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A B S T R A C T

The electrocatalytic reduction of nitrate into valuable ammonia (NH3) presents an environmentally friendly and 
sustainable strategy for the elimination of nitrate pollution and the synthesis of ammonia. Nevertheless, the 
activity and selectivity for ammonia production remain unsatisfactory, particularly at low applied negative 
potentials. Herein, we present the synthesis of layered double hydroxide (LDH) electrocatalysts featuring 
adjustable Cu/Co molar ratios and organic molecule trimesic acid (TA) modification, designated as CuxCo1-x- 
LDH/TA (x = 0.75, 0.67, or 0.5), aiming to facilitate the electrochemical nitrate reduction reaction (NITRR). 
Intriguingly, the microstructure, crystalline form and electrical conductivity of LDH, are substantially modified 
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by organic molecule TA with three carboxyl groups that play a pivotal role in bridging [M(OH)6]n-6 species (M =
Cu or Co), thus facilitating the development of a conjugated two-dimensional layered framework. This conju
gated, extended planar configuration augments the inherent conductivity, and ensures the uniform dispersion of 
copper and cobalt active sites on its surface, maximizing their synergistic effect during the NITRR. The resulting 
Cu0.67Co0.33 − LDH/TA exhibits a high NH3 yield of 355.9 μmol⋅mg− 1⋅h− 1 and a Faradaic efficiency for NH3 
(FENH3) of 93.9 % for the NITRR, even at an extremely low applied negative potential of − 0.6 V versus the 
reversible hydrogen electrode (vs RHE), which was significantly higher than that of pristine Cu0.67Co0.33 − LDH 
(55.0 μmol⋅mg− 1⋅h− 1 and 71.0 %, respectively). This work provides a significant reference for the utilization of 
organic molecules in modifying inorganic materials to boost electrocatalytic NITRR performance.

1. Introduction

Ammonia (NH3) serves as a crucial chemical raw material in both 
industrial and agricultural manufacturing. Its conventional synthesis 
method is based on the highly energy-consuming Haber-Bosch process 
(H − B) [1–7]. However, the H–B process is plagued by several issues, 
such as high energy consumption and significant environmental pollu
tion [8–11]. As a result, there is a pressing demand to devise a green and 
energy-efficient approach for synthesizing NH3. The annual global 
combustion of fossil fuels, extensive use of nitrogen fertilizers, and sig
nificant discharge of industrial wastewater have resulted in an envi
ronment with an high nitrate content, spanning a broad concentration 
range from 7.4 mmol⋅L− 1 to 1.9 mol⋅L− 1 [12–16]. Moreover, an exces
sive accumulation of nitrates within drinking water has the potential to 
give rise to health-related problems in humans [17,18]. Hence, the 
electrochemical transformation of nitrate into NH3 presents a promising 
strategy for nitrogen recycling and alleviating environmental pollution 
problems [19]. However, the electrochemical nitrate reduction reaction 
(NITRR) process for NH3 synthesis involves intricate proton-coupled 
electron transfers process and faces competition from the hydrogen 
evolution reaction (HER). This gives rise to significant challenges, 
including low activity, poor selectivity, and sluggish reaction kinetics 
[20–23]. Consequently, it is crucial to rationally design highly efficient 
electrocatalysts that demonstrate excellent activity and selectivity in the 
electrochemical conversion of NO3

− into ammonia.
At present, Cu-based catalysts continue to stand out as preferred 

choices for attaining high selectivity during the electrochemical process 
of transforming NO3

− into NH3 [13,14,24–26]. This distinct advantage 
arises from copper’s exceptional electrical conductivity and its fully 
occupied 3d orbital. The unique 3d10 electronic configuration of copper 
enables it to function as a highly efficient catalytic active center for the 
reduction of NO3

− [27,28]. Meanwhile, the surfaces of Cu metal exhibit 
the ability to inhibit the HER [29]. However, Cu exhibits a poor ability to 
activate protons, thereby impeding the generation of active hydrogen 
(*H) on its surface. This, in turn, constrains the availability of the active 
hydrogen necessary for the reduction of NO3

− to NH3 [30,31]. Combining 
copper with metals (such as cobalt) that possess the advantage of acti
vating water molecules to generate active hydrogen for the construction 
of copper-based bimetallic centers may potentially address the issue of 
copper’s insufficient hydrogen-producing capability from water activa
tion, while preserving the advantage of copper metal centers in 
adsorbing nitrogen-containing species. Furthermore, an ideal cop
per‑cobalt bimetallic center catalyst should also feature a uniform dis
tribution of bimetallic centers, along with adjustable composition and 
ratios, in order to exhibit notable advantages in the electrocatalytic 
ammonia production process via NITRR.

Layered double hydroxide (LDH), belonging to the category of ionic 
layered materials, are distinguished by their facile adaptability in terms 
of chemical composition and crystalline architecture. This attribute of
fers significant potential for attaining a highly controllable concentra
tion of diverse metals [32,33]. Furthermore, LDHs maintain structural 
stability both before and after undergoing reactions, rendering them 
exceptionally versatile materials with extensive applications across 
diverse domains such as catalysis, biology, energy storage, and 

photocatalysis [30]. However, the LDH catalysts’ inherent limitations, 
including subpar electrical conductivity and insufficient electron and 
charge transfer capabilities, impede their potential utilization in high- 
performance electrochemical nitrate reduction processes [34]. Consid
ering that a pivotal step in the formation mechanism of LDH involves the 
deprotonation process of Metal hydrated ion ([M(H2O)6]n+) [35], and 
the carboxyl groups in trimesic acid (TA) readily undergo condensation 
reactions with [M(OH)6]n-6, thereby facilitating the formation of LDH. 
Furthermore, the molecular structure of TA demonstrates robust elec
tron affinity and excellent structural stability, the incorporation of TA 
into the LDH structure can effectively ameliorate the poor conductivity 
and instability inherent in LDH.

Herein, we report the preparation of LDH electrocatalysts with 
adjustable Cu/Co molar ratios through a simple and rapid co- 
precipitation method at ambient temperature. It is noteworthy that 
the incorporation of TA organic molecules into LDH can significantly 
modify its microstructure, crystalline form, and electrical conductivity. 
Specifically, TA, endowed with three carboxyl groups, serves as a crucial 
linker for bridging [M(OH)6]n-6 species (where M denotes Cu or Co), 
thereby enabling the formation of a conjugated two-dimensional layered 
architecture. This conjugated, extended planar arrangement not only 
enhances the intrinsic conductivity of the material but also guarantees 
the homogeneous distribution of copper and cobalt active sites across its 
surface, optimizing their synergistic interaction during the NITRR. 
Furthermore, the integration of TA gives rise to the formation of an 
amorphous structural configuration of LDH, thereby facilitating the 
exposure of a substantially larger number of catalytic active sites. The 
obtained Cu0.67Co0.33 − LDH/TA catalyst demonstrated an impressive 
NH3 yield of 355.9 μmol⋅mg− 1⋅h− 1 and a Faradaic efficiency for NH3 
(FENH3) of 93.9 % at an extremely low applied negative potential of 
− 0.6 V versus the reversible hydrogen electrode (vs RHE). These values 
were markedly superior to those observed for the pristine Cu0.67Co0.33 −

LDH catalyst without TA modification (55.0 μmol⋅mg− 1⋅h− 1 and 71.0 %, 
respectively). Furthermore, the Cu0.67Co0.33 − LDH/TA catalyst 
exhibited remarkable stability, retaining nearly unchanged catalytic 
activity following successive cycle tests and prolonged evaluations. This 
work provides fresh perspectives for future endeavors focused on 
improving the microstructure and physicochemical properties of inor
ganic materials via modifications using carboxyl group-rich organic 
molecules, with the aim of boosting their performance in electro
chemical NITRR.

2. Experimental section

2.1. Chemicals and materials

Anhydrous copper chloride (CuCl2, 98 %), cobalt chloride hexahy
drate (CoCl2⋅6H2O, 98 %), sodium hydroxide (NaOH, 95 %), p-amino
benzenesulfonic acid (C6H7NO3S, 100 %), p- 
dimethylaminobenzaldehyde (C9H11NO, 99 %), sodium nitroprusside 
dihydrate (C5H2FeN6NaO2⋅2H2O, 99 %) and N-(1-naphthyl) ethyl
enediamine dihydrochloride (C12H14N2⋅2HCl, 98 %) were purchased 
from Macklin. Trimesic acid (C9H6O6, 99 %) and K15NO3 (99 %) were 
obtained from Aladdin. KNO3 (99 %), anhydrous ethanol (C2H5OH, 
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99.7 %), concentrated hydrochloric acid (HCl, 99 %), and sodium sulfate 
(Na2SO4, 99.5 %) were sourced from Kelong. All chemicals were utilized 
in their as-received state, without any additional purification steps. The 
water used as a reagent in all experimental procedures was deionized 
water.

2.2. Synthesis of CuxCo1-x − LDH/TA (x = 0.5, 0.67, 0.75)

The CuxCo1-x − LDH/TA (where x = 0.5, 0.67, 0.75) samples were 
synthesized using a co-precipitation method at room temperature. 
Specifically, for the synthesis of Cu0.67Co0.33 − LDH/TA, 0.67 mmol of 
CuCl2 and 0.33 mmol CoCl2⋅6H2O were suspended in 20 mL of deionized 
H2O to form a uniform metal salt solution. 300 mg of trimesic acid (TA, 
2.5 mmol) was dissolved in 10 mL of anhydrous ethanol to obtain TA- 
ethanol solution. Afterwards, the TA-ethanol solution was gradually 
added drop by drop to the metal salt solution while stirring continu
ously. Subsequently, the pH of the resulting mixture was adjusted to 7 by 
using a 1 M NaOH solution. Following filtration, thoroughly rinse the 
precipitate obtained with deionized water, and subsequently dry it at a 
temperature of 60 ◦C. Similarly, the synthesis processes for other 
CuxCo1-x − LDH/TA samples with different Cu/Co molar ratios 
(Cu0.75Co0.25 − LDH/TA and Cu0.5Co0.5 − LDH/TA) were the same as 
that of Cu0.67Co0.33 − LDH/TA by adjusting the amounts of added metal 
precursors solution, and the total molar amount of metal salt was 1 
mmol. In the case of two control samples, CuO/TA and Co 
(HCOO)2(H2O)2/TA were prepared by the same method without the 
addition of CoCl2⋅6H2O and CuCl2, respectively, and the molar amount 
of metal salt was 1 mmol. Moreover, Cu0.67Co0.33 − LDH sample was 
synthesized by the same method as Cu0.67Co0.33 − LDH/TA but without 
the addition of TA.

2.3. Material characterizations

The surface morphology and structure of the material were investi
gated by scanning electron microscopy (SEM, YB-200E) and trans
mission electron microscopy (TEM, JEM-2100F). Elemental mapping 
images tests were carried out on a Talos F200i instrument. Powder X-ray 
diffraction (XRD) analysis was carried out by a Bruker D-8 Advance 
diffractometer with a Cu Kα X-ray source from 10 and 60◦ with a 
scanning rate of 2◦ min− 1. The surface element compositions and 
detailed valence states of all catalysts were probed by X-ray photoelec
tron spectroscopy (XPS) via a PHI-5000 Versa Probe instrument. The 
samples underwent analysis via Fourier transform infrared spectroscopy 
(FTIR, Nicolet IS10). The UV–Vis absorbance spectra were measured on 
a UV-2700 instrument. Nitrogen adsorption and desorption isotherms 
were determined at 77 K utilizing a Micromeritics ASAP 2020 M in
strument. The surface area was computed from the adsorption data 
employing the Brunauer-Emmett-Teller (BET) method.

2.4. Electrochemical measurements

Electrochemical assessments were conducted utilizing a Chenhua 
CHI-760E electrochemical workstation within an H-type electrolytic cell 
setup. The working electrode consisted of a piece of carbon paper (CP, 
measuring 1 × 1.5 cm2) coated with the freshly prepared electrocatalyst 
(with an areal loading of 0.2 mg⋅cm− 2), while a Pt disk electrode (1 × 1 
cm2) and a standard Ag/AgCl electrode served as the counter and 
reference electrodes, respectively. Prior to conducting the electro
chemical tests, the Nafion-117 proton exchange membrane underwent a 
sequential treatment process. This involved immersing the membrane in 
an aqueous solution of 5 % H2O2 and subsequently in a 0.5 M H2SO4 
solution, both at a temperature of 80 ◦C for a duration of 1 h each. 
Following these treatments, the membrane was thoroughly rinsed with 
deionized water to ensure complete removal of any residual chemicals. 
In this study, all potential values were adjusted to correspond with the 
reversible hydrogen electrode (RHE) scale, employing the specified 

equation for calibration: E (vs. RHE) = E (vs. Ag/AgCl) + 0.1989 +
0.059 × pH. All electrochemical measurements in this study were per
formed at room temperature.

2.5. Calculations of the NH3 yield rates and faradaic efficiencies

The NH3 yield rate (YNH3) can be calculated as: YNH3 
(μmol⋅h− 1⋅mg− 1) = (CNH3 × V)/(t × mcat.), where CNH3 (μmol⋅L− 1) is the 
measured NH3 concentration, V (L) is the volume of the electrolyte, t (h) 
is the reaction time, and m (mg) is the catalyst loading mass on the CP. 
The Faradaic efficiency (FE) can be determined through the following 
formula: FE = (n × F × CNH3 × V) / (17 × Q). Here, n represents the 
quantity of electrons transferred, F denotes the Faraday constant (valued 
at 96485C⋅mol− 1), V indicates the volume of the electrolyte, and Q is the 
total quantity of electricity applied.

3. Results and discussion

3.1. Preparation and characterizations of electrocatalysts

As depicted in Fig. 1a, the formation mechanism of metal hydroxides 
can be described as follows: Firstly, metal ions combine with water 
molecules to form metal hydrated ions ([M(H2O)6]n+). Subsequently, by 
increasing the pH of the solution, the protons in [M(H2O)6]n+ combine 
with OH− in the solution to form H2O molecules, a process known as 
deprotonation, resulting in the formation of LDH [35]. Based on the 
formation mechanism of LDH, the incorporation of TA can facilitate the 
formation of the LDH structure. Specifically, the condensation reaction 
takes place between [M(OH)6]n-6 and the carboxyl groups of TA, 
resulting in the formation of LDH. Moreover, considering that the mo
lecular structure of TA exhibits strong electron affinity and good struc
tural stability, the introduction of TA into the LDH structure can 
effectively improve the conductivity and instability of LDH.

As shown in Fig. 1b, the CuxCo1-x − LDH/TA (x = 0.75, 0.67, or 0.5) 
samples, featuring varying Cu/Co molar ratios, were synthesized using a 
straightforward and swift co-precipitation method at room temperature. 
The surface morphology of the samples was investigated utilizing field- 
emission scanning electron microscopy (SEM). It is observed that the 
obtained Cu0.67Co0.33-LDH/TA exhibits a smooth-surfaced nanosheet 
structure (Fig. 1c). Elemental distribution mappings for Cu0.67Co0.33- 
LDH/TA composite (Fig. 1d-1h) reveal homogeneous distribution of 
both copper and cobalt species throughout the material matrix. The 
homogeneous dispersion of Cu and Co facilitates synergistic interaction 
between the two metals, promoting efficient electrochemical NITRR. 
Moreover, the homogeneous distribution of carbon elements within the 
Cu0.67Co0.33-LDH/TA sample is distinctly observable (Fig. 1e), signi
fying successful uniform incorporation of TA molecules into the catalyst. 
Field-emission transmission electron microscopy (TEM) was utilized for 
detailed characterization of the Cu0.67Co0.33-LDH/TA microstructure. 
Fig. 1i presents TEM image of the Cu0.67Co0.33-LDH/TA sample, sug
gesting that the Cu0.67Co0.33-LDH/TA exhibits an amorphous nature 
(Fig. 1j). Moreover, CuxCo1-x-LDH/TA (x = 0.75 and 0.5) samples with 
other Cu/Co molar ratios also exhibit similar lamellar structures 
(Fig. S1). However, when the metal precursor consists of only a single 
metal, the resulting sample morphology is entirely different from that of 
the CuxCo1-x-LDH/TA samples (x = 0.75, 0.67, or 0.5). Specifically, 
when only Cu salt is added as the metal precursor, the sample exhibits a 
porous bulk structure (Fig. S2a and S2c). In contrast, when Co salt is 
used as the metal precursor, the sample presents a three-dimensional 
structure composed of ultrathin nanosheets (Fig. S2b and S2d). The 
morphologies of the CuxCo1-x-LDH/TA samples (x = 0.75, 0.67, or 0.5) 
are markedly distinct from those of materials formed with a single metal 
addition (Cu or Co), reflecting significant differences in their composi
tion and microstructure. Notably, we also investigated the influence of 
not adding TA on the microstructure and morphology of the formed 
materials. Specifically, The Cu0.67Co0.33 − LDH sample was prepared 
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using an identical synthesis approach to that of Cu0.67Co0.33 − LDH/TA, 
with the exception that TA was not incorporated during the process. As 
shown in Fig. S3, it can be clearly observed that the microstructure of the 
Cu0.67Co0.33-LDH sample is entirely different from that of the 
Cu0.67Co0.33-LDH/TA, with the material consisting of numerous frag
mented small nanosheets. This could be attributed to the condensation 
reaction readily occurring between the carboxyl groups in TA and [M 
(OH)6]n-6, where TA acts as an intermediary link in the material struc
ture, facilitating the formation of larger sheet-like structures. This is 
consistent with the TA-promoting LDH formation mechanism we 
described in Fig. 1a.

The crystallographic composition of the catalysts was analyzed 
through X-ray diffraction (XRD). As depicted in Fig. 2a, the XRD patterns 
of Cu0.67Co0.33-LDH/TA exhibit an amorphous nature, which is consis
tent with the results obtained from HRTEM analysis (Fig. 1j). However, 
the XRD diffraction peaks of Cu0.67Co0.33 − LDH match those of Cu(OH)2 
(PDF#99–000-3468) and Co2(OH)3Cl (PDF#97–002-4685), which is 
obviously different with the XRD analysis outcomes of Cu0.67Co0.33 −

LDH/TA. This phenomenon indicates that the incorporation of TA serves 
as the pivotal factor contributing to the formation of an amorphous 
structure. Moreover, as shown in Fig. S4a, when Cu salt is used as the 

metal precursor, the primary component of the sample is CuO with low 
crystallinity, thus the sample is named CuO/TA. Moreover, when Co salt 
is utilized as the metal precursor, the main constituent of the sample is 
Co(HCOO)2(H2O)2 with low crystallinity, hence the sample is desig
nated as Co(HCOO)2(H2O)2/TA. The aforementioned phenomenon in
dicates that Cu0.67Co0.33-LDH/TA possesses a new composition and 
structure rather than a mere mixture of CuO/TA and Co 
(HCOO)2(H2O)2/TA. Fig. 2b and Fig. S4b showcases the Fourier Trans
form Infrared Spectroscopy (FTIR) spectra for Cu0.67Co0.33 − LDH/TA, 
CuO/TA, and Co(HCOO)2(H2O)2/TA. The characteristic peaks of LDH 
emerge at 619.5 and 774.8 cm− 1, which are ascribed to the stretching 
vibrations associated with M-OH bonds. (M = Cu/Co) [36]. The bending 
vibrations of H-O-H within the metal hydroxide layers fall within the 
range of 1597.7 to 1637.3 cm− 1 [37–39]. In contrast, the peaks situated 
at 1439.6 cm− 1 correspond to the asymmetric vibrational peak of C–O 
in TA [40–42]. The peaks at 524.9 and 725.1 cm− 1 are indicative of the 
out-of-plane bending vibration peak characteristic of the phenyl group 
emerges [40]. However, the FTIR spectrum of Cu0.67Co0.33 − LDH dis
plays only the signal peaks corresponding to M-OH and H-O-H bonds, 
with no observable peaks indicating the presence of TA’s C–O and 
benzene ring C––C bonds. These analysis results indicate that TA has 

Fig. 1. Schematic diagram of the samples synthesis routes, morphological and structural analysis of samples. (a) A mechanism diagram of TA-modified LDH. (b) 
illustrates the formation process of CuxCo1-x − LDH/TA (x = 0.75, 0.67, or 0.5). (c) SEM, (d-h) elemental mapping analysis spectra, (i) TEM, and (j) HRTEM images of 
Cu0.67Co0.33 − LDH/TA.
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been successfully incorporated into the LDH structure. Moreover, the 
introduction of TA has significantly altered the coordination environ
ment surrounding the metal centers within LDH, as well as its crystalline 
form and microscopic structure. Fig. 2c exhibits the isotherms for ni
trogen adsorption and desorption in Cu0.67Co0.33 − LDH/TA, CuO/TA, 
and Co(HCOO)2(H2O)2/TA. The specific surface area follows the order: 
CuO/TA (108 m2⋅g− 1) > Cu0.67Co0.33 − LDH/TA (67 m2⋅g− 1) > Co 
(HCOO)2(H2O)2/TA (6 m2⋅g− 1). Furthermore, as evidenced by the pore 
size distribution depicted in Fig. S5, Cu0.67Co0.33 − LDH/TA demon
strates a notably rich microporous architecture, CuO/TA encompasses 
both microporous and mesoporous features, while Co(HCOO)2(H2O)2/ 
TA exhibits almost negligible porosity. The specific surface area of 
Cu0.67Co0.33 − LDH/TA falls between that of CuO/TA and Co 
(HCOO)2(H2O)2/TA, indicating that the incorporation of copper species 
is beneficial for increasing the material’s specific surface area, thereby 
exposing more active sites during the electrocatalytic NITRR process.

The surface composition and valence states of the samples were 
analyzed utilizing X-ray photoelectron spectroscopy (XPS). The binding 
energies of all peaks observed in the XPS spectra were calibrated with 
reference to the C 1 s peak, which was set at 284.8 eV. The survey 

spectra of Cu0.67Co0.33 − LDH/TA, CuO/TA, and Co(HCOO)2(H2O)2/TA 
samples are presented in Fig. 2d, the signal peaks from the Cu 2p, Co 2p, 
O 1 s, and C 1 s can be obviously observed for the Cu0.67Co0.33 − LDH/ 
TA catalyst. Fig. S6 presents the high-resolution XPS spectra for the C 1 s 
and O 1 s regions of Cu0.67Co0.33 − LDH/TA, CuO/TA, and Co 
(HCOO)2(H2O)2/TA. As shown in Fig. S6a, the high-resolution XPS 
spectrum of C 1 s can be decomposed into three distinct peaks situated at 
284.8 eV, 286.2 eV, and 288.1 eV, which correspond to three different 
surface carbon species: non-oxidized carbon within the ligand (C − C), 
oxygen-containing carbon (C − O), and carboxyl carbon (O=C − O), 
respectively [43]. This observation suggests that TA has been success
fully incorporated into the structural frameworks of the Cu0.67Co0.33 −

LDH/TA, CuO/TA, and Co(HCOO)2(H2O)2/TA samples, a finding that 
aligns with the results derived from the FTIR spectral analysis. More
over, the high-resolution XPS spectrum of O 1 s (Fig. S6b) exhibits three 
distinct peaks at 530.9 eV, 531.8 eV, and 532.9 eV, which are attrib
utable to three different surface oxygen species: metal‑oxygen bonds (M 
− O), oxygen vacancy (Ov), and molecular oxygen from adsorbed H2O 
on the sample surface (H2Oabs), respectively [44–47]. As illustrated in 
Fig. 2e, for the Cu0.67Co0.33 − LDH/TA and CuO/TA samples, the high- 

Fig. 2. Spectroscopic analyses of samples. (a) XRD patterns, and (b) FTIR spectra of Cu0.67Co0.33 − LDH/TA and Cu0.67Co0.33 − LDH samples. (c) nitrogen adsorption 
isotherms, and (d) XPS surveys of Cu0.67Co0.33 − LDH/TA, CuO/TA, Co(HCOO)2(H2O)2/TA samples. (e) High-resolution XPS spectra at the Cu 2p of Cu0.67Co0.33 −

LDH/TA and CuO/TA. (f) High-resolution XPS spectra at the Co 2p regions of Cu0.67Co0.33 − LDH/TA and Co(HCOO)2(H2O)2/TA samples.
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resolution XPS spectrum within the Cu 2p region can be resolved into six 
characteristic peaks. Among these, the peaks at 934.8 eV and 954.6 eV 
correspond to the signal peaks of Cu2+, while the peaks at 932.9 eV and 
952.6 eV are indicative of Cu+ states. Moreover, the peaks located at 
940.7 eV, 943.8 eV, 959.9 eV, and 962.9 eV are attributed to the satellite 
(Sat.) peaks [48,49]. Furthermore, for the Cu0.67Co0.33 − LDH/TA and 
Co(HCOO)2(H2O)2/TA samples, the peaks situated at 785.3, 786.8, 
801.8, and 803.6 eV correspond to Sat. peaks. The signal peaks at 782.8 
eV and 799.0 eV are attributed to Co2+, while those at 781.0 eV and 
796.8 eV are attributed to Co3+ [46,50]. It is worth mentioning that the 
Cu 2p spectrum of Cu0.67Co0.33 − LDH/TA displays a shift of its peaks 
towards higher binding energies in comparison to that of CuO/TA. 
Conversely, a negative shift is observed in the Co 2p spectrum of 

Cu0.67Co0.33 − LDH/TA when contrasted with that of Co 
(HCOO)2(H2O)2/TA. This phenomenon indicates the presence of elec
tronic interactions between Cu and Co [51,52].

X-ray absorption spectroscopy (XAS) was employed to carry out a 
comprehensive analysis of the valence states, bond lengths, and coor
dination numbers pertaining to the Cu or Co elements within the 
Cu0.67Co0.33 − LDH/TA, CuO/TA, and Co(HCOO)2(H2O)2/TA samples 
[53]. Based on the findings from Cu K-edge X-ray absorption near-edge 
spectroscopy (XANES) analysis (Fig. 3a), when compared to the ab
sorption edges of Cu foil, Cu2O, and CuO, the absorption edges of 
Cu0.67Co0.33 − LDH/TA and CuO/TA exhibit a shift towards higher en
ergy ranges, closely mirroring the absorption edge of CuO. This obser
vation implies that the Cu in these samples exists in an oxidized state. 

Fig. 3. (a) Cu K-edge XANES spectra of Cu0.67Co0.33 − LDH/TA, CuO/TA, Cu foil, Cu2O, and CuO samples. (b) Co K-edge XANES spectra of Cu0.67Co0.33 − LDH/TA, 
Co(HCOO)2(H2O)2/TA, Co foil, CoO, and CoOOH samples. (c) Fourier transformations of the k3-weighted χ(k)-function of the EXAFS spectra at Cu K-edge of 
Cu0.67Co0.33 − LDH/TA, CuO/TA, Cu foil, Cu2O, and CuO samples. (d) Fourier transformations of the k3-weighted χ(k)-function of the EXAFS spectra at Co K-edge of 
Cu0.67Co0.33 − LDH/TA, Co(HCOO)2(H2O)2/TA, Co foil, CoOOH, and CoO samples. (e) The fitting result of the EXAFS spectrum of Cu0.67Co0.33 − LDH/TA for the Cu 
element at k-space. (f) The fitting result of the EXAFS spectrum of Cu0.67Co0.33 − LDH/TA for the Co element at k-space. (g) WT of the Cu K-edge FT-EXAFS spectra of 
Cu0.67Co0.33 − LDH/TA, CuO, Cu foil, and Cu2O samples. (h) WT of the Co K-edge FT-EXAFS spectra of Cu0.67Co0.33 − LDH/TA, CoO, Co foil, and CoOOH samples.
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Similarly, as illustrated in Fig. 3b, the Co K-edge XANES spectra of 
Cu0.67Co0.33 − LDH/TA and Co(HCOO)2(H2O)2/TA closely correspond 
to the absorption edge of CoO, indicating the presence of oxidized Co 
[54,55]. The aforementioned analysis results are consistent with the 
XRD analysis results. Moreover, the coordination environments of 
Cu0.67Co0.33 − LDH/TA, CuO/TA, and Co(HCOO)2(H2O)2/TA were 
further examined through Extended X-ray Absorption Fine Structure 
(EXAFS) spectra (Fig. 3c-3f and Fig. S7). Fig. 3c presents the R-space 
plots for Cu0.67Co0.33 − LDH/TA and CuO/TA, featuring a prominent 
peak at 1.55 Å, which is characteristic of Cu–O coordination. Further
more, as outlined in Table S1, the Cu–O bond lengths in both 
Cu0.67Co0.33 − LDH/TA and CuO/TA measure approximately 1.96 Å, 
consistent with the Cu–O bond length observed in standard CuO sam
ples. This confirms that the Cu element in Cu0.67Co0.33 − LDH/TA and 
CuO/TA exists in the form of Cu–O coordination. Similarly, the R-space 
plots of Cu0.67Co0.33 − LDH/TA and Co(HCOO)2(H2O)2/TA exhibit a 
prominent peak at 1.59 Å (Fig. 3d), signifying characteristic Co–O co
ordination. As detailed in Table S2, the Co–O bond lengths in 
Cu0.67Co0.33 − LDH/TA and Co(HCOO)2(H2O)2/TA (2.09 Å) closely 
match the Co–O bond length observed in standard CoO samples (2.10 
Å). This confirms that the Co element in both Cu0.67Co0.33 − LDH/TA 
and Co(HCOO)2(H2O)2/TA exists in the form of Co–O coordination. 
Furthermore, the wavelet transformation (WT) analysis of the Cu K-edge 
Fourier transform (FT) EXAFS for Cu0.67Co0.33 − LDH/TA (Fig. 3g) in
dicates that the bonding mode of Cu is Cu–O (at 6.5 Å− 1) when 
compared to reference standard samples. Meanwhile, the WT analysis of 
the Co K-edge FT EXAFS for Cu0.67Co0.33 − LDH/TA (Fig. 3h) 

corresponds to Co–O bending. The analysis results align exceptionally 
well with those obtained from EXAFS analysis. As for the CuO/TA and 
Co(HCOO)2(H2O)2/TA samples, as shown in Fig. S8, the WT analysis 
results of the Cu or Co K-edge FT EXAFS are consistent with those ob
tained from the WT analysis of Cu0.67Co0.33 − LDH/TA.

3.2. Electrocatalytic nitrate reduction performances

We assessed the NITRR performance were carried out within an H- 
type cell, which was partitioned by a Nafion 117 membrane, under 
ambient conditions (Fig. S9). The linear sweep voltammetry (LSV) 
curves depicted in Fig. 4a indicate that, within the potential window 
spanning from − 0.5 to − 0.9 V vs RHE, the Cu0.67Co0.33 − LDH/TA 
sample demonstrates a notably higher current density in a 0.1 M Na2SO4 
solution containing 0.01 M NO3

− , as opposed to a 0.1 M Na2SO4 solution 
without NO3

− . This observation implies the likely occurrence of the 
NITRR in the Na2SO4 solution when NO3

− is present. Similarly, both 
CuO/TA and Co(HCOO)2(H₂O)2/TA samples exhibit a markedly higher 
current density within the same potential window in a 0.1 M Na2SO4 
solution containing 0.01 M NO3

− , compared to a 0.1 M Na2SO4 solution 
without NO3

− , suggesting that electrocatalytic NITRR may also occur 
(Fig. S10 and 4b). To investigate the catalytic capabilities of the 
Cu0.67Co0.33-LDH/TA sample, chronoamperometry tests were carried 
out over a 10-min duration across a range of applied potentials from 
− 0.5 to − 0.9 V vs RHE (Fig. 4c). Fig. 4d displays the ultraviolet-visible 
(UV–vis) absorption spectra of product solutions after coloured with 
indophenol blue indicator, with Cu0.67Co0.33-LDH/TA employed as the 

Fig. 4. The NITRR performance of the samples. (a) The LSV curves of Cu0.67Co0.33 − LDH/TA was tested in 0.1 M Na2SO4 solution with or without 0.01 M NO3
− . (b) 

Comparison of geometric current densities varied with potentials for the Cu0.67Co0.33 − LDH/TA sample. (c) Time-dependent current density curves of the 
Cu0.67Co0.33 − LDH/TA samples under different applied potentials for the NITRR. (d) UV–vis absorption spectra of the electrolytes after the NITRR test of the 
Cu0.67Co0.33 − LDH/TA samples for 10 min at different potentials and coloured with indophenol indicator. (e) The NH3 yield and corresponding FE values of 
Cu0.67Co0.33 − LDH/TA at different applied potentials for electrocatalytic NITRR (Error bars are made using the standard deviation of three experiment repeats). (f) 
Comparison of the NH3 yield and FENH3 values of different catalysts at − 0.6 V vs RHE (Error bars are made using the standard deviation of three experiment repeats). 
(g) UV–Vis absorption spectra of the electrolyte solution after the NITRR test of Cu0.67Co0.33 − LDH/TA at various applied potentials and then coloured by the Griess 
indicator. (h) The NO2

− yield and corresponding FENO2− values of Cu0.67Co0.33 − LDH/TA at given potentials for the NITRR (Error bars are made using the standard 
deviation of three experiment repeats). (i) UV–Vis absorption spectra of the electrolyte solution after the NITRR test of Cu0.67Co0.33 − LDH/TA for 10 min within the 
potential range of − 0.5 V to − 0.9 V vs RHE and then coloured by the para-dimethylamino-benzaldehyde indicator.

F. Chen et al.                                                                                                                                                                                                                                    Journal of Colloid And Interface Science 701 (2026) 138664 

7 



cathodic electrocatalyst. Fig. S11a illustrates the ultraviolet-visible 
(UV–vis) absorption spectra of standard ammonia solutions across 
various concentrations, accompanied by the respective calibration 
curves shown in Fig. S11b. Notably, Fig. S11b reveals a strong linear 
correlation between the light absorbance measured at a wavelength of 
665 nm and the ammonia concentration. By employing the NH3 stan
dard curve illustrated in Fig. S11b, the NH3 yield and the associated 
FENH3 values for the Cu0.67Co0.33-LDH/TA catalyst were calculated at 
various potentials. Fig. 4e illustrates that the Cu0.67Co0.33-LDH/TA 
electrocatalyst achieves the highest NH3 yield of 437.6 μmol⋅mg− 1⋅h− 1 

at − 0.7 V vs RHE and attains the maximum FENH3 value of 93.9 % at 
− 0.6 V vs RHE. Furthermore, considering the uncertainty of nitrate 
wastewater concentrations in real-world environments, evaluating the 
practical applicability of catalysts is of critical importance. As illustrated 
in Fig. S12, Cu0.67Co0.33-LDH/TA demonstrates a remarkable FENH3 
exceeding 85 % across a broad nitrate concentration range (0.005–0.5 
M), while maintaining FENH3 values above 80 % under diverse high- 
salinity conditions spanning 0.1 to 2 M. These findings indicate that 
Cu0.67Co0.33-LDH/TA demonstrates robust performance in both varying 
nitrate concentrations and high-salt environments. Moreover, the 
NITRR performance of CuO/TA and Co(HCOO)2(H2O)2/TA samples was 
also evaluated using the same characterization methods (Fig. S13). At an 
applied potential of − 0.6 V vs RHE, the NH3 yield and FENH3 of 
Cu0.67Co0.33-LDH/TA (355.9 μmol⋅mg− 1⋅h− 1 and 93.9 %, respectively) 
are notably higher compared to those of CuO/TA (183.5 μmol⋅mg− 1⋅h− 1 

and 56.4 %, respectively) and Co(HCOO)2(H2O)2/TA (46.1 
μmol⋅mg− 1⋅h− 1 and 61.1 %, respectively) (Fig. 4f).

The Cu/Co molar ratios in CuxCo1-x − LDH/TA (where x = 0.75, 
0.67, or 0.5) samples exert a notable influence on the NH3 yield and 
FENH3 during the NITRR (Fig. S14). Specifically, compared to CuO/TA 
and Co(HCOO)2(H2O)2/TA, the coexistence of Cu and Co in CuxCo1-x −

LDH/TA (where x = 0.75, 0.67, or 0.5) can effectively enhance the 
performance of the NITRR (Fig. 4f and Fig. S15). However, when the 
molar ratio of Co increases to 50 %, the NITRR performance decreases 
significantly. This phenomenon may be attributed to the differing roles 
played by Cu and Co metal centers in the NITRR process. In the CuxCo1-x 
− LDH/TA (where x = 0.75, 0.67, or 0.5) catalyst, the Cu metal center 
serves as the primary active site for the NITRR, while the Co metal center 
facilitates the activation of H2O molecules to generate active hydrogen, 
which is essential for NH3 production in the NITRR process. The con
centration of active hydrogen on the catalyst surface significantly in
fluences NH3 generation in NITRR. During the NH3 production process 
of NITRR, when the concentration of active hydrogen is within the dy
namic equilibrium range between its generation and consumption, it 
promotes the selective hydrogenation of nitrogen-containing species to 
form NH3 as the product. However, when the Co content in the catalyst 
is relatively high, an excessive concentration of adsorbed active 
hydrogen on the catalyst surface leads to an intense HER side reaction, 
thereby reducing the NH3 production performance. Additionally, we 
examined the influence of TA introduction on NITRR performance. As 
shown in Fig. S16, the NITRR performance of Cu0.67Co0.33 − LDH was 
evaluated. Fig. 4e and Fig. S16c reveal that, at a potential of − 0.6 V vs 
RHE, Cu0.67Co0.33 − LDH/TA exhibited a substantial 6.3-fold enhance
ment in NH3 yield and a 1.3-fold increase in FENH3 compared to 
Cu0.67Co0.33 − LDH.

To elucidate the origin of the observed performance enhancement, 
electrochemical active surface area (ECSA) and electrochemical 
impedance spectroscopy (EIS) analyses were performed on Cu0.67Co0.33 
− LDH/TA and Cu0.67Co0.33 − LDH. As illustrated in Fig. S17, cyclic 
voltammetry (CV) tests were carried out at different scan rates within 
the non-Faradaic potential range to assess and compare the electro
chemical characteristics of the two materials. Double-layer capacitance 
(Cdl) values were determined by plotting anodic charging currents versus 
scan rates under open-circuit conditions, yielding 0.161 0.161 μF cm− 2 

for Cu0.67Co0.33 − LDH/TA and 0.102 μF cm− 2 for Cu0.67Co0.33 − LDH. 
Given the direct proportionality between ECSA and Cdl, these findings 

demonstrate that Cu0.67Co0.33 − LDH/TA possesses a significantly larger 
electrochemically active surface area than that of Cu0.67Co0.33 − LDH 
sample. Moreover, as shown in Fig. S18, The Nyquist plots were 
analyzed and fitted utilizing an equivalent circuit model (inset of 
Fig. S18). Notably, the charge transfer resistance (Rct) value for 
Cu0.67Co0.33 − LDH/TA was determined to be 23.47 Ω, significantly 
lower than the 75.33 Ω observed for Cu0.67Co0.33 − LDH, indicating 
faster kinetic processes in the former. Additionally, we investigated the 
effects of varying TA loading on the catalyst’s crystalline structure and 
its NITRR performance. As illustrated in Fig. S19a, the incorporation of 
TA induced the formation of an amorphous structure within the catalyst. 
Concurrently, as TA was added, the catalyst’s active site count 
increased, leading to a progressive enhancement in both the ammonia 
yield and FENH3, as depicted in Fig. S19b. This observation indicates that 
the introduction of TA significantly enhances the ammonia production 
performance during NITRR. This improvement is primarily attributed to 
the coordination formation between TA and the metal centers within 
LDH, which acts as a bridge between different metal centers. Conse
quently, these changes modify the composition and structure of the LDH. 
This modification regulates its the microstructure and physicochemical 
properties. Meanwhile, it promotes the formation of an amorphous 
structure within the LDH. Such an amorphous structure facilitates the 
generation of “dangling bonds” and provides a greater number of cata
lytic sites during the electrochemical NITRR process. Furthermore, as 
shown in Table S3, the Cu0.67Co0.33 − LDH/TA catalyst demonstrates 
superior catalytic performance compared to recently reported NITRR 
electrocatalysts for NH3 production.

Furthermore, the concentration of possible by-products, like NO₂− , 
present in the electrolyte solution were measured (Fig. S20 and 4g). 
Within the potential window ranging from − 0.5 V to − 0.9 V vs RHE, the 
FENO2

− for Cu0.67Co0.33-LDH/TA remained below 10 %. Moreover, at 
− 0.6 V vs RHE, Cu0.67Co0.33-LDH/TA exhibited the lowest NO2

− yield of 
26.6 μmol⋅mg− 1⋅h− 1 and an FENO2

− of 1.8 % (Fig. 4h). However, as shown 
in Fig. S21a and S21b, within the potential window spanning from − 0.5 
V to − 0.9 V vs RHE, the electrocatalytic NITRR process over CuO/TA 
exhibits a significantly higher FENO2

− compared to that over Cu0.67Co0.33- 
LDH/TA. For Co(HCOO)2(H2O)2/TA, when a negative voltage lower 
than − 0.7 V vs RHE is applied, virtually no NO2

− production is detected 
in the product solution (Fig. S21c and S21d). Based on the aforemen
tioned analytical results, we deduce that the presence Co species facil
itate the rapid transformation of NO2

− when a relatively small negative 
voltage is applied, thereby promoting the conversion of nitrate ions into 
ammonia as the final product. Furthermore, the Watt and Chrisp method 
was utilized to detect the potential by-product N2H4. Fig. S22 and 4i 
distinctly illustrate that no N2H4 was detected throughout the electro
chemical NITRR.

To exclude potential NH₃ contamination from external environ
mental sources, a series of control experiments were conducted. 
Initially, as shown in Fig. 5a, a control experiment was conducted using 
Cu0.67Co0.33 − LDH/TA in 0.1 M Na2SO4 at − 0.6 V vs RHE, revealing no 
detectable NH3 production. Similarly, an electrolysis test was performed 
on the Cu0.67Co0.33 − LDH/TA sample in a 0.1 M Na2SO4 solution con
taining 0.01 M NO3

− at the open-circuit potential (OCP), and no NH3 was 
detected. Furthermore, chronoamperometry tests using bare carbon 
paper (CP) as the working electrode in 0.1 M Na2SO4 + 0.01 M NO3

− at 
− 0.6 V vs RHE showed no NH₃ was generated. More importantly, Fig. 5b 
illustrates the 1H NMR spectra of the electrolyte following the electro
catalytic reduction of 15NO3

− , which exhibit the characteristic double 
peaks indicative of 15NH4

+. Conversely, when 14NO3
− was employed as 

the nitrogen source, only 14NH4
+, accompanied by a triplet coupling 

peak, was detected. The aforementioned results demonstrate that the 
NH3 product originates from the electroreduction of NO3

− on the 
Cu0.67Co0.33 − LDH/TA catalyst, rather than ammonia contamination in 
the external environment.

Stability serves as a paramount criterion for evaluating the perfor
mance of electrocatalysts. Consequently, the cyclic stability and long- 
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term durability of Cu0.67Co0.33 − LDH/TA were also assessed. As 
depicted in Fig. 5c, the outcomes of 30 successive cyclic tests conducted 
on Cu0.67Co0.33 − LDH/TA reveal no significant alterations in FENH3, 
suggesting that the NITRR performance remains well-preserved. In 
addition, Fig. 5d shows that as electrolysis time increases, the ammonia 
concentration rises proportionally. However, FENH3 decreases with time 
due to the progressive decrease in NO3

− concentration in the electrolyte. 
This suggests that Cu0.67Co0.33 − LDH/TA can continuously produce 
ammonia by consuming NO3

− in the electrolyte. Additionally, the tem
poral evolution of nitrate concentration in the electrolyte was system
atically monitored throughout extended durability testing, with the 
corresponding removal efficiency calculated based on quantitative 
analysis (Fig. S23 and S24). As the testing duration progressed, a 
consistent decline in nitrate concentration was observed, paralleled by a 
steady enhancement in removal efficiency. Notably, electrocatalysis 
with Cu0.67Co0.33 − LDH/TA in 0.1 M Na₂SO₄ containing 0.01 M NO₃− at 
− 0.6 V vs RHE for 4 h yielded a residual NO3

− concentration of 31.2 
μg⋅mL− 1, corresponding to a remarkable removal efficiency of 94.1 %. 
These findings demonstrate that the catalyst sustains superior stability 
even when operating under challenging low-nitrate-concentration con
ditions (0.01 M).

To acquire a more profound comprehension of the NITRR mecha
nism on Cu0.67Co0.33 − LDH/TA, in-situ FTIR spectroscopy analysis was 
utilized to investigate the potential-dependent interfacial reactions 
occurring on the sample’s surface during electrochemical NITRR. Fig. 5e 

showcases across this potential range, the intensities of the peaks vary in 
response to the applied potential. In particular, the peak observed at 
1269 cm− 1 signifies the N − O antisymmetric stretching vibration of 
*NO2, which serves as a crucial intermediate in the rate-determining 
step of the reaction. Additionally, the peaks situated at 1184, 1585, 
and 1361 cm− 1 are assigned to the adsorbed intermediates *NH2, 
*NH2OH, and *NO, respectively. Lastly, the peak at 3761 cm− 1 signifies 
the formation of the product NH3 [56–59]. As the reaction potential 
shifts towards more negative values, the intensity of the *NH2 charac
teristic peak progressively increases. Based on the above analysis, we 
propose that the reaction proceeds via the following pathway: *NO3 → 
*NO2 → *NO → * NH2OH → * NH2 → *NH3. Specifically, the initial stage 
entails the conversion of *NO3 into *NO2, followed by the further 
reduction of *NO2 to *NO. Serving as a pivotal intermediate, *NO un
dergoes protonation to yield *NH2OH. Subsequently, *NH2OH un
dergoes hydrogenation, resulting in the formation of *NH2, which is 
then electrochemically reduced to NH3.

4. Conclusions

In summary, we demonstrate the CuxCo1-x − LDH/TA samples 
(where x = 0.75, 0.67, or 0.5), featuring varying Cu/Co molar ratios, 
were prepared using a straightforward and swift co-precipitation tech
nique at room temperature. Unlike previous studies that utilized layered 
double hydroxides (LDHs) as electrocatalysts for the nitrate reduction 

Fig. 5. (a) UV–vis absorption spectra after 10 min of electrolysis at − 0.6 V vs RHE for Cu0.67Co0.33 − LDH/TA sample under various conditions and coloured with 
indophenol indicator. (b) 1H NMR spectra of the electrolyte after the NITRR test of Cu0.67Co0.33 − LDH/TA using 15NO3

− and 14NO3
− as the N-sources, respectively. (c) 

Cycling stability of Cu0.67Co0.33 − LDH/TA for the NITRR during 30 cycles at − 0.6 V vs RHE. (d) Time-dependent NH3 concentration and corresponding FENH3 after 
different reaction durations of Cu0.67Co0.33 − LDH/TA at a potential of − 0.6 V vs RHE (Error bars are made using the standard deviation of three experiment repeats). 
(e) In − situ infrared spectra of Cu0.67Co0.33 − LDH/TA sample at different negative applied potentials in the 0.1 M Na2SO4 electrolytes containing 0.01 M NO3

− .
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reaction (NITRR) [30,34], this work focuses on enhancing NITRR per
formance by modifying the physicochemical properties (such as 
microstructure, crystallinity, and electrical conductivity) of LDH 
through the incorporation of the organic molecule trimesic acid (TA). 
Specifically, the TA with three carboxyl groups is advantageous for 
bridging [M(OH)₆]ⁿ− 6 (M = Cu or Co) species centered around copper or 
cobalt metals, thereby enabling the formation of conjugated two- 
dimensional layered structure. This conjugated, extended planar archi
tecture not only enhances the intrinsic conductivity of the material but 
also facilitates the uniform distribution of copper and cobalt active sites 
across its surface, thereby fully leveraging their synergistic effects dur
ing the NITRR. Moreover, the incorporation of TA induces the formation 
of an amorphous structural framework within the LDH, consequently 
promoting the exposure of a significantly greater quantity of catalytic 
active sites. Benefitting from the compositional and structural modifi
cations of LDH by TA, the resulting Cu0.67Co0.33 − LDH/TA catalyst 
demonstrated a remarkable 6.3-fold enhancement in NH3 yield and a 
1.3-fold increase in Faradaic efficiency for NH3 production (FENH3) 
compared to pristine LDH (without TA modification), even at an 
extremely low applied negative potential of − 0.6 V versus the reversible 
hydrogen electrode (vs RHE). Moreover, the FENH3 of the Cu0.67Co0.33 −

LDH/TA catalyst reached 93.9 %, surpassing those of previously re
ported LDH electrocatalysts, such as CuCo-LDHs (74.5 %) [30], CoAl- 
LDH (90.3 %) [60], and NiCo-LDH (85 %) [61]. This study offers sub
stantial reference value for subsequent research aimed at enhancing the 
electrocatalytic performance of inorganic materials by modifying their 
microstructure and physicochemical properties through organic 
molecules.
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