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Atomically precise copper-based nanoclusters stand out as one of the highly promising catalysts in the 
realm of electrochemical nitrate reduction reaction (NITRR) aimed at ammonia (NH3) synthesis. 
However, the controllable synthesis of stable Cu-based nanoclusters featuring fully inorganic anionic 
ligands for electrochemical NITRR remains a challenge. Herein, we present a simple and gentle chelated 
co-precipitation method for the uniform growth of ultrafine amorphous Cu(OH)Cl (a-Cu(OH)Cl) nan-
oclusters, featuring a diameter of approximately 9 nm, onto carbon nanotubes (a-Cu(OH)Cl/CNTs), aimed 
at enhancing electrocatalytic NITRR performance. Intriguingly, trisodium citrate dihydrate (TCD) could 
effectively change the crystalline form of Cu-based nanoclusters to obtain a-Cu(OH)Cl nanoclusters 
instead of high-crystallinity Cu2(OH)3Cl (c-Cu2(OH)3Cl) nanoclusters. In comparison to c-Cu2(OH)3Cl nan-
oclusters, a-Cu(OH)Cl nanoclusters, featuring a smaller particle size and containing more low-
coordination Cu atoms, provide more efficient catalytic sites, thereby enhancing the reaction rate and 
energy efficiency for NH3 production. The proposed chelated co-precipitation method provides a promis-
ing crystalline modulation engineering strategy to boost the electrocatalytic performances of metal 
nanoclusters. 
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 
training, and similar technologies. 
1. Introduction 

NH3 plays a pivotal role as a foundational chemical in both mod-
ern industry and agriculture [1–5]. Furthermore, it functions as a 
carbon–neutral and environmentally friendly fuel, primarily manu-
factured through the Haber-Bosch process under high-temperature 
conditions ranging from 650 to 750 K and high-pressure conditions 
ranging from 200 to 350 atm (1 atm = 105 Pa) [6,7]. However, this 
technology consumes approximately 1 %–2 % of the world’s annual 
energy supply and accounts for roughly 1 % of total global energy-
related CO2 emissions [8–10]. To address the escalating global 
energy demands and pressing environmental pollution concerns, 
it is advisable to develop more environmentally and friendly meth-
ods for artificial ammonia synthesis [11,12]. The yearly combustion 
of fossil fuels worldwide, extensive utilization of nitrogen-based 
fertilizers, significant release of industrial wastewater (with nitrate 
concentrations typically at 2000 ppm), and the widespread pres-
ence of niter ore (primarily in Chile and China’s Turpan Basin) con-
tribute to the abundant presence of nitrate sources in the natural 
environment [13–16]. Additionally, the excessive accumulation of 
nitrate in drinking water can lead to human health issues [17]. 
Hence, the electrochemical conversion of nitrate into ammonia 
offers a highly promising approach for nitrogen recycling and mit-
igating environmental pollution issues. 
reserved, 
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The electrochemical NITRR to NH3 entails an eight-electron 
transfer process, which exhibits sluggish kinetics process [18]. Fur-
thermore, the competitive hydrogen evolution reaction (HER) and 
various byproducts complicate the reaction pathways, rendering 
the NITRR less selective and efficient [19,20]. Consequently, the 
design and development of highly efficient electrocatalysts that 
exhibit high activity and selectivity for electrochemical NH3 syn-
thesis continues to pose a significant challenge [21]. Over the past 
of years, an increasing number of studies have been conducted to 
improve the catalytic performance of the electrochemical NITRR 
to NH3 using a Ti- [22], Fe- [23,24], Co– [25,26], Ni- [27–29], Cu-
[9,11,18,30–38], Ru- [8,39,40], or Pd-based [41,42] catalysts. 
Among the various types of NITRR metal-based electrocatalysts, 
Cu-based materials have been explored as ideal candidates due 
to their excellent conductivity, capacity to alleviate HER, and dis-
tinctive outer electron configuration [18,43]. These attributes 
endow them with exceptional adsorption capabilities towards 
NO3 

− . However, due to the limited catalytic sites of pure Cu metal, 
it poses a challenge to simultaneously enhance the adsorption of 
diverse reactive species during the electrochemical reduction of 
NO3 

− [26]. Consequently, there is a necessity to devise Cu-based 
electrocatalysts featuring abundant catalytic active sites to over-
come this limitation. Currently, metal nanoclusters have captured 
the interest of researchers owing to their adjustable atomic com-
position and spatial arrangements, coupled with their exceedingly 
small particle sizes [44,45]. This special structure and nanoscale 
dimension provides abundant of active sites during the electrocat-
alytic NITRR, making them promising candidates for enhancing 
catalytic efficiency and selectivity [40,45]. Currently, Cu nanoclus-
ters predominantly employ organic molecules, including thiolate, 
alkynyl, N-heterocyclic carbene, and others, as ligands [44–46]. 
However, in comparison to the predominantly expensive and toxic 
organic ligands, the employment of inorganic anions (such as OH− 

and Cl− ) as ligands holds promise for reducing both the synthesis 
cost and the environmental footprint during synthesis of Cu nan-
oclusters. Furthermore, inorganic anions offer the potential to syn-
thesize Cu nanoclusters with extremely small particle sizes, an 
advantage over organic molecules [47]. Meanwhile, inorganic 
anions usually bind to metals through highly polar bonds (such 
as M−Cl) which greatly improve the cluster stability [48], thereby 
advantageously alleviating issues such as decomposition at reduc-
tion conditions. In addition, previous works reported that amor-
phous metal-based materials possess superior catalytic capability 
for electrocatalytic NH3 synthesis compared to their crystalline 
analogs [8,39,40,49]. This advantage arises from the abundance 
of low-coordinate atoms present on amorphous metal-based elec-
trocatalysts, which consequently increases the number of catalytic 
sites, thereby boosting their performance [25,39,50]. Based on the 
aforementioned analysis, the design and development of amor-
phous Cu nanoclusters utilizing inorganic anions as ligands are 
anticipated to function as highly efficient electrocatalysts for elec-
trochemical NITRR to NH3. However, the controllable preparation 
of such an amorphous Cu-based nanocluster utilizing inorganic 
anions as ligands (such as OH− and Cl− ) via a simple and mild 
method still remains to be explored.

Herein, we demonstrate the uniform and in situ growth of ultra-
fine amorphous Cu(OH)Cl nanoclusters, enriched with low-
coordination Cu atoms and possessing a diameter of approximately 
9 nm, onto CNTs through a facile and gentle chelated co-
precipitation method. Notably, the addition of TCD plays a critical 
role in facilitating the formation of these a-Cu(OH)Cl nanoclusters, 
which are characterized by a significantly smaller particle size, 
rather than the generation of larger c-Cu2(OH)3Cl nanoclusters. 
Benefitting from the abundant surface low-coordination Cu atoms 
and the smaller particle size, the a-Cu(OH)Cl nanoclusters can 
expose more catalytic active sites during the electrocatalytic NITRR 
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process compared to c-Cu2(OH)3Cl nanoclusters. The resulting a-Cu 
(OH)Cl/CNTs catalyst showed an NH3 yield of 342.69 lg  h−1 mg−1 cat. 

and an Faraday efficiency (FE) for NH3 of 80.2 % at −0.9 V vs RHE, 
which was significantly higher than that of c-Cu2(OH)3Cl/CNTs 
(163.88 lg  h−1 mg−1 cat. and 62.1 %, respectively). The a-Cu(OH)Cl/ 
CNTs catalyst exhibited remarkable stability, maintaining virtually 
unaltered catalytic activity after consecutive cycle tests and long-
term evaluations. This approach, combining crystalline modulation 
and interfacial engineering, presents a promising avenue for signifi-
cantly boosting the electrocatalytic NITRR performance of metal 
nanoclusters under ambient conditions.
2. Experimental 

2.1. Materials 

CuCl2 (Macklin, 98 %), (CH2OH)2 (Macklin, 98 %), NaOH (Mack-
lin, 95 %), Multi-walled carbon nanotubes (MWCNTs, Damas-
beta), Sodium citrate (Macklin, 99 %), Tannic acid (Damas-beta, 
99 %), Ethylenediaminetetraacetic acid (General-Reagent, 99 %), 
Potassium sodium tartrate (Jinshan Chemical Reagent Co., Ltd.), 
C2H5OH (Jinshan Chemical Reagent Co., Ltd.), and Deionized (DI) 
water was used in all experiments. 

2.2. Synthesis of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples 

Amorphous Cu(OH)Cl nanoclusters grown on carbon nanotubes 
(a-Cu(OH)Cl/CNTs) were synthesized by a simple and mild che-
lated co-precipitation method. Specifically, 0.2 g CuCl2 and 25 mg 
CNTs were dispersed into 20 mL ethylene glycol (EG) to form a 
homogeneous suspension by ultrasonicated treatment for 
30 min. 30 mg trisodium citrate dihydrate (TCD) was added into 
the above suspension under magnetic stirring. After that, 2 mL of 
1 M NaOH solution was dropwise into the above suspension under 
magnetic stirring for 10 min, the obtained precipitate was rinsed 
with H2O for three times and dried at 60 °C. The crystalline Cu2(-
OH)3Cl nanoclusters grown on carbon nanotubes (c-Cu2(OH)3Cl/ 
CNTs) sample was synthesized by the same preparation method 
as a-Cu(OH)Cl/CNTs, expect without the addition of TCD. 

2.3. Synthesis of c-Cu2(OH)3Cl/CNTs-TA, c-Cu2(OH)3Cl/CNTs-EDTA and 
c-Cu2(OH)3Cl/CNTs-TART samples 

The samples c-Cu2(OH)3Cl/CNTs-TA, c-Cu2(OH)3Cl/CNTs-EDTA 
and c-Cu2(OH)3Cl/CNTs-TART were synthesized using the identical 
preparation method employed for a-Cu(OH)Cl/CNTs, with the 
exception that 30 mg of TCD was substituted with 30 mg of tannic 
acid (TA), 30 mg of ethylenediaminetetraacetic acid (EDTA), and 
30 mg of potassium sodium tartrate (TART), respectively. 
3. Results and discussion 

3.1. Preparation and characterization of samples 

As depicted in Fig. 1a, the ultrafine a-Cu(OH)Cl nanoclusters, 
grown in situ on the surface of CNTs, were synthesized via a simple 
and gentle chelated co-precipitation method at ambient tempera-
ture. During the preparation process, TCD served as a crucial 
chelating agent, facilitating the formation of a-Cu(OH)Cl nanoclus-
ters, featuring an average diameter of approximately 9 nm. Its sig-
nificance lies in its ability to coordinate with Cu2+ , leading to the 
formation of a chelated precursor. This precursor then undergoes 
precipitation upon the addition of NaOH solution, ultimately 
resulting in the production of a-Cu(OH)Cl nanoclusters on the sur-
face of CNTs (a-Cu(OH)Cl/CNTs). In the absence of TCD, the result-
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Fig. 1. (a) Schematic illustration of the synthesis routes for a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples. (b) TEM and (c, d) HR-TEM images of a-Cu(OH)Cl/CNTs. (e) TEM 
and (f, g) HR-TEM images of c-Cu2(OH)3Cl/CNTs. The insets in (b, e) show the corresponding particle size distribution histograms for a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs 
samples, respectively. 
ing product was c-Cu2(OH)3Cl nanoclusters, approximately 
16.54 nm in average diameter, deposited on CNTs, designated as 
c-Cu2(OH)3Cl/CNTs. CNTs were chosen as the supporting skeleton 
material owing to their remarkable chemical stability, exceptional 
electrical conductivity, and abundant surface defects. Furthermore, 
metal ions exhibit strong interactions with the oxygen-containing 
species on the CNT surface, promoting the immobilization and dis-
persion of these Cu nanoclusters [39]. Transmission electron 
microscopy (TEM) was utilized to characterize the structural fea-
tures of both a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples. 

As depicted in Fig. 1b, e, the CNTs in these samples exhibit an 
intricate intertwining pattern, resulting in a three-dimensional 
conductive network structure. This configuration effectively facili-
tates the mass transfer and charge migration processes crucial for 
the electrochemical NITRR. As shown in Fig. 1b, the ultrafine a-Cu 
(OH)Cl nanoclusters exhibit a uniform distribution across the 
entire CNTs surface, with an average size distribution measuring 
approximately 9.69 nm, as depicted in the inset of Fig. 1b. Addi-
tionally, as shown in Fig. S1, the element mapping images of a-
Cu(OH)Cl/CNTs, which revealed that Cu, Cl, and O elements are 
uniformly distributed over the a-Cu(OH)Cl nanoclusters loaded 
on the carbon nanotubes (CNTs). Furthermore, a thorough exami-
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nation of a-Cu(OH)Cl/CNTs via high-resolution transmission elec-
tron microscopy (HR-TEM, Fig. 1c, d) reveals distinct lattice 
fringes of CNTs but no observable lattice fringes from Cu nanoclus-
ters, indicating the amorphous nature of the Cu(OH)Cl nanoclus-
ters. Interestingly, when without the addition of TCD while 
maintaining all other conditions identical to those employed for 
a-Cu(OH)Cl/CNTs, the obtained c-Cu2(OH)3Cl nanoclusters exhib-
ited a uniform distribution across the entire CNTs surface 
(Fig. 1e), with an average particle size (as shown in the inset of 
Fig. 1e) centered around 16.54 nm, significantly exceeding the size 
of a-Cu(OH)Cl nanoclusters. Moreover, the HR-TEM images (Fig. 1f, 
g) of the c-Cu2(OH)3Cl/CNTs sample reveal a distinct lattice spacing 
of 0.225 nm, corresponding to the (0 2 4) plane of Cu2(OH)3Cl 
(Fig. 1g). The aforementioned results underscore the pivotal role 
of TCD in the formation of amorphous Cu nanoclusters. In addition, 
the incorporation of TCD leads to the formation of a-Cu(OH)Cl nan-
oclusters, exhibiting significantly reduced particle sizes compared 
to c-Cu2(OH)3Cl nanoclusters. This reduction in size favorably con-
tributes to the exposure of an increased number of catalytic sites 
during the electrocatalytic NITRR process. 

X-ray powder diffraction (XRD) patterns of a-Cu(OH)Cl/CNTs and 
c-Cu2(OH)3Cl/CNTs are displayed in Fig. 2a. The XRD pattern of
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c-Cu2(OH)3Cl/CNTs sample exhibits high crystallinity, featuring dis-
tinct diffraction peaks at 32.4°,  44.5°,  48.2°, 50.2°,  53.7°,  62.1°,  and
67.9° corresponding to the (1 1 3), (0 2 4), (2 0 5), (0 3 3), (2 2 0), 
(2 1 7), and (2 2 6) planes of Cu2(OH)3Cl (JCPDF card #87-0679). 
Conversely, the obtained a-Cu(OH)Cl/CNTs exhibits no discernible 
peaks associated with crystalline Cu nanoclusters, indicating the 
amorphous nature of the Cu(OH)Cl nanoclusters. The above obser-
vations provide further evidence that the incorporation of TCD is 
crucial for the formation of amorphous Cu nanoclusters, aligning 
well with the TEM analysis depicted in Fig. 1d, g. Additionally, Infra-
red spectra (IR) was carried out to explore the composition of sam-
ples (Fig. 2b). For the c-Cu2(OH)3Cl/CNTs sample, the absorption 
peaks situated at approximately 3450 and 3364 cm−1 are ascribed 
to the stretching vibrations of hydroxyl groups, which correspond 
to two distinct –OH environments characterized by varying atomic 
distances (dO–H) and hydrogen bond angles (hO–H∙∙∙Cl)  [51]. In addi-
tion, the absorption peaks located at 989, 927 and 838 cm−1 could 
be attributed to the deformation modes of CuAOAH  in  coppe  
hydroxychlorides. However, when compared with c-Cu2(OH)3Cl/ 
CNTs, only characteristic peak is observed at 3442 cm−1 in the a-
Cu(OH)Cl/CNTs sample, suggesting the presence of OAH∙∙∙Cl [52]. 
Besides, the surface compositions and element valence states of 
the samples were characterized utilizing X-ray photoelectron spec-
troscopy (XPS). According the analysis results of survey XPS spectra 
of samples (Fig. 2c), testify the existence of Cu, O and Cl, which is in 
according with the XRD (Fig. 2a) and IR (Fig. 2b) analysis results. As 
showed in Fig. 2d, the high-resolution XPS spectrum of the a-Cu 
(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs catalyst in the Cu 2p region, 
which can be fitted with two peaks located at 932.4 and 935.2 eV, 
assigning to the Cu2+ and Cu+ , respectively. Furthermore, in the 
analysis of the XPS spectrum corresponding to the Cl 2p region, a 
peak is observed at approximately 199.8 eV which is consistent 
with the ClACu bonding configuration. In the O 1s region, the 
deconvoluted peaks at binding energies of approximately 531.5, 
Fig. 2. (a) XRD patterns of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples. (b) Infrared
and (d) high-resolution XPS spectra at the Cu 2p region of a-Cu(OH)Cl/CNTs and c-Cu2(O
solution, TCD solution, and the mixture of CuCl2 and TCD solution.
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532.3, and 533.2 eV are assigned to CuAO, CuAOAH and –OH of 
surface-absorbed water (Fig. S2). Based on the findings from the 
aforementioned analysis results, we inferred that the composition 
of the amorphous Cn nanocluster was Cu(OH)Cl (Fig. S3)  [52]. To 
gain a more profound comprehension of the amorphous Cu cluster’s 
formation mechanism, we conducted a series of spectroscopic anal-
yses, as depicted in Fig. 2e, f. As shown in Fig. 2e, in contrast to TCD 
and CuCl2 solution, the mixture of TCD and CuCl2 solution exhibited 
new characterized peaks, which could potentially be attributed to 
the formation of the chelated Cux(C6H5O7)3 precursor, leading to a 
new coordination environment. Meanwhile, in Fig. 2f, the absor-
bance of the mixture solution greatly improved and occurred blue 
shift. Furthermore, the inset of Fig. 2f clearly demonstrates a pro-
nounced color alteration upon mixing the CuCl2 and TCD solutions. 
The aforementioned phenomena indicate the occurrence of a chela-
tion reaction between Cu2+ and TCD, resulting in the formation of a 
chelate. Drawing from the aforementioned analyses, we deduce that 
the negatively charged −COO− groups present in TCD exhibit a 
propensity to interact with positively charged Cu2+ , leading to the 
construction of a Cux(C6H5O7)2 chelate. The formation of these che-
lates modifies the nucleation behavior of the Cu-precursors during 
the subsequent NaOH precipitation stage, ultimately facilitating 
the generation of an amorphous Cu nanocluster. Moreover, the 
modulation of the crystalline structure of Cu nanoclusters may be 
related to the unique chemical structure of TCD. For example, we 
conducted control experiments using tannic acid (TA), ethylenedi-
aminetetraacetic acid (EDTA), or potassium sodium tartrate (TART) 
as chelating agents for comparison. As shown in Figs. S4 and S5,  the  
addition of either TA, EDTA, or TART facilitates the in situ growth of 
ultrafine high-crystallinity Cu2(OH)3Cl nanoclusters on the surface 
of CNTs, achieving the preparation of c-Cu2(OH)3Cl/CNTs-TA, 
c-Cu2(OH)3Cl/CNTs-EDTA, and c-Cu2(OH)3Cl/CNTs-TART samples, 
respectively. However, unlike the effect observed with TCD as a 
chelating agent, the incorporation of TA, EDTA, or TART does not
 spectra of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples. (c) Survey XPS profiles 
H)3Cl/CNTs samples. (e) Infrared spectra and (f) UV–vis absorption spectra of CuCl2 



X. Chen, F. Chen, X.-y. Zhong et al. Journal of Energy Chemistry 110 (2025) 768–777
modify the crystallographic structure of the Cu-based nanoclusters. 
Specifically, when using TA, EDTA, or TART as chelating agents, the 
resultant nanoclusters are high-crystallinity Cu2(OH)3Cl nanoclus-
ters (Fig. S4). The aforementioned results indicate that the addition 
of chelating agents, such as TA, EDTA, and TART, favors the in situ 
growth of crystalline Cu2(OH)3Cl nanoclusters with extremely small 
particle sizes on the surface of CNTs. However, only TCD promotes 
the growth of amorphous Cu(OH)Cl nanoclusters.

The chemical states and coordination environments of the a-Cu 
(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples were investigated 
using the techniques of X-ray absorption near-edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS). 
Fig. 3a shows that the absorption edge profiles for both a-Cu(OH) 
Cl/CNTs and c-Cu2(OH)3Cl/CNTs are close to that of CuO, indicating 
the valence state of Cu species approximates to +2. As depicted in 
Fig. 3b, the extended X-ray absorption fine structure (EXAFS) spec-
tra of the Cu K-edge for a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs 
samples exhibited a prominent peak at 1.97 Å, corresponding to 
the CuAO bond, which is similar to standard sample of Cu2O and 
CuO. Additionally, a more in-depth analysis of the quantitative 
coordination structure of the Cu atoms can be achieved through 
the fitting of the k3-weighted Fourier transform EXAFS spectra, as 
depicted in Fig. 3c–f, Fig. S6 and Table S1. In the composite of a-
Cu(OH)Cl/CNTs, the coordination number (CN) surrounding the 
Cu atoms approximates 5, significantly lower than the CN of ∼8 
observed in c-Cu2(OH)3Cl/CNTs, as detailed in Table S1. This dis-
tinct feature suggests that the surface of the a-Cu(OH)Cl cluster 
in a-Cu(OH)Cl/CNTs contains a greater abundance of low-
coordination Cu atoms, thereby offering an increased number of 
catalytic sites for electrochemical NITRR. It is worth noting that, 
when compared to CNTs and c-Cu2(OH)3Cl/CNTs samples, a-Cu 
(OH)Cl/CNTs catalyst demonstrate a more pronounced surface 
defect signal (Fig. 3g). This is potentially due to the abundance of 
low-coordination Cu atoms located on the surface of the a-Cu 
(OH)Cl nanocluster (Fig. 3g). Furthermore, as illustrated in 
Fig. 3h–l, the wavelet transforms (WT) plots of the Cu K-edge Four-
ier transform EXAFS for a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs 
samples exhibits a distinct intensity peak centered around 
6.1 Å−1 . This peak is indicative of the CuAO interaction, thus 
affirming that the predominant Cu state on both a-Cu(OH)Cl/ 
CNTs and c-Cu2(OH)3Cl/CNTs catalysts is in the oxidation state.

3.2. Electrochemical nitrate reduction performances 

All electrochemical experiments were conducted on a standard 
two-compartment cell separated by a Nafion-117 proton exchange 
membrane (Fig. S7). For preliminary investigation, the catalytic 
activities of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs for the 
NITRR, linear sweep voltammetry (LSV) curves of samples were 
performed in 0.1 M Na2SO4 solution and 0.1 M Na2SO4 containing 
500 ppm NO3 

− solution, respectively, at room temperature. As 
depicted in Fig. 4a, within the potential range from −0.7 to 
−1.1 V versus reversible hydrogen electrode (vs RHE), the current 
density of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples in a 
0.1 M Na2SO4 solution with 500 ppm NO3 

− is significantly greater 
than that in a 0.1 M Na2SO4 solution alone. This indicates the pos-
sible occurrence of the NITRR in the Na2SO4 solution containing 
NO3 

− . In order to delve deeper into the catalytic performance of a-
Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples, NITRR tests were 
conducted at varying applied potentials ranging from −0.7 to 
−1.1 V (vs RHE). After a 10-min chronoamperometry test
(Fig. S8a, b), the potential presence of ammonia product in the 
electrolyte solution within the cathode compartment was quanti-
tatively analyzed using the indophenol blue method. Fig. S8c, d dis-
play the ultraviolet–visible (UV–vis) absorption spectra of the 
product solutions stained with the indophenol blue indicator. 
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Fig. S9a shows the UV–vis absorption spectra of the standard 
ammonia solution at different concentrations, along with the cor-
responding calibration curves (Fig. S9b). Fig. S9b demonstrates a 
strong linear correlation between light absorbance at a wavelength 
of 665 nm and the concentration of ammonia. Based on the NH3 

standard curve calibration (Fig. S9b), the NH3 yield (Fig. 4b) and 
corresponding FENH3 (Fig. 4c) of the a-Cu(OH)Cl/CNTs and c-
Cu2(OH)3Cl/CNTs catalyst at various potentials were calculated. 
The a-Cu(OH)Cl/CNTs catalyst showed its highest NH3 yield and 
FENH3 at −0.9 V vs RHE, achieving values of 342.70 lg  h−1 mg−1 cat. 

and 80.2 %, respectively, are obviously higher than that of c-
Cu2(OH)3Cl/CNTs catalyst (159.23 lg  h−1 mg−1 cat. and 62.1 %, respec-
tively, at −0.9 V vs RHE). Moreover, the NH3 yield and FENH3 of a-
Cu(OH)Cl/CNTs are significantly higher than those of c-Cu2(OH)3Cl/ 
CNTs across a broad potential range (from −0.7 to −1.1 V). The anal-
ysis results above indicate a significantly higher catalytic activity of 
a-Cu(OH)Cl/CNTs in the NITRR when compared to c-Cu2(OH)3Cl/ 
CNTs. This may be attributed to the fact that the addition of TCD 
can lead to the formation of amorphous Cu nanoclusters, which pro-
vide more catalytic activity sites on the surface of the a-Cu(OH)Cl/ 
CNTs catalyst compared to the c-Cu2(OH)3Cl/CNTs catalyst. To verify 
a-Cu(OH)Cl/CNTs exposed exhibited a higher number of active sites 
on its surface, cyclic voltammetry (CV) curves of various samples 
were compared across different scan rates within the non-Faradaic 
current potential range (Fig. S10). The double-layer capacitance 
(Cdl) values for a-Cu(OH)Cl/CNTs (0.81 mF cm−2 ) and c-Cu2(OH)3Cl/ 
CNTs (0.45 mF cm−2 ) were determined by plotting the corresponding 
anodic charging currents linearly against the scan rates at the open-
circuit potential. Based on the aforementioned analysis results, we 
computed the electrochemically active surface area (ECSA). It is evi-
dent that a-Cu(OH)Cl/CNTs exhibits a larger ECSA (20.25 cm2 ) than 
c-Cu2(OH)3Cl/CNTs, which has an ECSA of 10.25 cm2 . Furthermore, 
as illustrated in Fig. S11, the specific activity of catalyst was also cal-
culated as the NH3 yield normalized to the ECSA of each sample. The 
specific activity of a-Cu(OH)Cl/CNTs is found to be 6.77 lg  h−1 cm−2 

at −0.9 V vs RHE, significantly surpassing that of c-Cu2(OH)3/CNTs, 
which stands at 6.40 lg  h−1 cm−2 under the same potential condi-
tion. This indicates that a-Cu(OH)Cl/CNTs possess more efficient cat-
alytic sites compared to c-Cu2(OH)3/CNTs. Moreover, the smaller 
particle size of Cu-based nanoclusters facilitates the exposure of cat-
alytically active sites, thereby effectively enhancing the performance 
of NITRR. For instance, the particle sizes of high-crystallinity Cu2(-
OH)3Cl nanoclusters within the c-Cu2(OH)3Cl/CNTs-TA sample (fea-
turing a diameter of approximately 7.9 nm, Fig. S4b) and the c-
Cu2(OH)3Cl/CNTs-EDTA sample (with a diameter of roughly 
3.56 nm, Fig. S4e) are significantly reduced compared to those 
observed in the c-Cu2(OH)3Cl/CNTs sample (which exhibits a diame-
ter of approximately 16.54 nm, Fig. 1e). Consequently, as shown in 
Fig. S12, the NITRR selectivity of c-Cu2(OH)3Cl/CNTs-TA and c-
Cu2(OH)3Cl/CNTs-EDTA is significantly enhanced compared to that 
(Fig. 4c) of c-Cu2(OH)3Cl/CNTs. As listed in Table S2, the catalytic 
performance of a-Cu(OH)Cl/CNTs is competitive when compared to 
recently reported electrocatalysts for the NITRR, even when utilizing 
an extremely low concentration (500 ppm) of NO3 

− as the nitrogen 
source. As depicted in Fig. S13, as the concentration of NO3 

− increases, 
the NH3 yield exhibits a continuous rise. Moreover, within the range 
of NO3 

− concentrations (from 100 to 1500 ppm) considered, the FENH3 
remains consistently above 75 %. It is noteworthy that a-Cu(OH)Cl/ 
CNTs exhibits a FENH3 of approximately 80 % in electrolyte solutions 
containing extremely low concentrations (such as 100 and 250 ppm) 
of NO3 

− . Given that wastewater may contain a high-salt environment, 
it is crucial to examine the catalytic performance of the a-Cu(OH)Cl/ 
CNTs catalyst under high-salt concentration condition. As illustrated
in Fig. S14, when the concentration of Na2SO4 ranges from 0.1 to 2 M, 
the FENH3 of the a-Cu(OH)Cl/CNTs catalyst remains above 75 %. The 
aforementioned analysis results indicate that the a-Cu(OH)Cl/CNTs
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Fig. 3. (a) Cu K-edge XANES spectra of a-Cu(OH)Cl/CNTs, c-Cu2(OH)3Cl/CNTs, Cu foil, Cu2O and CuO samples. (b) Fourier transformations of the k3-weighted v(k)-function of 
the EXAFS spectra at Cu K-edge of a-Cu(OH)Cl/CNTs, c-Cu2(OH)3Cl/CNTs, Cu foil, Cu2O and CuO samples. Fitting results of the EXAFS spectra of a-Cu(OH)Cl/CNTs and c-
Cu2(OH)3Cl/CNTs at R space (c, d) and k-space (e, f). (g) Electron paramagnetic resonance (EPR) spectra of CNTs, a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs samples. WT of the 
Cu K-edge FT-EXAFS spectra of (h) a-Cu(OH)Cl/CNTs, (i) c-Cu2(OH)3Cl/CNTs, (j) Cu foil, (k) Cu2O, and (l) CuO.
catalyst exhibits favorable performance under actual wastewater 
testing conditions, such as low-concentration nitrate wastewater 
or high-salt environments. As presented in Fig. 4d, the Nyquist plots 
of all the samples were fitted with a standard equivalent circuit (in-
set in Fig. 4d.) This fitting was carried out to determine the values of 
the charge-transfer resistance (Rct). It is worth noting that the equiv-
alent series resistance values for the a-Cu(OH)Cl/CNTs (5.79 X), are 
considerably lower than those of the c-Cu2(OH)3Cl/CNTs (11.58 X). 
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This finding implies that a-Cu(OH)Cl/CNTs electrode possesses lower 
Rct values and demonstrate faster catalytic kinetics when compared 
to a-Cu2(OH)3Cl/CNTs electrode.

Apart from the NH3 product, the possible by-product, such as 
NO2 

− in the electrolyte solution was detected by the Griess method .
Fig. S15a shows the UV–vis absorption spectra of the standard NO2 

− 

solution at different concentrations, along with the corresponding 
calibration curves (Fig. S15b). As shown in Fig. 4e and Fig. S16,
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Fig. 4. (a) LSV curves of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs measured in 0.1 M Na2SO4 solution with or without 500 ppm of NO3 
− , respectively. (b) The NH3 yield and (c) 

corresponding FENH3 values of a-Cu(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs at different applied potentials for electrochemical NITRR. (d) Nyquist plots of a-Cu(OH)Cl/CNTs and c-
Cu2(OH)3Cl/CNTs measured at −0.9 V vs RHE in 0.1 M Na2SO4 solution containing 500 ppm of NO3 

− . (e) The NO2 
− yields and corresponding FE values for a-Cu(OH)Cl/CNTs at 

given potentials for the NITRR. (f) UV–Vis absorption spectra of the 0.1 M Na2SO4 + 500 ppm NO3 
− solution after the NITRR test of a-Cu(OH)Cl/CNTs for 10 min at various 

applied potentials and then coloured by the para-dimethylamino-benzaldehyde indicator.
compared with a-Cu(OH)Cl/CNTs, c-Cu2(OH)3Cl/CNTs exhibits a 
higher and more efficient conversion of NO3 

− to NO2 
− , which is a 

rate-limiting step in the electrochemical reduction process that 
transforms NO3 

− into NH3 [18]. It is evident that a-Cu(OH)Cl/CNTs 
could effectively facilitate the subsequent reduction of NO2 

− to 
NH3. Additionally, the Watt and Chrisp method (Fig. S17) was used 
to detect a possible byproduct N2H4. Fig. 4f demonstrates that no 
N2H4 was detected in the experiment. The above analysis results 
indicate that a-Cu(OH)Cl/CNTs has high selectivity for the electro-
chemical NITRR to NH3. Similarly, the primary liquid-phase 
byproduct observed in the electrocatalytic NITRR process utilizing 
c-Cu2(OH)3Cl/CNTs as the electrocatalyst, with no detectable pres-
ence of N2H4 (Fig. S18). To rule out the possibility of ammonia con-
tamination from the catalyst itself or external environmental 
sources, we conducted a series of comparative experiments 
(Fig. 5a) at the optimal potential of −0.9 V vs RHE. Initially, the 
a-Cu(OH)Cl/CNTs material was subjected to electrolysis in a 
0.1 M Na2SO4 solution without NO3 

− at −0.9 V vs RHE, and no 
ammonia production was detected. In a subsequent control exper-
iment, the a-Cu(OH)Cl/CNTs catalyst was electrolyzed in a 0.1 M 
Na2SO4 solution with 500 ppm of NO3 

− at the open-circuit potential 
(OCP), yet it did not yield a measurable quantity of NH3. Further-
more, after conducting chronoamperometry tests using bare car-
bon paper (CP) as the working electrode in a 0.1 M Na2SO4 

solution with 500 ppm NO3 
− at −0.9 V vs RHE, no NH3 was pro-

duced. Moreover, Fig. S19 shows that the NH3 yield of 
342.69 lg  h−1 mg−1 cat. for a-Cu(OH)Cl/CNTs at −0.9 V vs RHE is obvi-
ously higher than that of pristine CNTs (55.02 lg  h−1 mg−1 cat.), sug-
gesting that the ultrafine amorphous Cu(OH)Cl nanoclusters are 
the main active sites during the NITRR. More importantly, a 15 N 
isotope-labeling experiment was conducted by administering 
15 NO3 

− (Na15 NO3 with 98.3 % enrichment, Sigma). As depicted in
Fig. 5b, the 1 H NMR spectra of the electrolyte following 0.5 h of elec-
trocatalytic reduction of 15 NO3 

− exhibited the characteristic double 
peaks of 15 NH4 

+ , whereas when utilizing 14 NO3 
− as the primary nitro-
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gen source, only 14 NH4 
+ with a triplet coupling peak was observed. 

This further validates that the ammonia generated during the elec-
trolysis tests with a-Cu(OH)Cl/CNTs originated solely from the 
reduction of NO3 

− . 
Stability stands as a pivotal criterion in the assessment of elec-

trocatalyst performance. Hence, we examined the stability of the a-
Cu(OH)Cl/CNTs sample for electrocatalytic NITRR in a 0.1 M Na2SO4 

solution with 500 ppm NO3 
− . As shown i n Fig. 5c, the outcomes 

from 10 successive cyclic trials of a-Cu(OH)Cl/CNTs reveal no sig-
nificant alterations in the ammonia production rate and FE, where 
the ammonia yield and FE were higher than 300 lg  h−1 mg−1 cat. and 
70 % respectively, suggesting the good stability of a-Cu(OH)Cl/CNTs 
catalyst during NITRR. Furthermore, the long-term durability of the 
a-Cu(OH)Cl/CNTs catalyst was evaluated over a 24-h period. As 
depicted in Fig. 5d, the catalyst was able to sustain a selectivity of 
over 70 % even after the prolonged test, which underscores its 
remarkable stability. In addition, the time-dependent concentration 
of NO3 

− and NO2 
− in the electrolyte solution during the NITRR was 

measure d (Figs. S20 and S21). As illustrated in Fig. S21a, the concen-
tration of NO3 

− exhibits a gradual decline with the extension of elec-
trocatalytic test duration. Meanwhile, the NO2 

− concentration first 
rose and then fell. This phenomenon may be attributed to the fact 
that in the NITRR process, NO3 

− is first reduced to NO2 
− , followed by 

the subsequent reduction of NO2 
− to NH3. It is noteworthy that after 

conducting a 4-h electrocatalytic NITRR test on the a-Cu(OH)Cl/CNTs 
catalyst at −0.9 V vs. RHE in a 0.1 M Na2SO4 solution containing 
500 ppm of NO3 

− , the measured concentrations of NO3 
− and NO2 

− in 
the solution were 20.2 and 2.1 lg  mL−1 , respectively. These concen-
trations were below the limits set by the World Health Organization 
(WHO) for NO3 

− (50 lg  mL−1 ) and NO2 
− (3 lg  mL−1 ) in drin king water

[53,54]. Moreover, after 4 h of electrocatalytic testing, a removal rate 
of approximately 96.0 % is attained (Fig. S21b). This result suggests 
that the a-Cu(OH)Cl/CNTs catalyst is capable of efficiently and 
promptly eliminating nitrate from aqueous solutions, even when a 
relatively low nitrate concentration (500 ppm) is employed as the
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Fig. 5. (a) UV–vis absorption spectra after 10 min of electrolysis at −0.9 V vs RHE for a-Cu(OH)Cl/CNTs under different conditions and coloured with indophenol indicator. (b) 
1 H NMR spectra of the electrolyte after the NITRR test of a-Cu(OH)Cl/CNTs using 15 NO3 

− and 14 NO3 
− as the N-sources, respectively. (c) Cycling stability of a-Cu(OH)Cl/CNTs for 

the NITRR during 10 cycles at −0.9 V vs RHE. (d) The corresponding time-dependent current density curves of long-term stability tests and corresponding FENH3 after a-Cu 
(OH)Cl/CNTs at a potential of −0.9 V vs RHE. In-situ infrared spectra of (e) a-Cu(OH)Cl/CNTs and (f) c-Cu2(OH)3Cl/CNTs samples at different negative applied potentials in the 
0.1 M Na2SO4 electrolytes containing 500 ppm NO3

−.
nitrogen source. Furthermore, 100 consecutive cyclic voltammetry 
(CV) tests were executed to evaluate the stability of the a-Cu(OH) 
Cl/CNTs sample. As shown in Fig. S22a, the CV curves of the a-Cu 
(OH)Cl/CNTs in a 0.1 M Na2SO4 solution, recorded at a scan rate of 
100 mV s−1 , exhibit no discernible redox peaks, indicating that Cl− 

remains stable under electrolytic conditions. Moreover, the elemen-
tal amount of the a-Cu(OH)Cl/CNTs catalyst, including elements such 
as Cl, Cu, and C, was compared before and after undergoing electro-
catalytic stability testing for NITRR (Fig.S22b). As listed in Table S3, 
the Cl, Cu, and C content in the a-Cu(OH)Cl/CNTs catalyst exhibited 
no significant change before and after the stability testing, suggest-
ing the remarkable compositional and structural stability of the a-Cu 
(OH)Cl/CNTs sample during the electrochemical NITRR for NH3 syn-
thesis. Additionally, we conducted an analysis of the Cu 2p region in 
a-Cu(OH)Cl/CNTs following the electrocatalytic stability test. As 
depicted in Fig. S23, there was no significant alteration in the valence 
state of the Cu species. This demonstrates the effective stabilizing 
effect of inorganic ligands (e.g., OH− and Cl− ) on copper-ba sed
nanoclusters.

3.3. Exploration of electrocatalytic NITRR mechanism 

To gain a deeper understanding of the NO3RR process on a-Cu 
(OH)Cl/CNTs and c-Cu2(OH)3Cl/CNTs, in situ Fourier Transform 
Infrared (FTIR) spectroscopy was employed to identify potential 
intermediates. As shown in Fig. 5e, f, the characteristic absorption 
peak of 1329 cm−1 [55] was attributed to the asymmetric stretch-
ing vibration of N@O, manifesting NO3 

− was reduced to *NO2, and 
further deoxygenation forming *NO (1530 cm−1 ) [12] species on 
the surface of a-Cu(OH)Cl/CNTs. With the emergence of deoxida-
tion intermediates, the hydrogenation intermediates, especially 
*NH2OH was consequently observed at 1120 cm−1 , indicating the 
reduction reaction is a continuous process of deoxidation and 
hydrogenation [16,25]. Ultimately, NO3 

− underwent electrocatalytic 
reduction, resulting in the generation of NH3, which was detected 
at a wavenumber of 1419 cm−1 [55]. Accordingly, the presumed 
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primary pathway for the reduction reaction is *NO3 
− → *NO2 

− → *-
NO → *NH2OH → NH3. Moreover, compared to the in situ FTIR 
spectroscopy of a-Cu(OH)Cl/CNTs, the intensity of the distinct 
absorption peaks for the aforementioned key intermediates 
observed on the surface of the c-Cu2(OH)3Cl/CNTs sample shows 
a noticeable weakening. This indicates that a-Cu(OH)Cl/CNTs is 
more conducive to the absorption and transformation of reactive 
intermediates during the NITRR process. This may be attributed 
to the smaller particle size of a-Cu(OH)Cl nanoclusters and the 
presence of low-coordination Cu atoms on their surface, which 
are more favorable for the adsorption and activation of reactive
intermediates [25,39,49]. Consequently, this facilitates the conver-
sion of nitrate into ammonia through a multi-step proton-coupled 
electron transfer process. Hence, compared to c-Cu2(OH)3Cl/CNTs, 
a-Cu(OH)Cl/CNTs demonstrates superior electrocatalytic perfor-
mance. The results obtained from in situ FTIR spectroscopy are in 
agreement with the performance tests conducted for the electro-
catalytic NITRR. 

4. Conclusions 

In summary, we report in situ growth of ultrafine amorphous 
Cu(OH)Cl nanoclusters, exhibiting a uniform diameter of roughly 
9 nm, onto CNTs utilizing a simple and convenient chelated co-
precipitation method. In this process, TCD acts as a chelating agent, 
promoting the formation of amorphous Cu(OH)Cl nanoclusters 
rather than crystalline Cu2(OH)3Cl nanoclusters. Compared to crys-
talline Cu2(OH)3Cl nanoclusters, the amorphous Cu(OH)Cl nan-
oclusters feature a surface rich in low-coordination Cu atoms, 
offering more active sites to enhance the electrochemical NITRR 
performance. Additionally, the introduction of TCD results in the 
formation of amorphous Cu(OH)Cl clusters with a significantly 
smaller particle size compared to crystalline Cu2(OH)3Cl clusters, 
which further favorably contributes to the exposure of an 
increased number of catalytic sites during the electrocatalytic 
NITRR process. As a result, the resulting amorphous Cu(OH)Cl nan-
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oclusters have more catalytically active sites and better activity 
than crystalline Cu2(OH)3Cl catalysts. This study offers fresh per-
spectives on the crystalline modulation engineering of metal nan-
oclusters, aimed at enhancing electrocatalytic renewable energy 
conversion reactions. 
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