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ABSTRACT. Atomically thin two-dimensional (2D) materials are of great significance in catalyst, 

energy storage and electronic device. So far, such materials are limited to several categories with 

layered structure. Herein, we predict an unusual atomically thin ZnS2 monolayer, and exploit a 

metal-confined chemical vapor deposition strategy for the successful preparation of such an 

unprecedented 2D material, where sulfide monolayer was firstly grown on metal nanosheets to 

form a sulfide/metal/sulfide sandwich structure, and then the metal core was etched out to obtain 

freestanding sulfide monolayers. The ZnS2 monolayer possesses unique electron-deficient 

properties related to the atomic structure and exhibits high catalytic activity for dinitrogen 

electroreduction. Our work will enable creating 2D TMDs materials that were previously 

inexistent or inaccessible. 

 

Introduction 

Ultrathin two-dimensional (2D) nanomaterials, especially transition metal dichalcogenides 

(TMDs), emerge as attractive building blocks for catalytic1, 2, photonic3, 4, and electronic5, 6 

systems due to their unique atomic/electronic structures and hundreds of configurations with the 
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change of metal species and chalcogenides. Particularly, TMDs show great potential in 

electrochemical catalysis such as hydrogen evolution reaction7 (HER) and N2 reduction reaction8 

(NRR). Conventional 2D TMDs such as MoS2, though proved to be efficient in HER, shows very 

unsatisfied activity and selectivity in NRR owing to the weak adsorption of N2 molecules8. The 

recent work shows that by tunning the transition metal species, the NRR selectivity of can be 

significantly improved9. Thus, exploring and expanding the boundaries of TMDs materials family 

are of great importance both experimentally and theoretically. 

With concerted interests, the field has evolved rapidly in the past few decades10, 11. Now, the TMDs 

family has been expanded from Mo/W-based dichalcogenides to binary, ternary, and even those 

of noble metals, such as PtS2 and PtSe2 (see Table S1)12-18. Notably, a universal approach based 

on molten-salt-assisted chemical vapor deposition has been developed and 47 kinds of atomically 

thin TMDs have been synthesized, involving nearly all transition metals19.  

Although exciting progresses have been made over the past few years, 2D metal dichalcogenides 

with non-transition metal cations are still missing from the phase diagrams. The challenge lies in 

the fact that the bonds between non-transition metal and sulfur spread in three dimensions, and it 

is hard to form the layered structure spontaneously in those compounds, let alone exfoliating 2D 

flakes from their parent crystals. In addition, from the theoretical point of view, the highest 

oxidation state of non-transition metals is less than +3, making them incapable of providing four 

valence electrons to the two S2- in dichalcogenides.  

Zinc locates at the borderline of d-block metal in the periodic table, with fully occupied both d- 

and s-orbits (3d104s2) , thus it is generally excluded from the transition metals and more analogous 

to the alkaline earth metals in terms of the atomic radii, ionic radii, and electronegativities20-23. In 
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a conventional synthesis process, zinc sulfides are usually grown into nanoparticles24 or 

nanowires25 to minimize surface energy and/or accommodate the polarity of different termination, 

as indicated by Wulff construction theory26. So far, 2D nanostructures have never been reported 

for the zinc sulfide. 

Notably, the surface and interface effect can modify the crystal growth and the product 

morphology dramatically27, 28. A typical example is the growth of graphene on copper surface, 

where metallic surface induces the 2D growth of carbon material29. Inspired by this successful 

precedent, for the first time we managed to confine the growth of dichalcogenides on metal surface 

and obtained ZnS2 monolayers on zinc core via a CVD technique. After the zinc core was etched 

out, the free-standing ZnS2 monolayers were obtained and show a novel 1-T phase with sulfur 

anions in a reduced valance state (close to -1). The unique crystal and electronic structures of ZnS2 

monolayer cause enhanced chemical coupling, leading to high faradaic efficiency in 

electrochemical NRR. 

Results and Discussion 

To test the possibility of monolayer ZnS2 materials, we first adopted ab-initio calculations to 

investigate the ground-state energy of three typical phases, including 1T, 1T' and 2H. As shown in 

Figure 1A and Table S2, 1-T phase ZnS2 is more stable compared with 2-H and 1-T' ZnS2 in the 

light of the more negative value of electronic energy. The phonon spectrum is also calculated, 

showing that monolayer 1-T ZnS2 is stable in freestanding state (Figure S1). Despite the theoretical 

feasibility, the synthesis of such “unknown” material is a big challenge. The ab-initio calculation 

is conducted on the confined growth of ZnS2 monolayers on Zn surface. The results indicate that 

ZnS2 layer can be adsorbed tightly on Zn (0002) surface, with adsorption energy (Ead) of 
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~2.68eV/unit cell (Figure 1B and Figure S2). Once Zn surface is covered by ZnS2 monolayer, the 

adsorption of ZnS2 clusters is mostly prohibited due to the rapid attenuation of Ead to 0.26 eV. As 

such, a stable ZnS2 monolayer can be obtained on the Zn surface.  

Based on the theoretical prediction, a CVD technique was employed for the synthesis of ZnS2 

monolayers where Zn vapor directly reacts with S-contained gas (Figure 1C). Different sulfur 

sources (such as SO2, S powder and CS2) are investigated under the same synthetic conditions. As 

shown in Figures S3-S6, CS2 was found to be the only sulfur source which can produce large 

amount of ultrathin nanosheets (with total thickness around 4 nm). The energy dispersive 

spectrometer (EDS) line profile, X-ray photoelectron spectrometer (XPS) and energy filtered 

transmission electron microscope (EFTEM) of a cross-section sample reveal a sandwich structure 

with ultrathin (<1 nm) Zn-S surface layer and pure Zn core layer (Figures S7-S9). The selected 

area electron diffraction (SAED) pattern in Figure S10 shows two sets of conformal patterns along 

[0002] zone axis of hexagonal phases, suggesting the coexistence of zinc single crystal (spots) and 

zinc sulfide (short arc). Furthermore, high angle annular dark field STEM (HAADF-STEM) 

observation of outermost surface indicates the unusual atomic structure which is analogous to the 

side view of the 1-T phase rather than the bulk ZnS phase (Figure S11). The above results 

demonstrate that atomically thin Zn-S layer with novel phase is obtained on metallic Zn surface. 

In the next step, Zn core was eliminated by either heating to 673 K in ultrahigh vacuum (UHV) 

(< 10-5 Pa) or etched in 5 vol% acetic acid solution. The in-situ observation clearly shows the 

removal process of Zn core (Figures S12-S14) without phase change and damage of ZnS2 structure. 

The obtained pure Zn-S layer displays large lateral size (>10 µm) and is transparent for the low 

energy secondary electrons in scanning electron microscope (Figure 2A), implying the ultrathin 

thickness. Indeed, the average thickness of Zn-S layer is determined as 0.66 nm by atomic force 
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microscope (AFM), corresponding to 2~3 atom layers (Figure S15). Moreover, the Zn-S layer 

presents an X-ray diffraction (XRD) pattern distinct from bulk ZnS, with a single broaden peak 

locating at ~29° (Figure 2B) which can be attributed to the (100) plane, this result suggests that 

only one type of continuous crystal plane exists in the Zn-S layer. 

To further probe the structure of Zn-S monolayer, aberration-corrected high-resolution TEM 

and HAADF-STEM were employed to investigate the atomic arrangement in the plane and side 

views, respectively. In the plane view HADDF-STEM image (Figure 2C and Figure S16), Zn-S 

monolayer exhibits an atomic arrangement with 1-T phase structure, where the vacancy sites of 

wurtzite ZnS are occupied by a set of additional low contrast atoms. Since the contrast of HAADF-

STEM image is sensitive to the projected atomic mass (known as Z-contrast), the Zn:S ratio is 

facilely estimated as 1:2 by counting the high contrast (zinc) and low contrast (sulfur) sites, 

according well with the results of XPS and EDS quantification (Figures S17-S19). The 1-T atomic 

structure is also verified by direct observation of cross-section specimen (Figure 2D and Figure 

S20). Moreover, HAADF-STEM and HRTEM images of various phase structures were simulated 

at the testing conditions (Figures S21-S23), it was found that only the monolayer ZnS2 with 1-T 

configuration matches well with the experiment results. Meanwhile, the UHV scanning tunneling 

microscopy (STM) was conducted to study the arrangement of outermost atoms. Figure 2E clearly 

shows the (0002) surface sulfur atoms with hexagonal structure and the sublayer Zn atoms with 

weaker intensity (after FFT filtered, Figure S24), presenting a structure analogical to 1-T MoS2
30.  

Fourier transformed extended X-ray absorption fine structure (EXAFS) profile of Zn K-edge 

provides statistic information on the atomic structure of monolayer ZnS2. As shown in Figure 2F, 

both ZnS2 and bulk ZnS show intensive peaks from Zn-S scattering, while the intensity of Zn-Zn 

scattering attenuated sharply in ZnS2 compared with bulk ZnS. More intriguingly, the Zn-Zn 
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scattering path out of (0002) plane vanishes, indicating that all of Zn atoms locate in (0002) plane, 

corresponding with the monolayer 1-T structure. Furthermore, compared with bulk ZnS, 

coordination number (CN) fitting (Figures S25-S27) shows the noticeable increase of Zn-S bond 

scattering in monolayer ZnS2 which always signify the higher CN (ca. from ZnS bulk 2.8±0.28 to 

monolayer ZnS2 4.4±1.2). The difference of CNs originates from the change of phase structure, 

from tetrahedral coordination of Zn atoms in bulk ZnS to octahedral coordination in 1-T ZnS2, 

leading to the number of nearest neighbor sulfur atoms increasing from 4 to 6. Based on the above 

analysis, we conclude that the monolayer ZnS2 with 1-T structure is uniformly obtained in our 

experiment (Figure 2G). 

XPS is adopted to detect the sulfur valence states of ZnS2 monolayer. As shown in Figure 3A, 

the S peak of ZnS2 (~162.4eV) locates between S0 of sulfur powder (~163.8eV) and S2- of ZnS 

(~161.6eV), and close to the S2
2- of pyrite FeS2 (~162.9eV). Meanwhile, the valence state of Zn 

is investigated by X-ray absorption near edge spectroscopy (XANES) due to its insensitivity to 

XPS. The absorption edge of ZnS2 shifts towards higher energy compared with bulk ZnS (Figure 

3B), implying a higher valence state than +2. The unusual valence state originates from the 

unique structure of ZnS2 monolayers, namely two S atoms equally share the electrons of a single 

Zn atom with an outer shell electron structure 3d104s2, make it impossible for sulfur atom to 

achieve octet stability.  The Bader charge calculation (Figure 3C) and projected density of states 

(PDOS) also confirm that d-orbital electrons in Zn ion partially contribute to the Zn-S bonding, 

which leading to a higher valence state than Zn2+ in ZnS (Figures S28-S29).  

Due to the unique electron-insufficient property of ZnS2 monolayers, unsaturated atoms may 

serve as active sites to catalyze reactions. Considering the presence of lone-pair electrons in 

nitrogen molecules, we propose that the electron deficient ZnS2 monolayers are efficient in 
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capturing and activating N2 molecules, thus the electrocatalytic N2 reduction reaction (NRR) is 

selected as a proof-of-concept experiment to test the catalytic properties of ZnS2 monolayer. 

Quantification of NRR is conducted in a typical H-type cell in 0.1M KOH aqueous solution. As 

shown in Figure 4A, cyclic voltammetry curves show that a distinct reduction peak is observed in 

N2 purged electrolyte, while there is no reduction peak in Ar purged electrolyte. As the applied 

potential changed, the ammonia yields, Faradic efficiencies (FE) and partial current density reach 

the peak at -0.3V vs. RHE, up to 27.3 μg/h/cm2, 15.7% and 0.053 mA/cm2 respectively (Figure 

4B and Figure S30). The ammonia selectivity is comparable with state-of-the-art catalysts reported 

in literature (Table S3). Meanwhile, the HER reaction, which is considered as the typical side 

reaction during NRR are also quantified simultaneously via gas chromatography (GC) connected 

to the H-cell, the result in Figure 4C shows that as the potential gradually reaches to -0.3V vs. 

RHE, the corresponding HER reactions are significantly prohibited. To confirm the origin of high 

efficiency, 2D MoS2 and FeS2 are synthesized and tested under the same conditions as shown in 

Figure S31. The highest FE and NH3 yield of MoS2 and FeS2 are close to 3.5%, 5.4 μg/h/cm2 and 

3.6%, 4.7 μg/h/cm2, respectively (Figure S32). It’s noted that the FeS2 shows the similar valence 

states of cation and anion while the atomic structure is different, while MoS2 shows similar 

structure but different valence states. These results further prove that electron deficient ZnS2 can 

improve the NRR performance. The ZnS2 catalyst also shows superior working stability according 

to the nearly proportional increase of ammonia concentration with the total amount of injected 

charge (Figure 4D) and highly stable catalysis current during the long-term reaction (Figure 4E). 

To exclude the illusion caused by the environment or contaminations a series of control 

experiments including 15N2 isotope (Figure 4E insert) and OCV test are carried out (Figures S33-

S36). The result is further evidenced by in-situ infrared (IR) spectroscopy (Figure 4F). Under the 
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constant bias (-0.3V vs. RHE), the peak at 1622cm-1, which arises from the asymmetric δas (NH3) 

bending vibrations of Lewis-bound NH3 species31, shows remarkable increase as time elapsed. 

Moreover, the N-H stretch vibration at 3300cm-1 and NH2 rocking vibration32 at 1140cm-1 also 

show increased intensities during NRR (Figure S37-38). These results indicated that the 

accumulation of NH3 product is originated from the continuously reduction of N2. 

The N2 chemical adsorption on catalyst plays a critical role in NRR, because intensive N2 

adsorption could weaken the triple bond in N2 and promote the subsequent reaction. To probe the 

N2 adsorption on ZnS2, we employed an ambient pressure X-ray photoelectron spectroscopy (AP-

XPS) which allows the direct injection of N2 into sample chamber. Figure 5A-5C shows the 

changes of N 1s, Zn 2p and S 2p spectra of ZnS2, respectively, as the N2 pressure varies from UHV 

to 10 Pa. Under the UHV condition, no nitrogen-related signal can be detected. As the N2 pressure 

gradually increases to 1e-3 Pa and 0.1 Pa, a weak but distinguishable peak appears at 403 eV, 

suggesting the chemical adsorption of N2 on ZnS2 monolayer (Figure 5A). Further increase in the 

N2 pressure to 10 Pa leads to an intensive peak around 407 eV, corresponding to the nitrogen 

molecules in gas phase. Meanwhile, both Zn 2p and S 2p shift to lower binding energy after the 

adsorption of N2, indicating that the unoccupied electron orbitals in the catalyst interact with the 

lone-pair electrons from N2 (Figure 5B-5C). In contrast, when injecting N2 to the ZnS powder 

under the same condition, neither distinct chemical adsorption peak of N2 nor binding energy shift 

of catalyst are observed (Figure 5D-5F), indicating the very weak intrinsic adsorption of N2. The 

DFT calculation also confirmed that nitrogen molecules can be stably adsorbed on freestanding 

monolayer ZnS2 surface with a binding energy of -0.0996eV (Figure 5G), while the 2H-ZnS 

surface show weak bonding of N2, with a binding energy as low as -0.0157eV. As mentioned 
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above, both Zn and S in ZnS2 are electron-deficient, therefore they interact with the lone-pair 

electrons in nitrogen molecule, causing the enhanced chemical coupling of N2.  

Conclusion 

In conclusion, we predict a new type of 2D metal dichalcogenides with d10s2 electronic structure 

and produce ZnS2 monolayers via metal-confined growth. The ZnS2 monolayers possess an 

unusual 1-T atomic structure and electron-deficient ions, resultantly, they show excellent 

capability on nitrogen capture and reduction. As well, we expect the promising application this 

dichalcogenides in electronic, magnetic, optical, and catalytic fields because of their unique atomic 

and electronic structures. Our findings will stimulate theoretical and experimental research on the 

novel dichalcogenides that do not naturally exist.  
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Figure 1. Prediction and synthesis of Zn metal dichalcogenides. (A) Prediction of potentially 

existed ZnS2 with 1-T and 2-H phase (plane view and side view, respectively). (B) Schematic 

maps of nucleation, growth, and etching processes of sulfide/metal/sulfide sandwich structure in 

Zn-S system. (C) Experiment setup and the SEM image of the nanosheets with sandwich 

structure, scale bar 2 µm. 
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Figure 2. Characterizations of monolayer ZnS2 structure. (A) SEM image of ultrathin ZnS2 

monolayers. (B) X-ray diffraction patterns of Zn@ZnS2 nanosheets, monolayer ZnS2, Zn powder 

and bulk ZnS. (C) HAADF-STEM image and simulated pattern of monolayer ZnS2 in the plane 

view (blue: Zn; green: S, scalebar 5 Å). (D) AC-HRTEM image and simulated pattern of ZnS2 in 

the side view, scale bar is 5 Å. (E) atomic resolution STM image of ZnS2 surface. (F) Zn K-edge 

EXAFS spectra of monolayer ZnS2 and bulk ZnS in R-space. (G) Atomic model of monolayer 

ZnS2. 
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Figure 3. Valence states of monolayer ZnS2. (A) XPS of S 2p in wurtzite ZnS, pyrite FeS2, 1-T 

monolayer ZnS2 and S powder. (B) Zn K-edge XANES of ZnS2, wurtzite ZnS and metallic Zn. 

(C) Bader charges of the unsaturated sulfur and Zn atoms in monolayer ZnS2. 
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Figure 4. Catalytic properties of monolayer ZnS2 for nitrogen reduction. (A) CV curves of ZnS2 

in Ar and N2 purged 0.1M KOH. (B) NH3 yield (violet) and Faradic efficiency (blue) at each 

given potential. (C) Simultaneously quantification of HER and NRR faradic efficiency. (D) The 

relationship of ammonia concentration with total injected charge. (E) I-T curve at -0.3V vs. RHE 

and the NMR result of product using 15N2 as feeding gas. (F) Time elapsed IR at -0.3V (vs. 

RHE), the IR absorption intensity scale bar is 0.002. 
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Figure 5. In-situ observation of N2 adsorption on the surface using AP-XPS. (A) N 1s, (B) Zn 

2p3, and (C) S 2p XPS spectra of ZnS2 monolayer at different N2 pressures. (D) N 1s, (E) Zn 

2p3, and (F) S 2p XPS spectra of ZnS powder at different N2 pressures. (G) N2 adsorption energy 

on ZnS2 surface and ZnS surface. 
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