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A B S T R A C T   

Electrochemical reduction of nitrate to NH3 is a very promising alternative reaction to the Haber-Bosch process, 
and it is necessary to develop the efficient electrocatalysts. In this study, a particle-support mode Co3O4 catalyst 
was synthesized with ZIF-67 as the precursor, and then dispersed on MoS2 nanoflowers by hydrothermal method. 
The Co3O4 is anchored to MoS2 by forming Co-S coordination bond. Furthermore, the particle-supported Co3O4 
exhibits better performance than Co3O4 alone, as is manifested by higher Faradaic efficiencies and NH3 yield rate 
at − 0.64 V (52.69% vs 32.03%; 4539.61 μg h− 1 mg− 1

cat vs 2048.63 μg h− 1 mg− 1
cat), lower energy barriers (0.96 eV 

vs 1.19 eV), and better electronic conductivity (Bandwidth: 0.581 eV vs 0.613 eV). In addition, this research 
provides an effective solution to solve the aggregation problem of metal oxide nanoparticles.   

1. Introduction 

Ammonia is the basis of modern agriculture, heavy industry, phar
maceutical industry, and fertilizer production [1,2]. In addition, it has 
made outstanding contributions to the growth and development of an
imals and plants, and is considered as a renewable carbon-free 
hydrogen-rich energy carrier with high hydrogen content of 17.7 wt% 
[3–6]. With the development of society, the demand for ammonia has 
increased sharply. A large proportion of NH3 is fabricated via the 
traditional Haber-Bosch process with the nitrogen and hydrogen as the 
raw materials under the harsh conditions with high temperature (400 – 
500 ◦C) and pressure (150 – 300 atm) [7–9], and the process consumes 
about 1–3% of annual global energy and generates huge CO2 emission 
[10]. Beyond that, it has a poor energy efficiency with the low conver
sion constrained by thermodynamics and requiring large centralized 
infrastructure [11]. 

More recently, electrochemical nitrogen reduction reaction (eNRR) 
has been paid extensive attention [12] due to its simplicity, safety, and 
environmental friendship in contrast with other alternative methods, 
such as photocatalysis [13] and enzymatic catalysis [14]. In eNRR, ni
trogen reacts with water to generate ammonia by a certain voltage under 
mild conditions [15]. However, the high dissociation energy of N–––N 
(941 kJ mol− 1) and the competitive reaction of hydrogen evolution re
action (HER) lead to lower generation rate of ammonia and lower 
faraday efficiency (FE%), which is not suitable for industrial production 

[4,12,16]. Compared with eNRR, electrochemical nitrate reduction re
action (eNO3RR) avoids the above shortcomings effectively and attrac
ted extensive attention. In nitrate ions (NO3

–), dissociation energy of N-O 
bond is 204 kJ mol− 1 only and NO3

– is very soluble in water, both of 
which strongly promote the reduction from NO3

– to NH3 and the rate is 
distinctly larger than that of NRR reaction [17,18]. In addition, the raw 
material of NO3

– exists widely in the environment as a pollutant, pro
duced by chemical and agricultural industries [19,20]. Therefore, the 
conversion of NO3

– into NH3 can not only solve environmental pollut
ants, but also obtain ammonia resources, which is of great research 
value. 

So far, several groups have reported cobalt-based oxides as cathode 
catalysts for eNO3RR because of Co3O4 is one of the spinel oxides with 
flexible ionic arrangement and multivalent structure 
[3,17,21,22,39–41]. The results demonstrate that Co3O4 is indeed active 
for eNO3RR, but with a low ammonia yield (283 μg mg-1h− 1) [23,24]. 
Co3O4 nanoparticles are prone to aggregation due to its high surface 
energy [25], the most common solution is to disperse the nanoparticles 
on a template. For example, Zhou et al. used the template method to 
disperse Co3O4 nanoparticles onto TiO2 nanosheets. It was pointed out 
that the supports could affect or even dominate the catalytic activity and 
selectivity of the nanoparticles because atomic geometry and electronic 
structure of the active site at the interface of nanoparticles and support 
could be regulated [26]. Therefore, a support-like composite might 
effectively solve the aggregation problem of Co3O4 nanoparticles by 
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increasing the specific surface area to add more active sites, while the 
electron transfer between the carrier and nanoparticles enhances the 
electrical conductivity of Co3O4, thus improves the activity of the re
action center. Molybdenum disulfide (MoS2) has been widely reported 
in NRR for its high chemical stability and large specific surface area, 
where the base of 2H-MoS2 has a large numbers of sulfur atoms that can 
bond with transition metals to form coordination bonds covering the 
surface [27,28,42], and its flower morphology provides a good platform 
for later loading. The structure of MoS2 nanoflower has a larger loading 
area than TiO2 nanosheet. The Co3O4 anchored on MoS2 nanoflowers 
(Co3O4@MoS2) is expected to be synergistic effect of Co3O4 and MoS2 to 
improve the efficiency of eNO3RR. 

The support of MoS2 nanoflowers in Co3O4@MoS2 composite can 
promote the electron transfer and prevent the aggregation of Co3O4 
nanoparticles. The Co3O4 nanoparticles are synthesized by pyrolysis of 
zeolitic imidazolate frameworks (ZIFs) precursor to reduce the size. The 
Co3O4@MoS2 catalyst exhibits outstanding catalytic performance for 
eNO3RR with the NH3 yield rate of 4539.61 μg h− 1 mg− 1

cat and the 
Faradaic efficiency (FE) of 52.69% at − 0.64 V. To explore the reaction 
mechanism and the catalytic principle, the density functional theory 
(DFT) calculations are performed for NO3

– reduction to NH3 on the active 
site of the catalysts. It is elucidated that the improved performance 
comes from the synergistic effect of Co3O4 and MoS2, as well as better 
electronic conductivity of Co3O4@MoS2 with lower energy barriers 
(0.96 eV). 

2. Experimental section and computational method 

2.1. Materials 

Cobalt chloride hexahydrate (CoCl2⋅6H2O), isopropanol, sodium 
hydroxide (NaOH), sodium nitroferricyanide(C5FeN6Na2O⋅2H2O), po
tassium nitrate (KNO3), sulfonamide were purchased from Sinopharm 
Chemical Reagent Co., Ltd (China). Methanol, thiourea (CH4N2S), so
dium citrate (C6H5Na3O7), sodium hypochlorite (NaClO), anhydrous 
sodium sulfate (Na2SO4) were purchased from Tianjin Fuyu Fine 
Chemical Co., Ltd., Tianjin BASF Chemical Co., Ltd., Tianjin Bodi 
Chemical Co., Ltd., Tianjin Yongda Chemical Reagent Co., Ltd., and 
Tianjin Dingshengxin Chemical Co., Ltd. respectively. Hexaammonium 
heptamolybdate tetrahydrate ((NH4)6Mo7O24⋅4H2O), 2-Methyl
imidazole(C4H6N2), Nafion (5 wt%) were purchased from Shanghai 
Silver Iodine Chemical Co., Ltd., Shanghai McLean Biochemical Tech
nology Co., Ltd., and Aladdin Ltd.(China) respectively. Salicylic acid 
(C7H6O3) and ethanol were purchased from Laiyang Kangde Chemical 
Co., Ltd.(China). Phosphoric acid (H3PO4) was bought from Beijing 
Chemical Industry Co., Ltd (China). N-(1-naphthyl) ethylenediamine 
dihydrochloride was purchased from Tianjin Aopuseng Chemical Co., 
Ltd. 

2.2. Catalyst synthesis 

2.2.1. Synthesis of Co3O4 nanoparticles 
CoCl2⋅6H2O and 2-Methylimidazole were dissolved in the binary 

mixture of 40 mL methanol and 40 mL water, then ultrasonic oscillated 
for 10 mins. The mixture was allowed to stand overnight at room tem
perature for precipitation reaction and the purple precipitate was 
collected by centrifugation followed by washing several times with 
methanol. Finally, the dried sample was obtained under vacuum as the 
precursor of Co3O4 Nanoparticles and named as ZIF-67 (a metal–organic 
framework material). The ZIF-67 precursor was placed in the furnace 
and heated to 500 ◦C for 10 h with the heating rate of 2 ◦C/min to 
prepare Co3O4 nanoparticles [43]. 

2.2.2. Synthesis of MoS2 nanoflowers 
(NH4)6Mo7O24⋅4H2O and CH4N2S were dissolved in 40 mL ultrapure 

water, and stired for 1 h. The resulting solution moved into a Teflon- 

equipped stainless-steel autoclave and heated at 220 ◦C for 18 h. The 
product was collected by centrifugation and washed several times with 
ethanol. Then, the MoS2 catalyst were obtained by drying overnight in a 
vacuum oven at 60 ◦C [44,45]. 

2.2.3. Synthesis of Co3O4@MoS2 
A solution of the same steps as the above 2.2.2 to make MoS2 

nanoflowers, mixed with Co3O4 nanoparticles (100 mg /150 mg /200 
mg), and then stirred for 0.5 h. The mixed solution was moved into a 
Teflon-equipped stainless-steel autoclave for heating, washing, and 
drying under the same conditions as the step of 2.2.2. Then got the 
Co3O4@MoS2 catalyst. 

2.3. Characterization of samples 

The morphology and microstructure of all prepared samples were 
analyzed by scanning electron microscopy (SEM, ZEISS Gemini SEM 
300). The crystal structure of the catalyst was characterized by X-ray 
diffraction (XRD, Rigaku Smart Lab SE). The composition and state of 
the catalyst surface were determined by X-ray photoelectron spectros
copy (XPS, Thermo Scientific K-Alpha). The concentration of NH3 was 
measured using a UV-3900 spectrophotometer. 

2.4. Preparation of the working electrode 

3 mg of catalyst and 20 μL of Nafion solution were dispersed into 500 
μL of isopropanol and were ultrasonicated for 1 h to form a uniform ink. 
Then 40 μL of ink was evenly dropped on the glassy carbon electrode 
with a loading of 0.23 mg cm− 2 to prepare the working electrode and the 
thickness is almost unmeasurable due to the thin layer on the GC surface. 

2.5. Electrochemical measurements 

Electrochemical measurements were performed in an H-type elec
trolytic cell with a standard three-electrode system separated by a nafion 
117 membrane. In this system, the catalyst was supported on a glassy 
carbon electrode as the working electrode, a graphite rod and a satu
rated Ag/AgCl electrode as the counter and reference electrodes, 
respectively. All potentials in this paper were measured by saturated Ag/ 
AgCl and converted to the reversible hydrogen electrode potential by E 
(vs. RHE) = E (vs. Ag/AgCl) + 0.61 as the reference scalar. The per
formance test of eNO3RR was carried out in the electrolyte (30 mL) of 
0.1 M Na2SO4 and 0.2 M KNO3. Before the test, Ar gas was introduced 
into the cathodic electrolytic cell for 15 min to remove the residual air in 
the system, and then Ar was continued to be introduced and reacted at 
an external potential for 1 h. After the test is completed, the electrolyte is 
collected and disposed of as waste liquid to avoid contamination. 

2.6. Determination of NH3 

The concentration of NH3 was determined by UV–Vis spectropho
tometer using a modified indophenol blue method. Take 2 mL of the 
reacted catholyte and add 1 mL of 0.05 M NaClO, 2 mL of a mixture of 1 
M NaOH containing 5 wt% salicylic acid and 5 wt% sodium citrate, and 
0.2 mL of 1 wt% C5FeN6Na2O (sodium nitroferricyanide). Then, the 
absorbance at 665 nm was measured by UV–Vis spectrophotometer after 
standing at room temperature for 2 h. And concentration-absorbance 
curves were drawn using a series of standard ammonium chloride 
solutions. 

2.7. Determination of NO2 

Firstly, 0.1 g of N-(1-naphthyl) ethylenediamine dihydrochloride, 1 g 
of sulfonamide and 2.94 mL of H3PO4 in 50 mL H2O and mixed thor
oughly as the color reagent. Take 1 mL of the reacted catholyte and add 
1 mL color reagent, 2 mL H2O to stand for 10 min, and the absorption 
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intensity at a wavelength of 540 nm is recorded by UV–Vis absorption 
spectra. 

2.8. Calculation of the NH3 yield and faradic efficiency (FE) 

The FE calculation formula for electrocatalytic NO3
––NH3 conversion 

is calculated as follows: 

FENH3 =
8 × F × CNH3 × V

17 × Q  

where F is the Faraday constant, CNH3 is the measured NH3 concentra
tion, V is the volume of catholyte, and Q is the total charge. 

The formula for calculating the yield of NH3 is as follows: 

YieldNH3 =
CNH3 × V
t × mcat  

where t is the time of the electrocatalytic reaction and m is the catalyst 
loading. 

2.9. Computational details 

Density functional theory (DFT) calculations were performed using 
the first-principle computational simulation package (VASP 5.4.4) 
developed by Hafner’s group [29,30]. The generalized gradient 

Fig. 1. Schematic diagrams to illustrate the synthesis of (a) ZIF-67, (b) Co3O4 nanoparticles, (c) MoS2 and Co3O4@MoS2.  

Fig. 2. SEM of (a) ZIF-67, (b) Co3O4 nanoparticles, (c) MoS2, (d-f) Co3O4 nanoparticles loadings of 100 mg (Co to Mo is 6:13), 150 mg (Co to Mo is 9:13), and 200 mg 
(Co to Mo is 12:13) in Co3O4@MoS2, respectively. (g) EDX mapping images of Co3O4@MoS2 with the ratio of Co to Mo is 9:13. 
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Fig. 3. XRD patterns of (a) Co3O4 nanoparticles loadings of 100 mg (Co to Mo is 6:13), 150 mg (Co to Mo is 9:13), and 200 mg (Co to Mo is 12:13) in Co3O4@MoS2. 
The XPS of Co3O4@MoS2 (Co to Mo is 9:13) measured spectra are (b) full spectrum, (c) Co 2p, (d) O 1 s, (e) Mo 3d, (f) S 2p. 

Fig. 4. (a) LSV of the Co3O4 nanoparticles loadings of Co3O4@MoS2 are 150 mg (Co to Mo is 6:13) with and without NO3
− . The Co3O4 nanoparticles loadings of 

Co3O4@MoS2 are 100 mg (Co to Mo is 6:13), 150 mg (Co to Mo is 9:13), 200 mg (Co to Mo is 12:13) of (b) NH3 Faradaic efficiency and (c) NH3 yield rate, 
respectively. The (d) Faradaic efficiency and (e) NH3 yield rate of MoS2, Co3O4, Co3O4@MoS2 (Co to Mo is 9:13). (f) The distribution of products NO2

– and NH3 
between – 0.24 and – 0.64 V for Co3O4@MoS2 (Co to Mo is 9:13). (g) NH3 yield rate and Faradaic efficiency in alternating cycles between with and without NO3

– 

electrolyte of Co3O4@MoS2(Co to Mo is 9:13) at – 0.64 V. (h) 1H nuclear magnetic resonance (NMR) spectrum of the electrolyte after eNO3RR on Co3O4@MoS2(Co to 
Mo is 9:13) at – 0.64 V with 15NO3

− and 14NO3
− as nitrogen sources. (i) 10-cycle test of Co3O4@MoS2(Co to Mo is 9:13) at – 0.64 V. 
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approximation of the Perdew-Burke-Enzzerhof (GGA-PBE) exchan
ge–correlation functional and the pseudo-potential determination by 
Projector-Augmented-Wave (PAW) were used to optimize the structure 
and calculate the electronic energy [31,32]. A (3×3×1) Mon
khorst–Pack k-point grid was employed to sample at the Brillouin zone 
gamma points. At the same time, the cutoff energy was set to 500 eV and 
the self-consistent calculation was performed with a total energy of 10− 5 

eV and a force of − 0.05 eV/Å per atom. The DFT-D2 method was also 
employed to approximate the van der Waals interaction and the 
adsorption energy of each intermediate on the catalyst [33]. The Gibbs 
free energy is determined by using a standard vibrational correction for 
entropy, calculated as ΔG = ΔE + ΔZPE − TΔS, where ΔE is the electron 
energy difference, ΔZPE is the zero-point correction energy, T is the 
reaction temperature (298.15 K), and ΔS is the entropy change. 

3. Results and discussion 

3.1. Synthesis and characterizations of electrocatalysts 

The composite of Co3O4@MoS2 was prepared following the scheme 
shown in Fig. 1. Firstly, the metal–organic frameworks precursor of ZIF- 
67 was obtained by precipitation reaction shown in Fig. 1a. Then, ZIF-67 
was calcined at 500 ◦C for 10 h to obtain Co3O4 nanoparticles (Fig. 1b), 
which was dispersed into the reactants to prepare the Co3O4@MoS2 
composite by hydrothermal method shown in Fig. 1c. The morphologies 
of all the samples were characterized by scanning electron microscopy 
(SEM) (Fig. 2), including ZIF-67, Co3O4 nanoparticles, MoS2, and 
Co3O4@MoS2. 

ZIF-67 exhibits a rhombic dodecahedron morphology with a uniform 
particle size of 100 nm (Fig. 2a). After calcination, Co3O4 nanoparticles 
maintained the original dodecahedron framework with a diameter of 40 
nm (Fig. 2b). When MoS2 was prepared (Fig. 2c), different amount of 
Co3O4 nanoparticles were dispersed into the raw materials, including 
100 mg (Co to Mo is 6:13), 150 mg (Co to Mo is 9:13) and 200 mg (Co to 
Mo is 12:13), and the results were shown in Fig. 2d to Fig. 2f, respec
tively. The uniform dispersion of the Co3O4 nanoparticles on MoS2 
nanoflowers should contribute to the synthesis method using ZIFs as 
precursors, as effectively reduces the aggregation of particles. The en
ergy dispersive X-ray spectroscopy (EDX) mapping of Co3O4@MoS2 
composites (Fig. 2g) demonstrated the uniform distribution of Co, Mo, 
O, and S elements. 

To further illustrate the crystal structure of Co3O4@MoS2, the pow
der X-ray diffraction (XRD) spectra are measured for three different 
Co3O4@MoS2 composites (Fig. 3a). The distinct characteristic peaks at 
19.9◦, 31.3◦, 36.8◦, 59.3◦, and 68.6◦ can be assigned to (111), (220), 
(311), (511), and (440) crystallographic planes of Co3O4 (PDF no. 
42–1467), as demonstrates that the Co3O4 particles are synthesized 
successfully. The additional peaks at 32.3◦, 39.8◦, 46.2◦, and 54.9◦ in the 
XRD pattern of the composite are attributed to (100), (101), (102), and 
(110) crystal faces of CoMoS (PDF no.16–0105), as indicates the for
mation of Co-S bond. Therefore, the Co3O4 nanoparticles is successfully 

anchored on MoS2 nanoflower support by Co-S coordination bond. 
The chemical composition and oxidation state of the surface of 

Co3O4@MoS2 are measured by X-ray photoelectron spectroscopy (XPS). 
In Fig. 3b, the peaks at 162.08, 232.08, 284.08, 395.08, 534.08, and 
781.08 eV in the full spectra correspond to S 2p, Mo 3d, C 1 s, Mo 3p, O 1 
s, and Co 2p, respectively, indicating the presence of Co, O, Mo, S. This is 
consistent with the elemental results measured by SEM elemental maps 
(Fig. 2g). As shown in Fig. 3c, the Co 2p spectrum can be fitted with two 
spin–orbit doublets for Co2+ (785.13 and 802.69 eV) and Co3+ (780.96 
and 797.68 eV). The two peaks in the O 1 s spectra (Fig. 3d) at the 
binding energies of 531.24 and 532.70 eV correspond to metal–oxygen 
bonds and hydroxyl groups. Similarly, the Mo 3d spectrum (shown in 
Fig. 3e) can be fitted with two spin–orbit doublets for the Mo 3d3/2 
(232.02 eV) and Mo 3d5/2 (228.54 eV) orbitals of the tetravalent mo
lybdenum ion. The two peaks measured in the spectrum of S 2p are S 
2p3/2 and S 2p1/2 orbitals at 161.33 and 162.62 eV (Fig. 3), respectively. 
In addition, the unlabeled peaks in the XPS spectrum are the satellite 
peaks. The above description proves the successful fabrication of 
Co3O4@MoS2 without any impurities. 

3.2. ENO3RR performance of the electrocatalysts 

To study the catalytic activity of Co3O4@MoS2 for eNO3RR, the 
linear sweep voltammetry (LSV) measurements are carried out firstly in 
Na2SO4 solution in the absence and presence of NO3

–, respectively 
(Fig. 4a). As the potential is more negative than − 0.24 V, the current 
density of Co3O4@MoS2 in the presence of NO3

– is significantly higher 
than that in the absence of NO3

–. It demonstrates that the eNO3RR occurs 
on Co3O4@MoS2 as the potential is lower than − 0.24 V. The synthesized 
NH3 in the electrolyte are measured by UV–Vis spectrophotometry after 
maintaining a certain potential. Firstly, the voltage selected for testing is 
based on the results of LSV, the polarization curves are tested with 
Co3O4@MoS2 as a catalyst and exhibit the eNO3RR activity in the 
negative potential lower than − 0.24 V. Then the catalytic performance 
is tested with the voltage range of − 0.94 V to − 0.24 V (Fig. S3a). It can 
be seen that the Faradaic efficiency gradually decreased due to the 
accumulation of catalyst surface charge and the effect of hydrogen 
evolution reaction (HER) occupied more active sites at higher negative 
voltages [36]. The absorbance in UV–Vis spectra becomes higher with 
the increase of voltage (Figs. S3b and c), as means the yield of ammonia 
increases. The higher rate of NH3 is due to the fact that a larger negative 
potential exerts a greater thermodynamic driving force for the reaction 
than a lower potential does. Considering the optimal voltage and FE 
changes, the voltage from − 0.64 V to − 0.24 V is selected to test the 
catalyst performance (Fig. S4). According to the measured NH3 con
centrations, the yield and FE of Co3O4@MoS2 with three different Co3O4 
loadings (100 mg, 150 mg, and 200 mg) are shown in Figs. 4b and 4c. 
The loading of Co3O4 has a major effect on the activity of the 
Co3O4@MoS2 catalyst and the catalytic performance is the highest when 
the loading of Co3O4 is 150 mg. Moreover, the effect of electrical po
tential is explored. At the optimum potential, the NH3 yield rate reaches 

Fig. 5. Band diagram of (a) MoS2, (b) Co3O4, (c) Co3O4@MoS2.  
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4539.61 μg h− 1 mg− 1
cat and the FE is 52.69% with the Co3O4 loading of 

150 mg at − 0.64 V. As the potential increases, the FE of Co3O4@MoS2 
increases continuously, and the maximum value is 85.05% at the opti
mum potential of − 0.24 V. Compared to Co3O4 and MoS2, Co3O4@MoS2 
exhibits excellent NH3 yield rate and FE under the same test conditions 
(as shown in Figs. 4d and 4e), implying that the combination of Co3O4 
and MoS2 can accelerate the process of eNO3RR. And Co3O4@MoS2 
showed a combination of performance as good as most of the material 
previously reported (Table S1). Co3O4@MoS2 shows such a superior 
performance because the combination of Co3O4 and MoS2 reduces the 
bandwidth, improves electronic conductivity and surface chemical 
active sites, which will be discussed in the theoretical calculations. The 
FE and NH3 yield rate at the optimum potentials of Co3O4 and MoS2 are 
50.67% and 16% at − 0.24 V, 2048.63 μg h− 1 mgcat

− 1 and 675.01 μg h− 1 

mgcat
− 1 at − 0.64 V, respectively. The above observations indicate that the 

performance exhibited by Co3O4@MoS2 varies with the amount of 
Co3O4 on the composite. So, it can be speculated that the active site of 
eNO3RR in the Co3O4@MoS2 composite should populate on the Co atom. 

In order to investigate the selectivity of the Co3O4@MoS2 catalyst, 
the main byproduct of NO2

– has been detected and calculated by UV–Vis 
(Fig. S5). As shown in Fig. 4f, the FE of NO2

– starts from an onset po
tential of 5% and then gradually decreases to about 2%. This trend is the 
same as the conversion of NO3

– to NH3, suggesting that the synthesis of 
NH3 is followed by the formation of NO2

– at each applied potential. And 
the yield rate of NO2

– increases distinctly after − 0.44 V (Fig. S5c), but 
the overall concentration of NO2

– was still at a low level. In addition, the 
presence of N2H4 was hardly observed in the electrolyte after electrolysis 
at the applied voltage (Fig. S6). In general, the byproducts are negligible 

compared to the FE and yield rate of NH3, which indicates that 
Co3O4@MoS2 has excellent selectivity for the conversion from NO3

– to 
NH3. 

Subsequently, it is proceeded to electrolysis for a total of 7 cycles in 
0.1 M Na2SO4 (with and without NO3

–) at − 0.64 V (Fig. 4g) to confirm 
the origin of NH3. The NH3 was obtained only in the electrolyte with 
NO3

– and the performance remained stable after the alternating test. 
Furthermore, the 15N isotopic labeling experiments also confirmed the 
origin of NH3. As shown in Fig. 4h, the proton nuclear magnetic reso
nance (1H NMR) spectra show only double characteristic peaks of 15NH4

+

and triple characteristic peaks of 14NH4
+ when 15NO3

- and 14NO3
- are used 

as raw materials. The above results indicated that NO3
– is the only ni

trogen source for NH3 synthesis rather than others. 
The stability of the catalyst is another vital factor to evaluate the 

practical application in eNO3RR. As shown in Fig. S7a, the current 
density at − 0.64 V has been measured for 24 h. The curve has no 
obvious fluctuations and the overall trend is relatively stable. In general, 
the current density exhibits good stability over 24 h, indicating the 
stable conductivity and durability of the catalyst. Furthermore, the NH3 
yield rate and FE at − 0.64 V were test for 10 cycles as shown in Fig. 4i. It 
can be seen that the NH3 yield rate and FE fluctuate slightly and remain 
above 4588 μg h− 1 mgcat

− 1 and 52%, respectively. As shown in Figs. S7b 
and S7c, the current density and absorbance almost keep constant dur
ing the 10-cycle test. Importantly, SEM images (Fig. S7d) reveal that 
Co3O4@MoS2 with Co3O4 loadings of 150 mg still maintains its nano
flower and the presence of the loadings was also clearly visible after the 
eNO3RR experiment. Therefore, the conclusion can be drawn that the 
catalyst has excellent activity and stability with bright future in 

Fig. 6. Intermediates of all optimized structures of the Co3O4@MoS2 eNO3RR reaction process (atomic colors represent: yellow, S; green, Mo; blue, N; red, O; purple, 
Co; white, H). 
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commercial application. 

3.3. Mechanisms study for eNO3RR 

To reveal the essence of excellent performance in nitrate reduction, 
the reaction mechanism has been studied employing the DFT calcula
tions. The structures of Co3O4, MoS2, and Co3O4@MoS2 are designed 
based on the characterization results using metal atoms as active sites 
(Fig. S8). It is found that new Co-S bonds are formed between Co3O4 and 
MoS2 during the Co3O4@MoS2 structural optimization, which is 
consistent with the XRD results. The energy bands of three catalysts are 
calculated and presented in Fig. 5. It can be clearly seen that the energy 
band of MoS2, Co3O4, and Co3O4@MoS2 is 0.897, 0.613, and 0.581 eV, 
respectively. Therefore, Co3O4@MoS2 has better electronic conductivity 
than its individual materials, which also provides better electron 
transfer for eNO3RR process. 

The reduction of nitrate to ammonia is accompanied by the transfer 
of eight proton-coupled-electrons and the overall pathway of the reac
tion can be described by the following equation: 

NO3
− + 9H+ + 8e− →NH3 + 3H2O 

Fig. 6 and Fig. S9 show the minimum energy pathway for the 
reduction of nitrate to NH3 at the active site. The first step of the reaction 
is the adsorption of nitrate. To avoid the influence of negatively charged 
NO3

– on the calculated results, a thermodynamic cycle from NO3
– to NO3 

(NO3
–(l) → HNO3(l) → HNO3(g) → NO3(g)) has been adapted (Fig. S10) 

[34]. Taking into account the changes in entropy and enthalpy during 
liquid to gaseous conversion from NO3

– to NO3, an energy of 0.75 eV has 
been used to correct the free energy of NO3 [34,35]. The formula for 
calculating the Gibbs free energy in solution before nitrate adsorption is 
as follows: 

ΔGNO3 = E(*NO3)+
1
2

E(H2) − E(*) − E(HNO3)+ 0.75eV  

where E(*NO3) is the energy of NO3 adsorbed on the catalyst system, 
E(H2) refers to the energy of gaseous H2 molecule, E(*) denotes the 
energy of the catalyst alone, and E(HNO3) is the energy of HNO3 
molecule. Then, the Gibbs free energies of each elementary step for the 
complete processes of MoS2, Co3O4, and Co3O4@MoS2 are calculated by 
the pathway: *NO3 → *NO3H → *NO2 → *NO2H → *NO → *NOH → 
*NHOH → *NH → *NH2 → *NH3 → NH3(g) [34]. 

The variations of the Gibbs free energy and the charge in each 
elementary step along the reaction pathway of NO3

– electroreduction to 
ammonia on MoS2, Co3O4, and Co3O4@MoS2 catalysts are collected in 
Fig. 7. It can be observed clearly that the elementary steps of NO3

– 

adsorption, the proton-electron pair combination, and the first dehy
dration are all exothermic processes. This is in accordance with the re
sults reported recently [37,38]. The subsequent hydrogenation of *NO2 
to produce *NO2H is endothermic distinctly. The Gibbs free energy is 
enhanced by 2.87 eV when the conversion from *NO2 to *NO2H occurs 

PDS
2.87 eV

PDS
1.19 eV

PDS
0.96 eV

Fig. 7. (a) Free energy changes in each step of the reaction processes of MoS2, Co3O4, and Co3O4@MoS2. The calculated Bader charges of the active site and in
termediate on (b) MoS2, (c) Co3O4, and (d)Co3O4@MoS2. 
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on MoS2 surface, accompanied by significant electron transfer (0.58 e) 
between the intermediate and the catalyst. It is taken as the potential 
determining step (PDS). As the catalyst varies from MoS2 to Co3O4, the 
Gibbs free energy is raised by 1.19 eV and the transferred electron is 
0.46 e. It also corresponds to the PDS. While for the Co3O4@MoS2 
composite, the variation of Gibbs free energy for this hydrogenation is 
0.62 eV and transferred electron is 0.1 e. While the Gibbs free energy of 
the subsequent formation of *NO (*NO2H → *NO) increases distinctly by 
0.96 eV, which is taken as the PDS. 

The geometrical structures of the PDS from *NO2 to *NO2H are 
optimised (Fig. 8). The generation of O1-H bond on MoS2 is followed by 
the broken of both Mo2-O1 and Mo3-O1 bonds, the elongation of N-O1 
bond from 1.38 Å to 1.48 Å (Fig. 8a), as well as the charge variation from 
− 0.87 e on O1 to − 0.20 e on O1H group. The strong interaction 

between Mo and O1 leads to the immersion of O1 (in the plane of sul
furs) and the bulging of N, as is disadvantageous structurally to the 
subsequent combination of proton-electron pair. Similarly, the forma
tion of O1-H bond on Co3O4 is accompanied by the Co1-O1 bond broken, 
the N-O1 bond extension from 1.26 Å to 1.44 Å (Fig. 8b), and the in
crease of charges from − 0.51 e on O1 to − 0.09 e on O1H group. It 
indicates the weakening of both Co1-O1 and N-O1 interactions. In 
addition, the O1 stands on the surface of Co3O4, as favors the following 
combination of next proton-electron pair and the consequent dehydra
tion reaction. In the *NO2H → *NO process on Co3O4@MoS2, more 
obvious structural changes are observed: the broken of Co2-O2 bond, the 
departure of dissociated OH group, the formation of Co2-N bond, and 
the extension of N-O bond from 1.48 Å to 1.57 Å and the Co1-O1 bond 
extension from 1.97 Å to 2.11 Å (Fig. 8c). The O replaces N as the most 

Fig. 8. The structural model changes at PDS for (a) Co3O4, (b) MoS2 and (c) Co3O4@MoS2 (atomic colors represent: yellow, S; purple, Mo; gray, N; red, O; blue, Co; 
white, H). 
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exposed atom, facilitating the next step of hydrogenation. During the 
*NO2H → *NO process on Co3O4@MoS2, MoS2 transfers 0.35 e to Co3O4 
and the intermediate. There are more charge accumulation compared to 
those on the independent Co3O4. In addition, in the O1-N group on 
Co3O4@MoS2, the charge on O1 decreases by 0.04 e while the N charge 
increases by 0.34 e, indicating that the Co2-N interaction increases while 
the Co1-O1-N coupling decreases, which facilitates the next step of 
deoxygenation. In contrast, the charge on O1 and N in the O1-N group 
on the independent Co3O4 increases by 0.27 e and 0.01 e respectively, 
and the enhanced interaction between Co2-O1 is not conducive to the 
next step of deoxygenation. Therefore, MoS2 in Co3O4@MoS2 does not 
directly participate in the reaction as an active site but also plays a non- 
negligible role. 

The charge density differences of the PDS step on three catalysts are 
represented in Fig. 9. With MoS2 as a catalyst, the charge depletion 
between O1-N and the accumulation between Mo-O1 observed in Fig. 9a 
indicate that more electrons populate on O1, as is in accordance with the 
former discussion about the charges. Fig. 9b shows distinct charge 
depletion between O-N and charge accumulation between Co-O, which 
implies that the Co3O4 cluster can serve as a nitrate-activated center. In 
the case of Co3O4@MoS2 (Fig. 9c), the oxygen atom accumulates a large 
charge, which makes deoxygenation easier, as the energy accumulation 
after the oxygen hydrogenation step leads to the breaking of the N-O 
bond. Furthermore, the electron depletion and accumulation of 
Co3O4@MoS2 locate mainly on Co3O4, as indicates that the immediate 
active site of the reaction is on Co3O4. The charge distribution on the 
surface of Co and S atoms also reflects the new Co-S bond as a bridge for 
charge transfer between MoS2 and Co3O4, which corresponds to the 
previous charge transfer situation, further demonstrating the synergistic 
role played by MoS2 in the catalyst. It attributes to the lower energy 
barrier of Co3O4@MoS2 as compared tothose of Co3O4 and MoS2. The 
theoretical results show that the catalytic performance of Co3O4@MoS2 
is significantly improved, which is in consistent with the experimental 
results. 

4. Conclusion 

The use of ZIF-67 as a precursor to synthesize Co3O4 effectively re
duces the volume of nanoparticles, then the use of MoS2 as a support 
solves the problem of nanoparticle aggregation and provides a syner
gistic effect for the formation and coordination of S-Co to enhance the 
activity of the catalyst. Experiments show that Co3O4@MoS2 has good 
catalytic activity, selectivity, and stability. It shows excellent FE and 
NH3 yield rate of 52.69% and 4539.61 μg h− 1 mg− 1

cat at -0.64 V, as is 
significantly improved as compare with those of Co3O4. DFT calcula
tions show that Co3O4@MoS2 has lower energy barrier and smaller 
bandwidth than those of Co3O4 and MoS2, proving that the Co3O4@
MoS2 has better performance for eNO3RR than Co3O4 and MoS2. This 
study proposes an effective solution to the problem of metal oxide 

nanoparticle aggregation, and future research needs to carry out for 
nitrate reduction tests in the protection of resources and environment. 
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