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Because of its two-dimensional structure and semiconducting properties, tin disulfide (SnS,) is of interest
for many applications, such as photocatalysis, photovoltaics, sensing, and electronics. While the atomic and
electronic structure of bulk and monolayer SnS, have been studied, much less is known about the edges of layers.
Such edges could have a major influence on the performance of SnS,. This paper reports on density functional
theory (DFT) simulations of the atomic and electronic structure of the edges of SnS,. We modeled several
different edge terminations at various S coverages and orientations, as well as performed thermodynamic analysis
of edge terminations. Our results show that edges with 0% and 50% S atoms are most stable and that higher S
coverage are unstable. We directly link edge stability with environmental temperature and pressure, which will
guide the experimental synthesis of SnS, materials. We found all the edges to be semiconducting, unlike other
metal chalcogenides, and that the band gap energy decreased with increasing S coverage. Semiconducting edges
could lead to lower charge recombination rates and better photocatalytic performance. Our calculations also
show that edges may have direct or indirect band gaps, depending on the edge termination. Finally, we examined
the reactivity of edges through hydrogen dissociation and found edges to be more reactive than basal planes. Our
work provides important details on the nature of SnS, edges and how these edges influence the electrical and

chemical features of SnS,.
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I. INTRODUCTION

Two dimensional (2D) materials have been studied for
years because of their unique mechanical, chemical and op-
tical properties [1-3]. One of the earliest 2D materials to
be studied was graphene [4], but many more 2D materials
have been discovered and studied, including layered metal
dichalcogenides (LMDs), for instance, MoS, [5-8], WSe;
[9,10], WS, [11,12], and NbS, [13]. Tin disulfide (SnS;)
is an LMD that has attracted interest because it is cheap,
composed of abundant, nontoxic elements, and has interesting
properties.

SnS; is promising for a number of applications, including
photoelectrochemical catalysis [14,15], electrochemical catal-
ysis [16], photoconductors [17,18], photovoltaics [19,20],
lithium ion batteries [21,22], field-effect transistors (FETs)
[23], and sensors [24,25]. SnS; can be exfoliated to very thin
layers and has been used as ultrathin and flexible FETs. It
has also been used as the electron transport layer (ETL) in
perovskite solar cells [19,23] because of its layered structure
and high carrier mobility. Moreover, the multilayered struc-
ture also helps SnS, have large accessible volume to store
Li, and Li can be released and stored between layers readily
[22]. As a semiconducting material with a 2.1 to 2.4 eV band
gap energy, SnS, can absorb visible light, and therefore has
been studied for photovoltaic and photodetector applications
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[18-20]. Similar to other LMDs, such as MoS,, SnS, has also
been used in photoelectrocatalysis [14,15]. For instance, SnS;
was studied for water splitting [26] because the conduction
and valence bands of SnS, straddle the oxidation and reduc-
tion potentials of water, which gives favorable alignment for
water splitting.

A similar 2D material is 2H-MoS,, which has several in-
teresting properties. One well known property of 2H-MoS; is
that monolayer MoS; has a direct band gap [27], while bulk
2H-MoS; has an indirect band gap. This makes monolayer
2H-MoS, more efficient for light absorption and emission. On
the other hand, the metallic nature of 2H-MoS, flake edges,
as discovered through density functional theory (DFT) sim-
ulations and high-resolution scanning tunneling microscopy
(STM) [28,29], leads to the edges being recombination sites
for photo-excited charges. Metallic edges are also not ideal
for transistors and sensors because these can cause short
circuit paths across the metallic electrodes, resulting in low
current on/off ratios and high power consumption. The edge
configurations and electronic structure of 2H MoS, have
been well-documented [30,31] through experiment and the-
ory. Similar details for SnS, are missing in the literature.

Edges are important to the performance and properties of
SnS, as well. Edges and defects of SnS, nanoflakes were
shown to improve photoelectrochemical performance [15,32].
Edges may also occur when incomplete growth of SnS;
occurs, such as in missing regions of a basal plane, or in
harsh environments that deteriorate the layers [15]. In pre-
vious experimental work [15], we showed that edges are
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electrochemically active, but the atomic and electronic nature
of such SnS, edges are unclear. Better understanding of the
edges is needed in order to tailor effective nanostructures for
targeted applications.

There exist several density functional theory (DFT) studies
of SnS,, which provide quantum mechanical modeling re-
sults. These include the study of the properties of monolayer,
multilayers, and/or bulk [33,34], the effect of van der Waals
interactions [35], doping of SnS, [36,37], defects [38,39],
heterostructures [40], and others. Edges have been modeled
in SnS; nanoribbons [41-43]. Such studies provide important
details on SnS, edge sites, but focus on novel structures that
may not be readily present or synthesized in experimentally
relevant samples. Chia et al. [44] modeled hydrogen adsorp-
tion to SnS, edges but did not provide detailed information
about the electronic and structural properties of such edges.

The structure and electronic properties of SnS, edges are
not fully understood, which limits the applicability of SnS,
in many applications. This paper aims to model SnS, edges
using DFT. The stability of both multilayer and monolayer
SnS; edges with different S terminations have been modeled.
Electronic properties of various edges were also determined,
which links edge structure to electronic behavior. Our work
is the first of its kind to characterize SnS, edges in such a
manner at the atomic-scale using DFT.

II. COMPUTATIONAL METHODS
A. DFT simulation details

All simulations utilized DFT with the Vienna ab initio
simulation package (VASP) [45-48]. The electronic and ionic
relaxations convergence criteria were 1075 and 0.01 eV/A,
respectively. A plane wave cutoff energy of 400 eV was
used. A 6 x 6 x 2 Gamma centered k-point grid was used
for modeling bulk and monolayer SnS,. A single k point
was used for calculations of multilayer edges and monolayer
edges, since these calculations involve larger supercells. The
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) [49] exchange correlation functional
was used for all geometry optimizations. We employed the
Heyd-Scuseia-Ernzerhof (HSE06) hybrid exchange correla-
tion functional [50] for calculating density of states (DOS).
However, using HSEO06 required such large computational
time for band structure calculations, so we calculated the band
structure of multilayer and monolayer edges with the PBE
functional, which gave very similar results to HSE06 (Fig. S1
[51]). The choice of points in reciprocal space for band struc-
ture calculations were guided using the SEEK-PATH program
[52]. Grimme’s zero damping DFT-D3 approach [53,54] was
used in all calculations to include van der Waals forces, which
are important for inter-layer interactions.

SnS, has two main crystal structures: 2H(P3ml) and
4H(P63mc). The 2H phase is the most stable structure, and
therefore is the most common phase studied [24,26]. We
modeled this phase in our work. Each layer of 2H-SnS, was
identical, where a row of Sn atoms is sandwiched between
two A-B stacked S layers. These S-Sn-S layers stack on top
of each other, attracted to each other by van der Waals inter-
actions, similar to other 2D materials.
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FIG. 1. The simulation cells used for modeling bulk and mono-
layer SnS,. Purple balls represent Sn atoms and the yellow balls are
S atoms. (a) The top and side views of bulk SnS,. The solid lines
indicate the unit cell. (b) The side view of a unit cell of monolayer
Sl’lSz.
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In this work, we modeled two types of structures: SnS;
layers with no edges and SnS, with edges. SnS, layers with
no edges are essentially infinite sheets. Bulk SnS, consists
of these sheets stacked continually next to each other, while
monolayer Sn; consists of a single sheet. Figure 1 depicts the
cells we used to model layered SnS; structures (no edges). We
also modeled SnS; sheets that had edges cut from them. These
structures resembled ribbons, being infinitely long in the x
direction, and having finite thickness in the z direction. Fig-
ure 2 depicts these structures, along with the exposed edges.
The (1010) facet is the most stable termination observed in
previous experiments [15,55], so was used in the simulations.
For the ribbon models, the ribbons were eight Sn layers thick.
These ribbons were chosen so that the middle two layers
behaved as bulk SnS,, while the top and the bottom layers
were edges. To validate that this ribbon width was sufficient,
we calculated the DOS for monolayer ribbons being eight and
ten Sn layers thick, as shown in Fig. S2 [51]. The DOS are
nearly identical, indicating that an eight-layer ribbon is suffi-
ciently wide. We also tested the k-point mesh by comparing
DOS for a monolayer ribbon using 1 x I x 1 and 2 x 2 x 1
k-point meshes. The DOS (Fig. S3 [51]) were nearly identical,
indicating that a single k point is sufficient for describing
the ribbons. There was ~18 A vacuum in the z direction
between ribbons. We modeled both the top and bottom edges
of the ribbons with identical terminations. Figure 2 shows the
multilayer edges having no S atoms terminating the edges (0%
S coverage). More S atoms could be added to the edges, result-
ing in higher S coverage. We modeled different S coverages
by adding S atoms to these edges. For the monolayer ribbon,
the SnS; single layer is separated from other single layers by
a distance of 14 A, so that the interactions between two layers
can be ignored.

B. Stability of different edges

A primary goal of our work was to determine the atomic
arrangement/configurations for the SnS, edges, as well as
their stability. To determine the most stable edges of SnS,
under various environmental conditions, we calculated edge
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FIG. 2. The simulation cells used for modeling edges of SnS,.
The structures consist of ribbons with exposed edges on the top and
bottom of the ribbons. Purple balls represent Sn atoms and the yellow
balls are S atoms. (a) The top view of the cell with multilayer SnS,
ribbons. The solid lines indicate the unit cell. (b) The side view of the
cell with multilayer SnS, ribbons. The exposed edges are separated
from each other by ~18 A. (c) The top view of the cell with a single
SnS, ribbon (monolayer). The ribbons are separated from each other
by ~14 A. (d) The side view of the cell with a single SnS, ribbon.
The length of the ribbons in the cell are shown by the variable L.

formation energies using DFT results of the multilayer and
monolayer ribbons (Fig. 2). We used the approach found
in previous work to calculate surface formation energies
[56-59]. The surface (or edge) formation energy, y, of the
multilayer ribbon can be determined by the formula typically
used for slabs:

o (Glivbon — Nsnttsn — Nsis) |
Vmultilayer ribbon = A . ( )

A 1is the area of the surface. Ng, and Ng are the number of
Sn and S atoms in the ribbons. us, and wus are the chem-
ical potentials of Sn and S. The A value for the multilayer
ribbon structure was taken from the cell lattices parallel to
the surface, or the x length multiplied by the y length shown
in Fig. 2(a). The area of the multilayer ribbons follows con-
ventional work with slabs since the exposed surface all fits
within the simulation cell. In the case of a monolayer ribbon
[Figs 2(c) and 2(d)], defining a surface area is not straight-
forward. The area of the exposed surface is not fully clear.
Rather, we normalize the formation energy of this ribbon in

terms of length L:

(Giibbon — Nsntbsn — Ns MS)
Ymonolayer ribbon = oL . ()

The chemical potentials of Sn and S can be written in terms
of the bulk SnS; chemical potential, tgps,:

MsnS, = Msn + 21s. 3)

[sns, can be taken from bulk SnS,, or G4 can be used for
Wsns, - Therefore, using Eq. (3) to eliminate ug, in Eq. (1), we
obtain the following:

Ymultilayer ribbon = a[Giibbon — NSn(Gglrllg(z —2us) — NSMS]
1 .
= E[Géibbon - NSnGglinSkz — ms(Ns — 2NSn)]-

“

From Eq. (4), we can see that the surface formation energy
is dependent on us. A similar equation can be found for the
monolayer ribbon formation energy. At equilibrium, the value
of s becomes constrained, as discussed in other work [60].
The maximum value of the Sn chemical potential corresponds
to bulk Sn:

sn[max] = G2X(T, p). §))

Since ug and pug, are constrained by Eq. (3), we can find the
minimum possible value of ug by

pslmin = 2[G3% — jusy[max]]. ©)
If the S chemical potential drops below this value, bulk Sn
would form since the chemical potential of Sn would be
greater than bulk Sn. We used S, as a reference species for the
maximum value of the S chemical potential, since gas-phase
sulfur is often used for SnS, synthesis [15,59]. The maximum
value of ug was taken to be %Gszi

1
us[max] = EGSZ- @)

Above this value the S atoms would form S, gas instead of
staying on the SnS, edges. We introduce Aus = us — %Gsz,
which gives us the range of chemical potentials for S:
%[Ggglskz — G@* — Gs,] < Aps < 0. ®)
We thus have a way to determine us (or Aug) in order
to calculate surface formation energies, using, for example,
Eq. (4). Entropic and enthalpic energy contributions of gas-
phase S are much greater than these contributions from the
solid phase, for Sgs > Ssolia and (PV)gas > (PV)gopia. For
example, Reuter and Scheffler [60] performed an ab initio
thermodynamics study of RuO; up to 1000 K, similar to
what we have done in the present work, and found vibrational
contributions of the slab to the surface free energy to be less
than 10 meV/ A2. Alfonso [59] reached a similar conclusion
for FeS,, also for simulations up to 1000 K. Other work
[61-63] has also shown that solid-phase contributions to free
energy changes are typically small so can be ignored. Thus,
ignoring entropy and enthalpy for the solid phase allows us to
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use DFT-calculated energies in Eq. (8) for the solids, similar
to what has been done in previous work [64—67]. We take the
energy of S, from our DFT calculations. The range of the
chemical potential of S thus becomes:

—131eV < Aus <0eV. )

Reuter and Scheffler [60] indicated that using such an ap-
proach gives the range of chemical potentials at 0 K, and
that at higher temperatures the chemical potential of gas-phase
species may increase on the order of 0.3 to 0.6 eV. We present
the surface formation energy results beyond 0 eV in order to
account for these elevated temperatures, similar to Reuter and
Scheffler [60]. In summary, the surface formation energy of
different edge terminations can be found by

. 1 .
i _ i bulk
Vmultilayern-bbm,S - 24 Emultilayer ribbons NSHESnSZ

1
—(Ns — 2NSn)(AMs + EE&)} (10)

and

. 1 .
i _ i bulk
Vmultil'«lyer,-ibho“g - 2L Emonolayer ribbon — N, SnESn52

1
—(Ns — 2NSn)<AMs + EESZ)]- (11)

In order to relate the simulation work to real experimental
conditions, we correlated the S chemical potentials to sulfur
gas at finite temperature and pressure. According to previous
studies [68,69], sulfur gas molecules exist as S, to Sg, or
a mixture of several species at different temperatures and
pressures. At high temperatures and low pressures (which are
often used during synthesis), smaller S molecules dominate,
especially S,[68,70]. We therefore used S, as a reference
molecule. The chemical potentials at different temperatures
were calculated using this equation [60]:

1
us(T.p) = ps(T. p*) + KT In (pﬁ) (12)

where k is the Boltzmann constant and ug(7, p°) is the chemi-
cal potential per atom of S, gas at a reference pressure p°. The
chemical potential at the reference pressure can be determined
by

1 1
us(T, p°) = E,usz(0 K, p°) + EAG(AT, p°,82). (13)

Taking us(0K) = 1Es,, we obtain the following:
1 1
us(T, p°) = EESZ + E[H(T’ P°.8)—HOK,p°, $)]

1
—5TIS(T, p°,8) —SOK, p°, )], (14)

where AG(AT, p°, S,) is Gibbs free energy of S, gas at
pressure p°. We used the JANAF thermochemical data [71]
for entropy and enthalpy values used in Eq. (14). Such en-
tropy and enthalpy values include vibrational, rotational, and
translational energy contributions. These data were at 0.1 MPa
and used as the reference pressure p°. Equation (14) and the

experimental thermochemical data allow us to relate the S
chemical potential to real temperatures and pressures.

III. RESULTS AND DISCUSSION
A. Bulk and monolayer SnS, (no edges)

We first describe our results for bulk and monolayer SnS;
(no edges). The cells are shown in Fig. 1. We calculated the
bulk lattice parameters as a = 3.69 A, ¢ =5.94 A, which
agrees well with previous experimental (a = 3.65 A, ¢ = 5.90
A) [26] and simulation (a = 3.66 A, c=5.81 A) [72] results.
Our calculated band gap energy of bulk SnS, is 2.34 eV and is
indirect. Figure S4 [51] shows our calculated band structures
for bulk and monolayer SnS;. The conduction band minimum
(CBM) is located at the L point and the valence band max-
imum (VBM) is located between the M and I' points [33]
(see Fig. S4 [51]). According to our calculations, the band gap
energy of monolayer SnS, is 2.44 eV. This band gap energy is
0.1 eV larger than that of bulk SnS, [33,38], and monolayer
SnS, is an indirect semiconductor where the CBM is located
at the M point and VBM is located between the I' and M
points. Both monolayer and bulk SnS, have indirect band
gaps according to previous studies [17,33]. This is in contrast
to MoS, which has an indirect band gap in the bulk, but a
direct band gap when it becomes a monolayer [17,27]. These
results match with previous studies, which report similar band
structures [36] and indirect band gaps for SnS,.

Our calculated projected DOS of bulk and monolayer SnS,
are shown in Fig. S5 [51]. Similar to previous DFT studies
[26,33], we found that the valence and conduction bands are
composed of hybridized orbitals for SnS,. The conduction
bands of both bulk and monolayer are composed of Sn s and S
p orbitals, while the valence bands of both bulk and monolayer
SnS, are both dominated by S p and Sn d orbitals. Our results
agree with previous literature on what is known about SnS,,
and also show that both bulk and monolayer SnS; have similar
properties.

B. Edge Structures of SnS,
1. Possible S arrangements on the edges

We now turn our attention to Sn, having layers terminated
with edges. There are various possible arrangements of SnS,
edges with regards to S positions. We describe our efforts to
model different surface terminations here. The multilayer and
monolayer ribbons we used are shown in Fig. 2, respectively,
with the (1010) facets exposed. At 0% S coverage, only Sn
atoms are exposed to the surface. Depending on the S cov-
erage, the edges may have undercoordinated Sn atoms. Each
Sn atom in the bulk has a coordination number of 6, while at
0% S coverage, the Sn atoms at the edges have three dangling
bonds. At 100% S coverage, each Sn bonds to three surface S
atoms, to have a full coordination number of 6.

There are six possible sites for S atoms at the (1010) edges,
as Fig. 3(a) shows. Sites 1 and 2 correspond to positions
occurring in bulk SnS;, and are named in-registry site 1 (IR1)
and in-registry site 2 (IR2). If we cut bulk SnS, and do not
allow relaxation, the S atoms would be in IR1 and IR2 sites.
Site 3 bridges two Sn atoms, and is named a bridge site (B).
Site 4 is directly on top of a Sn atom, and is named the top
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(@) site (T). Sites 5 and 6 are the sites that are at the opposite
° 0 o g:tz ; iI:-rngiizttrry EIIE)Z) positions of IR1 and IR2, and are named out-of-registry site 1

@ Site 3 brid gge (B{ (OOR1) and out-of-registry site 2 (OOR2). We have four Sn

@ ° Site 4: top (T) atoms at each edge in the supercell, and eight S atoms would

g Site 5: out-of-registry (OOR) be equivalent to full (100S) coverage. In other words, for our

o sn s Sieibroutiof-registy(QORY) chosen simulation cell eight S atoms at an edge corresponds

(b) Multiayer Ribbon to 100% S coverage, while six S atoms corresponds to 75%
0s 258 508 758 1008 S coverage, etc. We modeled a range of S coverage and also
several possible initial configurations of the S atoms at the

o o edges, which are summarized in Table I. We modeled edges
O O with 0%, 25%, 75%, and 100% S coverage for both multilayer
o o and monolayer SnS; ribbons, as shown in Figs 3(b) and 3(c).
o o A ribbon with 50% S coverage is a fully stoichiometric ribbon
(SnS;). We modeled two different sites when the S coverage

0S 25S-O0R2 50S-IR 75S-IR 100S-IR at an edge was more than 50%. For example, 75% S covered

(c) Monolayer Ribbon edges could have both IR and OOR sites occupied at the same

1008 time. In this case, if there are more IR-S atoms than OOR-S

0s 258 508 755
atoms, this would be called a 75S-IR edge. If there are more
o o OOR-S than IR-S atoms this would be called a 75S-OOR
o o edge.
o o We modeled several initial configurations for the edges,
() ©

and then allowed the ribbons to relax. Table I indicates all

of the configurations before and after relaxation. We modeled
0s 258-00R2 508-IR 758-R 100S-IR six different initial configurations for 258, six for 50S, three
for 758, and two for 100S. We also indicate the final config-
urations. On some surfaces the S atoms rearranged to form
different structures than the initial configurations. For exam-
ple, the 50S-IR2 configuration converged to the 50S-OOR2
configuration after geometry optimization. Some initial con-
figurations did not converge after more than several thousand

FIG. 3. (a) Different possible S positions on the surface termi-
nations. Top views of the most stable configurations at different S
coverage for (b) multilayer edges and (c) monolayer edges are given.
Indicated are the final converged configurations of the S atoms.

TABLE 1. Adsorption energies and optimized surface configurations for multilayer and monolayer SnS, ribbons up to 100% S coverage.
Initial and final (after geometry optimization) configurations are indicated. Adsorption energies were calculated using Eq. (15). Provided are
the adsorption energies per S atom, and the total adsorption energy per edge (adsorption energy per S atom multiplied by total number of S
atoms). The nomenclature for edge configurations are given in Fig. 3(a). Certain edge configurations did not converge after several thousand
geometry optimization steps, and are indicated by dashes.

Multilayer edges Monolayer edges
Initial Final Adsorption Total adsorption Final Adsorption Total adsorption
configuration configuration energy (eV/atom) energy (eV) configuration energy (eV/atom) energy (eV)
100S-IR 100S-IR 0.23 1.84 100S-IR 0.31 2.48
100S-OOR - -
75S-IR 75S-IR —0.10 —0.6 75S-IR —-0.02 —0.12
75S-1R2 75S-1R2 0.24 1.44 -
75S-O0R - -
50S-IR 50S-IR —-0.72 —2.88 50S-IR —0.64 —2.56
50S-IR2 50S-O0R2 0.06 0.24 50S-O0R2 0.13 0.52
50S-O0R - -
50S-O0R2 50S-O0R2 0.06 0.24 50S-O0R2 0.13 0.52
50S-B 50S-IR —0.72 —2.88 50S-IR —0.64 —2.56
50S-T 50S-O0R2 0.06 0.24 50S-O0R2 0.13 0.52
25S-IR 25S-IR 0.28 0.56 25S-IR 0.38 0.76
25S-IR2 25S-O0R2 —0.32 —0.64 25S-O0R2 —0.23 —0.46
25S-O0R 25S-O0R 0.79 1.58 25S-IR 0.38 0.76
25S-O0R2 25S-O0R2 —0.32 —0.64 25S-O0R2 —0.23 -0.46
25S-B 25S-IR 0.29 0.58 25S-IR 0.38 0.76
25S-T 25S-O0R2 —0.32 —0.64 25S-O0R2 —0.23 —0.46
0S 0S 0 0 0S 0 0

155306-5



YAN, RAO, AND DESKINS

PHYSICAL REVIEW B 102, 155306 (2020)

geometry steps, indicating those configurations are not likely
stable.

To determine the sulfur adsorption energy for each S cov-
erage, we calculated the S adsorption energies at 0 K using
the reaction: 0S + %‘Sz — yS, where 0S is the multilayer or
monolayer ribbon at 0% S coverage (no S on the edge). yS is
the mulitlayer or monolayer ribbon at y% (y = 25, 50, 75, and
100) S coverage. x is the number of S atoms added to the edge
of the yS ribbon. S, was chosen as a reference S molecule in
the vapor phase for consistency. Accordingly, the adsorption
energies of S were calculated by the following equation:

E,;s — Egs — 3E
E(adsorption)(ys) — M

15)
E,s is the total energy of the ribbons at y% S coverage. x is
the number of sulfur atoms adsorbed at the edges. Es, is the
total energy of a S, molecule. The adsorption energies were
normalized by the number of S atoms added to the surfaces,
so that the adsorption energy will be in eV /atom. Table I
provides adsorption energies for S, as well as the number of S
atoms on the edges for each S coverage.

The results show that the most stable configurations at
each different S coverage are 25S-OOR?2, 50S-IR, 75S-IR, and
100S-IR, which are shown in Fig. 3. Thus we found that the
most stable orientation of S atoms at 25% S coverage had the
S atoms out of registry compared to bulk positions. This ori-
entation could be termed a reconstruction due to the shifting
of the S atoms away from bulk positions. Similar shifting of
S atoms at edges has been observed in MoS; [30,73]. On the
other hand, for higher coverages (50S and above) the most
stable S configuration occurred with the S atoms in-registry
(bulk S atom orientation). We found no evidence in the litera-
ture for reconstructions being observed for SnS, edges. Since
the 50S coverage was the most stable coverage and had no
reconstructions, our results are consistent with what is known
in the literature. Furthermore, the 50S-IR edges are the most
stable for both multilayer and monolayer at 0 K, since they
have lowest total adsorption energies as Table I shows. This is
the stoichiometric edge, so from a chemistry viewpoint should
be very stable. The high coverage surfaces were not stable or
only weakly stable. For several of the high coverage surfaces
(i.e., 100S) during the geometry optimization, S, molecules
would occasionally leave the surface, dissociating from the
SnS, surface. This reinforces the notion that high coverage
of S is unstable on the SnS, edges. These results show that,
in general, S atoms are more likely to occupy the in-registry
sites of the edges, with the exception of OOR2 sites being
more favorable over the 25S edges. IR-S atoms have the same
positions as S atoms in bulk SnS,, which explains why they
are so stable when adsorbed on the edges. In addition, the fact
that the stable edge configurations of multilayer and mono-
layer ribbons are the same suggests that the van der Waals
force between SnS; layers do not significantly affect the edge
configurations.

2. Thermodynamic considerations of edge structures

So far, we determined the most stable arrangement of S
atoms at the edges for various S coverages at OK. Next, we
aim to determine the relative stability of different surfaces
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FIG. 4. Surface free energies of multilayer (a) and monolayer
(b) SnS, ribbons at different S chemical potentials. The corre-
sponding temperatures (top x axis) are determined by the chemical
potential of S, gas at 10~ atm. The dashed vertical line represents
the minimum value of Aug when using S, as a reference.

as a function of S chemical potential, which can be related
to actual temperature and pressure. We calculated the surface
free energy as function of S chemical potential for multilayer
and monolayer SnS, ribbons using Eq. (4). These results are
given in Fig. 4.

The slope of each surface grand potential line is determined
by %, as rearranging Eq. (10) shows

Ng — 2Ng,) 1
(Ns s)E

j [ bulk
y' = [Efibbon — NsnEgns, | + A 558

24
(Ns — 2Ns;)
——————Aus

A (16)
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FIG. 5. Density of states of (a) multilayer and (b) monolayer SnS, ribbons as calculated using the HSEO06 functional. The valence band
edge is set at 0 eV. (c) The band gap energy as a function of sulfur coverage. For reference, the calculated band gap energies of bulk SnS,
and monolayer SnS, (no edges) are 2.34 and 2.44 eV. (d) Side view of multilayer and monolayer slabs. Grey lines indicate the cell edges. The

shaded atoms were used to calculate the DOS representing edge atoms.

A similar rearrangment can be found using Eq. (11) for mono-
layer ribbons. Because of this slope, the surfaces with more
sulfur atoms (Ng) have more negative slopes and become
more favorable with increasing sulfur chemical potential. The
lines with negative slope correspond to the edges with excess
S atoms (75S and 100S), while those with positive slope
correspond to the edges with deficient S atoms (0S and 25S).
A slope of 0 corresponds to the stoichiometric edge (50S).
Therefore 75S and 100S edges are more stable in the sulfur
rich region, and OS and 25S edges are more favorable in the
sulfur poor region.

The edge coverage with the lowest surface free energy is
the most stable at a given S chemical potential. Hence, from
Fig. 4, we can conclude that multilayer and monolayer SnS;
edges will adopt a OS coverage at low ug and 50S coverage
for higher pg values. 75S and 100S coverage are not stable
at any of the chemical potential ranges. Interestingly, the 25S
is also not stable, so that the coverage jumps from O to 50S
abruptly. The most stable arrangement of S atoms for the
25S surface has S atoms in the OOR?2 arrangement, unlike
any other surface, which could explain why 25S coverage
would not be observed for these ribbons. We point out that
the most stable edge terminations are nearly the same for
the monolayer and multilayer ribbons, which indicates that
interactions between layers do not affect edge stability.

We also wanted to understand these results in the con-
text of sulfur at different temperatures and pressures. We
chose molecular sulfur (S;) at 107> atm as our reference
state. In our previous experiments [15] the SnS, nanoflakes
were synthesized at 723 K and 107> atm which corresponds
to Aus of —1.2 eV. The corresponding temperatures of S,
molecules at 107> are given in the upper x axis of Fig. 4.
Table S2 [51] provides g values for a range of pressures and
temperatures that may correspond to a variety of other envi-
ronmental or synthesis conditions. This allows connection of
our calculated surface grand potential to experiment. Accord-
ing to Fig. 4 the most stable nanoflakes that we synthesized
in our previous work [15] would have 0% S covered edges,
at least during synthesis. If the flakes could be synthesized at
lower temperatures, then 50S edges may form, but at lower
temperatures diffusion limitations may limit nanoflake syn-
thesis.

We also considered the possibility of other sulfur
molecules. Table S3 [51] shows chemical potentials for Sg,
rather than S,. In reality sulfur gas will be a mixture of differ-
ent molecules [68], and depending on temperature/pressure,
different sulfur molecules will dominate the gas phase. Ta-
ble S3 [51] gives chemical potentials for Sg molecules.
Unlike S,, the chemical potentials span a very narrow
range, and in the presence of Sg the SnS, surface would
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adopt a 50S termination, except for very high tempera-
tures.

C. Electronic properties of the edges

The electronic properties of SnS, edges are important for
many applications. Here we present the calculated DOS and
band structures of the most stable multilayer and monolayer
SnS, edges (as determined in Sec. III B). Figure 5 shows the
density of states of multilayer and monolayer SnS, edges.
The atoms in the top seventh to eight atomic layers were
taken as edge atoms, and used to obtain the DOS and band
structure of the edges [see Fig. 5(d)]. Figure 5 shows that
the band gap energies of the edges are smaller than the band
gap energies of bulk SnS; (2.34 eV), and that the band gap
energy decrease with increasing S coverage. The band gap
energies of both multilayer and monolayer 0S and 50S edges
are slightly smaller than those of the bulk and monolayer SnS,
without edges, while the band gap energies of 100S edges are
around 0.7 eV smaller than that of the bulk and monolayer
SnS, without edges. These results show that by controlling
the S coverage of the edges of SnS, flakes, the band gap
energy of the edges can be controlled, which may modulate
photoabsorption behavior. According to the DOS plots, the
edges of SnS, are still semiconducting, no matter the S cov-
erage. This is in contrast to the metallic edges of typical 2D
sulfides, such as 2H-MoS; [28,29]. The semiconducting edges
of SnS; could avoid the short circuit issue that MoS, might
have in FETs. Furthermore, the charge recombination rate at
the semiconducting edges could be smaller than at metallic
edges, indicating SnS, could be a promising photovoltaic or
photocatalytic material.

Direct band gap semiconductors have better photolumi-
nescence [27] and may be more suitable in photovoltaic
applications due to higher photoabsorption [31,74]. We found
that multilayer and monolayer-50S edges are unlike the basal
planes, in that they both edges have direct band gaps (Fig. 6),
while multilayer and monolayer 0S and 100S edges have
indirect band gaps, similar to bulk SnS,. This is important,
because it indicates that photoabsorption should be enhanced
at the 50 S edges compared to bulk SnS, or at the basal planes.
However, 50 S edges may also enable more facile charge
recombination, which could be detrimental. These results in-
dicate that the band electronic properties can be modulated by
controlling the edge configurations.

D. Reactivity of edges

The edges of SnS; may be especially reactive sites for
photocatalysis or electrocatalysis, especially when compared
to the basal planes. We accordingly simulated hydrogen and
oxygen dissociative adsorption on the 0S and 50S edges (the
two-most stable edges) as well at basal planes in order to
probe their potential reactivity. Certainly these results are not
complete in defining the catalytic or reactive nature of these
edges, but could provide important insight on edge reactivity.
We modeled H or O atom adsorption at various locations on
the edges, either interacting with Sn or S atoms. For instance,
we modeled several configurations with a single H atom on
top of S, an H atom in between two Sn atoms, or an H

(a) multilayer-0S
2

o
L

indirect bandgap

direct bandgap

Energy (eV)
|

=
(d) monolayer-0S

(e) monolayer-50S (f) monolayer-100S
e ‘Q‘i,:\/

[ =

indirect bandgap

direct bandgap

FIG. 6. Calculated band structures of multilayer and monolayer
ribbons. The valence band maximum are set at 0 eV. The inset of
(c) shows a zoomed in region of the band gap. Results are from
using the PBE functional, which is why band gap energies are under-
estimated. As discussed in the Methodology, PBE and HSE(06 give
qualitative agreement for band structures (see Fig. S1 [51]), even if
PBE underestimates band gap energies.

atom in between two S atoms. Figures 7 and 8 show the final
configurations for H and O adsorption. Reaction energies were
calculated by

1
Eaq = Entribbon — Eribbon — EEHZ (17
or
1
Ead = E0ibbon — Exibbon — EEOZ- (18)

The dissociative adsorption energies for H, were all en-
dothermic, although the values were just barely endothermic
over the 50S edges. We could thus consider the H dissociation

0S-multilayer 50S-multilayer
E, =125eV E,, =0.08 eV

88 §

‘ CO0GAC000
00 §& owsrsmRo
0S-monolayer  50S-monolayer m

E,q=128eV E,;=0.03 eV

Q
O

o

FIG. 7. Hydrogen dissociative adsorption results on the 0S edges
and 50S edges. Shown are the most stable configurations for ad-
sorbed H atoms along with adsorption energies. For comparison,
dissociative adsorption results of H are given for the basal plane.

Basal plane
E. =0.52eV

QAR
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0S-multilayer 50S-multilayer
E,q=-0.38eV E,=-1.03eV

i 8

50S-monolayer
E.q=-1.04 eV

Basal plane
E. s =-0.50 eV
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o

3

o

FIG. 8. Oxygen dissociative adsorption results on the 0S edges
and 50S edges. Shown are the most stable configurations for ad-
sorbed O atoms along with adsorption energies. For comparison,
dissociative adsorption results of O are given for the basal plane.

process to be thermodynamically neutral over the 50s edges,
especially when considering any errors that may be in the
calculated dissociation energies due to DFT approximations.
The 50s surface provides under-coordinated S atoms for the
hydrogen to dissociate at. Dissociative adsorption is weakest
on the 0S edge, even more so than the basal planes. This may
seem surprising, but adsorption over the 0S surface involves
Sn-H bonds, while over the basal planes involves S-H bonds.
S-H bonds are stronger than Sn-H bonds, which explains these
adsorption energies. Chia et al. [44] modeled H, dissociative
adsorption over SnS, edges to obtain an adsorption energy
of ~0.4 eV. This differs from our value of 0.08 eV, but we
both still obtained endothermic dissociation energies. Such
differences could be attributable to the choice of exchange-
correlation functional or other simulation parameters. It is also
unclear what edge structures they modeled. For comparison,
hydrogen dissociative adsorption over MoS, was calculated to
be exothermic [75,76], which indicates that edges may have
different properties for dichalcogenides.

We also modeled O, dissociation, and this process was
always exothermic over SnS, as Figure 8 shows, in contrast

to H dissociation. O, dissociation is about two times more
exothermic over the 50s edges compared to the basal planes,
indicating that edges are more reactive than basal planes, sim-
ilar to what was observed for H dissociation. Also similar to
H, dissociation, 0S edges are less reactive than 50s edges. Our
results indicate that synthesis of SnS,, especially under certain
synthesis conditions, may form reactive flakes with edges that
may be more reactive than basal planes. Such edges which
may be key reaction sites. This may partially explain the
experimental observations that edge-oriented SnS, nanoflakes
have better photo-electro-chemical performance than single
crystal SnS, [15,32].

IV. CONCLUSIONS

We modeled edges of SnS, using DFT to find their sta-
ble configurations at different S coverage. We modeled both
monolayer and multilayer ribbons (with edges), as well as
bulk and monolayer Sn, (no edges). We also included ther-
modynamic analysis to determine edge stability at different
pressures and temperatures. Our results show that 0S and
50S edges are most stable, and that higher S coverage are
unstable. According to our thermodynamic calculations, the
as-synthesized SnS; can have different edge terminations un-
der different experimental condition, which means one can
control terminations of SnS; edges by controlling experimen-
tal conditions. In contrast to the metallic edges of 2H-MoS,,
SnS; has semiconducting edges, indicating promising prop-
erties for photovoltaic and photocatalytic applications. This
paper provides fundamental knowledge of multilayer and
monolayer SnS, edges including their atomic configurations
and electronic structures, which is important for research and
applications involving SnS,.
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