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Designing new materials for functional applications depends on our ability to understand and correlate the 

materials structure and chemistry to functional properties. This is even more important for two-

dimensional (2D) materials where the thickness is typically on the order of a single atom to a few-atomic 

layers; therefore, any structural or chemical modification at these length scales can have a profound effect 

on modifying the physical and chemical properties. 2D transition metal dichalcogenides (TMDs), such as 

MoS2, have emerged as a promising catalyst for the hydrogen evolution reaction (HER) with defects such 

as vacancies and edges linked to catalytically active sites as opposed to basal planes [1]. It is therefore 

important to develop controlled synthesis methods that promote the formation of atomic edge structures 

engineered for high catalytic HER activity. 

To better understand the formation mechanisms of synthesizable atomic edge reconstructions, in situ 

scanning transmission electron microscopy (STEM) studies were performed to directly image and analyze 

the evolution of edge structures in a 2D TMD as a function of temperature and under controlled electron 

(e)-beam irradiation at atomic resolution [2]. In these studies, flakes of single layer, W-doped MoSe2 

grown by chemical vapor deposition (CVD) were transferred to a MEMs-based heating microchip device 

for in situ heating experiments. Edge reconstructions that structurally transform by thermal and chemical 

driving forces, were characterized using time-resolved, atomic-resolution annular dark-field (ADF) STEM 

imaging. Figure 1 demonstrates a typical edge reconstruction where a zig zag (ZZ) Se-terminated edge 

structurally transforms first through a metastable Mo-rich ZZSe-GB4-Se (where GB4 refers to twin 

boundary) structure and then into the thermodynamically stable ZZSe-Mo-NW30 configuration (where 

NW30 refers to a nanowire rotated by 30º). In addition to this specific edge reconstruction, other 

thermodynamically stable, non-stoichiometric edges were formed that were linked to the evolving 

chemical potential resulting from the combined effects of thermal exposure, e-beam irradiation, and 

surface residue that locally alter the atomic structure. To computationally screen for thermodynamically 

stable and synthesizable atomic edge structures, density functional theory (DFT) and reactive force fields 

(ReaxFF) were used to calculate the formation enthalpy of a large number of atomic edge configurations 

[3]. The phase stability diagram, plotted as formation energy (Ef) as a function of sulfur chemical potential 

(S), is shown in Figure 2a. The synthesis of more stable atomic edge structures can be attained through 

controlled molecular beam epitaxy [4] or controlled heat and e-beam irradiation (2). Based on these 

results, we show how non-stoichiometric engineered edges are catalytically active for the HER by 

calculating the Gibbs free energy (GH) of hydrogen adsorption (Figure 2b), which is a good descriptor 

for the HER [3,5]. The work presented here helps pave the way to design and engineer specific atomic 

edge structure in 2D TMDs for enhanced catalytic performance [6]. 
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Figure 1. Figure 1. Time-resolved atomic-resolution ADF-STEM images showing atomic edge structure evolution 

from ZZSe-Se to ZZSe-Mo-NW30. Scale bar is 1 nm [2]. 

 
Figure 2. Figure 2. a) Plot of formation energies Ef (eV/Å) as a function of sulfur chemical potential (S) (eV) for 

several proposed atomic edge configurations. b) Calculated free energy diagram for the hydrogen evolution reaction 

for each of the predicted synthesizable edges [3]. 
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