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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� The Cu NPs-rGO was prepared via a 
facile two-step process. 
� The Cu NPs-rGO was used as a NRR 

electrocatalyst under ambient 
conditions. 
� Such electrocatalyst possesses 

marvelous NRR performance. 
� Catalytic mechanism was investigated 

by density function theory calculations.  
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A B S T R A C T   

Electrochemical N2 reduction reaction (NRR) catalyzed by transition-metal-based electrocatalysts offers the 
sustainable strategy to directly convert N2 to NH3 at ambient conditions, but it is still extremely challenging for 
such catalysts to simultaneously obtain a high Faradaic efficiency (FE) and a large NH3 yield. Herein, we report 
the zero-valence Cu nanoparticles anchored on reduced graphene oxide (Cu NPs-rGO) as a highly effective NRR 
electrocatalyst for ambient N2-to-NH3 conversion in a neutral solution. When measured in 0.5 M LiClO4, the Cu 
NPs-rGO achieves a high Faradaic efficiency of 15.32% and a large NH3 yield of 24.58 μg h� 1 mgcat.

� 1 at � 0.4 V vs. 
reversible hydrogen electrode. In addition, such electrocatalyst possesses marvelous stability and selectivity as 
well. The density functional theory calculations are carried out to further investigate the catalytic mechanism.   

1. Introduction 

Ammonia (NH3), a vital industrial chemical, plays an indispensable 
role in agricultural, plastic, pharmaceutical and textile industries [1–5]. 
Intriguingly, NH3 has been paid widespread attention owing to its low 
liquefying pressure, ideal hydrogen storage medium and carbon-free 

characteristic [6–8]. At present, the NH3 production mainly depends 
on the traditional Haber-Bosch process, in which N2 and H2 are coac
tivated by heterogeneous catalyst at high pressures (150–300 atm) and 
temperatures (300–500 �C) [9–12]. However, such process accounts for 
over 1% total global fossil energy and causes more than 300 million 
metric tons of CO2 emissions annually [13,14], and thus economic and 
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sustainable alternatives are desired. 
Electrocatalytic N2 reduction under ambient conditions has great 

potential to achieve clean, carbon-free and sustainable NH3 production 
from N2 and H2O directly, which is expected to be a good choice to 
replace Haber-Bosch process [15,16]. Most importantly, efficient elec
trocatalysts for N2 reduction reaction (NRR) are vital parameter to it. 
Various noble metal-based catalysts have been reported as excellent 
NRR heterogeneous electrocatalysts due to their superb conduction, 
active polycrystalline surfaces, easy combination with reactants and so 
on, but their practical applications are limited by scarcity, high cost and 
low efficiency [17–20]. In this regard, developing novel strategies to 
elevate NRR activity of electrocatalysts, which are low-cost and 
earth-abundant, still remains challenging and alluring. 

Cu, a cheap transition metal, which possesses appealing physical and 
chemical properties, has aroused great research interests. Cu-based 
materials can undergo a variety of reactions due to wide range of Cu’s 
accessible valence states [21]. In general, the π backdonation role be
tween metals and nitrogen weakens the N–––N bond which is crucial in 
effective N2 binding and activation [22]. Hence, zero-valence Cu cata
lysts can be compared favorably to oxidized Cu materials in forming π 
backdonation. On the other hand, the main challenge in developing 
catalytic zero-valence Cu nanoparticles (Cu NPs) is to synthesize nano
materials which are highly active, stable, robust, and inexpensive. 
Anchoring Cu NPs on supports is an effective way to desolve it. 
Encouragely, graphene oxide (GO) has attracted numerous attention as a 
superior catalyst support due to its high specific surface area, excellent 
electrical conductivity and strong nanoparticle coupling [23,24]. Taking 
above concerns into account, we synthesized the zero-valence Cu 
nanoparticles anchored on reduced graphene oxide (Cu NPs-rGO) by 
hydrothermal method and H2/Ar anneal treatment. As a superior NRR 
electrocatalyst for ambient N2-to-NH3 conversion process, the 
as-obtained Cu NPs-rGO achieves a large NH3 yield rate (VNH3) of 
24.58 μg h� 1 mgcat.

� 1 and a high Faradaic efficiency (FE) of 15.32% at 
� 0.4 V vs. reversible hydrogen electrode (RHE) in 0.5 M LiClO4. More
over, such electrocatalyst exhibits high electrochemical stability and 
superior selectivity. Furthermore, density functional theory (DFT) cal
culations are used to explain NRR mechanism. 

2. Experimental section 

2.1. Preparation of Cu NPs-rGO powder, Cu NPs powder and rGO 
powder 

0.5, 1.0, 1.5 and 2.0 mM CuAc2⋅H2O with 50 mg graphene powder 

dissolved in 35 mL H2O, respectively, and ultrasonic treatment for 1 h. 
Then the solutions were transferred to 50 mL Teflon-lined autoclaves 
and heated to 180 �C for 2 h. When the autoclave naturely cooled down 
to room temperature, the autoclaves were taken out. The samples were 
obtained through centrifugation, washed with water for three times to 
remove unreacted CuAc2⋅H2O and as-made powders were freeze drying 
for 24 h. Finally, the powders were annealed at 500 �C for 3 h under a 
mixture of Ar/H2 flow. The Cu NPs powder and rGO powder were pre
pared according above method without adding graphene powder and 
CuAc2⋅H2O, respectively. 

2.2. Preparation of Cu NPs-rGO/CP, Cu NPs/CP and rGO/CP electrodes 

10 mg Cu NPs-rGO powder and 40 μL of Nafion solution (5 wt%) 
were dispersed in 960 μL mixed solution contain 640 μL ethanol and 
320 μL H2O by 2 h sonication to form a homogeneous ink. Then, 10 μL 
Cu NPs-rGO was loaded on a piece of clean CP with area of 
1.0 � 1.0 cm� 2 and dried at room temperature. The Cu NPs/CP and 
rGO/CP electrodes were prepared according above method. 

2.3. Computational details 

Spin-polarized density functional theory (DFT) calculations were 
performed by using the plane wave-based Vienna ab initio simulation 
package (VASP) [25,26]. The generalized gradient approximation 
method with Perdew-Burke-Ernzerhof (PBE) functional was used to 
describe the exchange-correlation interaction among electrons [27]. The 
van der Waals (vdW) correction with the Grimme approach (DFT-D3) 
was included in the interaction between single molecule/atoms and 
substrates [28]. The energy cutoff for the plane wave-basis expansion 
was set to 400 eV and the atomic relaxation was continued until the 
forces acting on atoms were smaller than 0.01 eV Å� 1. The Cu (111) 
surface was modeled using a 4 � 4 slab with three metal layers and the 
bottom trilayer is fixed, which is separated by 15 Å of vacuum. The 
Brillouin zone was sampled with 3 � 3 � 1 Gamma-center k-point mesh, 
and the electronic states were smeared using the Fermi scheme with a 
broadening width of 0.1 eV. The free energies of the reaction in
termediates were obtained by ΔG ¼ΔEads þ ΔZPE – TΔS þ ΔG(U) þ ΔG 
(pH), where ΔEads is the adsorption energy, ZPE is the zero point energy 
and S is the entropy at 298 K. The effect of a bias was included in 
calculating the free energy change of elementary reactions involving 
transfer of electrons by adding ΔG(U) ¼ –neU, where n is number of 
electrons transferred and U is the electrode potential [29]. In our cal
culations, we used U ¼ � 0.40 V (vs. RHE). ΔG(pH) ¼ –kBTln10 � pH, 

Fig. 1. (a) XRD pattern for Cu NPs-rGO. (b) SEM images and (c) TEM image of the Cu NPs-rGO. (d) HRTEM image taken from Cu NPs-rGO. EDX elemental mapping 
images of (e) Cu, (f) C and (g) O for Cu NPs-rGO. 
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where kB is the Boltzmann constant, and pH ¼ 7 for electrolyte. In this 
study, the entropies of molecules in the gas phase are obtained from the 
literature [30]. 

3. Results and discussion 

To determine the phase composition, the X-ray powder diffraction 
(XRD) analysis was conducted (Fig. 1a). As observed, the diffraction 
peak located at 26.3� derives from rGO [31] and three strong signals at 
43.2�, 50.4� and 74.1� are indexed to the (111), (200) and (220) planes 
of Cu NPs phase (JCPDS NO. 04-0836), respectively. In Fig. S1, the 
transmission electron microscopy (TEM) image of rGO shows its wrin
kled and folded 2D morphology. The scanning electron microscopy 
(SEM) images (Fig. 1b) and TEM image (Fig. 1c) of Cu NPs-rGO powder 
demonstrate that the Cu NPs are dispersed on rGO uniformly. Further
more, the high-resolution TEM (HRTEM) image of the as-made catalyst 
exhibits well-resolved lattice fringes with an interplanar distance of 
0.210 nm, which is indexed to the (111) plane of Cu NPs. The TEM 
energy dispersive X-ray spectrometry (TEM-EDX) elemental mapping 
images (Fig. 1e–g) show the even distribution of Cu, C and O elements, 
indicating the Cu NPs supported on rGO can be successfully prepared by 

a facile approach. 
The X-ray photoelectron spectroscope (XPS) analysis is used to gain 

more insight into the element valence state and examine chemical 
composition of electrocatalysts. As shown in Fig. 2a, the XPS survey 
spectrum further verifies the presence of Cu, C and O elements. In Cu 2p 
region (Fig. 2b), the signal appeared at 934.1 eV and the shake-up peak 
at 944.1 eV [32,33] stem from the inevitable oxidation of Cu to CuO. The 
sharp peak positioned at the binding energy (BE) of 932.5 eV could be 
assigned to Cu0 or Cuþ, which is attributed to the effect of particle size 
and surface coverage on the binding energy [33,34]. In order to identify 
the Cuþ and Cu0 species, the Auger Cu KLL spectrum was provided 
(Fig. 2c). The obvious peak centered at 568.0 eV corresponds to Cu0 

[35]. As displayed in Fig. 2d, a sharp peak at the BE of 284.7 eV is in 
good agreement with C––C bonds. In addition, another three signals at 
the BEs of 285.8 eV, 287.8 eV, and 289.0 eV, which can be assigned to 
C–C, C––O, and –COO– bonds, respectively [36,37]. In O 1s region 
(Fig. 2e), the two peaks at 531.6 eV and 533.4 eV are assigned to C––O 
and C–O, respectively [38,39]. The Cu NPs-rGO together with GO were 
characterized by Raman spectroscopy as well. In Fig. 2f, two appareant 
peaks were observed for all samples. One is the breathing modes of rings 
(D-band), the other is the E2g phonon of sp2-bonded carbon atoms 

Fig. 2. (a) XPS survey spectrum of Cu NPs-rGO. High-resolution XPS spectra of (b) Cu 2p, (c) Auger Cu, (d) C 1s and (e) O 1s regions. (f) Raman spectra for Cu NPs- 
rGO and rGO. 
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(G-band) for carbon materials, and its intensity ratio of the D peak to G 
peak (ID/IG) is employed to investigate the change of GO. The ID/IG value 
of Cu NPs-rGO (1.08) is larger than that of GO (0.95), indicating the GO 
was reduced to rGO successfully. 

Then, we explored the NRR activity of Cu NPs-rGO. The as-made Cu 
NPs-rGO electrocatalyst deposited on a piece of clean carbon paper (Cu 
NPs-rGO/CP, loading: 0.1 mg cm� 2) was employed as working elec
trode. As is exhibited in Fig. 3a, the NRR tests were performed in 0.5 M 
LiClO4 aqueous solution using a H-type cell separated by Nafion 117 
membrance under room temperature and atmospheric pressure. And the 
ultrahigh pure N2 as feed gas was constantly purged into the cathode 
chamber for 30 min before electrolysis. All the potentials were reported 
on a RHE scale unless otherwise specified. The product NH3 and the 
possible product N2H4 were spectrophotometrically determined adopt
ing the indophenol blue method [40] as well as Watt and Chrisp method 
[41], respectively. Of note, the corresponding calibration curves are 
displayed in Fig. S2 and Fig. S3. As shown in Fig. 3b, the chro
noamperometry measurements were conducted at different potentials 
from � 0.2 V to � 0.7 V for 7200s. Then, the obtained electrolytes were 
collected and stained by indophenol indicator for 1 h. The relevant 
UV–vis absorption spectra are exhibited in Fig. 3c, and the highest 
absorbance intensity occurs at the applied potential of � 0.4 V. The NH3 
yield (VNH3) and Faradaic efficiency (FE) at different potentials are 
shown in Fig. 3d. As observed, both VNH3 and FE augment with the 
increasing negative potentials until � 0.4 V. Subsequently, the outputs 

and FEs decline at the same time, which is due to the competing 
hydrogen reaction reduction (HER) [42,43], a major side reaction that 
shuttles electrons and protons to generate H2 and results in low FEs. 
Strikingly, the highest VNH3 of 24.58 μg h� 1 mgcat.

� 1 was obtained at 
� 0.4 V with the highest FE of 15.32%, which are superior to those of 
most recent reported NRR electrocatalysts (Table S1). To identify the 
NH3 outputs and FEs accurately, the produced NH3 was determined via 
ion chromatography. The ion chromatogram curves at different applied 
potentials are displays in Fig. S4. And the obtained results from ion 
chromatography confirm the highest NH3 yield is 23.46 μg h� 1 mgcat.

� 1 

with the FE of 12.53%, which are close to those from the indophenol 
blue method. Furthermore, there is no byproduct N2H4 to form (Fig. S5) 
after electrochemical NRR measurements which manifests the excellent 
selectivity of such catalyst. In order to verify the produced NH3 is 
generated via N2 reduction electrocatalyzed by Cu NPs-rGO, the relevant 
NRR experiments were further carried out under N2 atmosphere with an 
open circuit and under Ar gas at � 0.4 V for 7200 s. As observed in 
Fig. S6, the corresponding UV–vis spectra display weak absorption 
peaks, implying almost no NH3 formation in both cases. 

The NRR property of Cu NPs, rGO and bare carbon paper (CP) were 
also investigated at � 0.4 V for 7200 s. As shown in Fig. 3e, the bare CP 
almost has no electrocatalytic performance. In the meantime, the Cu 
NPs/CP and rGO/CP have poor NRR performance with the low NH3 
outputs of 1.02 and 0.96 μg, respectively, compared to Cu NPs-rGO/CP 
(4.92 μg). In order to obtain the optimized activity, we probe the effect 

Fig. 3. (a) Schematic illustration of the NRR process. (b) Chronoamperometry measurements of the Cu NPs-rGO/CP at selected potentials in N2-saturated 0.5 M 
LiClO4. (c) UV–vis absorption spectra of the corresponding LiClO4 electrolytes stained with indophenol indicator at various potentials for 7200 s. (d) VNH3 and FEs at 
various potentials. (e) Amount of NH3 over different electrodes at a potential of � 0.4 V after electrolysis for 2 h. (f) VNH3 of different Cu NPs loads at � 0.4 V for 2 h. 
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of different Cu NPs loads on NRR performance. The 0.5, 1.0, 1.5 and 
2.0 mM Cu NPs loads on rGO were defined as Cu NPs-0.5, Cu NPs-1.0, Cu 
NPs-1.5 and Cu NPs-2.0, respectively. In Fig. 3f, the highest VNH3 was 
achieved by Cu NPs-1.0. Such results are attributed to the sizes of Cu 
particles. As observed in Figs. S7a and 7b, the SEM images of Cu NPs-0.5 
and Cu NPs-1.0 demonstrate they have the similar particle size, but the 
Cu NPs-1.0 has larger Cu NPs load. The Cu NPs-1.5 and Cu NPs-2.0 with 
bigger particle sizes (Figs. S7c and 7d) cause less surface areas and active 
sites which are adverse to electrocatalysis. Moreover, it is striking to 
note that the rGO plays a critical role in N2 fixation process. Firstly, the 
rGO with large surface areas are conducive to the dispersion of Cu NPs 
and prevent the agglomeration. Secondly, after hybrid of Cu NPs and 
rGO, the conductivity of Cu NPs has been improved remarkably 
(Fig. S8), which ensure efficient charge transfer to the active sites. 

Stability is an essential parameter for catalysts. We studied the sta
bility of such material through cycling stability test and long-term 
chronoamperometry measurement. In Fig. S9a, such catalyst was 
tested at � 0.4 V for six time. Both the VNH3 and FEs hardly decline 
during consecutive recycling tests. In the meantime, the Cu NPs-rGO/CP 
were measured at � 0.4 V for at least 30 h and the current density shows 
no obvious decrease (Fig. S9b). Additionally, the XRD analysis after NRR 
test were also conducted. As displayed in Fig. S10, the XRD pattern 
shows that the peaks of Cu were still retained. In Fig. S11, the XPS 
spectra after long-term NRR test indicate that the main peak is located at 
932.4 eV and chemical valence of Cu is still 0. On the basis of above 
results, the Cu NPs-rGO/CP possesses marvelous durability. 

The good catalytic activity is closely related to the high electro
chemical active surface areas (ECSAs) of catalysts, which can be assessed 
by the double layer capacitance (Cdl). And the cyclic voltammetry of 
different Cu NPs loads which was used to investigate Cdl with different 
scan rates at the region of � 0.05 to 0.05 V were measured, where the 
current response was only due to the charging and recharging from the 
double layer (see Fig. S12 for more details). As exhibited, the Cu NPs-1.0 
possesses the highest Cdl value (14.42 mF cm� 2) compared to those of Cu 
NPs-0.5 (11.04 mF cm� 2), Cu NPs-1.5 (14.27 mF cm� 2) and Cu NPs-2.0 
(10.35 mF cm� 2), revealing the Cu NPs-1.0 has the highest ECSAs and 
equips with more active site. 

Based on experiment observation, Cu (111) surface is mainly 
exposed. Thus, we consider NRR process on this surface. N2 adsorption 
on Cu (111) surface has three possible sites (Fig. S13a), including top, 
hcp, and fcc, and calculation results show that N2 molecule prefers to 
adsorb on top site by end-on coordination with free energy change of 
0.42 eV (ΔG ¼ 0.42 eV), as shown in Figs. S13b and 4a. Bader charge 
analysis shows that *N2 is transferred into 0.09 e� , underlying it is 
effectively activated. Density of states (DOS) further demonstrates that 

after N2 adsorption, there are hybridizations between Cu 3d and N 2p 
around Fermi energy in Fig. 4b, which corresponds to π backdonation 
and σ donation. In general, the hydrogenation of N2 is carried out by 
adding H atoms one by one to the adsorbed species with a distal or 
alternating mechanism. Our calculations show that the hydrogenation of 
N2 to *NNH experiences an uphill pathway with ΔG ¼ 1.66 eV in Fig. 4a. 
Then, the *NNH to *NNH2 or *NHNH are downhill pathway, and the 
former, *NNH to *NNH2 process, is preferable due to a higher energy 
releasing. Then, the *NNH2 to *NNH3 is an uphill pathway with ΔG ¼
0.57 eV, but *NHNH to *NHNH2 is downhill pathway. As is hydroge
nated to fifth hydrogen atom, the alternating (*NH2NH2 to *NH2NH3) 
and distal pathways (*NHNH3 to *NH2NH3) are uphill with ΔG ¼ 0.78 
and 0.13 eV, respectively. Subsequently, the process of *NH2NH3 to 
*NH3NH3 is quickly downhill. Surprisingly, all of NH3 desorption pro
cesses are downhill pathway, indicating that Cu (111) surface is 
advantage to NH3 gas formation. Above calculation results demonstrate 
that Cu (111) surface can effectively activate N2 molecule and promote 
NH3 desorption, which explains why this surface has good NRR per
formance. In the whole NRR process, the rate-determining step is 
controlled by the process of *N2 to *NNH. 

4. Conclusion 

In summary, we find that the Cu NPs-rGO is a highly effective elec
trocatalyst for N2 fixation under ambient conditions, which was well 
confirmed by experiment and theoretical calculation. Such catalyst at
tains a high Faradaic efficiency of 15.32% and a large NH3 yield of 
24.58 μg h� 1 mgcat.

� 1 at � 0.4 V. The marvelous performance is attribute to 
the uniform distribution of Cu nanoparticles which exposes more active 
site, and the good conductivity of the hybrid which ensures the efficient 
charge transfer to the active sites. DFT calculation results demonstrate 
that Cu (111) surface can effectively activate N2 molecule and the rate- 
determining step in the whole NRR process is controlled by the process 
of *N2 to *NNH. This research not only provides us an effective NRR 
electrocatalyst, but also opens an intriguing new avenue to rational 
design of non-noble-based catalysts for artificial N2 fixation. 
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Fig. 4. (a) Free energy diagram of NRR on Cu (111) surface at U ¼ � 0.40 V. (b) DOS of Cu(111) surface before and after N2 adsorption. Cu, brown; N, blue; H, white. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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