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Abstract 

The gas-phase Haber–Bosch process has been the main industrial source of ammonia over the 

last century. However, its reliance on high temperature and high pressure for enormous energy 

input emits greenhouse gas to air and is associated with the depletion of fossil fuels. The need 

of the hour is to replace this method with environmentally sustainable processes, among which, 

photocatalytic nitrogen reduction has attracted much attention. In this work, we report a low 

cost, scalable manufacturing of wireless gas-phase photoreactors for nitrogen reduction under 

ambient conditions based on 2D amorphous molybdenum oxysulfides, i.e. MoS2+x-MoO3-y 

composites. They show excellent nitrogen reduction efficiencies of ~141 mol/g/h with 

remarkably stable performance. The amphiphilic MoS2+x and MoO3-y composites selectively 

chemisorb and activate N2 and H2O molecules, respectively, and enable multiple photodriven 

redox reactions towards NH3 evolution. Such photoreactors for ambient ammonia synthesis 

provides a potentially feasible route towards next-generation gas-phase industrial ammonia 

production. 

Keywords: N2 fixation, 2D amorphous, Amphiphilic, Selective adsorption, gas-phase 

photocatalysis 

 

 

 

 

 

 

 



 
 
 
1 Introduction 

When a crystal dimension decreases to quantum/tiny scales, the enlarged surface areas increase 

materials utilization efficiency with receiving more local activities, which enabled various 

applications, including catalysis.[1] Unlike a crystal, an amorphous solid needs less energy 

budget for preparation and proffers rich local activities without the need of tiny size; 

furthermore, diverse atomic arrangements can readily form multiple amorphous solids/phases 

(i.e. so-called amorphous polymorphism). Amorphous bulk polymorphism was first put 

forward long time ago.[2] Owing to recent advancements in nanomaterials science, it has once 

again emerged as a promising pathway towards amorphous phase science and technology. 

Many of the amorphous nanomaterials fabricated thus far exhibit good performance in 

catalysis, energy storage, and mechanics. Among them, two-dimensional (2D) amorphous 

nanomaterials have been the most attractive since they combine the merits of both 2D structure 

and amorphous disordering[3-6]. In catalytic applications, such 2D amorphous materials can 

also introduce more active sites by increasing the surface area available for catalysis in the 

applications such as hydrogen evolution reactions based on Pd3P2S8[7] and on nickel 

monoxide,[8] and oxygen evolution reaction based on cobalt–iron hydroxide.[9] However, 2D 

amorphous materials for photocatalytic nitrogen reduction reaction (NRR) have been rarely 

reported in the literature.  

Traditionally, the industrial fixation of nitrogen has been based on Haber–Bosch (HB) process 

which operates at high temperature and pressure. This process is responsible for 1-2% of the 

world’s energy usage and produces hundreds of millions tons of CO2 every year.[10] 

Accordingly, there is a strong push from within the international community to replace this 

method with environment friendly, energy efficient processes. Among these processes, 



 
 
 
photocatalytic nitrogen reduction has gained much attention, as it imitates the natural nitrogen 

fixation process.[11]   

However, almost all the photocatalytic NRRs reported till date operate in aqueous solution. 

This method has intrinsically limited-efficiency and high-costs arising from issues such as: i) 

reaction interruption and accelerated evaporation under N2 gas introduction (e.g. N2 bubbling); 

ii) low-temperature freezing; iii) electrolyte corrosion; iv) catalyst aggregations; and 

especially, (v) the low solubility of N2 in water.[12] These limitations make a compelling case 

for development of gas phase NRR. Unfortunately, only few gas phase NRR systems have thus 

far been reported with very low efficiency, based on crystalline WO3 synthesized at high 

temperature (1050-1250 oC).[13] The adsorption selectivity of N2/H2O molecules to 

amorphous NRR photocatalysts is also rarely reported. 

In this work, we report the preparation of 2D amorphous molybdenum oxysulfide, i.e. 

MoS2+x-MoO3-y, composite, which uses thermal solvent synthesis followed by a relatively 

low temperature 200 oC annealing. It is found that the co-existence of MoS2+x and MoO3-y 

sites in amorphous MoS2+x-MoO3-y (a-MoS2+x-MoO3-y) material engenders selective 

adsorption to N2 and H2O molecules. These two sites work in concert as the active catalyst - 

a wireless photoreactor - to perform photo-redox NRRs in the gas-phase at ambient 

temperature and pressure with excellent performance stability. Significantly, the preparation 

of active a-MoS2+x-MoO3-y requires only a low thermal budget, the gas-phase wireless 

photoreactor is readily up-scalable, the reaction occurs at room-temperature and atmospheric 

pressure, and the photoinitiated reactions can be coupled to sustainable solar energy sources. 

All of these are crucial factors for the developments of next-generation ultra-large-scale, 

practical catalytic systems. 

2 Experimental 



 
 
 
Materials: Molybdenum(V) chloride (MoCl5, 95%), 1-Dodecanethiol (98%), and 1-Octadecene 

(95%) were purchased from Sigma-Aldrich. Hexane was purchased form Chem-Supply Pty 

Ltd. Plain carbon cloth (1071 HCB) was purchased from The Fuel Cell Store. Water was 

purified by the Milli Q system. Other chemicals are all in analytic standard.  

Preparation: Firstly, MoCl5 (1 mmol), 1-Dodecanethiol (5 mmol) and 1-Octadecene (50 ml) 

were added in a 100 ml three-necked flask. A clear brown solution was obtained with the help 

of ultrasonication. The solution was heated to 100 °C under N2 protection until the outcoming 

gas was tested to be neutral with a wet pH paper.  Later, the solution was heated up to 200 °C 

which was maintained for 1h. The solid product was collected by centrifuge and was washed 5 

times with hexane, and then dispersed in hexane.  

Characterization: Transmission electron microscopic (TEM) observations were carried out on 

a JEOL-2100 electron microscope after the diluted dispersions of the particles were dropped 

onto carbon coated copper grids. The morphologies of the composites were investigated with a 

Zeiss UltraPlus Field emission scanning electron microscope (FESEM). X-ray diffraction 

(XRD) patterns were acquired on a Bruker X-ray diffractometer (Cu Ka). Atomic force 

microscopy (AFM) (Digital Instruments) was used to determine the thickness of the 2D 

composites. Photoluminescence and Raman spectroscopy were performed using a Horiba 

LabRAM system equipped with a confocal microscope a charge‐coupled device (CCD) Si 

detector. The laser light with wavelength of 532 nm was focused onto the sample surface with 

a diameter of ≈1 µm. EPR measurements were performed using a Bruker E500 spectrometer 

equipped with a Bruker ER 4122 SHQE resonator. Microwave power was 0.6318 mW, 

microwave frequency 9.8 GHz, and modulation amplitude 5 G. 



 
 
 
The XAFS measurements at the Mo K-edge were performed at the BL14W1 of Shanghai 

Synchrotron Radiation Facility (SSRF) by transmission mode. The XAFS data were analyzed 

by the ATHENA and ARTMIS software with FEFF code of Raval. 

X‐ray photoelectron spectroscopy (XPS) was employed to investigate the surface chemical 

bonding states of the as-prepared samples, performed on a Thermo ESCALAB250Xi X-ray 

photoelectron spectrometer with mono-chromated Al Kα radiation (hν=1486.6 eV) as X-ray 

source (power of 120 W, pass energies of 100 eV for survey scans and 20 eV for region scans, 

spot size 500 µm). Analysis was performed in a vacuum chamber (<2×10−9 mbar) and the 

binding energy of C 1s peak at 284.8 eV for adventitious hydrocarbon was used as a reference 

for calibration of all XPS results. 

Property test: After washing with acetone and water, the carbon cloth was treated with Piranha 

solution and then washed with water several times.  After that, the carbon cloth was boiled in 

NaOHaq (1 M) and then was washed in H2SO4 (1 M), followed by water and ethanol, and later 

dried in an oven. The carbon coth was cut into 1cm x 3cm pieces. The MoS2+x-MoO3-y hexane 

solution was drop casted on a carbon cloth, which was dried and then annealed in the tube 

furnace at defined conditions.  

0.5mg of MoS2+x-MoO3-y drop casted per cm2 of a carbon cloth, and a small glass vial 

containing 1 ml water were placed in a sealed quartz tube (Figure 3a). The quartz tube was 

purged with N2 gas for half an hour and then was irradiated for 2 h under the 60 W Xe lamp. 

After the photoreaction, the product was collected in H2SO4 (1 ml, 5 mM) in a vial by purging 

N2 through the quartz tube. As the water in the quartz tube may absorb the NH3, the NH3 

concentrations in both water and H2SO4 were tested by the indophenol blue method. According 

to this method, 150 µl of a Salicylic acid, Sodium citrate, Sodium hydroxide mixture solution 

and 30 µl each of Sodium nitroprusside and Sodium hypochlorite were added to 3 ml of the 



 
 
 
reaction solutions. This was kept in a shaker for 1 h for the development of colour. The reaction 

solutions were spectrophotometrically tested at 700 nm using a Cintra 2020 UV-Vis 

spectrophotometer. 

Isotopic labeling: The setup for isotopic labelling studies was the same as that for NRR 

performance testing. 30-minute degassing was carried out for the samples sealed in the quartz 

bottle with ultra-high purity Argon gas and then the isotopic 15N2 gas was flowed into the sealed 

quartz bottle. This bottle was then irradiated using the 60 W Xenon lamp to produce NH3. The 

procedures following the reaction are mentioned in the case of NRR performance testing. The 

corresponding indophenol anions with 14N and 15N were analyzed on the Orbitrap Elite hybrid 

ion-trap mass spectrometer in combination with Ultimate 3000 HPLC. 

DFT calculations were performed using Vienna Ab initio Simulation Package (VASP)[14, 15] 

with projector augmented wave (PAW)[16] potentials describing the interaction between ion-

cores and valence electrons. Plane waves with kinetic energy cut-off of 408 eV were used as 

the basis set. Generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE) was 

used for the exchange-correlation functional[17]. Grimme’s PBE+D3 method[18] was used to 

accurately include van der Waals interaction in the calculations. Brillouin zone was represented 

by the Γ point. Forces on all atoms were converged to less than 0.025 eV/Å. The amorphous 

molybdenum sulfide was modelled by a chain-like structure containing 6 Mo atoms and 20 S 

atoms, as proposed in Ref[19].  The model of amorphous molybdenum oxide was set up by a 

4×4×1 supercell of bulk MoO3. To carry out the adsorption calculation, we added a vacuum 

region of about 15 Å to the model. To be consistent with our experimentally measured Mo:O 

ratio of 1:2.8, we created the model with deficient O so that the model contained 32 Mo and 89 

O atoms. The model was subject to molecular dynamics simulations at 300 K for 10 ps followed 



 
 
 
by another 5 ps for cooling to 0 K. The time step was set to be 2 fs. The adsorption energies 

were calculated by taking the total energy difference with respect to molecular N2 and H2.  

3 Results and Discussion 

3.1 Material Characterization 

The 2D a-MoS2+x-MoO3-y composites are prepared by a decomposition of coordination 

complex precursor (Mo(SC12H25)x) at 200 °C. After washing with hexane, the as-prepared 

product is further annealed at 200 °C under a vacuum of 2.5 mbar to eliminate the capping 

agent (C12H25SH). Scanning electron microscopy (SEM) image (Figure 1a) shows the as-

prepared a-MoS2+x-MoO3-y composites have a 2D morphology with a size of several hundred 

nanometers. The low-temperature annealing process does not change the 2D morphology. 

AFM (Figure 1d) confirms the 2D morphology with thickness of ≈6 nm and shows that the 

composites are polydispersed with lateral size around one micron. The 2D morphology and 

amorphous feature are confirmed by transmission electron microscopic (TEM) (Figure 1b) and 

high-resolution transmission electron microscopic (HRTEM) (Figure 1c) measurements. The 

electron diffraction pattern shows a bright sphere without any dots or circles (inset in Figure 

1c). As a comparison, the crystallized sample was obtained from annealing the sample at 400°C 

under the same vacuum of 2.5 mbar. Under these conditions the sample loses its 2D 

morphology and forms instead 1D scrolls (Figure 1e). This 2D-to-1D morphology transition is 

due to the mechanical stress released following formation of the crystalline structure.[20] 

HRTEM image with lattice fringes (Figure 1f) shows the sample attains a polycrystalline 

nature after annealing at 400 °C with electron diffraction data showing a dot pattern (inset in 

Figure 1f), in agreement with the HRTEM observation.  



 
 
 
X-ray photoelectron spectra (XPS) measurements (Figure 1g-i) show that the material consists 

of both S-rich molybdenum sulfide (MoS2+x) and O-deficient molybdenum oxide (MoO3-y). 

According to previous reports, MoO3 is generally present in amorphous MoS2+x.[21] This is 

because adventitious water can oxidize the amorphous sheets or even react with the precursors 

to generate oxidized Mo clusters, thereby leading to oxide component in the amorphous 

composite.[21-24] For the sample annealed at 200 °C (the same temperature as that applied 

during thermal solvent synthesis step), Mo 3d5/2 shows three peaks at 229.41, 230.92, and 

232.65eV, which correspond to Mo4+, Mo5+, and Mo6+(MoO3) oxidation states, respectively 

(Figure 1g).[25] Similar to amorphous molybdenum oxysulfide thin films, Mo4+ ions have a 

trigonal prismatic environment (MoS6) in MoS2, the Mo6+ ions have an octahedral environment 

in MoO3, and Mo5+ ions have both oxygen and sulfur neighbours.[25] Note here, we used 

MoCl5 as the precursor for the synthesis (see experimental section). It is expected that the Mo5+
 

will be most prevalent oxidation state in the sample annealed at low temperature (200 °C), with 

higher temperatures suppressing the Mo5+ content due to loss of S. Instead, high temperature 

annealing should promote more MoO3 formation due to chemisorbed water or O2.[26]. Indeed, 

we found the Mo5+ peak dominates in the 200 °C annealed sample, but diminishes dramatically 

after annealing at 400 °C. The latter is accompanied by an increase in MoS2 and MoO3 peaks. 

The amorphous - crystalline phase transition occurs at 400 °C, triggering the morphology 

change to 1 D scrolls with 400 °C annealing.[20] In terms of S, 2p3/2, two peaks at 162.1 eV 

and 163. 2 eV can be observed which contribute to MoS2 and unsaturated S2−/terminal S2
2−  

(associated with Mo5+ and rich S in the context), respectively, (Fig 1h).[27] Evidently, the peak 

at 163.2 eV decreases after annealing at 400 oC, which means the S (unsaturated S2−/terminal 

S2
2−) was lost, implying the S-rich sites related to catalysis would be affected.[27] On O 1s 

spectra (Figure 1i), the main peak at 531.1 eV corresponds to O2- in MoO3,[28] and peaks at 



 
 
 
532.1 and 532.8 are attributed to oxygen vacancies and surface hydroxyl groups, 

respectively.[29] The oxygen vacancies peak decreased after 400°C annealing. 

The amorphous and crystalline samples were further confirmed by Raman spectroscopy and 

powder XRD. As shown in the Raman spectrum (Figure 2a), there were no specific peaks at 

E1
2g (375–385 cm−1) and A1g (400–410 cm−1) for the 200 °C annealed sample. The vibration 

band in the 280-380 cm−1 region is assigned to amorphous ν(Mo-S)couple, confirming the 

amorphous nature.[30] Peaks attributed to MoS2 crystals appear at 384 cm-1 and 406 cm-1, and 

are only visible in the samples annealed at 400 °C.[31] In addition, the broad peak at 825 cm-

1 in both samples (Figure 2a) is assigned to Mo2-O stretching modes.[32-34] In the XRD 

pattern, there was no specific peak of the samples annealed at 200 °C, indicating the amorphous 

nature of this composite (Figure 2b). However, powder XRD pattern of sample annealed at 

400 °C displayed the characteristic diffraction peaks of the crystals with (100) and (110) facets 

of MoS2 (Figure 2b).[35] 

In the UV-Vis spectrum (Figure 2c), the black-coloured a-MoS2+x-MoO3-y shows a relatively 

broad structureless absorption. There are two absorption peaks around 260 nm and 410 nm 

observed after annealing at 400 °C, demonstrating the initiation of MoS2+x-MoO3-y 

crystallization.[36-38] The photoluminescence spectrum of a-MoS2+x-MoO3-y gives a broad 

peak around 680 nm from local defect states associated with oxygen vacancy of MoO3[39] and 

this peak dramatically decreased after annealing at 400 °C (Figure 2d), indicating defect 

reduction with crystallization. Our observation is consistent with the phase transition of 

amorphous MoSxCly prepared by CVD, using MoCl5 and sulfur as precursors. Below 325 °C, 

only the amorphous phase could be observed. However, the material transitions to a crystalline 

structure when grown above 375 °C.[40] In addition, our experiment also shows that a-MoS2+x-



 
 
 
MoO3-y maintains a 2D morphology and amorphous phase when they are annealed at 300 °C 

(Figure S1).  

The MoS2+x-MoO3-y phases formed under different annealing temperature is further 

investigated by X-ray absorption fine structure (XAFS) measurements. The X-ray absorption 

near edge spectra (XANES) are shown in Figure 2e for standard MoS2 bulk and our composite 

material, which show similar features with some small difference. Characteristic peaks tend to 

get closer to the standard MoS2 bulk with increasing temperature, indicating the similar spatial 

configuration of Mo after annealing. As illustrated in the Figure 2f, the absorption thresholds 

of 200 °C and 400 °C are higher than that of MoS2 bulk, indicating a higher valence state of 

the Mo atom, in agreement with the aforementioned XPS results. Figure 2g shows the Fourier-

transformed XAFS spectra of MoS2+x-MoO3-y, annealed at 200 °C and 400 °C, respectively. 

These compared with standard MoS2 foil. The peak locates at 1.0-2.3 Å represents the 

interaction of Mo-S bonds while the peak locates at 2.3-3.3 Å corresponds to the Mo-Mo 

scattering. For the sample annealed at 200 °C, similar to an earlier report, the shorter Mo-Mo 

apparent bond length was observed (black arrow).[41] After annealed at 400 °C, the peak 

positions are similar to that of pure MoS2 bulk with a lower intensity indicating the partially 

crystallized MoS2 in these samples, which is in agreement with the Raman and XPS 

measurements aforementioned. The local configuration of Mo atoms for different samples is 

revealed through fitting the R-space spectra (Figure S2, Table 1). In the case of the sample 

annealed at 200 °C, the parameters of the Mo−S and Mo−Mo bonds are in good agreement 

with amorphous MoS2+x film as reported earlier,[42] in which the Mo-S and Mo-Mo distances 

were fit with 2.4 and 2.7 Å, respectively. However, the Mo-Mo distance was fit with 3.15 Å 

for the sample annealed at 400 °C which is similar to MoS2 bulk. The short Mo-Mo distance 

for the sample annealed at 200 °C imply the amorphous nature of the MoS2+x-MoO3-y 



 
 
 
composites, where the amorphous structure relaxes the bonding strain at short distances.[41] 

Moreover, as shown in Table 1, the coordination number also increases from 3.85 to 4.66 for 

Mo-S and from 1.63 to 3.43 for Mo-Mo after annealed at 400 °C. Unsaturated coordination 

environment would increase the reactivity of the catalysis.[43] 

Figure 2h shows the continuous wave (CW) X-band Electron Paramagnetic Resonance (EPR) 

measurements of the amorphous (200 °C annealed) and crystalline (400 °C annealed) MoS2+x-

MoO3-y. There are three signals observed: i) an intense derivative with crossing point at 

g=1.941; a sharp derivative signal with crossing point at g=2.004; and iii) a broad absorption 

feature at g=2.1, which represents the low-field edge of a signal which superimposes the more 

intense g=1.941 derivative. In subsequent gas exchange experiments it is shown that the 

g=1.941 signal is composite, made up of two axial Mo(V) signals corresponding to the two 

Mo environments of the material i.e. square-pyramidal Mo-S (MoS2+x) and Mo-O (MoO3-

y).[30, 44] It is clear that the g=1.941 signal decreased to a large extent after annealed at 400 

°C, in good agreement with the XPS data. The other two signals are not changed by annealing 

and thus are unlikely to be involved directly in catalysis. The sharp signal at 2.004 is assigned 

to a sulfur centered defect site, whereas the more broad underlying signal could be a assigned 

to a number of species i.e. an axial Mo(III)-S center, a more rhombic Mo(V) center with both 

S/O ligands or possibly a S centered radical/radical chain.[44-46] 

3.2 Catalytic Activity 

A wireless gas-phase photoreactor was assembled for NRR by loading the a-MoS2+x-MoO3-y 

composites onto carbon cloth to work as the freestanding photocatalysts, as schematically 

shown in Figure 3a, where photodriven NRRs were performed at ambient conditions, i.e. at 

room temperature and under normal pressure. After the photocatalysis reaction, the NH3 is 



 
 
 
detected by the indophenol blue method, where the peak at 700 nm is used to measure the NH3 

concentration in the UV-Vis spectrum i.e. NH3 was converted to the indophenol anion form by 

its reaction with phenol, sodium hypochlorite and sodium nitroprusside in a basic environment. 

The a-MoS2+x-MoO3-y composites annealed at 200 °C shows much better NRR efficiency (86.2 

mol/g/h) than the sample annealed at 400 °C (6.7 mol/g/h) (Figure 3b). This is attributed to 

the amorphous structure of the catalyst which is supposed to provide rich local active sites.[47] 

To confirm that the NH3 formed during the photocatalytic reactions originated from the N2, 

the photocatalytic reaction was conducted by using 15N2 as the gas source. The corresponding 

indophenol anions with 14N and 15N were analyzed by liquid chromatography-mass 

spectrometry (LC-MS). With 14N input, the indophenol anion shows the peak at m/z 198 and 

that of 15N gives the peak at m/z 199. In Figure 3f, the product obtained by using 15N2 as the 

gas source exhibited a much stronger peak at m/z 199 than that of its natural abundance, 

indicating that N2 was indeed the source of NH3 produced during the photocatalytic reactions.  

In order to enhance NRR efficiency further, we optimized the vacuum pressure under the 

optimal 200 oC annealing condition. Negative pressures during annealing facilitate removal of 

surface capping agents (C12H25SH) which block the catalytic reaction pathways. Furthermore, 

the same procedure can also perturb the S-rich structure of a-MoS2+x-MoO3-y, which 

diminishes performance due to the loss of disulfide active sites.[48, 49] Figure 3c shows the 

performance of the samples annealed at 200° C at different pressures. The composite annealed 

at 50 mbar shows the best performance producing ~141.2 mol/g/h of product, which is 

comparable with most of other materials in literature, such as Cu-TiO2 with 79 mol/g/h, Ru-

GaN with 120 mol/g/h, and Bi5O7I of 223mol/g/h NH3 yield.[50-52] Moreover, we note that 

these a-MoS2+x-MoO3-y composites show excellent NRR photoredox catalytic stability. As 



 
 
 
shown in Figure 3d, the amount of NH3 increases almost linearly after prolonged 

photoirradiation (up to 24 hrs) by repeating 12-cycle reactions on the same photocatalyst. The 

stability of the catalyst is also tested with the Raman spectra. Based on the Raman results as 

shown in Figure S3, there is no obvious change after 40 hours of photoreaction, which implies 

the catalyst could be stable up to 40 hrs. However, two specific peaks at E1
2g (375–385 cm−1) 

and A1g (400–410 cm−1) of MoS2 appeared after 60 hrs, indicating the structural phase 

transformation of amorphous MoS2+x to the MoS2 with forming some long-range ordered 

structure, which has also been observed in hydrogen evolution process.[53]  

In the NRR process, two reactant molecules of N2 and H2O will be, respectively, involved in 

the reduction and oxidation reactions, which couple to complete N2 fixation into ammonia. The 

oxide component in a-MoS2+x-MoO3-y, MoO3-y is expected to favor H2O molecular adsorption. 

The calculated adsorption energy of H2O on MoO2.8 is as low as -1.24 eV, much lower than 

that on MoS2+x (-0.83 eV) (Figure 4b). The other component of the composite, S-rich 

amorphous MoS2+x, was studied theoretically in the N2 adsorption for a better in-depth 

understanding. Based on the theoretical calculations, it was found that the S-rich amorphous 

MoS2+x shows excellent N2 adsorption capacity due to a very low adsorption energy of just -

0.84 eV (Figure 4b). This is much lower than the adsorption energy for N2 on the amorphous 

MoO2.8 (-0.49 eV) and normal crystalline MoS2 (-0.11 eV) (Figure 4e). Furthermore, this value 

is lower than N2 adsorption energies on metal doped TiO2 and other transition metal 

particles.[51, 54] Such adsorption behavior manifests that the MoS2+x and MoO3-y components 

selectively chemisorb N2 and H2O molecules, respectively. It is worth noting here, we found 

our S-rich structure also influenced the wettability of the 2D a-MoS2+x-MoO3-y. From the 

contact angle measurements (Figure 4a), the MoS2+x-MoO3-y composites annealed at 200 °C 

shows a neutrally hydrophobic-hydrophilic, i.e. amphipathic, nature (contact angle of 



 
 
 
approximately 90°), which is suitable for adsorbing both non-polar N2 and polar H2O 

molecules for NRR. The contact angle of water droplets on samples annealed at 400 °C shows 

that they are slightly more hydrophilic (56°) because of the loss of sulfur and more oxides 

formed in the samples as proven by XPS. Indeed, the interfacial amphipathic properties of the 

catalyst is also considered as a factor affecting the reactant adsorption and hence catalysis,[49] 

especially for gas phase reactions. Therefore, our a-MoS2+x-MoO3-y composites annealed at 

200 °C show superior catalytic performance. It shows a promising scenario where the 

amphipathicity, as one of the important factors to determine catalyst-reactants solid-gas 

interface interactions, proffers a strong synergy for the photoredox reactions, thus enabling the 

superior NRR. 

In order to further understand how the amorphous nature of MoS2+x in MoS2+x-MoO3-y affects 

its photocatalytic properties, the Gibbs free energy for nitrogen fixation at different steps of 

the material and its corresponding crystals of MoS2 are calculated as shown in Figure 4e.[11, 

55] The amorphous structure of the MoS2+x (Mo6S20) and MoO3-y (MoO2.8) components were 

estimated based on Mo/S and Mo/O ratios in the XPS results and by referring to the previous 

report[30]. The first hydrogenation step leading to N=NH* is considered the most difficult and 

critical step in the entire N2 fixation process.[56] N2 hydrogenation to N=NH* required a 

reaction energy of 0.35 eV for the crystalline MoS2, while the reaction energy for first 

hydrogenations on the amorphous MoS2+x are just 0.13 eV (Figure 4e), resulting in superior 

N2 activation and fixation. Subsequent N=NH* hydrogenation to N–NH2* required a reaction 

energy of only0.42 eV on the surface of amorphous MoS2+x, indicating that the distal pathway 

can be greatly accelerated at this step on a-MoS2+x-MoO3-y.  

3.3 Catalytic Mechanism 



 
 
 
Based on the above observation and calculation, we proposed a catalytic reaction mechanism 

as shown in Figure 4f, where the Mo5+ in the amorphous MoS2+x is the active site for N2 

adsorption and the water molecules are mainly adsorbed on MoO3 which is a good catalyst 

candidate for water oxidation.[57] During the illumination, the amorphous MoS2+x, working 

as the co-catalyst, effectively accepted photogenerated electrons leading to electro–hole pair 

separation on the surface of MoO3-y,[58, 59] where the relative energy levels are referred to in 

other studies.[26, 59, 60] The holes remaining on the MoO3-y oxidise the water to yield 

molecular oxygen with the generated protons and electrons transferred to amorphous MoS2+x. 

The latter reduce the adsorbed N2 on the Mo5+ site that already lowered the activation energy 

of reactions (Figure 4e).  

To test this mechanism, we performed CW-EPR measurements throughout the reaction cycle. 

We started with the sample prepared by 200°C annealing (Figure 4c, Figure S4). Exposure of 

the composite to the two gases in darkness leads to two different outcomes: N2 exposure does 

not change the EPR signal, whereas N2/H2O exposure leads to the selective removal of a more 

structured signal with g-values: g┴=1.941, g║=1.91, consistent with literature values for 

MoO3.[44] As such we interpret the g=1.941 signal as being composite of two Mo(V) sites: 

square-pyramidal Mo-O centers (MoO3-y) and square pyramidal Mo-S centers (MoS2+x), with 

the latter having a smaller g-anisotropy, consistent with literature.[44] These results are 

consistent with N2 and H2O binding at these two different Mo(V) sites: N2 at Mo-S centers 

(MoS2+x), H2O at Mo-O centers (MoO3-y). They also show that N2 binding is not associated 

with a one-electron oxidation/reduction event at a Mo center, whereas H2O binding is. Upon 

illumination, the g=1.941 signal doesn’t significantly change, consistent with the photoredox 

catalytic stability of the material. Finally, it was observed that upon removal of N2/H2O the 

g=1.941 signal recovered (~37%, Figure S5). The same behavior is observed in the less active 



 
 
 
sample prepared at 400 °C (Figure 4d): gas exposure of the now much smaller g=1.941 signal 

appears to lead to a decrease of the signal and light exposure did not significantly change the 

intensity of the g=1.941 signal. 

Turning back to the sample prepared by 200 °C annealing, we note that two other signals: the 

g=2.004 defect signal and broad underlying signal did not change upon gas exposure (N2 

+H2O) further confirming that these two species are ‘spectators’ and not directly involved in 

catalysis. This shows that the rich/unsaturated sulfurs are not the active sites for nitrogen 

adsorption even though their presence is correlated with catalytic activity. We suggest they 

may instead act to capture protons from MoO3 after water oxidation by photoexcited holes.[61] 

This would contribute to the hydrogen source for N2 reduction during NRR. 

 

4 Conclusion 

In conclusion, we show the developed novel gas-phase photoreactors based on 2D amphipathic 

amorphous MoS2+x-MoO3-y photocatalysts in this work meets the requirements for a promising 

NRR reactor. Its key properties are: (i) a 2D morphology with amorphous nature enables 

integration of high-density, local and wireless nano-photoreactors for NRR; (ii) amphipathic 

photocatalyst surface proffers selective adsorption to N2 and water molecules; and (iii) 

synergistically structured MoS2+x-MoO3-y nanocomposites on free-standing carbon cloth 

facilitate the realization of photodriven NRR under the ambient conditions. Compared to 

higher-cost crystalline counterparts, this cheaper amorphous MoS2+x-MoO3-y composite 

exhibits much better NRR performance with robust stability. The achieved wireless gas-phase 

photoreactors for nitrogen reduction at room temperature under normal pressure from this work 



 
 
 
paves a new avenue to develop a bias-free, practical, photocatalytic strategy for next-

generation NRR applications.  
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Figure 1. (a) SEM, (b, c) TEM and (d) AFM images of the a-MoS2+x-MoO3-y nanosheets 

annealed at 200 °C and (e) SEM and (f) TEM images of the sample annealed at 400 °C. Inset 

images in (c) and (f) are the corresponding electron diffraction patterns, and inset in (d) is the 

height profile measured along the red bar on the a-MoS2+x-MoO3-y nanosheet. (g) Mo 3d peaks, 

(h) S 2p peaks and (i) O 1s peaks in the XPS spectra of the MoS2+x-MoO3-y annealed at 200 °C 

and 400 °C. 

 

 

 

 

 

 

 

 

 

 

 
  

 



 
 
 

 

Figure 2 (a) Raman spectra, (b) XRD patterns, (c) UV-Vis and (d) photoluminescence 

spectra of MoS2+x-MoO3-y annealed at 200 °C and 400 °C.  (e) Mo K-edge XANES spectra 

of Mo foil, bulk MoS2 and MoS2+x-MoO3-y annealed at 200 °C and 400 °C, (f) is the 

amplified rectangle area in (e). (g) Fourier-transforms of Mo K-edge EXAFS for MoS2+x-

MoO3-y samples annealed at different temperatures compared with the standard MoS2 foil. 

(h) Room temperature EPR spectra of MoS2+x-MoO3-y annealed at 200 °C and 400 °C. 

 

 

 

 

  

  

 



 
 
 

 

 

Figure 3 (a) Schematic image of a photoreactor for the gas phase NRR in which the catalyst 

was coated on a carbon cloth with a concentration of 0.5 mg/cm2. Photocatalytic NRR 

performance of MoS2+x-MoO3-y annealed at (b) 200 °C and 400 °C (under 2.5 mbar) and under 

(c) different pressures. (d) Amount of ammonia obtained at different reaction times for a-

MoS2+x-MoO3-y annealed at 200 °C. Mass spectra of the indophenols anion formed from 

photocatalytic ammonia products in the presence of (e) 14N2 and (f) 15N2. The inset in (e) shows 

the chemical structure of the indophenol anion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 

 

 

Figure 4 (a) Contact angle of water droplets on MoS2+x-MoO3-y annealed at 200 °C and 400 

°C. (b) Calculated N2 and H2O adsorption energies on amorphous Mo6S20 and MoO2.8 as the 

sub-components in a-MoS2+x-MoO3-y. EPR spectrum measured on MoS2+x-MoO3-y annealed 

at (c) 200 °C and (d) 400 °C, after absorption of gaseous N2 and H2O, followed by illumination 

(intensities are divided by a factor of 100 and 10, respectively). (e) Calculated absorption 

energy diagram for N2 fixation over normal crystalline MoS2 versus amorphous Mo6S20 as a 

sub-component in a-MoS2+x-MoO3-y. (f) Schematic diagram illustration of the mechanism for 

photocatalytic N2 reduction reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 
 
 

 

 

Table 1. Structural parameters calculated from Mo K-edge EXAFS fits for MoS2+x-MoO3-y 

samples annealed at 200 °C and 400 °C.  

 

 

Sample Path  N  R(Å) 

MoS2 bulk Mo-S  6 2.41 

  Mo-Mo  6 3.16 

200 °C Mo-S  3.85 2.40 

  Mo-Mo  1.63 2.70 

400 °C Mo-S  4.66 2.40 

  Mo-Mo  3.43 3.15 
N: coordination number; R: Bond distance. 

 


