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Abstract

Electrochemical nitrate reduction is an attractive pathway to form ammonia from abundant
nitrate sources. Copper (Cu) is an active catalyst for this transformation; however, its
stability often suffers during electrocatalysis due to its oxidation and leaching. Herein, we
investigated the encapsulation of Cu nanoparticles inside carbon nanotubes (Cu-in-CNT),
which significantly enhances both their structural and electrochemical stability compared
to Cu nanoparticles supported on the outer surface of the CNTs (Cu-on-CNT).
Encapsulation creates a protective environment that helps preserve the intrinsic nature
of the catalyst. Post-electrochemical X-ray analysis reveals that Cu-in-CNT retains its
metallic state, whereas Cu-on-CNT undergoes phase transformation from Cu and CuO
to Cu and Cu,O. After 12 hours of continuous nitrate reduction, Cu-in-CNT exhibits
minimal Cu leaching (5.3 wt%) compared to substantial metal loss observed in Cu-on-
CNT (20.5 wt%). Furthermore, Cu-in-CNT maintains a more stable faradaic efficiency for

nitrite and ammonia combined (~80 %) than Cu-on-CNT (~40 %) in 12 h electrolysis.

Key words: Catalyst encapsulation, Cu nanoparticles, nitrate reduction, carbon

nanotubes, ammonia formation
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Introduction

Ammonia (NH3) is a cornerstone chemical with key applications across agriculture,
pharmaceuticals, chemical manufacturing, and increasingly, as a next-generation energy
carrier. Currently, over 90 % of global ammonia is produced via the Haber-Bosch process,
which, despite its transformative impact on modern agriculture, operates under energy-
intensive conditions (i.e., T = 400-500 °C and P = 150-300 bar),'-3 accounting for 1-2 %
of global energy use and ~1 % of global CO, emissions.*® Therefore, efforts have been
diverted to developing a sustainable, room temperature method for ammonia synthesis.
Although electrochemical nitrogen (N,) reduction has attracted recent attention, this
process is challenging due to the difficulty in activating the highly stable N, triple bond
and the low solubility of N, in solutions.5-8

Electrochemical nitrate reduction is an alternative pathway for ammonia
synthesis.®'2 In contrast to N,, nitrate and other NO, intermediate species formed during
electrochemical reduction can be activated under more moderate conditions, and they
generally have high solubility in aqueous solutions. In addition, their sources are also

abundant. This is evident from the excess reactive nitrogen compounds found in

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ecosystems (e.g., from fertilizers and fossil fuel combustion). Therefore, electrochemical

reduction of nitrate to ammonia offers a sustainable and dual-purpose solution for (i)
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pollution mitigation through the removal of harmful nitrates from water, and (ii) the

(cc)

sustainable production of ammonia from an abundant waste stream.3

Despite its promise, the practical application of electrochemical nitrate reduction is
hindered by sluggish kinetics from the multi-step proton/electron transfer processes.
These often produce undesired byproducts and challenge catalyst selectivity. Among
various candidates, Cu-based catalysts have shown great potential due to their favorable
binding energies for nitrate and intermediate nitrogen species, facilitating the stepwise
reduction to ammonia.'#-'8 However, Cu catalysts face significant stability issues because
they are prone to oxidation, aggregation, and structural degradation during extended
operation. For example, electrodeposited Cu can quickly form surface oxides upon air
and electrolyte exposure, which affect the selectivity and yield of ammonia even when

they can be reduced back during nitrate reduction.’®-22 Furthermore, Cu* states, which
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are essential for stabilizing intermediates, are often over-reduced, thereby undermining
catalyst integrity.?32* Metallic Cu nanoparticles can also suffer from coalescence and
dissolution, leading to loss of active surface area and performance decay. Prior studies
have shown that Cu nanoparticles, despite their high activity, are vulnerable to dynamic

morphological changes that compromise durability.25-31

To address these challenges, we hypothesize that confining Cu nanoparticles in a
microenvironment can create a barrier that limits their aggregation and degradation during
nitrate reduction, stabilizing the catalyst. Herein, we test this hypothesis by encapsulating
Cu nanoparticles inside carbon nanotubes (CNTs). Encapsulation provides a physical
barrier that limits particle-particle contact, which is necessary for aggregation. The
isolation of Cu nanoparticles between different CNTs also impedes Ostwald ripening,
which is another pathway for the degradation of nanoparticle catalyst. By comparing the
catalyst morphology and selectivity of electrochemical nitrate reduction for Cu
nanoparticles on CNTs vs encapsulated inside the CNTs, the effectiveness of the strategy

is directly demonstrated.
Materials and Experimental Methods

2.1 Materials

Carbon nanotube multi-walled (dia: 20-40 nm, length: 1-2 ym, 95 % purity) was purchased
from TCI, copper nitrate trihydrate (99 %) was obtained from Acros Organics, hydrochloric
acid (36.5-38.0 %) and sodium hypochlorite solution (5.6-6%) were obtained from Fisher
Chemicals, potassium nitrate (99%) was obtained from Alfa Aesar, sodium dihydrogen
phosphate (299.0%) and disodium hydrogen phosphate (299.0%) were obtained from
Sigma Aldrich. Nitric acid (70%), sodium nitrite (99.999 %), sodium nitroferricyanide
dihydrate (>99%), sodium salicylate (99 %), and N-(1-Naphthyl)-ethylenediamine
dihydrochloride (>98%) were obtained from Thermo Scientific. Sulfanilamide was
obtained from MP Biomedicals. Sodium hydroxide (=97%), and o-phosphoric acid (85%)
were obtained from Fisher Scientific.

2.2 Characterization
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Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku Miniflex 600
diffractometer using Cu Ka radiation (40 kV, 15 mA) over a 26 range of 20-60° with a
step size of 0.02°. Scanning transmission electron microscopy (STEM) and transmission
electron microscopy (TEM) imaging were accomplished using a JEOL NEOARM
microscope with probe correction operating under 200 kV accelerating voltage to examine
the morphology and particle size of the Cu-CNT samples. FFT images, particle size
analysis, and d-spacing calculation were accomplished using Imaged. X-ray
photoelectron spectroscopy (XPS) was carried out on a VersaProbe 4 spectrometer to
analyze the oxidation states of the Cu. The metal ion concentration was quantified using
inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent 5800 VDV).
To quantify nitrite and ammonia concentration, UV-Visible spectroscopy from QE-Pro

Spectrometer (Ocean Insight, Inc., USA) was used.
2.3 Preparation of Cu-Confined and Cu-Attached Carbon Nanotube Catalysts

Carbon nanotubes (CNTs) with an inner diameter of 10—20 nm and a length of 0.5-2 uym
were used as catalyst supports. To remove impurities and reduce the hydrophobicity, the
raw CNTs were refluxed in 65 % HNO5 at 120 °C for 14 h. The acid-treated CNTs were

then washed thoroughly with deionized water until a neutral pH was reached and dried at

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

60 °C for 12 h. Prior to impregnation, the CNTs were further vacuum-dried at 80 °C for

Open Access Article. Published on 14 2025. Downloaded on 15.10.25 05:00:51.

12 h, this material is referred to as acid-treated CNTSs.
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To synthesize Cu-confined CNTs catalysts (denoted Cu-in-CNT), 35 mg of acid-
treated CNTs were impregnated with 1 mL of 0.8 M Cu(NO3), in acetonitrile. The mixture
was sonicated and stirred for 30 min, followed by the dropwise addition of 0.5 mL
deionized water. After an additional 30 min of sonication, the resulting material was dried
at 100 °C for 10 h. To remove any Cu species attached to the external surface, the dried
sample was washed with 1 M HCI, then dried again at 80 °C for 14 h. Finally, the material
was calcined at 400 °C under an argon atmosphere for 3 h to yield the Cu-in-CNT
catalyst. Controlling the presence of Cu particles within CNTs was challenging due to the
washing step, so their content was quantified using ICP-OES analysis post-synthesis.
The maximum loading achieved for Cu-in-CNT was 2 wt%, beyond this, Cu particles

attached to the CNT’s exterior surface as well.
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To prepare Cu-attached CNTs (denoted Cu-on-CNT), the CNTs were first refluxed
at 35 % HNO; to close the tube ends, following a previously reported method.3233 The
end-closed CNTs were then impregnated with Cu(NO3),-3H,0 solution using the incipient
wetness impregnation method (water was used as the solvent instead of acetonitrile). The
same drying, washing, and calcination procedure as described for Cu-in-CNT was applied

to yield the Cu-on-CNT catalyst except washing with 1 M HCI step.
2.4 Electrode Fabrication

To prepare the working electrode, 2 mg of the Cu-CNT catalyst was dispersed in a mixed
solution of deionized water (0.1 mL), ethanol (0.1 mL), and 5 wt% Nafion solution (5 yL).
The resulting suspension was sonicated for 30 min to ensure uniform dispersion.
Subsequently, 3 pL of the catalyst ink was drop-cast onto a 3 mm diameter glassy carbon

electrode and dried in a vacuum oven at 80 °C for 30 min.
2.5 Electrochemical Studies

Electrochemical measurements were measured by potentiostat CHI1040c in an H-type
cell, which has a Nafion 117 membrane to separate the cathode and anode chambers.
Graphite rod and Ag/AgCl electrode (3 M) were used as counter and reference
electrodes, respectively. The working electrode was prepared by drop casting Cu
nanoparticles/CNT samples with a mass loading of 0.4 mg cm2. Before each experiment,
the electrolyte (phosphate buffer made from dibasic and monobasic sodium, pH 7.3) was
purged with nitrogen gas. The stream of nitrogen gas was maintained throughout the

duration of the experiment.

Results and Discussion

To achieve selective encapsulation of Cu nanoparticles inside CNTs (Cu-in-CNT),
acetonitrile was used as the solvent for dissolving the Cu precursor, taking advantage of
its lower surface tension to facilitate capillary infiltration into the nanotube. To open the
CNTs tube ends for encapsulation, the CNTs were pretreated by refluxing concentrated

HNO;3; (65 %). In contrast, to favor Cu attachment to the outer surface of CNTs (Cu-on-
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CNT), water was used as the solvent, and diluted HNO3 (35 %) was used for acid

treatment. More experimental details are described in the experimental section.

A schematic representation of Cu-in-CNT and Cu-on-CNT is shown in Fig. 1a.
TEM provides direct structural evidence supporting the selective positioning of Cu
nanoparticles infon CNTs, thereby confirming the successful synthesis of the two distinct
samples. The TEM images for the Cu-in-CNT in Fig. 1b clearly show that Cu nanoparticles
are placed inside the hollow cores of the CNTs. These confined particles exhibit an
average particle size of ~8.7 nm, indicating controlled nucleation and growth. The TEM
images for the Cu-on-CNT reveal that Cu nanoparticles of comparable size (~9.5 nm) are
distributed on the outer surface of the CNTs. The particle size distributions for both
samples are shown in Fig. S1. The slight difference in particle size between the
encapsulated and surface-attached Cu nanoparticles suggests that spatial confinement
within the CNTs limits particle growth. The Cu loadings were quantified by ICP-OES to
be 2.0 wt% for Cu-in-CNT and 12.7 wt% for Cu-on-CNT.
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Fig. 1 (a) Schematic representation of Cu-in-CNT and Cu-on-CNT, (b) TEM images of
Cu-in-CNT and Cu-on-CNT, (c) XRD of Cu-in-CNT and Cu-on-CNT, (d) X-ray
photoelectron spectra of Cu-in-CNT and Cu-on-CNT. Deconvoluted peaks correspond to
Cu(l)/Cu(0) (blue), Cu(ll) (red) and baseline (yellow).

Cu/CNT with different Cu loadings were also synthesized, and the annular dark-
field scanning transmission electron microscopy (ADF-STEM) images were recorded in

8
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(Figs. S2-S3). In ADF-STEM, heavier elements like Cu exhibit brighter contrast due to
higher atomic numbers, enabling clear visualization of Cu nanoparticles inside the CNTs
hollow channels. These images demonstrate that at Cu loadings up to 2 wt%,
nanoparticles are effectively encapsulated within the CNTs, with no detectable Cu on the
outer surfaces. At 3.5 wt% loading, Cu nanoparticles start to show up at the exterior of
the CNTs in addition to the interior, confirming controlled encapsulation at lower loadings.
Further structural analysis was conducted on the HR-TEM image of Cu-in-CNT (shown
in Fig. S4), which shows the crystalline nature of the Cu nanoparticles. The symmetry
and spacing of the spots in the Fourier-transformed image correspond to metallic Cu.
Additionally, lattice fringes observed in the HRTEM image exhibit a d-spacing of
approximately 0.21 nm, which is indexed to the (111) plane of metallic Cu. In contrast,
the Cu-on-CNT sample exhibits a less symmetric FFT pattern, along with lattice fringes
showing an interplanar spacing of approximately 0.21 nm and 0.25 nm, which can be

attributed to the (111) planes of metallic Cu and CuO.

To further characterize the structure of the catalysts, Cu-in-CNT and Cu-on-CNT

samples were analyzed using XRD. As shown in Fig. 1c, a prominent peak at ~26° is

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

observed in both cases, corresponding to the (002) of graphitic carbon, confirming the

presence and structural integrity of the CNT framework. For the Cu-on-CNT sample, well-

Open Access Article. Published on 14 2025. Downloaded on 15.10.25 05:00:51.

defined diffraction peaks at 43.3° and 50.4° are observed, which are assigned to the (111)

and (200) planes of metallic Cu, respectively. Additional peaks at 35.4° and 38.6°

(cc)

correspond to the (002) and (111) planes of CuOQ, indicating partial oxidation of the Cu
nanoparticles. The presence of CuO is likely due to surface oxidation in the presence of
air during handling or ambient storage. In contrast, the XRD pattern of the Cu-in-CNT
sample also shows peaks for the (111) and (200) planes of metallic Cu. However, these
peaks exhibit slight shifts in position, which is likely due to lattice strain experienced by
the Cu nanoparticles confined within the CNTs channels. Notably, no CuO peaks are
detected in the Cu-in-CNT sample, strongly suggesting that encapsulation within the

CNTs provides a protective environment that inhibits the oxidation of Cu nanoparticles.

XPS analysis was also performed on both Cu-in-CNT and Cu-on-CNT catalysts to

examine their initial oxidation states. For as-synthesized Cu-in-CNT, two prominent peaks
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at 952.2 and 932.4 eV were observed, corresponding to Cu 2p4,, and Cu 2p3), spin-orbit
couplings, respectively. The absence of satellite peaks confirmed that Cu-in-CNT
primarily contained Cu(l) and/or Cu(0), with no detectable Cu(ll) (Fig. 1d). In contrast, the
as-synthesized Cu-on-CNT sample exhibited Cu 2p4,, and Cu 2p3;, at 952.4 and 942 eV,
respectively, along with distinct satellite peaks around 962.2 and 942 eV, indicating the
presence of Cu(ll) (Fig. 1d). To further differentiate between Cu(l) and Cu(0), since their
Cu 2p binding energies overlap, Auger LMM spectra were recorded. The Auger kinetic
energy analysis (Cu(0) at 918.6 eV, Cu(l) at 916.7 eV, Cu(ll) at 917.8 eV) revealed that
the Cu-in-CNT catalyst predominantly contained metallic Cu(0), while Cu-on-CNT
displayed a broad feature spanning the Cu(ll) to Cu(0) region (Fig. S5).

S == Cu-in-CNT —_ O0F eeee-- = S —
3 3} Cu-on-CNT 3

(o)) D 5t

E 2} £
< < -10f
~ 1F ~—
£ 2 5|
=2 or 2

et e

S al 2 20 - = = Cu-on-CNT (no KNO,)
(7] (7] Cu-on-CNT (KNO;)

o 2 REE F e Cu-in-CNT (no KNO,)
=, = ol ——— Cu-in-CNT (KNOs)

.4 1 1 1 1 1 1 _35 1 1 1 1 'l ' 'l
08 06 04 02 00 02 04 16 14 12 10 08 -06 -04 -02 00
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)

Fig. 2 (a) Cyclic voltammograms of Cu-on-CNT (2 wt%) and Cu-in-CNT (12 wt%)
recorded in 0.1 M phosphate buffer (pH 7.3) at a scan rate of 30 mV s'. (b)
Voltammogram of Cu-on-CNT and Cu-in-CNT in the presence and absence of 0.1 M
KNO3, recorded in 0.1 M phosphate buffer (pH 7.3). Scan rate: 10 mV s™'. The current is

normalized to the mass of Cu obtained from redox peaks of Cu.

To investigate the redox behavior of Cu in different environments, cyclic
voltammetry (CV) was performed. As shown in Fig. 2a, a pair of redox peaks with a half-
wave potential near -0.2 V (vs. Ag/AgCl) was observed, corresponding to the redox of Cu.
The Cu-on-CNT sample showed sharper, better-defined peaks with smaller peak-to-peak

separation (0.14 V), indicating more reversible electrode kinetics. In contrast, Cu-in-CNT

10
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exhibited broader peaks with a larger separation (0.21 V), suggesting a more sluggish
redox process, likely due to the limited accessibility of the confined Cu sites. The
voltammograms of CNTs without Cu were also recorded, revealing redox peaks centered
around —0.12 V superimposed on a capacitive background (Fig. S6). These peaks were
attributed to the redox-active functional groups in the CNTs. Baseline correction using
these voltammograms enabled accurate determination of the charge associated with Cu
(Fig. S7-S8).

Figure 2b shows the linear sweep voltammograms of Cu modified CNTs in 0.1 M
phosphate buffer, normalized to the mass of electrochemically accessible Cu. In the
absence of nitrate, both Cu-in-CNT and Cu-on-CNT showed negligible electrocatalytic
activity; however, Cu-in-CNT displayed slightly higher non-Faradaic current due to mass
normalization. For both catalysts, current began to rise around -1.05 V, attributed to the
onset of the hydrogen evolution reaction (HER). Upon addition of KNO3, a significant
enhancement in current was observed for both catalysts, with an earlier onset of
reduction. Nevertheless, Cu-in-CNT consistently delivered higher current densities
across the entire potential range, indicating superior catalytic activity, potentially due to

enhanced nitrate-Cu interactions within the confined environment. Notably, for Cu-in-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

CNT, nitrate can diffuse into the nanochannels from the opening ends of CNT and access

Open Access Article. Published on 14 2025. Downloaded on 15.10.25 05:00:51.

the encapsulated Cu. Although the voltammogram of CNTs alone (65 % HNOj treated)

confirmed some catalytic activity toward nitrate reduction from CNT, Cu-in-CNT and Cu-

(cc)

on-CNT far outperformed bare CNTs under identical loadings (Fig. S9). Specifically, Cu-
in-CNT decreased the overpotential for nitrate reduction by approximately 300 mV (from
-1.1 V to -0.8 V) and achieved a current density ~10x higher than bare CNTs at -1.5V,

underscoring the important catalytic role of Cu nanoparticles.
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Fig. 3 Faradaic efficiency of ammonia (blue) and nitrite (red) during nitrate reduction on
(a) Cu-in-CNT (2 wt%) and (b) Cu-on-CNT (12 wt%) at different potentials in phosphate
buffer (pH 7.3) containing 0.1 M KNOs. Error bars represent standard deviations from n=3

samples.

To evaluate the products of electrochemical nitrate reduction using Cu-in-CNT and
Cu-on-CNT, chronoamperometry was performed at various potentials for 2 hours.
Following electrolysis, the electrolyte was collected and analyzed to quantify the major
water-soluble products, ammonia and nitrite, using the indophenol method and the Griess
assay, respectively. Detailed procedures regarding product quantification are provided in
the Supporting Information Section S1. Calibration curves and corresponding UV-Visible
spectra for the ammonia and nitrite are shown in Fig. S10. For Cu-in-CNT (Fig. 3a), the
Faradaic efficiency showed a clear dependence on the applied potential. At a less
negative potential, nitrite was the dominant product, indicating its role as an intermediate
in the reduction pathway. As the potential became more negative, nitrite formation
decreased while ammonia formation increased, reaching a maximum faradaic efficiency
of approximately 70 + 6 % at —1.2 V vs. Ag/AgCl. Beyond this potential, ammonia
formation remained relatively constant, while nitrite continued to decrease, suggesting
the onset of competing hydrogen evolution without further improvement in ammonia
formation. For Cu-on-CNT (Fig. 3b), nitrite remains the dominant product at potentials

more positive than -1.2 V. However, at —1.3 V and more negative potentials, ammonia

12
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formation increased significantly, peaking at around 65 + 6 %. At even more negative
potentials, the production of nitrogen-containing products is overtaken by HER. The
slightly lower ammonia selectivity for Cu-on-CNT (65 % vs. 70 % for Cu-in-CNT) suggests
that the confinement in Cu-in-CNT may offer a slight advantage in ammonia selectivity.
As a control, 65 % HNOs-treated CNTs was subjected to chronoamperometry at various
potentials for the nitrate reduction reaction (Fig. S11). For bare CNTs, nitrite is the
predominant product in the potential range of -1.2 to -1.4 V (~50 %). In contrast, the
presence of Cu nanoparticles shifts the selectivity towards ammonia, making it the main
product within this potential window (-1.2 to -1.5 V). These observations suggest that Cu
might be the active sites that allow further reduction of the intermediate nitrite, which is
accessible via the opening at the CNT tips. A maximum Faradaic efficiency of ~56 %
toward ammonia was observed at —1.5 V for bare CNTs, confirming the significant role of

Cu in enhancing the nitrate reduction kinetics at less negative potentials (~70 % at -1.2

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 4 Stability study of (a) Cu-in-CNT (2 wt%) (at -1.2 V) and (b) Cu-on-CNT (12 wt%) (-
1.3 V) towards nitrate reduction at 2 h and 12 h in phosphate buffer (pH 7.3) containing

0.1 M KNOs. Error bars represent standard deviations from n=3 samples.
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After confirming the product distribution across various potentials, we investigated
the effect of Cu loading on selectivity first for Cu-in-CNT. A maximum Cu loading of 2 wt%
was achieved, as higher loadings (e.g., 3.5 wt%) resulted in additional Cu attachment to
the exterior CNTs as verified by ADF-STEM (Fig. S2). As shown in Fig. S12a, both
ammonia selectivity and overall nitrate conversion efficiency increase with Cu loading,
reaching ~70% and ~100%, respectively, at 2 wt% Cu. At 3.5 wt% loading (which contains
additional Cu outside CNT), although the overall nitrate reduction was 100 %, the
selectivity for ammonia is lower, which is likely due to the contribution of exterior Cu
nanoparticles. We also attempted to study the effect of Cu loading for Cu-on-CNT, and

the results are summarized in Fig. S12b.

We subsequently evaluated the stability of the catalysts for electrochemical nitrate
reduction. Chronoamperometry was conducted at the most optimized potential for each
catalyst over 12 hours. As shown in Fig. 4a, Cu-in-CNT maintains a high total Faradaic
efficiency, close to 100 % at 2 h, and gradually decreases to ~80 % after 12 h. Notably,
ammonia selectivity decreases from ~70 % to ~30 %, while nitrite increases from ~30 %
to ~50 %, indicating a shift in product distribution (from ammonia to nitrite) while
sustaining the overall selectivity of ~80 %. Cu-on-CNT (Fig. 4b) shows a significant
performance drop, with the total Faradaic efficiency decreasing from ~100 % at 2 h to ~40
% at 12 h. Both ammonia and nitrite production decline considerably, with ammonia
dropping from ~65 % to ~15 % and nitrite from ~35 % to ~25 %. ICP-OES analysis was
also performed, which revealed that Cu-on-CNT experienced substantial leaching, with
20.5 wt% of its Cu content lost to the solution, whereas Cu-in-CNT showed only 5.3 wt%
Cu loss. This analysis supports our hypothesis that confining Cu nanoparticles inside

CNTs significantly enhances their electrochemical stability compared to Cu-on-CNT.
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Fig. 5 Post-electrolysis characterization of catalysts. (a) TEM images of Cu-in-CNT and
Cu-on-CNT. (b) XRD of Cu-in-CNT and Cu-on-CNT. (c) XPS of Cu-in-CNT and Cu-on-
CNT. Deconvolution peaks correspond to Cu(ll) (red line), Cu(l)/Cu(0) (blue line) and
baseline (yellow).
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reduction were evaluated using TEM and XRD, respectively. Fig. 5 shows the TEM image

of Cu-in-CNT, revealing that the Cu nanoparticles largely retained their encapsulated

(cc)

structure within the CNTs, with an average size of ~8.0 nm (see also Fig. S13a). This
observation confirms that the confinement of Cu nanoparticles within CNTs effectively
prevents their agglomeration or loss during the reaction. However, some particles still
migrated within the CNTs. In contrast, the TEM image of Cu-on-CNT shows particles with
a broader size distribution, with particles as large as ~15-20 nm, and others that have
broken down to ~3 nm (Fig. S13b). To further investigate phase changes, XRD analysis
was performed on both catalysts after the reaction. For Cu-in-CNT (Fig. 5b), the XRD
pattern confirmed the presence of metallic Cu, indicating no noticeable phase
transformation. In contrast, the XRD pattern of Cu on CNTs revealed a complete

disappearance of CuO peaks and the appearance of Cu,O peaks, while metallic Cu
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remained detectable. This shift in phase signifies a notable change in the oxidation state
of Cu during the reaction. From these studies, we support that Cu-in-CNT maintains its

structural and phase integrity due to the protective role of CNTs confinement.

The post-electrolysis XPS shows that the Cu in Cu-in-CNT maintained its oxidation
state, confirming the stability of the metallic Cu species (Fig. 5c). In contrast, Cu-on-CNT
exhibited a significant decrease in the Cu(ll) component, accompanied by an increase in
Cu(l)/Cu(0) signals, suggesting partial reduction of Cu(ll) during the reaction (Fig. 5c).
Auger spectra further confirmed this transformation: while Cu-in-CNT remained
dominated by metallic Cu(0), Cu-on-CNT displayed a pronounced metallic Cu(0) feature
alongside residual Cu(ll) (Fig. S14). These findings collectively indicate that Cu-in-CNT
maintains its metallic state throughout the process, whereas Cu-on-CNT undergoes
reduction from Cu(ll) to Cu(0).

Conclusions

In conclusion, we have shown that nanoconfinement of Cu nanoparticle catalysts
significantly increases their stability and alters their selectivity for electrochemical nitrate
reduction. Specifically, encapsulating Cu nanoparticles inside CNTSs, the catalyst shows
significantly improved structural stability over 12 h when compared with Cu nanoparticles
supported on the exterior of CNTs. It was shown that Cu-in-CNT retained its metallic state
before and after the reaction, while Cu-on-CNT underwent phase transformation from
CuO to Cu,0. Also, a substantially lower Cu dissolution was observed during catalysis
for Cu-in-CNT (5.3 wt% loss) compared to Cu-on-CNT (20.5 wt% loss). Lastly, structural
stability also translates to the stability in selectivity towards nitrogen species. We envision
that encapsulation of catalysts inside CNTs can be a general strategy for stabilizing
electrocatalysts, especially transition metals that are sensitive to redox degradation, to

improve the overall stability of the electrocatalytic performance.
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