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Abstract
Green and environmentally friendly electrocatalytic nitrogen  (N2) fixation to synthesize ammonia  (NH3) is recognized as 
an effective method to replace the traditional Haber–Bosch process. However, the difficulties in  N2 adsorption and fracture 
of hard N≡N bond still remain major challenges in electrocatalytic  N2 reduction reactions (NRR). From the perspectives of 
enhancing  N2 adsorption and providing more catalytic sites, two-dimensional (2D)  FeS2 nanosheets and three-dimensional 
(3D) metal organic framework-derived ZnS embedded within N-doped carbon polyhedras are grown on the carbon cloth 
(CC) template in this work. Thus, a composite NRR catalyst with multi-dimensional structures, which is signed as  FeS2/
ZnS-NC@CC, is obtained for using over a wide pH range. The uniform distribution of hollow ZnS-NC frameworks and 
 FeS2 nanosheets on the surface of CC largely increase the  N2 enrichment efficiency and offer more active sites, while the 
CC skeleton acts as an independent conductive substrate and S-doping helps promote the fracture of N≡N bond during the 
NRR reaction. As a result, the  FeS2/ZnS-NC@CC electrode achieves a high Faraday efficiency of 46.84% and  NH3 yield of 
58.52 μg  h−1  mg−1 at -0.5 V vs. Ag/AgCl in 0.1 M KOH. Furthermore, the  FeS2/ZnS-NC@CC electrode displays excellent 
NRR catalytic activity in acidic and neutral electrolytes as well, which outperforms most previously reported electrocatalysts 
including noble metals. Therefore, this work provides a new way for the design of multi-dimensional electrocatalysts with 
excellent electrocatalytic efficiency and stability for NRR applications.
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Introduction

Known as one of the most important fertilizer feedstocks and 
energy carriers in the twenty-first century, ammonia  (NH3) is 
widely used in agriculture and industry fields [1–3]. Industri-
ally, the production of  NH3 mainly uses the highly efficient 
Haber–Bosch process [4]. Unfortunately, the energy-inten-
sive process is carried out under harsh conditions and causes 
abundant greenhouse gas emission which puts great burden 
on the environment [5–8]. Therefore, to alleviate these con-
ditions, the exploration of a green and sustainable method 
for nitrogen  (N2) fixation has drawn tremendous interests. 
Electrocatalytic  N2 reduction reaction (NRR) can directly 
use the electricity generated by renewable energy sources to 
convert  N2 and  H2O into  NH3, and guarantee zero emission 
of carbon dioxide [9, 10]. Nevertheless, the environmen-
tally-friendly NRR technique has encountered performance 
obstacles, such as the difficult adsorption of  N2, competitive 
hydrogen evolution reaction (HER) process and stable N≡N 
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bond, resulting in the low  NH3 yield and Faraday efficiency 
(FE) [11–13]. Therefore, to design and synthesize highly 
effective, easily available and durable heterogeneous elec-
trocatalysts is still extremely challenging [14–17].

To design high-performance NRR catalyst, research-
ers mainly proceed from the following two aspects. On the 
one hand, from the perspective of biological  N2 fixation in 
nature, nitrogenase containing Fe, Mo and S elements can 
selectively destroy the non-polar triple bond of  N2 [18, 19]. 
Transition metals are widely used as the main components of 
NRR catalyst due to their unique d-orbital electron arrange-
ment and inexpensive characteristics [20]. In transition met-
als, the unoccupied d-orbital can receive the lone pair elec-
trons of  N2 while the occupied d-orbital electrons can be fed 
back to the anti-bond orbital of  N2 [21, 22], thus leading to 
the effective interactions between the transition metals and 
 N2 [23]. Besides, the doping of S atoms can improve the 
physical and chemical adsorption capacity of the catalyst 
for  N2, thereby enhancing the catalytic performance of NRR 
[24]. Therefore, inspired by the biological  N2 fixation and 
electronic arrangement of transition metals, various NRR 
catalysts based on transition metal sulfides, such as  MoS2 
[8],  FeS2 [25], NiCoS [26] and FeMoS [27], have received 
extensive attentions for their excellent  N2 reduction perfor-
mance. For example, Sun et al. have reported a composite 
catalyst of carbon fiber cloth (CFC) covered with FeS dotted 
 MoS2 nanosheet [27]. Due to its good morphological con-
trollability, the composite catalyst demonstrates an electro-
chemical ammonia synthesis rate of 8.45 μg  h−1  cm−1 and a 
FE of 2.96% at − 0.5 V vs. RHE in the neutral pH electro-
lyte. On the other hand, starting from the structural design 
of the catalyst, two-dimensional (2D) nanomaterials have 
attracted much attention in the field of catalysis due to their 
high specific surface area [28, 29]. However, agglomeration 
and stacking tend to occur during the reaction process, lead-
ing to the inactivation of the catalytic sites. Therefore, the 
construction of multi-dimensional structures by the combi-
nation of 2D nanomaterials with other nanostructures is con-
sidered as an effective strategy to increase the space between 
2D nanomaterials to avoid agglomeration and improve the 
exposure of active sites [30].

It is well known that metal organic frameworks (MOFs) 
formed by bridging metal ions and organic linkers have 
gradually become a new type of crystalline material [31–33]. 
With high structural stability, large specific surface area and 
abundant pores, the 3D MOF skeleton can inherit its origi-
nal highly porous nanostructure and other excellent prop-
erties after heat treatment [34, 35]. These characteristics 
can guarantee the fast mass transfer, large gas enrichment 
and rich potential active sites for MOF-derivatives, which 
makes them potential candidates to improve the electrocata-
lytic NRR activity [36–38]. However, there are still some 
problems such as poor conductivity and easy agglomeration 

problems in directly using MOF-derivatives as NRR electro-
catalyst [39]. Therefore, how to promote the uniform disper-
sion and conductivity of MOF derivatives is a key issue to 
ensure the full exposure of the active sites and rapid electron 
transport without agglomeration of the catalyst [40].

The commercial carbon cloth (CC) is consisting of carbon 
fibers, which possess the advantages of excellent electrical 
conductivity and gas permeability. Herein, a flexible com-
posite catalyst, which is composed of CC supported 2D  FeS2 
nanosheets coupled with ZnS embedded within 3D N-doped 
carbon polyhedra (signed as  FeS2/ZnS-NC@CC), has been 
prepared for NRR applications. The CC substrate in the 
composite electrocatalyst acts as the conductive template 
to improve the electron transport of NRR, while the surface 
coating of 2D  FeS2 nanosheets and 3D ZnS-NC nanois-
lands forms a hierarchical architecture. Compared with tra-
ditional 2D and 3D structured catalysts, the design of the 
multidimensional structure is expected to ensure the rapid 
mass transfer, promote the  N2 enrichment ability and abun-
dant potential active sites for improving the performance 
of electrocatalytic NRR. Furthermore, the self-supporting 
 FeS2/ZnS-NC@CC composite can be directly used as a 
cathode without additional binders and conductive addi-
tives. Besides, the close contact between the electrocatalytic 
components and the flexible CC substrate can effectively 
avoid the severe agglomeration and shedding of the tradi-
tional powdery catalyst, being beneficial to enhancing the 
stability of the catalyst. As a result, the  FeS2/ZnS-NC@CC 
composite cathode exhibits excellent NRR catalytic perfor-
mance over a wide pH range, especially with a high  NH3 
yield of 58.52 μg  h−1  mg−1 and FE of 46.84% at − 0.5 V 
vs. Ag/AgCl using 0.1 M KOH electrolyte. Meanwhile, the 
catalyst displays outstanding catalytic stability in alkaline 
and neutral electrolytes as well, which shows a good pros-
pect for designing highly efficient and stable NRR catalysts.

Results and Discussion

Typically, a three-step synthetic route is adopted to fabricate 
the  FeS2/ZnS-NC@CC composite as shown in Fig. 1. First, 
ultra-thin Fe and Zn layered double hydroxide (FeZn-LDH) 
nanosheets are uniformly grown on the surface of CC by 
hydrothermal method to obtain FeZn-LDH@CC composite. 
Then, the as-prepared Zn-containing FeZn-LDH nanosheets 
are used as the metal source, and the in-situ phase structure 
is reconstructed by coordination with 2-methylimidazole 
(2-MeIM) under low temperature. Thus, CC-supported 2D 
Fe-LDH nanosheets co-existing with zeolitic imidazolate 
framework-8 (ZIF-8) dodecahedra precursors are achieved 
as Fe-ZIF-8@CC. Finally, the sublimation of sulfur is car-
ried out to provide S source for vulcanization of Fe-ZIF-8@
CC. Thus, the  FeS2/ZnS-NC@CC composite is obtained in 
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which 2D  FeS2 nanosheets and ZnS embedded within 3D 
N-doped carbon nanoislands are coexisting.

Scanning electron microscopy (SEM) images of FeZn-
LDH@CC, Fe-ZIF-8@CC and  FeS2/ZnS-NC@CC are 
shown in Fig. 2. It can be observed that 2D FeZn-LDH 
nanosheets are uniformly distributed on the surface of 
carbon fibers (Fig.  2a, d). After the coordination reac-
tion of FeZn-LDH@CC with 2-MeIM, ZIF-8 are formed 
in the SEM images of Fe-ZIF-8@CC (Fig. 2b, e), indi-
cating the successful coordination of Zn species with the 
organic ligands. Meanwhile, the original ZIF-8 polyhedra 
architecture is converted into 3D hollow N-doped carbon 

polyhedron loaded with ZnS after vulcanization, forming 
a unique multi-dimensional structure with the co-existence 
of 2D  FeS2 nanosheets and 3D ZnS-NC nanoislands in the 
 FeS2/ZnS-NC@CC composite (Fig. 2c, f, S1). The corre-
sponding elemental mappings demonstrate that Fe, Zn, S 
and N elements are uniformly distributed on CC (Fig. 2g).

To further confirm the hierarchical structure, the  FeS2/
ZnS-NC composite stripped from  FeS2/ZnS-NC@CC 
by ultrasonic method is tested by transmission electron 
microscopy (TEM). As shown in Fig. 3a, the coexistence of 
2D nanosheets and 3D ZIF-8-derived nanocrystals can be 
observed after pyrolysis. For comparison, the TEM image 

Fig. 1  Schematic illustration of 
the synthetic process of  FeS2/
ZnS-NC@CC

Fig. 2  SEM images of FeZn-
LDH@CC (a, d), Fe-ZIF-8@
CC (b, e) and  FeS2/ZnS-NC@
CC (c, f); the corresponding 
EDX elemental mappings of Fe, 
Zn, S and N (g)
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of FeZn-LDH is presented in Fig. S2, indicating an ultrathin 
layered nanosheet structure. Figure 3b displays the high-
resolution TEM (HRTEM) image of  FeS2/ZnS-NC which 
shows the lattice fringes with spacing of 0.279 nm and 
0.291 nm, corresponding to the (200) plane of  FeS2 [41] 
and the (111) plane of ZnS [42] respectively. In addition, 
the clear HRTEM interface marked by the red dashed line 
is due to the disordered structure caused by the mismatch 
between  FeS2 and ZnS phases [41]. In order to determine the 
phase transformation from FeZn-LDH@CC to  FeS2/ZnS-
NC@CC, X-ray diffraction (XRD) patterns are obtained in 
Fig. 3c. The diffraction pattern of FeZn-LDH@CC shows 
peaks at 2θ = 28.4°, 35.6° and 63.6° which can be attributed 
to the (003), (110), and (300) diffraction planes of Fe-LDH 
(JCPDS No. 46-1315). The peaks centered at 2θ = 24.9°, 
33.0° and 42.8° are assigned to the (004), (105) and (314) 
of Zn-LDH (JCPDS No. 38-0356) respectively, indicating 
that FeZn-LDH@CC is successfully prepared. Compared 
with FeZn-LDH@CC, the XRD pattern of Fe-ZIF-8@CC 
shows characteristic diffraction peaks at 2θ = 7.4°, 10.4°, 
16.5° and 18.1°, which are consistent with the (101), (002), 
(013) and (222) of ZIF-8 [43, 44]. Nonetheless, the ZIF-8 
diffractions disappear while the characteristic diffraction 
peaks of  FeS2 and ZnS appear after vulcanization, which 
strongly illustrate the formation of  FeS2/ZnS-NC@CC. In 
particular, the XRD pattern of  FeS2/ZnS-NC@CC shows 
characteristic peaks around 2θ = 28.5°, 33.0°, 37.1°, 40.7°, 
47.4° and 50.5°, which are indexed to (111), (200), (210), 
(211), (220) and (221) diffractions of  FeS2 (JCPDS No. 

42-1340). Meanwhile, the diffraction peaks at 2θ = 47.5°, 
56.3° and 59.1° are corresponding to the (220), (311) and 
(222) crystal planes of ZnS (JCPDS No. 05-0566). Thermo-
gravimetric (TGA) curves are acquired to analyze the Fe and 
Zn contents in  FeS2/ZnS-NC@CC (Fig. 3d). The content of 
Zn is calculated to be 8.19 wt% by the weight loss at 900 
°C under  N2 atmosphere, while the mass ratio of ZnS is 
12.2 wt%. Besides, the weight loss of  FeS2/ZnS-NC@CC 
composite reaches 93.98 wt% between 508 °C and 780 °C 
in air, which is caused by the oxidative decompositions of 
ZnS (500–620 °C) [45, 46] and CC (500–700 °C) [47, 48]. 
As the weight retention of the final product of  Fe2O3 is 6.02 
wt%, the mass ratio of  FeS2 in the composite is calculated 
to be 4.5 wt% according to the transformation of  Fe2O3 to 
 FeS2 with a mass change of 133.3%.

The chemical structure and elemental composition of 
 FeS2/ZnS-NC@CC are further examined by X-ray pho-
toelectron spectroscopy (XPS). As shown in Fig. 4a, the 
survey spectrum of XPS reveals the presences of Zn, Fe, 
S, N and C elements in the  FeS2/ZnS-NC@CC composite. 
The peaks located at 707.4 eV and 720.1 eV for Fe  2p3/2 
and Fe  2p1/2 indicate the oxidation state of  Fe2+ (Fig. 4b). 
For the high-resolution Zn 2p spectrum (Fig. 4c), two peaks 
at 1022.4 eV and 1045.5 eV, are assigned to the binding 
energies of Zn  2p5/2 and Zn  2p3/2, respectively. In the S 2p 
spectrum (Fig. 4d), the peaks at 162.8 eV and 163.9 eV 
belong to S  2p3/2 and S  2p1/2, while the other peaks are due 
to the presence of sulfur oxide species. The combined XPS 
data clearly demonstrate that the composite  FeS2/ZnS-NC@

Fig. 3  a TEM and b HRTEM 
images of  FeS2/ZnS-NC; c 
XRD patterns of FeZn-LDH@
CC, Fe-ZIF-8@CC and  FeS2/
ZnS-NC@CC; d TGA of  FeS2/
ZnS-NC@CC in air and  N2
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CC electrocatalyst is composed of  FeS2 and ZnS [41, 42]. 
Furthermore, Raman spectra of both FeZn-LDH@CC and 
 FeS2/ZnS-NC@CC are observed in Fig. 4e. Compared with 
FeZn-LDH@CC,  FeS2/ZnS-NC@CC shows characteristic 
peaks of the inorganic species below 1000  cm−1. In detail, 
the two peaks at 343.6  cm−1 and 377.9  cm−1 represent the 
diffraction peaks of  FeS2, while the peaks at 420  cm−1 and 
429.4  cm−1 can be assigned to ZnS, further verifying the 
formation of  FeS2 and ZnS [49]. Besides, the ID/IG value of 
 FeS2/ZnS-NC@CC increases after sulfurization, indicating 
the increased disorder structure of carbon material which 
can enhance the electrocatalytic activity. As the construc-
tion of hierarchical  FeS2/ZnS-NC structure is to improve 
the adsorption capacity of  N2 on the catalyst, the  N2 tem-
perature programmed desorption  (N2-TPD) test is performed 
on FeZn-LDH@CC and  FeS2/ZnS-NC@CC. As shown in 
Fig. 4f, both of FeZn-LDH@CC and  FeS2/ZnS-NC@CC 
exhibit a peak at 398 °C, which is assigned to the chemical 
adsorption of  N2. Moreover, the TCD signal of  FeS2/ZnS-
NC@CC with a multi-dimensional structure is higher than 
that of FeZn-LDH@CC, which verifies that ZnS nanoislands 
derived from ZIF-8 effectively promote the adsorption of  N2 
and enhance the binding strength of  N2 on  FeS2/ZnS-NC@
CC [26].

Ion chromatography is used to conduct quantitative analy-
sis on the generated  NH4

+. Firstly, the linear relationship 
between the integral area and corresponding concentration 
is obtained by using the pre-configured standard solution 

(Fig. S3). Then, the subsequent calculation is carried out 
according to this linear relationship. The NRR performance 
of FeZn-LDH@CC, Fe/Zn-NC@CC and  FeS2/ZnS-NC@
CC is evaluated in 0.1 M KOH at − 0.5 V vs. Ag/AgCl. 
The corresponding  NH3 yield rate and FEs are calculated 
according to the linear relationship and ion chromatogram 
of the reaction electrolyte (Fig. S4a). Fig. S4b shows that 
the catalytic performance of  FeS2/ZnS-NC@CC is signifi-
cantly higher than those of other two samples. Compared 
with FeZn-LDH@CC, the  FeS2/ZnS-NC@CC composite 
with a multi-dimensional structure is more conducive to 
the enrichment of  N2 toward the catalyst and increases the 
probability of  N2 attaching to the catalytic sites. However, 
the Fe/Zn-NC@CC composite without sulfurization shows 
inferior performance, indicating that sulfur-doping plays an 
indispensable role in improving the catalytic performance 
of  FeS2/ZnS-NC@CC. Then, linear sweep voltammetry 
(LSV) is carried out on the best performing  FeS2/ZnS-NC@
CC composite. As displayed in Fig. 5a, when the voltage is 
less than -0.5 V vs. Ag/AgCl, the current density in 0.1 M 
KOH solution saturated with  N2 is slightly larger than that 
with Ar, indicating that  FeS2/ZnS-NC@CC has a high NRR 
catalytic activity. As illustrated in Fig. 5b, Time-dependent 
current density curves also show that the current density 
of  FeS2/ZnS-NC@CC remains unchanged for 2 h at differ-
ent potentials, indicating the superior stability of the cata-
lyst. The average  NH3 yield rates and corresponding FEs 
of  FeS2/ZnS-NC@CC under various applied potentials are 

Fig. 4  a XPS survey spectrum of  FeS2/ZnS-NC@CC; and the corresponding high-resolution XPS spectra of b Fe 2p, c Zn 2p and d S 2p. e 
Raman spectra and f  N2-TPD spectra of FeZn-LDH@CC and  FeS2/ZnS-NC@CC
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displayed in Fig. 5c, d, revealing a maximum integral area 
at -0.5 V vs. Ag/AgCl. The  NH3 yield and FEs can reach 
58.52 μg  h−1  mg−1 and 46.84% respectively, which exceed 
most previously reported NRR electrocatalysts under room 
temperature and pressure (Table S1).

In order to study the influence of the electrolyte on the 
catalyst performance, the NRR performance of the catalysts 
are further evaluated in neutral electrolyte of 0.1 M  Li2SO4 
and acid electrolyte of 0.1 M HCl. First, the NRR properties 
of FeZn-LDH@CC, Fe/Zn-NC@CC and  FeS2/ZnS-NC@
CC in 0.1 M  Li2SO4 and 0.1 M HCl are tested. Fig. S5a and 
S5b show that the unique structure and composition of  FeS2/
ZnS-NC@CC catalyst have the best NRR performance. The 
time-dependent current density curves of  FeS2/ZnS-NC@
CC show the same durability under long-term electrolysis in 
neutral and acid electrolytes (Fig. S5c and S5d). Meanwhile, 
the NRR performance of  FeS2/ZnS-NC@CC under different 
voltages in neutral and acid electrolytes are very similar to 
the electrolysis in KOH (Fig. 5e, f). In detail, the average 
 NH3 yield of  FeS2/ZnS-NC@CC can reach the highest value 
of 49.05 μg  h−1  mg−1 with a FE of 29.5% at -0.4 V vs. Ag/
AgCl in 0.1 M  Li2SO4, while the highest average  NH3 yield 

is only 23.52 μg  h−1  mg−1 with significantly decreased FEs 
value in 0.1 M HCl. This is mainly due to the high concen-
tration of  H+ in the acidic environment, which enhances the 
competitiveness of HER process and results in a significant 
reduction in  NH3 production. Comparisons of the perfor-
mance of  FeS2/ZnS-NC@CC over a wide pH range indicates 
that the average  NH3 yield and FEs reach the maximum in 
alkaline electrolyte, which can be attributed to the prohibited 
HER process for the difficulty in breaking the strong hydro-
gen bonding in water molecules under alkaline environment. 
Furthermore, previous studies have proved that  K+ can effec-
tively stabilize the  N2 reduction intermediates and regulate 
proton transfer, thus preventing hydrogen ions or protons 
from adsorbing on the active sites of the catalyst surface and 
suppressing the formation of hydrogen [50].

The possible by-product hydrazine hydrate  (N2H4) 
during NRR is tested by the Watt–Chrisp method using 
UV–Vis spectrophotometer at 455 nm with the calibra-
tion curves of  N2H4 shown in Fig. S6. According to the 
test curves in Fig. S7,  FeS2/ZnS-NC@CC presents excel-
lent selectivity almost without  N2H4 production. To fur-
ther verify the remarkable catalytic performance of  FeS2/

Fig. 5  a LSV curves of the 
electrochemical measure-
ments in Ar- and  N2-saturated 
0.1 M KOH, respectively; b 
time-dependent current density 
curves of  FeS2/ZnS-NC@
CC for NRR in 0.1 M KOH 
at different potentials; c ion 
chromatogram of  FeS2/ZnS-
NC@CC in 0.1 M KOH under a 
range of voltages; average  NH3 
yield rates and FEs of  FeS2/
ZnS-NC@CC under different 
pH electrolytes: d 0.1 M KOH; 
e 0.1 M  Li2SO4; f 0.1 M HCl
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ZnS-NC@CC toward high yield of  NH3, control experi-
ments under different conditions are also performed (Fig. 
S8). Obviously, no  NH4

+ formation is detected at the open 
circuit potential, while the bare CC has no activity for 
NRR. Similarly, when pure water is used as electrolyte, 
no  NH3 is generated. When  N2 is replaced by Ar as the 
purge gas, no significant  NH4

+ product is examined, which 
solidly confirms that  NH3 is mainly produced by the reac-
tion of  N2 with water, rather than by the autolysis of the 
catalyst. Proton nuclear magnetic resonance (1H NMR) 
spectroscopy is also performed to further verify the for-
mation of  NH3. As shown in Fig. S9, the standard peaks 
of  NH4

+ are observed in the 1H NMR spectrum of the 
catalyzed electrolyte when 14N2 is used as the feeding gas, 
which proves the importance of  N2 in the NRR process.

Stability is another important criterion for evaluating 
catalysts in practical applications. Hence, the  FeS2/ZnS-
NC@CC electrode is continuously running at the applied 
voltage of − 0.5 V vs. Ag/AgCl for 10 h in 0.1 M KOH. 
Figure 6a shows no significant change in current density 
while no obvious attenuation is observed in yield as shown 
in Fig. 6b, which reveal the high stability of  FeS2/ZnS-NC@
CC in alkaline electrolyte. The same results also appear in 
the stability test of the neutral electrolyte (Fig. 6c, d). In 
strong contrast, the current density decreases significantly 
after continuous electrolysis for 2 h due to rich hydrogen 
ion concentration in acidic environment and metal sulfides 
exhibit poor structural stability under acidic conditions, thus 

resulting in poor performance stability of  FeS2/ZnS-NC@
CC electrode in 0.1 M HCl electrolyte (Fig. 6e, f).

Conclusions

As mentioned above, a multi-dimensional structure of  FeS2/
ZnS-NC supported on the CC skeleton has been reported as 
a new-type of self-assembled electrode for electrochemical 
nitrogen reduction. Attributing to the precise morphologi-
cal tuning, the  FeS2/ZnS-NC@CC composite can provide 
relatively uniform distribution of  FeS2 nanosheets and ZnS-
NC nanoislands, which effectively improves the adsorp-
tion capacity of  N2, accelerates charge transfer and avoids 
agglomeration of 2D nanosheets. Moreover, the introduction 
of S enhances the ability of the catalyst to weaken N≡N 
bond, thereby improving the NRR performance. As a result, 
the obtained  FeS2/ZnS-NC@CC catalyst achieves the high-
est  NH3 yield of 58.52 μg  h−1  mg−1 and FE of 46.84% at the 
potential of -0.5 V vs. Ag/AgCl in 0.1 M KOH. Meanwhile, 
the NRR results under acidic and neutral environments 
reveal that  FeS2/ZnS-NC@CC also shows excellent NRR 
performance over a wide pH range. Although the accom-
panying HER cannot be avoided in aqueous electrolyte, the 
NRR performance of the non-noble metal  FeS2/ZnS-NC@
CC electrode under environmental conditions is superior 
to those of many previously reported catalysts. This work 
provides a novel idea for the design of NRR electrocatalysts 

Fig. 6  Time-dependent current density cycle curves and average  NH3 yield cycle of  FeS2/ZnS-NC@CC electrode based on every 2 h electrolysis 
cycle under different pH electrolytes: a, b 0.1 M KOH; c, d 0.1 M  Li2SO4; e, f 0.1 M HCl
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with different components and structures to build up better 
artificial  N2 fixation systems under ambient conditions.
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