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Electrochemical N2 reduction reaction (NRR) provides a quite potential method for ammonia (NH3)
synthesis under ambient conditions, while it requires efficient and durable catalysts. In this
communication, we report an ultrathin nanosheets MoS; that acts as electrocatalyst for NRR, which
assumed excellent selectivity. In 0.1 M Na>SOs with No-saturation under ambient conditions, this
electrocatalyst at -0.6 V vs. reversible hydrogen electrode (RHE) exhibited a large NH3 yield of 41.66
ng h't mg™ca and a Faradaic efficiency (FE) of 1.10%. Furthermore, the electrochemical stability is also
exhibiting excellent.
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1. INTRODUCTION

NHs is not only an important chemical in the production of fibres, resins, fertilizers and
explosives [1-6], but it also a conveniently hydrogen carrier with high-energy density and zero CO>
emission. Even though N is the most abundant gas on the earth, but it is extremely hard to convert into
NHzs, due to the difficulty to cleave inertness of the N=N triple bond [7-9]. In industrially, NH3 is
synthesized by the conventional Haber-Bosch process at harsh reaction conditions. This synthesis
method consumes considerable energy sources, causing huge CO. emissions. Therefore, it is high
urgency to develop sustainable and economical routes for synthesis of NHz under room conditions.

Recently, NRR produced NH3 has aroused abundant research interest [10-34]. Noble metals
including Au [22], Pd [23], Pt [24] and Ru [25] present favourable catalytic performance for the
electrocatalytic NRR. However, such metals are rare and the price is high. In nature, Mo is known as the
active centre in nitrogenases and has a very low potential determining step (PDS) value through the
enzymatic pathway [35], which is proved to be the most successful element for homogeneous N
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functionalization reactions. Thus, to design and synthesize the molecular complexes for N2 reduction
have considerable to pay much attentions. Yang et al.[13] reported the use of Mo nanofilm as an catalyst
for NRR with the NH3 yield of 1.89 ug h* cm. Recently, molybdenum disulphide (MoS2) has been also
as active for NRR, due to possessing is a layered graphene-like structure, low-cost, relatively non-toxic
and good stability of liquid medium. MoS: is firstly reported being used as electrocatalyst of NRR under
room temperature and atmospheric pressure, and the NHs yield of 8.08 x 10 mol s* cm? [12].
Furthermore, defect-rich MoS, nanoflowers and MoS, nanosheet-reduced graphene oxide hybrids
(MoS,-rGO) were reported for NRR, with the NH3 yield of 29.28 pg h™* mg™ca. and 24.82 ug h™ mgcat,
respectively [15,31]. Nonetheless, the hydrogen evolution reaction (HER) is known as the major side
reaction of the NRR, will reduce the activity and FE of the NRR.

In this communication, an ultrathin nanosheet of MoS> was synthesized by sol-Gel-like method
and used as the electrocatalyst for NRR at ambient conditions, in N2-saturation of 0.1 M Na>SO4 solution
present excellent activity.

2. EXPERIMENTAL

2.1. Materials

Anhydrous ethanol was purchased from Aladdin Ltd. (Shanghai, China). Sulfuric acid (H2SOa4),
sodium hydroxide (NaOH), sodium sulfate (Na2SO4), ammonium molybdate ((NH4)sM07024:4H,0),
urea (CH4N20), thiourea (CH4N2S), hydrogen peroxide (H202), hydrazine hydrate (N2Hs-H20),
ammonium chloride (NH4Cl), sodium citrate dehydrate (CsHsNasO7-2H20), sodium nitroferricyanide
dihydrate (CsFeNsNa20-2H20), dimethylaminobenzaldehyde (CoH1:NO), Nafion (5wt.%) and sodium
hypochlorite solution (NaClO) were purchased from Sigma-Aldrich Chemical Reagent Co. Ltd. All
reagents were analytical grades, and without further purification. The type of carbon cloth (CC) in test
is Shanghai Hesen Electric Co. Ltd (HCPO30N). The Ar/N2 gas purify is 99.999%). The water was
purified by a Millipore system.

2.2. Synthesis of MoS; nanosheets

The nanosheet of MoS; was synthesized by similarly Sol-Gel method. As a typical synthesis,
0.46 g of ammonium molybdate, 0.5 g of thiourea, 5 g of urea, 25 mL of deionized water and 75 mL of
anhydrous ethanol were added into 150 mL beaker, respectively. After stirring for about 30 min, a
transparent solution was obtained, the solution was heated to 75 °C until the solution remaining after
about 5 mL, then it was dried in an oven at 100 °C for overnight until get dry precipitation product.
Finally, the dried precipitate was calcined in Ar with the heating rate 5 °C min* at 350 °C for 4 h and
then heat up to 650 °C for 10 h to get the nanosheet MoS;.
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2.3. Preparation of catalyst electrodes

MoS: deposited on carbon cloth (CC) electrode as the working electrode (MoS2/CC MoS>
loading: 0.1 mg cm2). Typically, 10 mg of catalyst were dispersed in 950 L solution containing ethanol
and H2O (volume ration :1/1), then added 50 pL of Nafion solution (5 wt.%) into the mix suspension for
sonicated 1 h to form a homogeneous solution. And then, 10 puL of homogeneous solution was
immediately droped onto the carbon cloth electrode with area of 1x1 cm? and dried under ambient
condition. The MoS2/CC electrode was prepared well.

2.4 Characterization

The phase purity of the as-synthesized samples was analyzed by X-ray diffraction (XRD)
patterns with a RIGAKU Ultimate IV diffractometer using Cu Ko radiation with 60 kV and 60 mA.
Transmission electron microscopy (TEM) was obtained by using JEM-2010EXx (Japan) at an accelerating
voltage of 200 kV.

2.5 Electrochemical Measurements

NRR experiments were measured under ambient condition by a two-compartment cells, and the
cathode and anode cells were separated through Nafion 211 membrane. The Nafion membrane was
firstly boiling in deionized water for 1 h to protonation and then treating in H2O2 (5%) aqueous solution
for another 1 h at 80 °C, respectively. Following, the membrane was treated in 0.5 M H2SOg, for 3 h at
80 °C and finally in water for 6 h before NRR tests. The electrochemical experiments were performed
with an electrochemical workstation (CHI 660D). The three-electrode configuration including prepared
electrode as working electrode, 2x2 cm? Pt foil as counter electrode and Ag/AgCl electrode (saturated
KCI solution) as reference electrode, respectively. The potentials electrode in this work were converted
to RHE scale, calibration by the following equation: E (vs. RHE) =E (vs. Ag/AgCl) + 0.059xpH+0.197
V, and the current desity was normalized to the geometric surface area. The chronoamperometry tests
were conducted for electrochemical NRR.

2.6 Calculation of ECSA

The electrochemically active surface area (ECSA) was determined by double layer capacitance
method. CV measurement was conducted at -0.6V~-0.8 V vs. Ag/AgClI with various scan rates of 20,
40, 60, 80, 100 mV s. By plotting the (ja -jc)/2 at -0.70 V vs. Ag/AgCl against the scan rate, the slope
value was calculated to be the double layer capacitance (Ca).

2.7 Determination of NH3

The concentration of ammonia was estimated by ultraviolet-visible (UV-vis) spectrophotometry
using the indophenol blue method. In a typical run, 0.5 mL of solution containing NaOH (0.32 M) and
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sodium salicylate (0.4 M), 50 uL of solution containing NaClO (0.05 M) and NaOH (0.75 M), and 50
uL of CsFeNsNa2O (1wt.%) added into 4 mL of the electrolyte, and was mixed homogeneous avoid light
for 1 h. The UV-vis absorption spectrum was recorded on a UV1004MO009 spectrophotometer. The
absorbance was determined at A=680~ nm. The concentration-absorbance curves were calibrated using
standard ammonia chloride solution with NH4" concentrations of 0.00, 0.05, 0.10, 0.15, 0.20, 0.25 and
0.30 ug ml?t in 0.1 M NazSOs. The fitting curve (y=0.722x+0.0108, R?=0.997) showed good linear
relation of absorbance value with NHz concentration by three times independent calibrations. The NH3
yield was calculated using the following equation:
CnHa=(Vx[NHs])/(mcarxt)

Where Cnrs (ng mL™?) is the mass produced NH3 concentration, V (mL) is the volume of the

Na>SOs electrolyte, t (h) is the reduction reaction time and m (mg) is the loading mass of catalysts.

2.8 Determination of NoH4

The method of Watt and Chrisp was measured to detected N2Ha. The color reagent was prepared
by mixing 300 mL of ethanol (300 mL), concentrated HCI (30 mL) and p-(dimethylamino)benzaldehyde
(5.999). The absorbance of the resulting solution was measured at A= 456~ nm, and the yield of N2H4
were calculated from the standard curve using the 5 mL of the electrolyte and 5 mL of color reagent
were mixed for 20 min. The N2H4-H20 solution were as a standard for absolute calibration of this
method, and the fitting curve showed a good linear relation of absorbance with the N2H4 concentration
(y=0.561x+0.0320, R?=0.999) by three times’ independent calibrations.

2.9 Faradaic efficiency

The FE of the NRR is defined as the amount of electric charge used for synthesizing NHz divided
by the total charge passed through the electrodes during electrolysis. Assuming three electrons are
needed to produce one NHz molecule, the faradaic efficiency can be calculated as follows:

FE=(3FXVx[NH3])/(Qx17)

Where F (96485 C mol™?) is the Faraday constant, NHs (mol) is the number of moles of produced

NHz and Q (C) is the total electric charge during the whole NRR process.

3. RESULTS AND DISCUSSION

3.1. Characterization of MoS, nanosheets

The X-ray diffraction (XRD) pattern of MoS, sample was showed in Fig.1a. The peaks at 13.78°,
33.44°, 39.65° and 58.55° are assigned to (002), (100)+(101), (103), and (110) of MoS;, respectively
(JCPDS No.73-1508).
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Figure 1. (a) The XRD pattern of MoS. sample. (b) The TEM image of MoS2 and XPS spectra of MoS>
sample in the Mo 3d (c) and S 2p (d) regions.

Fig.1b presents the transmission electron microscopy (TEM) image, which exhibits a lamellar
morphology consisting of 3-6 layers S-Mo-S and the lattice spacing of 0.62 nm corresponding to (002)
plane. The X-ray photoelectron spectroscopy (XPS) spectra of Mo 3d and S 2p regions was displayed in
Fig. 1c and 1d. The binding energies (BEs) at 228.7, 231.8, 232.8 and 235.7 eV are assigned to Mo*
and Mo®*. The binding energy at 225.9 eV is confirmed to the presence of sulphur in the MoS; structure
[36]. The BEs at 162.3 and 163.5 eV are assigned to S 2ps> and 2pu/2, respectively, consistent with the
sz,

3.2. Electrochemical Performance

The NRR electrochemical performance were carried out using a typical three-electrode system,
the produced NHs and the possible by-product N2Hs were determined by spectrophotometry with an
indophenol blue method [37], dimethylaminobenzaldehyde [38], respectively. The corresponding
calibration curves of NH3z and N2H4 were showed in Fig.2.
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Figure 2 (a) The UV-Vis absorption spectra of indophenol assays with NH4* ions after incubated for 1
h at room temperature. (b) Calibration curve used for estimation of NH4" ion concentration. (c)
The UV-Vis absorption spectra of different N2H4 concentrations after incubation for 20 min at
room temperature. (d) Calibration curve used for calculation of N2H4 concentrations.

Fig. 3a exhibits the linear sweep voltammetry (LSV) curves under N2- and Ar-saturated 0.1 M
Na>SO4 solutions. It is obviously seen that MoS2/CC attains higher current density in N»-saturated
solution, indicating that MoS2/CC has catalytic activity for the NRR. Fig. 3b shows the UV-Vis spectra
after electrolysis 2h, demonstrating the NRR can be occurred from -0.3 to -0.7 Von MoS,/CC electrode.
Remarkably, the maximum absorbance at -0.6 V, suggesting that the MoS2/CC can achieve the highest
NHs yield at this potential. Fig. 3c presents the current density curves at various potentials, and the
current density almost remains constant, indicating their excellent stability under 2 h electrolysis in N2-
saturated electrolytes. Fig. 3d illustrates the average NHs yields and FEs. It is clearly seen that the
parameters increase from -0.3 until -0.60 V, where the maximum NH3 yield and FEs were achieved,
41.66 pug h™t mgea and 1.10%, respectively. Fortunately, the NH3 yield is higher than most reported
electrocatalysts, including MoS2/CC (8.08x10 *'mol st cm™) [12], Mo nanofilm (1.89 pg h™t cm™) [13],
Pd/C (4.5 pgh™ mgea) [23], and MoS,-rGO (24.82 pug h™ mgcat) [31]. The more detailed comparisons
are displayed in Table 1. To understand the origin of the enhanced NRR activity, surface areas were
measured for the samples using electro-chemical double-layer capacitance [39], as shown in Fig. 4. The
electrochemically active surface area (EASC) is calculated tol.7 mF cm™2, which was higher than MoS:-
rGO (0.065 mF cm) [31]. The NHsyield and FE increased from -0.30 to -0.60 V, while the potential is
negatively shifted over -0.60 V, the NH3 yield and FE decreased obviously. This may be the competitive
on the electrode surface of adsorption nitrogen and hydrogen [40, 41]. The NRR on MoS; surface may
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follow the associative mechanism, and the nitrogen molecules are gradually reduced with protons and
electrons [42].
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Figure 3. (a) The LSV curves in Ar- and N2- saturated 0.1 M Na,SOs at scan rate of 5 mV s of
MoS,/CC. (b) The UV-vis absorption spectra of electrolytes after electrolysis for 2 h at series
potentials. (c) The Time-dependent current density curves at various potentials in No-saturated
0.1 M NaxSOs electrolyte of MoS,/CC. (d) The NHz yields and FEs at series potentials of
MoS2/CC.
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In order to verify the NH3 was indeed produced from electrocatalytic NRR over MoS2, we also
measured the electrolysis in a No-saturated/Ar-saturated solution with no applied voltage.

Table 1. Comparison of various electrocatalyst for NRR performance to our MoS; at room temperature.

Catalyst Electrolyte NH; yield FE (%) | Ref.
MoS; 0.1 M NazSOq4 41.66 ugh mg™ cat 1.10 This work
Ag nanosheet 0.1 M HCI 4.62x10" molstcm? | 4.80 43
Ru/C 2.0 M KOH 0.21 pg h'lcm? 0.28 44
Oxygen-doped carbon
nanosheet 0.1 M HCI 20.15 ugh* mg? cat 4.97 45
MoS,-rGO 0.1 M LiClOq4 24.82 ngh* mg?car 4.58 31
La,TiOy 0.1 M HCI 25.15 pg himg L et 4.55 46
K2TisO9 nanobelt 0.1 M KOH 22.88 ugh* mg? cat 8 47
Nb,Os 0.1 M NaxSO4 1.58x10° mol st cm? 2.26 48
Au flower 0.1 M HCI 25.57 ug h't mgiea 6.05 49
FesO4 nanorod 0.1 M NazSOq4 5.6x101 mol stcm 2.60 50
Ags:Cu 0.1 M Na,SO4 24.59 pg h mg e 1328 |51
MoS; Nanoflower 0.1 M NaySO4 29.28 ug h't mgea 8.34 15
Cr,03 0.1 M HCI 28.13 pg h mgtea 8.56 52
Cu-Ce0-3.9 0.1 M NazSOq4 5.3x101° mol stcm 19.1 53
TiSz nanosheets 0.1 M NaySO4 16.02 ug h't mgea 5.5 54
Mo nanofilm 0.01 M H2S04 1.89 pg htcm? 0.72 13
MoS,/CC 0.1 M NazSOq4 8.08x107* mol stcm? | 1.17 12
Pd/C 0.1 MPBS 4.5 pg ht mge 8.2 23
33 a —N,0h gj D —Ar-0h
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Figure 5. The UV-Vis absorption spectra of 0.1 M Na>SO4 electrolytes stained with indophenol indicator
after continuously supplying (a) N2 and (b) Ar with no applied voltage.
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It is clear that there were almost no differences of the corresponding UV-vis spectra for both
cases, between before and after electrolysis (Fig.5), suggesting there are no NHz generated. Furthermore,
we investigated the

CC electrode for NRR at -0.60 V for 2 h electrolysis under ambient condition. The CC electrode
and MoS,/CC electrode relevant UV-vis absorption spectra are displayed in Fig. 6a. Apparently, CC has
almost no electrocatalytic activity for the NRR (Fig. 6b). These results declare that the N> fixation
process occurs with the existence of MoS,. There were no by-product N2H4 is detected in final
electrolytes at all potentials (Fig. 7), which implies MoS> has good selectivity for NRR.
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Figure 6. (a) The UV-Vis absorption spectra of electrolytes colored with indophenol indicator after
electrolysis under different conditions for 2 h. (b) The amount of NH3 produced from MoS,/CC
and bare CC after 2 h electrolysis.
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Figure 7. The UV-Vis absorption spectra of various electrolytes estimated by Watt and Chrisp method
after electrolysis in Nz-saturated 0.1 M Na>SO4 for MoS,/CC.
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Figure 8. (a) The recycling test for MoS,/CC at -0.60 V. (b) The M0S,/CC of Time-dependent current
density curve in Nz-saturated 0.1 M Na>SOs at -0.60V for 24 h.

To evaluate the catalytic performance, durability and stability are also important factors. Fig.8a
displays the recycling of NH3 yield rates the FEs, the negligible changes during recycle tests for 5 times
at -0.60 V, suggesting the MoS> with high activity and stability. In addition, we also tested at -0.60 V in
N2-saturated electrolyte for the long-term electrochemical stability, which reveals a stable current for the
testing period of 24 h (Fig. 8b). All these results indicate that MoS2/CC is an excellent durability and
stability electrocatalyst for NRR under ambient conditions.

4. CONCLUSIONS

In conclusion, MoS; has been proved as a high-active, durable and with 100% selectivity
electrocatalyst, for the N2 convert to NH3 at room temperature. The NHj yield is high to 41.66 pg ht
mgteat, and the FE is 1.10% at -0.60 V (vs. RHE) in 0.1 M NazSOa. In the future, we will focus on
modified MoS,/CC electrode in order to enhance the Faradaic efficiency with excellent activity for the
NRR.
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