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Abstract 

The designing of nanostructures with unique morphologies and enhanced functionalities is a 

cornerstone of modern materials science. Ion exchange reactions in inorganic crystals offer a 

versatile approach for precisely controlling the composition, morphology and properties of the 

materials through stepwise transformations. In this study, we report the anion exchange-

mediated conversion of 2D layered material SnS2 into SnSe2, with SnS2-SnSe2 lateral 

heterostructures as intermediates. This transformation, driven by the disparate diffusion rates 

of S²⁻ and Se²⁻ ions, leads to the generation of hexagonal nanorings of SnSe2 (inaccessible by 

direct synthetic routes) via the Kirkendall effect. By carefully balancing the diffusion kinetics 

through concentration control, we also successfully synthesized continuous SnSe2 nanosheets. 

To elucidate the anion exchange mechanism, we conducted a comprehensive investigation 

using electron microscopy techniques, varying parameters such as time, precursor 

concentration, and reagents. Our findings revealed that the exchange process initiates at the 

edges of the template SnS2 nanosheets and progresses inward. Cross-sectional atomic-

resolution electron microscopy of the interfaces and layer stacking in the SnS2-SnSe2 

heterostructure uncovered numerous defects, attributed to ion migration and lattice mismatch, 

which were not detectable in planar views. Furthermore, as-synthesized materials are explored 

for gas-sensing applications. Our anion-exchange-derived SnS2-SnSe2 heterostructure and 

SnSe2 exhibited exceptional selectivity and sensitivity towards NO2 gas (response > 700%) at 

room temperature comparable to state-of-art sensors, significantly outperforming the pristine 

SnS2 material, which required elevated temperatures (150°C) for optimal response. This study 
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underscores the potential of anion exchange as a powerful tool for designing novel 

nanomaterials with tailored properties and applications, particularly in the realm of gas sensing. 

 

Introduction 

Over the past decade, post-synthetic modification of inorganic nanocrystals through ion-

exchange reactions has emerged as a powerful tool for fabrication of novel materials with 

tailored properties.1,2 In a typical ion-exchange reaction, cations/anions of template nanocrystal 

are replaced by new cations/anions with maintenance of original anion/cation sublattice. The 

feasibility of these reactions is influenced by various thermodynamic and kinetic parameters, 

including association/dissociation energies, solubility products, temperature, reactant 

concentration and ion diffusion rates.3,4 While cation-exchange reactions can occur rapidly at 

low temperatures, anion-exchange reactions often require harsh conditions due to the large size 

and slower diffusion of anions.5–8 Moreover, preserving the cation sublattice integrity during 

anion-exchange remains a challenge and hence has been less explored as compared to cation-

exchange reactions. Materials like metal chalcogenides and perovskites are ideal for these 

reactions due to their crystal structure and bonding characteristics.9,10 In contrast, exploring ion 

exchange in polar covalent compounds (less ionic character) presents a significant challenge 

due to the absence of discrete charged species.  

Herein, we explore anion-exchange reactions in layered metal dichalcogenides (LMDs). These 

materials possess a distinct layered structure characterized by polar covalent bonding between 

metal atoms and chalcogens within each layer, while the individual layers are weakly held 

together by van der Waals forces.11–13 This inherent anisotropy in bonding influences the 

properties of LMDs significantly, particularly their layer-dependent behavior.14–16 Moreover, 

heterostructure engineering, encompassing both vertical and lateral heterostructures, offers a 

promising avenue for further tailoring the properties of LMDs.17–20 Recent research have shown 

several instances of lateral heterostructures, where dissimilar materials are integrated within 

the same atomic plane. This approach has yielded materials with properties exceeding those of 

their individual counterparts, opening doors for applications in electronics,21,22 

optoelectronics,23 sensing,24 and energy storage.25  

Despite the established use of ion-exchange for forming lateral hybrid nanostructures in ionic 

compounds,5,7 a comprehensive mechanistic understanding of this process in LMDs remains 

elusive. The complexity of anion-exchange reactions in LMDs can be understood from the fact 
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that even a simple cation-exchange reaction from SnS2 to MoS2 requires high temperatures (~ 

300 °C) and long reaction times.26 This highlights the challenges associated with LMDs-based 

anion-exchange and underscores the need for further exploration. Additionally, the interface 

between the components in lateral heterostructure profoundly influences their overall 

properties.27–29 Hence, exploring the interface of the post-synthetic exchange-mediated 

heterostructures is crucial for both understanding the reaction mechanism and establishing 

structure-property correlations.  

For our study, SnS2 was chosen as the template for the anion-exchange synthesis of SnSe2 due 

to their shared structural characteristics. Both materials possess hexagonal crystal structures 

with similar layer stacking sequences and each layer is formed by polar covalent bonds (ionic 

character ~13%).30,31 Additionally, SnS2 and SnSe2 have garnered significant interest for gas 

sensing applications.32–34 However, the substantial lattice mismatch (~ 4.2%) along the c-axis 

between SnS2 and SnSe2 poses a significant challenge for forming in-plane lateral 

heterostructure with sharp interfaces.  

In this study, we present a novel anion-exchange strategy for synthesizing layered materials 

and their lateral heterostructures. Employing SnS2 as a template, the anion-exchange process 

with selenium ions resulted in the formation of unique hexagonal nanoring structured SnSe2. 

Such nanostructures are unique to LMDs and maximize the exposure of active edge sites, 

offering potential advantages for surface and edge-site-dependent application such as gas 

sensing. Mechanistic investigations using microscopy studies revealed an edge-initiated anion-

exchange process, leading to the formation of lateral heterostructures with SnSe2 on the outer 

periphery and SnS2 at the core. By carefully controlling reaction time and precursor ratios, 

various lateral heterostructures of SnSe2-SnS2 were successfully synthesized. Cross-section 

STEM analysis was performed to extract the interface structure and layer stacking sequence 

within these heterostructures. The formation of a diffuse interface with numerous line defects 

was attributed to the accommodation of lattice mismatch and strain induced during the anion-

exchange process, in contrast to the defect-free pristine SnS2. Further, we explored the 

synthesized materials for room temperature gas-sensing application. Anion-exchange-

mediated SnSe2 and lateral heterostructures exhibited remarkable sensitivity towards NO2 gas 

with extraordinary response value of 720 % for SnSe2 and a low detection limit of 0.1 ppm. 

Our anion-exchange strategy for synthesizing the unique morphology of SnSe2 and lateral 

heterostructures, along with comprehensive understanding of reaction mechanism and interface 

structure, can be extended to other layered materials for targeted applications.  
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Results and Discussion 

The anion-exchange reaction in layered materials was employed to convert SnS2 into SnSe2 

using Schlenk line hot-injection method. Sulphur ions within the SnS2 structure were 

substituted with selenium ions by introducing reduced Se precursor into a reaction mixture 

containing SnS2 nanosheets dispersed in oleyl amine (OlAm) and 1-octadecene (ODE) at 170 

°C under inert atmosphere. The reaction was optimized at 290 °C for 4 h. As illustrated in 

Figure 1(a), the anion-exchange reaction proceeded in a stepwise manner. Initially, a lateral 

heterostructure of SnS2-SnSe2 formed while preserving the template hexagonal nanosheet 

morphology. Subsequently, complete conversion to SnSe2 resulted in the formation of unique 

morphology having Kirkendall void in a hexagonal nanosheet (designated as hexagonal 

nanoring). This morphology evolution during the anion-exchange process was elucidated using 

microscopy studies. Figure 1(b-d) shows the bright-field (BF) TEM micrograph of template 

hexagonal SnS2 nanosheet, lateral heterostructure hexagonal SnS2-SnSe2 nanosheet, and final 

product hexagonal SnSe2 nanoring, respectively.  

Anion-exchange conversion of SnS2 to SnSe2 

Synthesis of template SnS2 nanosheets were achieved using hydrothermal method at 150 °C 

employing SnCl2, thiourea as precursors in aqueous environment. The detailed characterization 

of synthesized SnS2 nanosheets is presented in Figure S1. As-obtained hexagonal SnS2 

nanosheets were found to be phase-pure and single crystalline in nature (for detail refer 

supplementary information). These nanosheets served as a template to synthesize SnSe2 via 

anion-exchange synthetic technique.  

Given the typically high energy barrier associated with anionic framework rearrangement and 

the slower diffusion rate of anions compared to cations, anion-exchange reactions often require 

high temperatures.35 To optimize the anion-exchange process, a temperature range of 200-290 

°C was investigated. The powder XRD pattern of the product obtained at various temperatures 

is presented in Figure S2. A gradual decrease in SnS2 related peaks and concomitant increase 

in SnSe2 related peaks with rise in temperature indicated an enhanced degree of anion-exchange 

at higher temperature. The powder XRD pattern of SnS2 matched with JCPDS card no. 230677 

having lattice parameters a = b = 3.65 Å, and c = 5.89 Å, whereas peaks corresponding to SnSe2 

matched with JCPDS card no. 230602 having lattice parameters a = b = 3.81 Å, and c= 6.14 

Å. The product obtained at 290 °C, shows predominant peaks corresponding to SnSe2, suggest 
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a higher temperature of 290 °C is required to govern the anion-exchange reaction. The complete 

characterization of anion-exchange reaction (290 °C, 4 h) product is presented in Figure 2.  

Powder XRD was performed to investigate the phase purity and crystallinity of the anion-

exchange product as shown in Figure 2(a). Powder XRD pattern of obtained anion-exchange 

product completely matches with SnSe2 (JCPDS no. 230602) with space group P3̅m1. The 

presence of intense peaks corresponding to SnSe2 with absence of precursor peaks (SnS2 and 

Se) indicates the complete conversion of SnS2 to highly crystalline SnSe2. The morphology and 

microstructure of synthesized SnSe2 were investigated using TEM and STEM. Low-

magnification BF-TEM micrograph (Figure 2(b)) reveals the transformation of hexagonal 

SnS2 nanosheets into SnSe2 hexagonal nanorings with etched central regions. Bright spots in 

selected area electron diffraction (SAED) pattern along the [001] zone axis depicts the single 

crystalline nature of the SnSe2 (Figure 2(c)), which is further corroborated by the HRTEM 

image (Figure 2(d)). The exchange fraction and subsequent distribution of S, Se was 

investigated through STEM-EDS. The STEM-EDS elemental distribution map confirms the 

successful anion-exchange process, showing a negligible amount of S and a uniform 

distribution of Se and Sn throughout the hexagonal nanoring framework (Figure 2(e)). Further 

atomic structure of SnSe2 was revealed using aberration-corrected HAADF-STEM imaging. 

Atomic resolution HAADF-STEM image (Figure 2(f)) reveals the 1T-phase of SnSe2 along 

[001] with octahedral coordination of Se around Sn atoms. (inset shows the low-magnification 

image of corresponding SnSe2).  

The formation of hollow SnSe2 nanosheet during anion-exchange can be attributed to the 

Kirkendall effect and surface reconstruction.36,37 This phenomenon mainly arise due to the 

disparity in the ionic radii and corresponding diffusion coefficient of S2- and Se2- ions. The 

smaller S2- ions (1.84 Å) exhibit a higher diffusion coefficient compared to Se2- ions (1.98 Å).38 

Consequently, S2- ions diffuse outwards at a faster rate than Se2- ions diffuse inwards, leading 

to the generation of vacancies inside the nanosheet. These vacancies cluster together to form 

Kirkendall void, while maintaining the overall hexagonal framework by surface reconstruction 

with same orientation. After anion exchange reactions, an increase in the lateral dimension of 

SnSe2 is observed compared to parent SnS2. The width distribution plot of template SnS2, final 

product SnSe2, and void in SnSe2 is shown in Figure S3. The average lateral dimension of 

SnSe2 nanosheets is ~1.5 times that of SnS2, suggesting that, in addition to anions, Sn4+ cations 

also diffuse from central region to the edge of nanosheet, bonding with incoming Se2- to form 

SnSe2.  
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The formation of the Kirkendall void largely depends on the difference in diffusion flux of the 

incoming and outgoing ions.39 To mitigate this void formation, and obtain continuous 

hexagonal SnSe2 nanosheets, the diffusion rates of both ions has to be balanced, which can be 

achieved by increasing the concentration of the slower diffusing ion. As shown in Figure S4 

(a-b) employing a ten-fold excess of Se ions relative to SnS2, resulted in the formation of solid 

hexagonal SnSe2 nanosheets. The single crystalline nature of these nanosheets is confirmed by 

SAED pattern (Figure S4(c)) along [001] zone axis. Therefore, by adjusting the Se precursor 

concentration during the anion-exchange process, it is possible to tune the morphology of 

SnSe2 while preserving the hexagonal framework and single crystalline nature of template 

SnS2.   

 

Time-dependent anion-exchange mechanism  

To elucidate the mechanistic pathway, and morphology evolution during anion-exchange 

process, structural investigation of partial exchange products obtained at different time interval 

can provide valuable insights. A series of TEM micrographs and STEM-EDS maps were 

acquired typically for 5 mins, 30 mins, 1 h and 4 h products to illustrate the effect of time, as 

shown in Figure 3. Initially, the incoming Se2- ion tends to percolate the SnS2 nanosheets from 

the edges to initiate the exchange reaction resulting in edge deformation, as illustrated by the 

exchange product after 5 mins (Figure 3(a)). With the progress of exchange, edge 

reconstruction became apparent, as evident from BF-TEM micrograph of 30 mins product in 

Figure 3(b). SAED patterns acquired from the edge (region-1) and centre (region-2) of the 

nanosheet (Figure 3(c, d)), reveals double spots in region-1, which are indexed to both SnS2 

and SnSe2 phases along [001] zone axis, indicating the formation of a lateral heterostructure 

with epitaxial relation: (100) SnS2 // (100) SnSe2. In contrast, the SAED pattern from the region-

2 corresponds to SnS2 along [001] zone axis. This suggests anion-exchange process started 

from the edge of the nanosheet and leads to the formation of lateral heterostructure of SnS2-

SnSe2 with same orientation and retention of original SnS2 morphology. With the progress of 

the reaction, a contrast difference between the edge and centre implies the thinning of SnS2 

nanosheets in the centre due to the fast outward diffusion of S2- and slow inward diffusion of 

Se2- (1 h product, Figure 3(e)), ultimately leading to the hexagonal nanoring formation. After 

4 h of exchange reaction, a solid nanostructure of SnSe2 with sharp edges and a hole in the 

centre (Figure 3(f)) is observed.  
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HAADF-STEM images and corresponding STEM-EDS mapping further corroborated the 

morphology evolution and elemental distribution during the exchange process as shown in 

Figure 3(g). The EDS maps align with the TEM observation, showing the higher concentration 

of Se on the edges in the early stage of the reaction, indicative of Se2- ions percolation from the 

edges. A lateral heterostructure of SnS2-SnSe2 can be clearly seen in 30 mins product with SnS2 

rich centre and SnSe2 rich edges. Over time with increase in the amount of SnSe2, the formation 

of lower contrast region in the centre of the HAADF-STEM image (Inset: Figure 3(g)) 

confirms the thinning of the nanosheet and consequently, the formation of Kirkendall void.  

To understand the initiation of the exchange process at the edge of the nanosheet, an atomic 

model of a layered SnS2 structure along [100] zone axis is presented (Figure 3(h)), highlighting 

the potential attacking sites for incoming Se2- ions. The propensity of Se2- ions to donate 

electrons to vacant d-orbitals of Sn atoms can facilitate the formation of dative bonds, while 

simultaneously triggering the breakage of Sn-S bonds. Moreover, the van der Waal gap within 

the SnS2 layers provide a facile pathway for Se2- ion migration into the interior of the nanosheet. 

However, steric effects arising from extensive lone-pair repulsion between sulphur and 

selenium ions presumably hinder the attack of Se2- ions from the top/bottom surfaces of the 

SnS2. This explains the initiation of the anion-exchange reaction at the edges of the nanosheet. 

 

Further, to understand the effect of the various reagents used in anion-exchange reaction, 

control experiments were conducted. To investigate the impact of OlAm and ODE without 

adding the Se precursor on the exchange reaction, SnS2 was just heated in OlAm and ODE at 

290 °C for 2 h. Characterization of the product (Figure S5) reveals no change in PXRD pattern, 

nanosheet morphology and SAED pattern compared to template SnS2, suggests that these 

reaction conditions did not alter the structure and morphology of SnS2. Similarly in the same 

reaction conditions the effect of 1-DDT on the morphology of SnS2 was investigated by adding 

the 1-DDT equivalent to the Se-precursor in the reaction. Powder XRD pattern reveals that 

heating SnS2 in the OlAm, ODE, and 1-DDT does not have any structural impact on SnS2 

crystallinity (Figure S6). However, the morphology of SnS2 undergoes a slight deformation 

(Figure S6(b)). The SAED analysis (Figure S6(c)) shows that SnS2 is still present as single 

crystalline 2D sheets. These control experiments reveal that the used reagents do not affect the 

structure and morphology of template SnS2 until Se precursor is added.  

The role of ODE in the anion-exchange was examined by performing the reaction without 

ODE. Powder XRD analysis of the product reveals the incomplete conversion to SnSe2 with 
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persistent SnS2 peaks even after 2 h (Figure S7(a)). The TEM micrograph shown in Figure 

S7(b) reveals that SnSe2-SnS2 sheet has slightly lost its structural integrity but shows the 

thinning in the centre. The SAED pattern from the centre and edge of the sheet also aligns with 

the partial exchange. The SAED pattern from the edge corresponds to SnSe2, whereas the centre 

of the nanosheets matches that of SnS2 (Figure S7 (c-d)). These findings highlight the crucial 

role of ODE in maintaining the overall morphology and facilitating the fast completion of 

exchange reaction. From control experiments, it can be concluded that the formation of hollow 

hexagonal SnSe2 nanosheets is not attributable to the solvents (OlAm, 1-DDT or ODE) but 

rather rises from the Kirkendall effect. Additionally, the lattice mismatch and the associated 

stress induced by volume changes at the interface may contribute to the etching of the core 

regions. 

 

Lateral heterostructure formation by varying precursor ratio 

The mechanistic study has shown that the anion-exchange reactions are sluggish and require 

high temperature (290 °C) and a longer time (4 h) for completion. Hence, taking advantage of 

the sluggish kinetics of anion-exchange and the fact that exchange initiates from the edges and 

moves inward through the diffusion of ions, we extended our reaction scheme to synthesize 

lateral heterostructures. The lateral heterostructures can be synthesized in two ways: (1) 

Controlling the time of the exchange reaction (as shown in the time-dependent reaction 

mechanism) and (2) Controlling the amount of Se-precursor injected. Herein, the lateral 

heterostructures of SnSe2-SnS2 were synthesized by varying amounts of reduced Se precursor 

as mentioned in Table 1. Figure 4(a) shows the powder XRD pattern of ion exchange products 

with addition of 0.5 ml, 1 ml, 1.5 ml, and 2 ml of reduced Se precursor, corresponding to the 

theoretical replacement of 25%, 50%, 75% and 100% of the S in SnS2. The powder XRD 

pattern reveals an increase in the peak intensity of SnSe2 with an increasing fraction of Se2- 

ions in the reaction. Upon addition of 2 ml Se-precursor, predominantly SnSe2 peaks are 

observed.  

Microstructural characterization of the partial exchange product with 1 ml of reduced Se 

precursor is shown in Figure 4(b-f). The BF TEM image in Figure 4(b) depicts a sharp-edged 

hexagonal nanostructure with a contrast difference between the centre and edge of the 

nanosheet. SAED patterns from regions marked as 1 and 2 (Figure 4(c-d)) show single-

crystalline patterns corresponding to SnSe2 and SnS2 along [001] zone axis, respectively. 

Figure 4(e) demonstrates the SAED pattern from the interface (shown in the inset), exhibiting 

https://doi.org/10.26434/chemrxiv-2024-tlxf2 ORCID: https://orcid.org/0000-0002-2248-7601 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-tlxf2
https://orcid.org/0000-0002-2248-7601
https://creativecommons.org/licenses/by-nc-nd/4.0/


double spots revealing the formation of epitaxial heterostructure based on SnSe2-SnS2. The 

HAADF-STEM image and corresponding elemental distribution maps in Figure 4(f) further 

corroborate the TEM analysis, with SnSe2 located at the edges and SnS2 at the centre.  

Similarly, microstructural features of the partial exchange with 0.5 ml and 1.5 ml of Se- 

precursors are shown in Figure S8, and S9 respectively (for details refer supporting 

information).  

All the partially exchanged products exhibit a uniform distribution of Sn, with SnSe2 at the 

edges and SnS2 forming the nanostructure core. The extent of anion-exchange and etching at 

the central region is observed to increase with the addition of larger amount of Se precursor as 

evident from Figure S8, 4 and S9. 

 

Structure of interface and defect analysis 

The control experiments convincingly demonstrate the initiation of the anion-exchange 

transformation at the edges, propagating inwards to form a lateral heterostructure of SnSe2-

SnS2. However, several key questions remain unaddressed - (1) Depth of exchange: Layers in 

SnS2 are joined together by van der Waals gap and provide pathway for facile migration of 

ions. So, it is crucial to determine whether this exchange is confined to few topmost layers or 

if it occurs simultaneously throughout the entire SnS2 structure. (2) Structure of interface: To 

elucidate whether the interface is atomically sharp or diffuse with intermixing of SnS2 and 

SnSe2. (3) Lattice mismatch accommodation: SnS2 and SnSe2 possess a significant lattice 

mismatch ~4.2% along the c-axis in which the layers are stacked. So, it is important to 

understand how this lattice mismatch is compensated at the interface to achieve structural 

stability. (4) Defect Formation: The ion-exchange process might induce the defects within the 

newly formed heterostructure. A thorough characterization is essential to identify the types of 

defects generated during this transformation. 

In order to comprehensively address the aforementioned questions, it is imperative to 

investigate the layer stacking sequence of the interface, which can be achieved by direct 

imaging of the side view of nanosheet perpendicular to [001]. For this, cross-sectional 

HAADF-STEM imaging was performed. A schematic for FIB lamella preparation for the cross-

section analysis of the nanosheet is shown in Figure S10(a). Lateral heterostructure nanosheet 

was milled parallel to the [001] direction to enable direct visualization of the side view 

containing two interfaces under the electron beam. Figure S10 (b and c) shows the SEM 
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micrographs of the nanosheet used for the lamella preparation and the prepared TEM lamella. 

The HAADF-STEM image of the TEM lamella shows the side view of SnS2-SnSe2 

heterostructure sandwiched between Pt and Si (Figure S10 (d)). A relative high-resolution 

HAADF-STEM image (Figure S11) displays non-uniform contrast between the edge and the 

centre, indicative of a lateral heterostructure with two distinct interfaces. The Z-contrast 

mechanism40 of HAADF-STEM imaging attributed this contrast variation to compositional 

differences. The experimental observation of the etching of the core region is also clearly 

visible with pits forming in the centre of the nanosheet. The STEM-EDS map of the entire sheet 

further confirms the presence of two interfaces with Sn being uniformly distributed, while S 

and Se are segregated at the core and edge of the lamella, respectively (Figure S11).  

STEM-EDS mapping of a representative SnS2-SnSe2 interface (Figure 5(a)) reveals a small 

overlap between S and Se signals, suggesting a diffuse interface has formed with intermixing 

of SnS2 and SnSe2. The EDS maps further confirm that the anion-exchange process occurs 

across all the layers on the edges rather being confined to the top surface. Three distinct regions 

are identified near the heterostructure interface (Figure 5(b)): SnSe2 (region-1), the mixed 

interface (region-2), and SnS2 (region-3). High resolution HAADF-STEM images from region-

1 and region-3 are shown in Figure 5(c-d), clearly depicting the 1T phase of SnSe2 and SnS2, 

respectively, indicating a topotactic exchange reaction. Lattice parameter measurement of 

SnSe2 reveals a (001) interlayer spacing of 6.4 Å. The observed expansion of the c-axis 

parameter compared to the ideal spacing (6.14 Å) can be attributed to the ion migration and 

associated layer expansion during the exchange reaction.  

High-resolution HAADF-STEM imaging of the interface (region-2) (Figure 5(e)) reveals a 

mixed phase of SnS2-SnSe2 as double spots correspond to (11̅0) plane observed in the FFT 

(shown in inset) along [110] zone axis. A reduced (001) spacing of ~6.2 Å relative to the pure 

SnSe2 phase (6.4 Å) was observed, further supporting the mixed-phase nature of the interface. 

Careful examination of the HAADF-STEM images of the interface at different magnification 

(Figure 5(e) and 6(a)) shows additional interlayer gap, exceeding their typical van der Waals 

gap, originating from the interface and extending into the SnSe2 region. These gaps are 

identified as line defects particularly edge dislocations, characterized by the presence of extra 

half layer (as marked) towards the SnS2 side. These line defects appear to compensate for the 

strain induced due to lattice mismatch of ~4.2% along the c-axis between SnS2 and SnSe2.  

Considering the theoretical c-axis lattice parameter of SnS2 (5.89 Å) and SnSe2 (6.14 Å), the 
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expected spacing between the edge dislocations is approximately 14 nm. Measurements of the 

observed gap spacing within the interface region (Figure S12) yielded an average value of 12.6 

nm (closer to the theoretical value) with a range of 7.5 – 20.1 nm. This randomness in the line 

defects can be attributed to the variability in interlayer spacing along (001) in SnSe2 and 

interface regions due to ion migration channels.  

An atomic-resolution HAADF-STEM image of the edge dislocation is presented in Figure 

6(b) (inset: Burgers circuit). The burger vector bR is measured around the burger circuit 

ABCDEA and found to be bR = [001]. The presence of line defects and migration of ions also 

induces bending of the layers near the interface, resulting in a warped and disordered structure 

(Figure 6(c)). Additionally, intercalated species are observed (as highlighted in Figure 6(d)) 

between the SnS2 layers, further confirming the migration of ions occur in the van der Waals 

gap of the layered material. Figure S13 provides an overview of the interface, highlighting 

numerous defects marked by circles/ellipses, further confirming the presence of defected 

interface during the anion-exchange process. An atomic model illustrating the interface 

structure with defects and ion migration within the interlayer space is depicted in Figure 6(e).  

To confirm that the observed defects originated solely from the anion-exchange process, a 

pristine SnS2 sample was subjected to cross-section analysis. HAADF-SETM micrograph in 

Figure S14(a) shows the side view of the TEM lamella of prepared SnS2 sample using FIB 

cross-section. Corresponding high-resolution image (Figure S14(b)) reveals continuous SnS2 

layers devoid of any defects. An atomic resolution image of the corresponding region (Figure 

S14(c)) shows the standard 1T phase arrangement of SnS2. The absence of defects in pristine 

SnS2 sample provides conclusive evidence that the defects observed in the anion-exchange 

product are indeed induced by the exchange process.  

Gas-sensing measurement 

Pristine SnS2 and SnSe2 have demonstrated their potential application as gas sensors selectively 

for NO2 gas detection.32,41 Ruozhen et al., investigated a SnSe2-SnS2 van der Waals 

heterostructure revealing an enhanced NO2 sensing response at room temperature.34 This 

improvement is attributed to the formation of an interface and the resulting charge transfer 

between SnS2 and SnSe2. However, NO2 gas sensing performance of anion-exchange derived 

SnSe2 hexagonal nanorings and their lateral heterostructure remain unexplored.  
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Herein, we have tested template SnS2 nanosheets, 1:1 lateral heterostructure of SnSe2-SnS2 and 

SnSe2 hexagonal nanorings for NO2 gas sensing performance. Figure 7(a) represents the 

concentration-dependent current-time behaviour of all three samples where the concentration 

of target gas (NO2) varied from 0.1 ppm to 5 ppm. Pristine SnS2 showed very high resistance 

and resulted in poor gas sensing performance at room temperature. Hence, all gas sensing 

properties of SnS2 were optimized at 150 °C, while both SnSe2 and lateral heterostructure 

demonstrated remarkable performance even at room temperature. On exposure to electrophilic 

NO2 gas, all samples exhibited a decrease in current values, indicative of n-type behaviour 

where electrons transfer from the sample to the NO2 gas. Schematic depicting transfer of 

electron from the SnS2-SnSe2 surface to NO2 gas is depicted in Figure 7(b). Prior to NO2 gas 

purging (at t = 0 min), the initial current levels (y-axis) of the samples follows the order: SnS2 

(20-30 nA) < SnS2-SnSe2 (400-500 nA) < SnSe2 (~ 1200 nA). This observed current levels 

directly relates with the electron concentration in the sample, signifies an increase in electron 

concentration from SnS2 to SnSe2. Further, we have calculated response (%) by using the 

following equation.42  

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%) = [(𝐼𝑎𝑖𝑟−𝐼𝑔𝑎𝑠) /𝐼𝑔𝑎𝑠] x 100 for oxidizing gas 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (%) = [(𝐼gas−𝐼air) /𝐼air] x 100 for reducing gas 

Where 𝐼𝑎𝑖𝑟 is the sensor current during exposure to dry air and 𝐼𝑔𝑎𝑠 is the sensor current during 

exposure to target gas. 

Figure 7(c) represents the response (%) of SnS2-SnSe2 heterostructure and SnSe2 hexagonal 

nanorings to varying NO2 gas concentrations at room temperature. A direct corelation between 

the NO2 gas concentration and response (%) is observed for both materials. An extraordinary 

response value of around 720 % is achieved at 2 ppm NO2 gas for SnSe2, which is remarkably 

higher than previous reports.32,34,43–45 This enhancement is attributed to the anion-exchange 

mediated hollowness in the SnSe2 nanosheet, which possess a larger lateral dimension with 

void offering more active sites for NO2 adsorption and interaction compared to the SnS2-SnSe2 

heterostructure. The response (%) curve with varying concentration of NO2 at 150 °C for 

pristine SnS2 is shown in Figure S15.  

Next, we have demonstrated the repeatability test of our sensors at 2 ppm NO2 gas by subjecting 

them to multiple cycles as shown in Figure 7(d). Both SnS2 and SnSe2 exhibits minor 

degradation in the current levels over repeated exposure of NO2 gas where full recovery to 
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baseline current was missing, might be due to surface poisoning. However, repeatability test of 

SnS2-SnSe2 heterostructure shows consistent performance of the sensor, suggests fast charge 

transfer at n-n lateral heterojunction interface reducing the surface poisoning. This behaviour 

is likely attributed to the internal transfer of electrons from SnSe2 to SnS2, facilitated by the 

lower Fermi level of SnS2 (5.1 eV) compared to SnSe2 (4.9 eV).34 Similar, fast charge transfer 

at the interface has been observed in case of vertical heterostructure of SnSe2-SnS2.
34  

Next, to access the selectivity of our sensors, a selectivity test was performed in the presence 

of various oxidizing and reducing gases (methane, ethylene, ethyl alcohol, SO2, NH3, NO2, H2, 

H2S, CO and acetone). All three sensors exhibit exceptional selectivity towards NO2 gas, with 

minute responses to other gases tested (Figure 8). A comparison of the sensing performance 

of all three variants is shown in Table 2, with a broader comparison with previously reported 

SnS2 and SnSe2-based sensors is provided in Table S1.  

Overall, the anion-exchange synthesized SnSe2-SnS2 heterostructure and SnSe2 demonstrated 

excellent gas sensing performance at room temperature, characterized by high response, 

selectivity, and repeatability. These findings highlight the potential of our synthesized materials 

for practical gas sensing applications. 

Table 2 Summary of all the sensor operating parameters and performance. 

Variant Operating 

Conditions 

Current levels 

(nA) 

Repeatability Lowest limit 

of detection 

(ppm) 

SnS2 150 °C  ~20  Moderate 0.1 

SnSe2 RT ~1200 Moderate 0.2 

SnSe2- SnS2 RT ~400 High 0.1 

  

Conclusion 

In this study, we have designed an anion-exchange-mediated synthesis of layered material 

SnSe2 and their heterostructures SnSe2-SnS2. The anion-exchange transformation mechanism 

is exhibited using microscopy studies and found that exchange started from the edge of the 

template nanosheet and proceeded inwards leading to formation of Kirkendall void and 
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resultant hexagonal nanoring morphology of the final product SnSe2. This designed strategy is 

further used to synthesize composition and time-dependent heterostructures. To gain insights 

into the interface and layer-sequence of the heterostructure, cross-section STEM imaging was 

performed. In a typical 1:1 composition heterostructure, the interface was found to be diffused 

with numerous defects at the bulk of the heterostructure mainly due to ion migration and to 

compensate for lattice mismatch between the c-axis of SnS2 and SnSe2. Further, these materials 

were explored for the gas sensing applications. Our synthesized materials SnSe2-SnS2 

heterostructure and SnSe2 demonstrated excellent selectivity towards NO2 sensing at room 

temperature with the remarkable low limit of detection of 0.1 ppm. Notably, SnSe2 exhibits a 

significant response value of 720 % highlighting the enhanced properties achieved through the 

anion-exchange synthesis method. Overall, this study presents the applicability of anion-

exchange synthesis to design novel nano-heterostructures of layered materials and their 

transformation pathway, with in-depth analysis of the interface and development of room-

temperature gas sensors.  

 

Materials and Methods 

Chemicals: All chemicals are used as obtained without any further purification. The chemicals 

used are SnCl2.2H2O (97%, powder, Ranbaxy), thiourea (99%, powder, SDFCL), conc. HCl 

(34.5%, liquid, SDFCL), Se (99.9%, powder, Sigma Aldrich), Oleyl amine (OlAm, 50%, 

liquid, TCI), 1-dodecanethiol (1-DDT, 99%, liquid, Sigma Aldrich), 1-octadecene (ODE, 95%, 

Alfa Aesar), ethanol (EtOH, 99.9%, liquid, analytical CS reagent) and hexane (99%, liquid, 

SDFCL).  

Synthesis of template SnS2: The synthesis of SnS2 has been carried out by a slightly modified 

hydrothermal method.46 In a typical synthesis, 0.5 ml of conc. HCl was added to 10 ml of 

deionized water to make a homogeneous solution. Next, 1 mmol of SnCl2.2H2O was added to 

it and the solution mixture was stirred for 30 min. Then, 8 mmol of thiourea was added to the 

solution and volume was made to 30 ml by adding deionized water. The whole mixture was 

stirred for the next 30 min and then transferred to a 50 ml Teflon-lined autoclave and kept at 

150 °C for 48 h. After the reaction, the autoclave was cooled down to room temperature 

naturally. The product was washed with water several times and finally with ethanol. The 

product was dried at 60 ℃ for 1 h and used for further characterization and anion-exchange 

reactions. 
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Anion-exchange-mediated synthesis of SnSe2 

Reduced Se precursor solution: Firstly, the reduced Se-precursor was synthesized, which is 

used as a guest anion precursor in the anion-exchange reaction. In a round bottom flask, 1 mmol 

of Se powder is dissolved in a 1:1 volume ratio of OlAm and 1-DDT with a total volume of 10 

ml. The mixture was degassed under vacuum at 80 ℃ and was kept for 1 h under argon 

atmosphere for the complete reduction of Se powder.  

Anion-exchange synthesis: In a typical anion-exchange reaction, 0.1 mmol of as-synthesized 

SnS2 was taken into a 50 ml round-bottom flask, 5 ml OlAm and 2 ml ODE were added to it. 

The whole mixture was then degassed under vacuum with stirring at 120 ℃ for 15 min. The 

flask was then filled with argon gas, and the temperature raised to 170 °C and was kept for the 

next 10 min. The required amount of reduced Se precursor was rapidly injected into the flask, 

and the temperature of the flask was raised to 290 °C. The solution mixture was then stirred for 

another 4 h for the complete conversion of SnS2 to SnSe2.  

The heterostructure of SnS2-SnSe2 has been synthesized by partial exchange reaction with 

varying precursor ratio, and time of the reaction. The reaction conditions employed for the 

synthesis of various heterostructures are mentioned in Table 1. 

Table 1. Reaction conditions to perform anion-exchange with different fractions of exchange. 

Sample Name Amount of Se-Precursor Reaction condition (T, t) 

SnSe2 2 ml 290 ℃, 4 h 

(SnSe2)0.75-(SnS2)0.25 1.5 ml 290 ℃, 2 h 

(SnSe2)0.5-(SnS2)0.5 1 ml 290 ℃, 2 h 

(SnSe2)0.25-(SnS2)0.75 0.5 ml 290 ℃, 2 h 

 

Characterization: As-synthesized nanostructures were characterized using different 

techniques. Phase purity and crystal structure of as-synthesized materials were studied using a 

powder X-ray diffraction (PXRD) pattern collected over the range of 10 ° to 60 ° using 

PANalytical X'pert Pro equipped with Cu Kα (λ =1.5418 Å). The morphology and 

microstructural characterization were performed using scanning electron microscope (SEM) 

and transmission electron microscope (TEM). SEM was performed using Ultra-55, Zeiss field-

emission equipped with EDS. TEM was performed using the FEI Tecnai T20 ST microscope, 

operating at 200 kV. High-angle annular dark-field (HAADF) scanning transmission electron 
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microscope (STEM) imaging and energy dispersive X-ray spectroscopy (EDS) were performed 

using an aberration-corrected FEI Titan G2 (80-300) operating at 300 kV. For TEM and STEM 

imaging, samples were prepared by dispersing the as-synthesized materials in an ethanol-

hexane mixture and drop-cast on a carbon-coated Cu grid. For cross-sectional STEM analysis, 

TEM lamella has been prepared by employing a focused ion-beam technique in an FEI Scios 

dual beam instrument, in which a 5 kV electron beam is utilized for Pt deposition as a protective 

layer and a 30 kV ion beam for further milling.  

Chemiresistive sensor development and characterization: Inter-digited electrodes (IDE) 

were patterned using a standard CMOS fabrication route.47 100 μL of the as-synthesized 

products SnS2, SnSe2-SnS2 hybrid and SnSe2 were drop-cast onto the fabricated IDE, followed 

by substrate heating at 80 °C for 1 h. All gas sensing measurements for SnSe2-SnS2 were 

optimized at 5 V with a Keithley 2450 source meter at room temperature. As-fabricated SnSe2-

SnS2 sensor was placed in the customized sensing chamber where an appropriate proportion of 

dry air (80% N2 and 20% O2) and target gas (NO2) was mixed to expose a specific concentration 

to the sensor via the Alicat Mass flow controller. The ON and OFF time of gas exposure was 

programmed to be 15 minutes. 
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Figure 1: (a) Schematic demonstrating the morphology evolution during anion-exchange 

reaction. Hexagonal nanosheet of template SnS2 is converted into hollow hexagonal nanosheet 

of SnSe2 with increase in lateral dimension; (b-d) Low-magnification TEM micrographs of 

template SnS2, intermediate lateral heterostructure of SnS2-SnSe2 and final product SnSe2, 

respectively.   
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Figure 2: Characterization of anion-exchange product SnSe2; (a) PXRD pattern; (b) low-

magnification TEM micrograph; (c) SAED pattern along [001] zone axis; (d) HRTEM 

micrograph resolving (100) lattice plane; (e) HAADF-STEM micrograph and elemental 

distribution maps of Sn, Se and S, respectively and (f) Atomic resolution HAADF-STEM 

image showing the 1T phase arrangement of Sn and Se (inset: corresponding low magnification 

image). 
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Figure 3: Time-dependent anion-exchange reaction mechanism. (a-b) Low-magnification 

TEM micrographs after 5 and 30 mins of the reaction, respectively; (c-d) SAED pattern from 

region 1 and 2 marked in (b); (e-f) Low-magnification BF TEM micrographs after 1 and 4 h of 

the reaction, respectively; (g) STEM-EDS map after 5 mins, 30 mins, 1 h and 4 h respectively 

and (h) Schematic showing possible attacking sites for incoming Se2- ions to initiate the anion-

exchange reaction. 
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Figure 4: Anion-exchange mediated synthesis of lateral heterostructures; (a) Powder XRD 

patterns of the product obtained with different ratios of Se-precursor added. Microstructural 

characterization of the product obtained upon addition of 1 ml Se-precursor: (b) TEM 

micrograph; (c-d) SAED pattern from regions 1 and 2 marked in (b), respectively; (e) SAED 

pattern from the interface showing double spots (insets: top- zoomed-in pattern, bottom- the 

interface area) and (f) HAADF-STEM and element distribution maps depicting formation of 

1:1 lateral heterostructure. 
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Figure 5: Cross-section STEM analysis of the 1:1 SnS2-SnSe2 heterostructure; (a) STEM-EDS 

map of side view of nanosheet depicting elemental distribution of  Sn, S, and Se, respectively; 

(b) HAADF-STEM micrograph of side view showing three regions corresponding to SnSe2, 

interface and SnS2; (c-d) Atomic resolution images of region-1 and 3 belongs to SnSe2 and 

SnS2 respectively, showing 1T phase arrangement and (e) HAADF-STEM image of the region-

2 interface (Inset: FFT of the respective regions). 
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Figure 6: Defect analysis of the interface region in the heterostructure; (a) HAADF-STEM 

micrograph of the enlarged view of the interface showing multiple line defects originating from 

SnS2 and propagated in the SnSe2 region; (b) High resolution STEM image of the interface 

showing line dislocations (Inset: Burgers circuit); (c) Atomic resolution image showing 

disordered structure and warping of layers during anion-exchange; (d) Atomic resolution image 

from SnS2 region showing ion migration through the nano-channels between the layers; (e) 

Schematic illustrating the interface structure and presence of numerous defects through atomic 

models during anion-exchange process.   
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Figure 7: Gas sensing performance of synthesized samples- pristine SnS2 (150°C), SnSe2-SnS2 

heterostructure (RT) and SnSe2 (RT); (a) I-t curve of the sensors with varying concentration of 

NO2; (b) Schematic depicting transfer of electrons from the n-type SnS2/SnSe2 to NO2 gas 

molecules; (c) Response (%) of the sensors with varying NO2 concentration; (d) Repeatability 

curve of the sensors at 2 ppm NO2 concentration. 
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Figure 8: Selectivity plot of the sensors SnS2 (150°C), SnS2-SnSe2 (RT), and SnSe2 (RT) 

demonstrating high selectivity towards NO2 gas. 
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