature, and
the NH; was absorbed with hydrochloric (Supplementary Fig. 58). As
aresult, ~96.5% of the produced NH, was successfully removed from
the solution, 92.8% of NH, was absorbed by acid, and 91.3% of NH; was
collected as the NH,Cl solid subsequently after performing rotary
evaporation. The XRD pattern confirmed the high purity of the col-
lected NH,Cl products, as shownin Supplementary Fig. 59, which dem-
onstrates the practical application potential. These results
demonstrated the feasibility of CuCo-in-CNT for NH, recovery via
NO,RR’*. We further assessed its catalytic activity and long-term per-
formance for NO;RR under high current densities, demonstrating its
potential towards practical large-scale applications. As depicted in
Fig. 6¢, the CuCo-in-CNT catalyst system maintained stable operation
overaperiod exceeding 80 hundera current density of 0.1A cm™. The

FEnn, and NH, yield retained roughly 90% of their initial levels over
80 h, with negligible potential loss, demonstrating the high stability
of CuCo-in-CNT for NH; synthesis. The post-electrolysis characteriza-
tion confirmed the excellent structural and catalytic stability of
CuCo-in-CNT after extended operation, underscoring its strong poten-
tial for practical implementation (Supplementary Figs. 60 and 61).
To assess the sustainability and environmental implications of the
electrochemical NO;RR process, a technoeconomic analysis was per-
formed. As detailed in Supplementary Fig. 62, the total cost of ammonia
production using the MEA reactor amounts to US$1.44 per kilogram
NH;, comprising both capital expenditure and operating expenditure,
with operating expenditure accounting for US$1.18 per kilogram NH,.
However, when benchmarked against the current ammonia market
price of US$1.15 kg™ NH, from the conventional Haber-Bosch process,
the electrochemical nitrate-to-ammonia route remains economically
challenging®. This picture changes when the broader context of waste-
water remediationis considered. Takingintoaccount the avoided cost
of conventional biological denitrification (reported as ~-US$65 per kilo-
moleN, equivalent to ~-US$4.64 kg NO,™"-N) together with the market
value of theammonia produced, the integrated electrochemical system
delivers anetincome of US$4.73 per kilogram of NO, -N treated**".
Asingle-variable sensitivity analysis was conducted to identify key
parametersinfluencing overall cost, with baseline values derived from
the performance metrics obtainedin this study and plausible variation
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Fig. 6 | Application potential of flow-through device based on the CuCo-
in-CNT electrode. a, A schematicillustration of the conversion of NO;” into
high-purity NH,CI. OER denotes oxygen evolution reaction. b, The NH, yield and
energy consumption under different currents using CuCo-in-CNT catalyst. c,

An evaluation of the long-term stability of the CuCo-in-CNT-based NO,RR MEA
system. d, A sensitivity analysis of the technoeconomic assessment for the CuCo-

human health; 5. fine particulate matter formation; 6. ozone formation, terrestrial ecosystems; 7.
terrestrial acidification; 8. freshwater eutrophication; 9. marine eutrophication; 10. terrestrial
ecotoxicity; 11. freshwater ecotoxicity; 12. marine ecotoxicity; 13. human carcinogenic toxicity; 14.
human non-carcinogenic toxicity, 15. land use; 16. mineral resource scarcity, 17. fossil resource
scarcity, 18. water consumption

in-CNT system. e, The treatment costs per cubic metre NO;-rich wastewater
using NO;RR and ECSL. f, A comparative environmental impact assessment of
electrochemical NO;RR and ECSL. The colour bar shows the impact ratio for
each of the 18 life cycle assessment environmental impact indicators. The error
barsinbrepresentthes.d. (meanvalues +s.d., n = 3), obtained by repeating the
experiment three times.

ranges onthebasis of current NO;RR research (Supplementary Table 8).
The results pinpoint electricity price, operating current density and
electrolyser stack cost as the primary determinants of process econom-
ics® (Fig. 6d). These findings highlight strategic directions for future
development, including the integration of renewable energy sources
and further optimization of catalyst and reactor designs.

Beyond its economic merits relative to biological treatment, the
NO;RR approach also presents compelling advantages for managing
concentrated nitrate-laden industrial wastewater. For comparison,
we modelled a conventional treatment train comprising evaporation,
crystallization, solidification and landfilling (ECSL)—a widely used
method for such waste streams (Supplementary Fig. 63). This route
incurs ahazardous waste disposal cost of US$70-98 per cubic metre*®,
By contrast, the electrochemical NO;RR system operates at a total cost
of only US$79.7 per cubic metre. Factoring in the value of recovered
NH; -N further reduces the net treatment cost to as low as US$67.9 per
cubic metre (Fig. 6e and Supplementary Text 14).

We further conducted a comprehensive environmental impact
comparison between the electrochemical NO;RR-based MEA system
and the ESCL route”. The systemboundaries and thelaboratory-scale
data used in this study are provided in Supplementary Fig. 64 and
Supplementary Tables 9 and 10, respectively. For the ECSL process, its
environmental impact is manifested primarily through global warming,
terrestrial ecotoxicity and human non-carcinogenic toxicity, which
were determined to be 2,262.0 kg CO, equivalent (CO,e), 7,437.1 kg

1,4-DCB equivalent (equiv.) and 993.2 kg 1,4-DCB equiv., respectively
(Fig. 6f). By contrast, the electrochemical NO;RR process demon-
strated a substantial reduction in these impacts. These notable gains
canbelargely attributed to the removal of energy-intensive processes
such as high-temperature evaporation and cement-based solidifica-
tion. Further reductions in carbon emissions are achievable when
clean energy sources, such as nuclear, wind or photovoltaic power,
are used. Compared with the ECSL route, the electrochemical NO;RR
system demonstrated anotably reduced environmental impact when
treating NO, -rich wastewater, in part because the high activity of
CuCo-in-CNT reduces electricity consumption. Moreover, owing to the
simplicity of synthesizing the CuCo-in-CNT catalyst, its environmental
impact during the preparation stage can be considered negligible. At
anindustrial scale, where precursor utilization can be maximized, the
associated environmental footprint may be further reduced. Consider-
ingthese eco-friendly advantages and the catalyst’sinnovative design,
the processing capacity of a CuCo-in-CNT-based MEA system can be
proportionally scaled up by increasing reactor size and catalystloading.

Conclusion

We have demonstrated that nanoconfinement serves as a powerful
strategy to fundamentally redirect the reaction pathway of NO;RR
from a conventional hydrogen-atom transfer mechanism towards a
more efficient PCET process. By embedding CuCo alloy nanoparti-
clesinside CNT (CuCo-in-CNT), we constructed a unique interfacial
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microenvironment characterized by arestructured HB network, which
facilitates a water-deficient yet nitrate-enriched catalyst-electrolyte
interface. Thistailored environment not only suppresses competitive
water dissociation and hydrogen evolution but also promotes the selec-
tive hydrogenation of nitrate intermediates viaadirect PCET route. The
resulting CuCo-in-CNT electrocatalyst achieves outstanding perfor-
mance under neutral conditions, including an exceptional NH, yield
of2.23 mg h™ cm™and a FE of 93.8%, surpassing most state-of-the-art
catalysts. Through acombination of in situ spectroscopic analysis and
theoretical simulations, we deciphered the critical role of interfacial
water structure in steering reaction selectivity and kinetics. Moreover,
theimplementation of aflow electrolyser system confirms the practi-
cal viability of our approach, enabling continuous nitrate conversion
and efficient ammonia recovery with robust long-term stability. This
study not only advances the mechanistic understanding of interfacial
processesin electrocatalysis but also establishes nanoconfinement as
ageneralizable design principle for regulating reaction microenviron-
ments. It opens asustainable route for coupling wastewater remedia-
tion with the carbon-neutral synthesis of value-added chemicals.

Methods

Chemicals and materials

All the chemical reagents used for catalyst preparation and activity
evaluationin this work are listed in Supplementary Text 1.

CuCo-in-CNT electrode preparation

The synthesis of the CuCo-in-CNT electrocatalyst first requires the
hydrophilic functionalization and pore-opening pretreatment of the
CNT. Subsequently, Cu and Co chloride salts are dissolved in acetone
to prepare precursors with the desired volume ratios (for example, 1:1
for Cu,sCo,), as described in Supplementary Fig. 1 and Supplemen-
tary Text 3. The mixture was drying at —55 °C in vacuum drying oven
toobtainprecursorloaded CNT. The precursor loaded CNT were then
placed in an ultrafast high-temperature furnace (ESHOCK-2023A,
Particle Precision Instruments) and subjected to pulse joule heating
in short-pulse mode. In this process, CuCo alloy nanoparticles were
formed that were confined within the CNT sidewalls, and the final
product is denoted as CuCo-in-CNT. The synthesis parameters were
set as follows: heating temperature of 2,200 K; heating duration of
2s;coolingtime of 3 s; the process was repeated three cycles. The total
loading of different metals on the CNT supportis 20 wt%.

Electrochemical measurements

Electrochemical measurements were performed in a custom H-type
cell separated by a Nafion 117 membrane, with a platinum foil as the
counter electrode and a Ag/AgCl (saturated KCl) electrode as the refer-
ence. The membrane was pretreated sequentiallyin 5 wt% H,0, (80 °C,
1h), deionized water (30 min), 0.5M H,SO, (80 °C,1h) and deionized
water (30 min). A 0.1 M Na,SO, solution served as the supporting elec-
trolyte, with40 ml of NaNO,/Na,SO, in the cathode chamber and 40 ml
of 0.1 MNa,SO, inthe anode chamber; the catholyte was continuously
stirred during NO; ™ reduction. All potentials were converted to the RHE
scalevia E(versus RHE) = E(versus Ag/AgCl) + 0.1976 V + 0.0591 x pH. To
ensure a consistent thermodynamic baseline across all electrochemi-
calmeasurements, all potentials reported in this work were converted
to the RHE scale using the initial bulk pH of the electrolyte, unless
otherwise specified.

Quantification of NO,-N conversion
Allresults were calculated according to equations (1)-(3).
_ Co(NO3 —N) — C(NO3; —N)
- Co(NO3 —N)

C(NO3 —N) x 100%. @

C.(NO; —N)

S(NOz =N) = & NGT - N) - CNo; —N)

x 100%. 2)

C«(NH; —N)

+ —
S(NH; —N) = Co(NO; —N)— C,(NO3; — N)

x 100%. 3)

The FE and NH, yield rate were calculated according to equations
(4)and (5).

FE = 8F x V' x C(NH3 — N)/(M x Q) x 100%. 4)

NH;yield rate = C x V X Myys3/(My X £ X S). (5)

where Fis the Faradaic constant (96,485 C mol™), Vis the volume of
electrolyte, My is the molar mass of nitrogen (14 g mol™), My, is the
molar mass of NH, (17 g mol™), Qis the total charge during electrolysis,
tisthetimeand Sis the electrode area.

Isotope-labelling experiments

The Na®NO, was used as the isotope-labelled N source for NO;RR. For
quantification by 'H NMR, the pH of 25 ml of the reaction solution was
adjusted to 2 using H,SO,. An internal standard, C,H,0, (0.01g), was
added, followed by 50 pl of deuterated dimethyl sulfoxide (DMSO-d6)
to 0.5 ml of the solution before '"H NMR analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Thedatasupportingthe conclusions of this study are presented in the
article and its Supplementary Information. Source data are provided
with this paper.
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