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Abstract
Ammonia (NH3) synthesis via electrocatalytic nitrogen reduction generally suffers from low NH3 yield and faradaic effi-
ciency. Compared with activating stable, low-solubility N2, the electrochemical conversion of nitrates to ammonia provides 
a more reasonable route for NH3 production. Herein, we introduce Ar-plasma to enhance the interaction between copper-
nickel alloys and carbon substrate to improve the performance of NH3 production. The NH3 faradaic efficiency from nitrate 
is nearly 100% and the yield rate is over 6000 μgNH

3
cm−2h−1 . DFT (density functional theory) calculation reveals the high 

performance of Cu50Ni50 originates from the lower energy barrier on the reaction path and the closer position to the Fermi 
level of the d-band center. This work offers a promising strategy for plasma-modified electrocatalyst to promote ammonia 
synthesis via nitrate reduction.
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Introduction

NH3 is one of the largest chemicals in the world and is 
industrially produced through the Haber–Bosch process 
(HBP). However, this method uses high-purity hydro-
gen as a raw material and requires harsh catalytic condi-
tions (450–500 °C, 20–30 MPa), consuming 1%–2% of the 
global energy supply and emitting more than 1% of carbon 
dioxide simultaneously [1–3]. The strict reaction condi-
tions and high energy cost from HBP are attributed to the 
high dissociation energy of the N≡N bond of N2 molecules 
(941 kJ mol−1) [4–6]. Recently, nitrate was proposed as a 
promising nitrogen source with a relatively low dissociation 
energy (204 kJ mol−1) and better reaction kinetics for NH3 
synthesis. In fact, NO3

− induced by human activities has 
increased over time and is commonly regarded as a notorious 

waste or hazardous pollutant [7, 8]. With the inherent advan-
tages of high aqueous solubility and easy activation of the 
N=O bond, the difficulty related to direct nitrogen conver-
sion can be well addressed. At the same time, this strategy 
will alleviate the environmental issue, i.e., reducing the risks 
of methemoglobinemia and various types of cancers caused 
by the uptake of nitrates from daily life [9–11]. Nevertheless, 
the competing hydrogen evolution reaction is also of concern 
in the electrocatalytic nitrate reduction process. Hydrogen 
can occupy the active sites on the surface of the electro-
catalysts, which affects the adsorption of nitrate. Therefore, 
a reasonable design of catalysts and electrolysis system is 
essential to realize efficient electrocatalytic nitrate reduction 
for NH3 production [12, 13].

Dima et al. studied the cyclic voltammograms of sev-
eral precious metals in nitrate reduction, which indicated 
that Cu exhibited a higher current density and better elec-
trocatalytic performance [14]. McEnaney et al. found that 
high concentrations of protons and nitrate ions are essen-
tial to achiev high selectivity. Under the conditions of −1 V 
(vs. RHE (reversible hydrogen electrode)) and NH3 partial 
current density of −22 mA cm−2, the faradaic efficiency 
reached a peak of 82% [15]. Wang et al. proved enhanced 
NO3

− reduction performance on Cu50Ni50 alloy catalysts, 
including a 0.12 V upshift in the half-wave potential and 
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a sixfold increase in activity compared to those obtained 
with pure Cu at 0 V (vs. RHE) [16]. Fu et al. applied copper 
nanosheets as an electrocatalyst to reduce nitrates, achiev-
ing a current density of 10 mA cm−2 at a low overpotential 
of −0.15 V. The ammonia formation rate of Cu nanosheets 
was 390.1 μgNH

3
cm−2h−1 with the highest faradaic efficiency 

reaching 99.7% [17].
In this work, we proposed a strategy to improve the NH3 

yield and faradaic efficiency of the nitrate-to-NH3 reaction 
by enhancing the interaction between the substrate and cata-
lysts via Ar-plasma. A series of CuNi alloys with different 
Cu/Ni ratios were investigated in terms of their electrocata-
lytic activity. Through Ar-plasma modification, the faradaic 
efficiency was enhanced by 57% at −0.27 V (vs. RHE) with 
an NH3 yield rate of 4293 μgNH

3
cm−2h−1 . DFT (density 

functional theory) calculations were performed to reveal 
the origin of the electrocatalytic activity. Eventually, in situ 
FTIR (Fourier-transform infrared) spectroscopy was per-
formed to investigate the effect of Ar-plasma modification 
on the substrate. Based on this study, an effective strategy to 
improve the electrosynthesis of NH3 is anticipated.

Materials and methods

Catalyst synthesis

The catalysts used in this work were prepared via electro-
deposition in a typical three-electrode cell with a carbon 
substrate as the working electrode, and a Pt electrode and 
an Ag/AgCl electrode (with 3 mol L−1 KCl) were used as 
the counter electrode and reference electrode, respectively. 
0.05 mol L−1  H2SO4 mixed with 20 mol L−1 CuSO4 + NiSO4 
solutions were used as the deposition baths. The Cu/Ni ratio 
of the synthesized catalysts was controlled by adjusting the 
ratio of CuSO4/NiSO4. Carbon paper (SGL Carbon, Wies-
baden, Germany) was used as a substrate and current col-
lector. After constant-current operation at 200 mA cm−2 
at ambient temperature for 5 min, CuNi on a carbon sub-
strate was obtained. The as-prepared electrodes of the Cu/
Ni alloy were rinsed with deionized water and then dried 
in a N2 atmosphere overnight for subsequent electrocatal-
ysis. Herein, the electrocatalyst CuNi alloys were labeled 
Cu80Ni20, Cu50Ni50, and Cu30Ni70 according to the Cu/Ni 
ratios set in the deposition solutions, which were 80/20, 
50/50, and 30/70, respectively. To enhance the adhesion 
between the electrocatalyst and carbon substrate, induc-
tively coupled plasma (ICP) was used to treat the pristine 
substrate using a 13.56 MHz power source (OTF-1200X, 
Kejing, Hefei, China). The as-prepared carbon substrate was 
treated with plasma in a homemade reactor. The reactor was 
first evacuated at a pressure of approximately 2 Pa before 

the plasma gas was introduced. Then, the carbon substrate 
was treated with Ar-plasma for 5 min with a flow rate of 
25 mL min−1 and the plasma power of 300 W.

Material characterization and NH3 synthesis 
evaluation

The morphology of the synthesized catalysts before and after 
Ar-plasma modification was investigated by scanning elec-
tron microscopy (SEM) (Hitachi SU-8010, Hitachi, Tokyo, 
Japan) and transmission electron microscopy (TEM) 
(Hitachi HT-7700, Hitachi, Tokyo, Japan). The crystal struc-
tures of the samples were characterized via X-ray diffrac-
tion (XRD) with the D/max-2550 diffractometer (Rigaku, 
Tokyo, Japan) at room temperature. Atomic force micros-
copy (AFM, Dimension Icon, Bruker Nano INC, Berlin, 
Germany) was used to estimate the roughness change of the 
carbon substrate induced by plasma treatment. In situ FTIR 
spectroscopy was performed using a Nicolet iS50 (Thermo 
Fisher, Waltham, MA, USA) equipped with a mercury cad-
mium telluride detector. The reference spectrum was col-
lected at −0.8 V.

The quantification of generated NH3 was spectrophoto-
metrically determined by the indophenol blue method. To 
ensure repeatability, each operating condition was measured 
at least three times.

The NH3 yield rate was calculated via the equation as 
follows:

where YNH
3
 is the NH3 yield rate, cNH

3
 is the measured ammo-

nia concentration, V is the volume of electrolyte, and t is the 
reaction time during electrocatalysis.

Ammonia faradaic efficiency was calculated according to 
the following equation:

where i is the total current, n represents the number of 
electron transfers towards the formation of 1 mol of 
ammonia, which is 8 for nitrate reduction, Vcatholyte is the 
volume of catholyte (mL), cNH

3
 represents the concen-

tration of ammonia (mol L−1), F is the Faraday constant 
(96485 C mol−1), and t is the electrolysis time.

DFT calculation

The total energy and electronic structure calculations were 
performed by using the Vienna Ab-initio Simulation Pack-
age (VASP, Hafner, University of Vienna, Vienna, Austria), 
with the core electrons replaced by the projected augmented 
wave pseudo-potential. For the exchange–correlation energy, 

(1)YNH
3
= c

NH
3

× V∕t

(2)faradaic eff iciency =
n × Vcatholyte × cNH

3
× F

i × t
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the Perdew–Burke–Ernzerhof (PBE) functional was used 
[18]. To simulate the reaction on the surface of the cata-
lyst, the supercell was used with a vacuum layer of 15 Å, 
and a 3×3×1 Monkhorst–Pack grid was used for the k-point 
sampling of the Brillouin zone. The cutoff energy for the 
planewave basis set was set to 400 eV. The long-range dis-
persion interaction was described by the DFT-D3 method. 
The convergence criteria for the total energy and the Hell-
man–Feynman force are 10−5 eV and 0.02 eV Å−1, respec-
tively. The Gibbs free energy for the elemental steps was 
calculated by the following equation:

E, EZPE, T, and S have been defined as the DFT total energy, 
zero-point energy, absolute temperature (298.15 K), and 
entropy, respectively. Vaspkit calculates the  zero-point 
energy and entropy of the intermediates [19].

Results and discussion

Catalyst characterization

Electron microscopy was used to investigate the morpho-
logical and crystalline structure of the catalysts. Using high-
resolution transmission electron microscopy (HRTEM), we 
observed lattice spacings of 0.213 nm for the Cu(111) facets 
(Fig. 1c) of the Cu50Ni50 catalysts due to the formation of 
the CuNi alloy phase, while lattice spacings of 0.183 nm 

(3)G = E + EZPE − TΔS

were observed on pure Cu(111) facets (Fig. 1a) [16]. Com-
pared with the dendritic morphologies observed from the Cu 
images, more catalyst clusters with diameters in the range 
of 50–100 nm were observed on the Cu50Ni50 samples as 
shown in Fig. 1b and d. The Cu-to-Ni ratio in the Cu50Ni50 
catalyst, quantified by energy dispersive spectrometer (EDS) 
was 45:55. The corresponding X-ray EDS elemental map-
ping exhibits the homogeneous distribution of Cu and Ni 
throughout the whole structure.

Ar‑plasma enhanced copper–nickel alloy catalysts

When the electrodeposition method was applied, we 
found that part of the generated metal catalysts could not 
completely adhere to the substrate. Thus, it was expected 
that the performance of copper-nickel may be deterio-
rated due to the large contact resistance caused by poor 
interaction between the substrate and the catalysts. To 
enhance the  performance of the electrocatalysts, we 
applied radio-frequency non-thermal plasma to modify 
the substrate surface. We compared the performance of 
plasma treatment with three different types of feedstocks 
(air, argon, and nitrogen). Among them, the electrocata-
lyst with the Ar-plasma modified substrate outperformed 
the counterpart electrodes treated by Air and N2 plasma 
as shown in Fig. 2a and b. For nitrate reduction, the cur-
rent density of the Ar-plasma treated pure Cu catalyst 
reached 40 mA cm−2, and the NH3 yield rate was  1917 
μgNH

3
cm−2h−1 in conventional H-type cell at −0.27 V vs. 

RHE, which was also much higher than most reported 

Fig. 1   Material characterization of copper-nickel alloy catalysts. 
(a), (b) HRTEM and SEM images of the pure Cu catalyst. (c), (d) 
HRTEM and SEM images of the Cu50Ni50 catalyst. The scale bars are 
5 nm in (a) and (c), and 500 nm in (b) and (d). (e)–(g) EDS mapping 

of the Cu50Ni50 catalyst. (h) XRD patterns of the pure Cu catalyst and 
the Cu50Ni50 catalyst. HRTEM  high-resolution transmission electron 
microscopy, SEM scanning electron microscopy, EDS energy disper-
sive spectrometer, XRD X-ray diffraction
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electrocatalysts. It was indicated that Ar-plasma treatment 
has the best effect. Therefore, Ar-plasma has been  applied 
for the subsequent experiments. Different from the air or 
N2 plasma that are normally used to introduce oxygen- 
or nitrogen-containing radicals and components into the 
electrocatalyst, Ar-plasma is prone to change the physical 
roughness and hydrophobicity.

According to the contact angle measurement, the original 
carbon substrate was hydrophobic with a contact angle of 
154.7°, while it became hydrophilic with a contact angle 
of 42.5° after Ar-plasma treatment (300 W) for 5 min. In 
Fig. 2c and d, the AFM images show that the plasma-treated 
carbon substrate is rougher with dense peaks and valleys 
compared to the relatively flat surface of the original car-
bon. On this basis, we speculated that the effect of plasma 
modification can be manifested in the etching of materials. 
Etching can remove weak boundaries, cause undulations, 
and increase the specific surface area. At the same time, 
the rough surface will decrease the contact angle, which is 
favorable for wetting and make it easier for the catalyst to 
adhere to the substrate. The unique morphology introduced 
by plasma could be explained as follows: the high-energy 
particles in the argon plasma include electrons, photons, 
excited particles, and free radicals. The free radicals are 

re-bonded to form a network cross-linked structure on the 
surface of the material [20, 21].

To gain further understanding of the plasma treat-
ment role, we compared the electrochemically active sur-
face area (ECSA) derived from the calculation of cyclic 
voltammetry curves. This result indicated that Ar-plasma 
treated electrocatalysts exhibited superior activity to 
the untreated counterparts as shown in Fig. 2e. For the 
CuNi alloy deposited on Ar-treated carbon substrates, the 
ECSACu50Ni50 value is 18.9 mF cm−2, which is two times 
higher than that without plasma modification. Even for 
the pure copper catalyst, the ECSACu with the Ar-treated 
substrate is 6.07 mF cm−2, which is larger than that of the 
non-plasma-modified counterpart (only 1.81 mF cm−2). 
This may be attributed to a change in roughness on the 
plasma-treated surface, enhancing the active sites for elec-
trocatalytic reactions. The Ar-plasma-modified Cu50Ni50 
alloy exhibits excellent performance in electrocatalytic 
NO3

− reduction with ultra-low onset potential, outper-
forming all other electrocatalysts relying on linear sweep 
voltammetry (LSV) as shown in Fig. 2f. Under alkaline 
conditions, only a potential of 0.1 V is required to reach 
the current density of 50 mA cm−2 on Cu50Ni50 alloy with 
Ar-plasma modified substrate, and the current density of 

Fig. 2   (a) The current density and (b) the NH3 yield rate using 
plasma modified pure Cu catalyst with different working gases (Air, 
Ar, and N2) in 1 mol L−1 KOH + 0.1 mol L−1 KNO3 electrolyte. Con-
tact angle measurement and AFM images of carbon substrate  with-
out  Ar-plasma treatment (c) and (d) with Ar-plasma treatment. (e) 
Comparison of ECSAs using different electrocatalysts (pure Cu, 
Ar-plasma modified Cu, Cu50Ni50 alloy, and Ar-plasma modified 

Cu50Ni50 alloy). (f) LSV curves of NO3
− reduction on the different 

electrocatalysts (pure Cu, Ar-plasma modified Cu, Cu50Ni50 alloy, 
and Ar-plasma modified Cu50Ni50 alloy) in 1 mol L−1 KOH + 0.1 mol 
L−1 K NO3

− electrolyte without iR compensation. AFM Atomic force 
microscopy, ECSA  electrochemically active surface area, LSV  linear 
sweep voltammetry, RHE reversible hydrogen electrode
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Cu50Ni50 alloy can exceed 100 mA cm−2 at −0.3 V vs. 
RHE.

Electrocatalytic activity

To investigate the electrocatalytic activity of plasma-
enhanced catalysts, a standard three-electrode system 
was applied. 0.1 mol L−1 NO3

− was reduced in a typical 
H-type electrolytic cell separated by an anion exchange 
membrane. Colorimetric methods were adopted to deter-
mine the concentration of ammonia in the electrolytes. At 
the potential of −0.27 V vs. RHE, the faradaic efficiency 
of ammonia achieved the highest value of 98.1% along 
with 2610 μgNH

3
cm−2h−1 of NH3 yield rate of the Cu30Ni70 

alloy, while Cu50Ni50 alloy reached the highest NH3 yield 
rate of 2725 μgNH

3
cm−2h−1 . Furthermore, the Ar-plasma 

modified electrocatalyst exhibited a significant increase in 
NH3 yield rate. The NH3 yield rates of the treated Cu30Ni70 
alloy, Cu50Ni50 alloy, and Cu80Ni20 alloy with plasma were 
30.1%, 55.6%, and 50.1% higher than the corresponding 
untreated ones, respectively  Cu30Ni70 (Fig. 3a). In addi-
tion, the NH3 yield rate and the faradaic efficiency of NH3 
(aq) were evaluated in terms of different potentials (−0.07 V 
to −0.67 V vs. RHE). When the potential further decreased 
to −0.67 V vs. RHE, the NH3 yield rate was increased as 
expected without sacrificing faradaic efficiency (Fig. 3b).

DFT calculations

DFT calculations were performed to explore the mecha-
nism of the catalytic activity in CuNi alloys. Free energy 
changes for elementary reactions were calculated in the 

Fig. 3   Comparison of nitrate-to-NH3 activity using Cu50Ni50 alloy 
before and after Ar-plasma treatment. (a) The effect of the  Cu/Ni 
ratio on the NH3 yield rate and faradaic efficiency at −0.27  V vs. 

RHE. (b) The effect of potential on the NH3 yield rate and faradaic 
efficiency using the Cu50Ni50 catalyst

Fig. 4   DFT calculations of the nitrate-to-NH3 reaction on CuNi alloy. 
(a) Reaction process of nitrate conversion to ammonia on the catalyst, 
the blue, pink, red, and grey spheres represent the Catalyst, H, O, and 

N atoms. (b) Free-energy diagrams of NO3
− reduction to NH3 on the 

surface of CuNi alloy. (c) The d-orbital density of states and d-band 
center of different catalysts. DFT density functional theory
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ammonia synthesis reaction from nitrate on the catalyst 
surface (Fig. 4b). Rate-determining steps (RDS) on Cu and 
Ni surfaces occur in the periods of *N to NH* and *NH2 
to *NH3, respectively, and the high energy barrier hinders 
the rate of chemical reactions on the Cu or Ni catalysts. 
Through the combination of Cu and Ni, the energy barrier 
for the transition from *N to *NH is rapidly and effectively 
reduced, while the energy barrier for the transition from 
*NH2 to *NH3 is regulated. By adjusting the ratio of Cu:Ni, 
the energy barrier of *NH2 hydrogenation reaches the low-
est value when the ratio achieves 5:5, and the RDS energy 
current reduces to 0.234 eV, revealing the reason for the high 
yield rate and faradaic efficiency of the Cu50Ni50 catalyst. 
To further reveal the source of catalyst activity, PDOS (par-
tial density of states) analysis and calculation of the d-band 
center were applied (Fig. 4c). The d-band center of the Cu 
catalyst (−2.369 eV) is significantly lower than that of the 
Ni catalyst (−1.145 eV), so adjusting the ratio of Cu:Ni 
doping is an effective method to enhance the non-uniform 
charge distribution and optimize the center position of the 
d-band. The d-band center of Cu50Ni50 is significantly closer 
to the Fermi level than other catalysts (−1.449 eV compared 
to −1.845 eV and −2.204 eV). The high energy level of the 
d-band center increases the adsorption capacity of NO3

−RR 
intermediates to the surface of the catalyst, which theoreti-
cally improves the NO3

−RR performance of the Cu50Ni50 
alloy [22, 23].

Transient FTIR experiments were carried out to capture 
the adsorbed intermediates to investigate the effect of sub-
strate-electrocatalyst interface modification by Ar-plasma. In 
Fig. 5a, negative bands at about  1250 cm−1 corresponding to 

the consumption of NO3
− were observed during nitrate conver-

sion using the Cu50Ni50 alloy. With the decrease in  potential 
from −0.9 V to −1.7 V vs. Ag/AgCl, the large consumption of 
NH3 was observed together with the observation of the NO 
band at about 1377 cm−1 and the NH3 band at about 1690 cm−1. 
For in  situ extrinsic reflectance infrared spectroscopy in 
Fig. 5b, two obvious bands assigned to NO (about 1305 cm−1) 
and NHx,ad (about 1423 cm−1) were observed, which implied 
that the intermediates of NO* was key for nitrate conversion 
and were prone to be formed after plasma treatment. This is 
consistent with the calculation results [24–26].

Conclusions

In this article, we synthesized an effective bimetallic cata-
lyst that can be used for the electrocatalytic reduction of 
nitrate and demonstrated that substrate modification by Ar-
plasma can improve the performance of electrocatalysts. 
We found that plasma-modified substrate can change the 
hydrophobicity of the substrate and strengthen the connec-
tion between the catalysts and the substrate. In addition, the 
current density, normalized to the ECSA, was  significantly 
improved after the substrate was modified by Ar-plasma, 
thereby improving the electrochemical performance of the 
reaction. The pure Cu catalyst was synthesized first and 
exhibited superior performance for nitrate reduction to 
ammonia with faradaic efficiency (73.2%), and NH3 yield 
rate (2060 μgNH

3
cm−2h−1 ) at −1.3 V vs. SCE. By replac-

ing 50% Cu with Ni, the NO3
−RR-to-NH3 performance was 

enhanced significantly. This includes a high NH3 yield rate 
of 2725 μgNH

3
cm−2h−1 and 77.9% faradaic efficiency. DFT 

calculations verify that Cu50Ni50 catalyst has the smallest 
rate-determining step (0.234 eV) and the closest center posi-
tion of the d-band to the Fermi level (−1.449 eV), which is 
the source of the high activity of Cu50Ni50. Furthermore, 
in situ FTIR spectra confirmed the formation of NO* and the 
intermediate of NO2

− during the electroreduction of nitrate. 
This work offers a facile strategy to synthesize efficient elec-
trocatalysts for ammonia synthesis from nitrate reduction.
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Fig. 5   (a) In  situ internal reflection infrared spectroscopy (ATR-
SEIRAS) and (b) in  situ extrinsic reflectance infrared spectroscopy 
(IRAS) of the Cu50Ni50 alloy with Ar-plasma treatment via linear 
scanning in 1  mol L−1 KOH + 0.1  mol L−1 KNO3 at different poten-
tials (−0.9 V to −1.7 V vs. Ag/AgCl, displayed in different colors)
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