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a b s t r a c t 

Electrocatalytic reduction of nitrates plays a crucial role in ammonia (NH3 ) production. In this study, a novel 

cuprous oxide/graphdiyne (Cu2 O/GDY) electrocatalyst was synthesized by growing Cu2 O/GDY on a Cu substrate 

with a porous architecture capable of increasing the number of active sites and enhancing mass transfer ability. 

The sp-C–Cu bonds between Cu2 O and GDY facilitate rapid charge transfer and promote direct electron transport 

from active sites to reaction intermediates. Consequently, the electrocatalyst exhibits high NH3 production per- 

formance with a yield rate (YNH3 
) of 652.82 μmol h− 1 cm− 2 and Faradaic efficiency of 82.98% at − 1.8 V (vs. SCE) 

under ambient conditions in an aqueous solution. This work introduces a novel and efficient approach for the 

in situ fabrication of self-supported heterostructures, thereby enabling high-performance ammonia production 

under ambient conditions. 
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. Introduction 

Ammonia (NH3 ) is a critical raw material for both agricultural and

ndustrial sectors. It serves as a nitrogen fertilizer for enhancing food

roduction and addressing global food supply challenges. Additionally,

mmonia plays a significant role in advancing new energy technologies,

articularly in hydrogen storage and transportation. Although the con-

entional Haber-Bosch process remains the dominant method for large-

cale ammonia production, its high energy consumption, environmen-

al impact, and inherent technical challenges have prompted the ex-

loration of more sustainable and efficient ammonia production alter-

atives [ 1–6 ]. The electrocatalytic reduction of N2 to NH3 in aqueous

olutions at normal temperatures and pressures is a promising route for

H3 production. This method benefits from mild reaction conditions,

ustainability, and minimal environmental impact. However, because

2 is poorly soluble in water and the N≡N bond is particularly strong

941 kJ mol− 1 ), the nitrogen reduction reaction results in low NH3 yield,

hereby limiting the potential for broader applications. Therefore, iden-

ifying alternative N2 sources for efficient and large-scale ammonia pro-

uction is crucial and urgent [ 7 , 8 ]. Among nitrogen-containing com-

ounds, nitrate presents a promising alternative owing to high solubil-

ty and low dissociation energy (204 kJ mol− 1 ). Furthermore, nitrate re-

uction reactions (NtRRs) involve an 8-electron process and a 9-proton

ransfer mechanism, and demonstrate a larger conversion potential than

ompetitive reactions. Consequently, synthesizing new electrocatalysts
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ith high selectivity and stability is essential for efficient NO3 
− to NH3 

onversion [ 9–11 ]. 

The following challenges must be addressed for efficient NH3 pro-

uction via NtRR: (i) low reaction selectivity, likely resulting from

he complex reaction pathways of NtRRs and competitive nitrate-to-

itrogen conversion, resulting in the formation of various reaction in-

ermediates; (ii) low NH3 yield rates and long-term stability, limiting

ractical applications; and (iii) low nitrate ion concentration, which sig-

ificantly limits reaction kinetics, thereby reducing the overall catalytic

fficiency [ 12–20 ]. Graphdiyne (GDY), a novel sp-sp2 cohybridized car-

on allotrope, exhibits unevenly distributed surface charge, infinite ac-

ive sites, high intrinsic activity, and excellent stability. Additionally,

DY can be grown on the surface of various materials [ 21–32 ]. Owing

o these properties, GDY has been successfully employed in various cat-

lytic processes [ 33–43 ], including efficient water oxidation [ 33 ] and

eduction [ 35 ] at large current densities. 

Herein, we introduce a novel electrocatalytic architecture compris-

ng self-supported GDY nanosheet arrays coated with Cu2 O on a three-

imensional copper foam substrate. The Cu2 O quantum dots, evenly dis-

ributed on GDY, formed a heterostructure that maximized the number

f active sites. The formation of sp-C–Cu interfacial bonds between the

u atoms and GDY, significantly enhanced the charge-transfer ability

f the catalyst, improving the intrinsic activity for reducing nitrate to

mmonia. The catalyst demonstrated exceptional performance in NtRR,

chieving a high YNH3 
of 652.82 μmol h− 1 cm− 2 and a Faradaic effi-

iency (FE) of 82.98% at − 1.8 V (vs. SCE) under ambient conditions. 
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Fig. 1. (a) Schematic of the Cu2 O/GDY synthesis. SEM images of CF: (b) low magnification, (c) high magnification. Contact angle measurement of CF in (d). SEM 

images of Cu2 O/GDY in (e)–(g), EDX mapping in (h) and contact angle measurement in (i). 
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. Results and discussion 

.1. Morphology and structure characterizations 

Cu2 O/GDY was obtained via a simple one-step method that in-

olved growing Cu2 O/GDY nanosheet arrays on the surface of a three-

imensional Cu Foam (CF; Fig. 1 (a)) using hexaethynylbenzene as the

recursor [ 21 ]. During synthesis, the copper ions dissolved in the solu-

ion were anchored onto the surface of GDY and reduced to form cuprous

xide. The freshly cleaned CF exhibited smooth surfaces ( Figs. 1 (b)(c))

nd hydrophobic properties ( Fig. 1 (d); contact angle = 128.31°). Af-

er the growth of vertically aligned nanosheet films on the CF surface

 Figs. 1 (e)–(g); S1), the electrode surface became porous and superhy-

rophilic ( Fig. 1 (i), CA = 0°, complete wetting). Energy dispersive X-ray

EDX) mapping of Cu2 O/GDY ( Fig. 1 (h)) indicated a uniform distribu-

ion of C, O, and Cu on the catalyst. 

Transmission electron microscopy (TEM) images indicate the uni-

orm nanosheet morphology of the sample ( Figs. 2 (a)(b); Fig. S2). High-

esolution TEM (HRTEM) images further validate the uniform dispersion

f Cu2 O on GDY ( Figs. 2 (c)–(f)). Fig. 2 (g), which exhibited a lattice-

pacing of 0.24 nm corresponding to the (200) crystallographic plane of

u2 O [ 44 ]. The average size of the nanoparticles was 3.18 ± 0.02 nm

 Fig. 2 (h)). The presence of substantial number of uniform-sized and

ell-ordered Cu2 O nanoparticles facilitated the generation of high-

ensity atomic active sites, resulting in enhanced catalytic reactivity.

TEM ( Fig. 2 (i)) and elemental analyses validated the presence of C

 Fig. 2 (j)), O ( Fig. 2 (k)), and Cu ( Fig. 2 (l)). 

X-ray powder diffraction (XRD) pattern of Cu2 O/GDY ( Fig. 3 (a))

xhibits peaks at 43.2°, 50.3°, and 74.0°, corresponding to the (111),

200), and (220) planes of Cu, respectively [ 45 ]. The absence of
 u  

132
istinct diffraction peaks of Cu2 O may likely be attributed the low

ass loading of Cu2 O species in the samples. The Raman spectrum of

u2 O/GDY ( Fig. 3 (b)) exhibited characteristic peaks associated with the

 (1371 cm− 1 ) and G bands (1593 cm− 1 ), as well as vibrations of the

onjugated diyne linkages (1928 and 2140 cm− 1 ). Notably, these peaks

xhibited a red-shift compared with those of pure GDY, indicating that

he interaction between GDY and the Cu foam or Cu2 O nanoparticles

esulted in modifications in the electronic structure. Additionally, the

/G band ratio for Cu2 O/GDY (ID /IG = 0.8) was higher than that for

DY (ID /IG = 0.62), as reported in the literature. This increase signified

 greater presence of defect structures in Cu2 O/GDY, which is advanta-

eous for enhancing catalytic performance [ 23 ]. 

The X-ray photoelectron spectroscopy (XPS) survey spectra validated

he presence of Cu, C, and O elements (Fig. S3). The high-resolution C

s XPS spectrum of GDY ( Fig. 3 (c)) exhibit five distinct peaks corre-

ponding to sp2 -C (284.3 eV), sp-C (284.9 eV), C–O (286.2 eV), C= O

287.6 eV), and π–π∗ configuration (288.9 eV) [ 46 ]. Compared with

DY, a new peak corresponding to C–Cu at 283.8 eV was observed for

u2 O/GDY. The peak at 933 eV in the Cu 2p XPS ( Fig. 3 (d)) and Auger

pectra ( Fig. 3 (e)) of Cu2 O/GDY validates the formation of Cu2 O. The O

s XPS spectrum ( Fig. 3 (f)) confirms the presence of Cu–O (530.3 eV),

 = O (531.6 eV), C–O (533.1 eV), and –OH (534.8 eV). These findings

onfirm the existence of Cu2 O and indicate strong charge transfer be-

ween GDY and Cu2 O, which is crucial for improving the conductivity

f the catalysts and accelerating the catalytic reaction kinetics. 

.2. Electrocatalytic NtRR performance 

The electrocatalytic NtRR performance of the samples was evaluated

nder ambient conditions employing a three-electrode system equipped
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Fig. 2. Low (a)(b) and high-magnification (c)–(f) TEM and HRTEM (g) images of Cu2 O/GDY. (h) Distribution of particle sizes for Cu2 O particles. (i)–(l) EDX mappings 

of C, O, and Cu in Cu2 O/GDY. 

Fig. 3. XRD pattern (a) and Raman spectrum (b) of Cu2 O/GDY and CF, respectively. C 1s (c), Cu 2p (d), Cu LMM (e) and O 1s (f) XPS spectra of Cu2 O/GDY. 
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Fig. 4. Illustration of the NO3 
− -to-NH3 process (a) and the interface structure (b) of Cu2 O/GDY. (c) The solutions containing NH4 

+ obtained at − 1.2, − 1.4, − 1.6, 

− 1.8, − 2.0 V. LSV curves (d) and YNH3 
(e) of Cu2 O/GDY in the solution with and without NO3 

− (calibration curves in (e)). YNH3 
(f) and FE (g) obtained at different 

potentials for Cu2 O/GDY and CF. (h) YNO2 
− and FENO2 

− for Cu2 O/GDY catalysts at different potentials. 
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ith a membrane-separated cell. Measurements were performed in an

r-saturated aqueous solution containing 0.1 M NaNO3 and 0.5 M

a2 SO4 ( Figs. 4 (a)(b)). The ammonia concentration in the electrolyte

as determined via a chromogenic method ( Fig. 4 (c); Figs. S4–S9). Lin-

ar sweep voltammetry (LSV; Fig. 4 (d)) tests indicated that the onset

verpotential of the catalyst shifted to more positive values, and the

urrent density increased more rapidly in the presence of NO3 
− than

n the absence of NO3 
− ( Figs. 4 (c)(e)). These results confirm the re-

uction of NO3 
− by Cu2 O/GDY. As the potential decreased from − 1.2

o − 1.8 V, the FE for Cu2 O/GDY increased, reaching a maximum FE

f 82.98% ± 0.04%. However, a notable decrease in FE was observed

t − 2.0 V, likely attributed to the increase of the competitive HER

 Fig. 4 (f)). The YNH3 
continued to increase as the applied potential in-

reased ( Fig. 4 (g)). The NtRR performance of Cu2 O/GDY was higher

han those of Cu2 O/GDY, CF, and several other reported electrocatalysts

Table S1). In addition, nearly no NO2 
− was observed during electrolysis

 Fig. 4 (h)). To determine the N source in the synthesized ammonia, 15 N

sotope tracing experiments were performed. In these experiments, NtRR

as performed in both nitrogen-14 labeled nitrate electrolytes (0.1 M

a14 NO3 + 0.5 M Na2 SO4 ) and nitrogen-15 labeled nitrate electrolytes

0.1 M Na15 NO3 + 0.5 M Na2 SO4 ). Following NtRR, the electrolytes

ere analyzed via 1 H nuclear magnetic resonance (1 H NMR). As shown

n Fig. 5 (a), the three resonance peaks correspond to the characteristic
134
eatures of 14 NH4 
+ after NtRR using nitrogen-14 labeled nitrate as the

 source. When 15 NO3 
− was used as the nitrogen source, characteristic

ouble peaks for 15 NH4 
+ were observed. These findings validated that

he produced NH3 was derived from the selective conversion of NO3 
− in

lectrolyte rather than from other contaminants. These results indicated

hat the catalytic activity originated from Cu2 O/GDY. Fig. 5 (b) shows

hat YNH3 
and FE remained stable over eight continuous cycles under

mbient conditions, except for a slight fluctuation, demonstrating the

xcellent stability of Cu2 O/GDY for the NtRR. 

The electrochemically active surface area, proportional to the

ouble-layer capacitance ( Cdl ), was estimated using a cyclic voltam-

etry method (Fig. S10). Among all tested samples, Cu2 O/GDY exhib-

ted the largest Cdl of 6.01 mF cm− 2 , significantly higher than that

f CF (2.19 mF cm− 2 ; Fig. 5 (c)), indicating that Cu2 O/GDY has the

argest catalytic specific surface area and a higher number of active sites,

hich contribute to its excellent catalytic activity. After the NtRR tests,

 detailed analysis of the Cu2 O/GDY material was conducted via XPS

Fig. S11). The spectra obtained from this analysis include the Cu 2p

 Fig. 5 (d)), C 1s ( Fig. 5 (e)), and O 1s spectra ( Fig. 5 (f)). These spectra

ollectively contribute to a comprehensive understanding of the struc-

ural and chemical changes in the Cu2 O/GDY composite after the NtRR

ests. Compared with the as-prepared Cu2 O/GDY, the Cu 2p XPS spectra

xhibited new peaks associated with Cu2 + , while the C–Cu peak in C 1s
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Fig. 5. (a) 15 N-isotope labeling experiment. 1 H NMR spectra at − 1.8 V (vs. SCE). (b) Stability tests of Cu2 O/GDY in 0.1 M NaNO3 + 0.5 M Na2 SO4 at − 1.8 V (vs. 

SCE). (c) Capacitive current densities of the samples obtained at different scan rates. Cu 2p (d), C 1s (e) and O 1s (f) XPS spectra of the catalysts obtained after NtRR. 
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ncreased ( Fig. 5 (e)), and the Cu–O peak in the O 1s XPS spectra also

ecame more pronounced. These observations indicate charge transfer

etween Cu2 O and GDY during the NtRR process. 

. Conclusion 

We demonstrated the controlled growth of self-supported Cu2 O/GDY

anosheet arrays for the selective and efficient reduction of nitrates to

mmonia in a neutral solution under ambient conditions. Cu2 O/GDY ex-

ibited excellent NH3 yield rate and Faraday efficiency (82.98%), while

aintaining the structure in a long-term reaction at room temperature

nd ambient pressure, owing to the porous Cu2 O/GDY architecture, spe-

ific incomplete charge transfer in heterogeneous interfaces, and excel-

ent structural stability. Overall, this study establishes a framework for

he design and synthesis of new materials exhibiting enhanced selectiv-

ty and catalytic activity for ammonia production. 
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