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hase transformation of ligand-
capped SnS tetrahedrons from p phase to a phase
and its impact on H2 evolution performance

Xiangxin Du, Kenji Kazumi, Toru Utsunomiya, Isshin Sumiyoshi
and Yoshitaro Nose *

p-Tin sulfide (SnS) is an emerging semiconductor of interest with attractive properties for applications in

solar energy conversion and non-linear optics. However, its intrinsic metastability raises concerns and

requires further investigation. Here, we report a newly discovered martensite-like phase transition in

ligand-capped p-SnS tetrahedrons by a post-annealing treatment. By adjusting the annealing

temperature, we found that the desorption of surface ligands initiated the rearrangement of surface

atoms, thus triggering a chain phase transformation from p phase to a phase through the displacement

of adjacent atoms. Large amounts of boundaries and stacking faults were present in this process, as

shown from high-resolution transmission electron microscopy combined with selected area electron

diffraction. Furthermore, X-ray diffraction, X-ray photoelectron spectroscopy, and Fourier-transform

infrared spectroscopy showed that the initiation temperature for phase transition relies on surface

ligands. Hexamethyldisilazane (HMDS)-capped tetrahedrons show higher stability against a temperature

of 500 °C than oleylamine (OLA)-capped tetrahedrons due to the stronger interaction between HMDS

ligands with SnS surface atoms. The mechanism involved in the ligand-affected structure evolution of p-

SnS tetrahedrons and the corresponding H2 generation performance is discussed in detail.
1. Introduction

IV–VI Compound semiconductors have attracted signicant
attention for their potential applications in various elds
including solar cells, optoelectronic devices, and near-infrared
(NIR) detectors. Especially, p-phase monochalcogenides such
as SnS, GeS, SnSe and GeSe have emerged as promising mate-
rials due to their cubic structure and larger optical bandgaps
compared to the conventional a phases.1,2 Among these
monochalcogenides, p-SnS has been widely investigated
because of its experimental feasibility and low cost. p-SnS
exhibits a cubic structure (P213) with a 64-atom unit cell and the
calculated lattice parameter is a = 11.7 Å.3 The reported optical
bandgap of p-SnS ranges from 1.5 to 1.8 eV,1,4,5 indicating
a more effective optical absorption, which makes it a promising
candidate for efficient solar energy conversion. For instance,
a solar cell with an absorber layer of p-SnS has achieved
a conversion efficiency of 1.28%.6 Besides, p-SnS particles have
demonstrated favorable photocatalytic activity.7,8

Paradoxically, p-SnS is a metastable phase as its formation
energy is computed to be 2.19 kJ mol−1 higher than that of the
orthorhombic ground state (a-SnS).9 Understanding the ther-
modynamic stability and solid–solid phase transition is crucial
ering, Kyoto University, Sakyo-ku, Kyoto,

kyoto-u.ac.jp

2545
to control phase-dependent properties and applications.
Experimentally, p-SnS has been observed to be kinetically stable
at room temperature. To date, p-SnS lms have been obtained
by a variety of techniques including chemical bath deposition,10

thermal evaporation,11 atomic layer deposition12 and spray
pyrolysis.13 Under an inert gas atmosphere, the thin lms are
thermally stable up to 300–400 °C, while over 400 °C secondary
phases like SnS2 and metallic Sn were observed.14–16 The parti-
cles of p-SnS with various shapes, typically tetrahedrons and
spheres, are synthesized using colloidal (surfactant-assisted)
methods.17–19 Greyson et al. reported that these microcrystals
remain stable at 300 °C for 3 h under Ar atmosphere but
transform into a-SnS at 250 °C in oleylamine.20

The phase stability of particles is oen affected by the rela-
tive contribution of surface energies to the total Gibbs free
energy. High surface energy allows surface atoms to rearrange
to achieve the ground state. Such situations can typically be
alleviated by impurity incorporation or particle agglomeration,
thereby maintaining the stability of metastable phases. Density-
functional theory (DFT) calculations demonstrated that the
metastable p-SnS particles may be effectively stabilized by
surface ligands.21 Several interesting reports are also available
on the meta-stability of ligand-capped p-SnS with annealing
temperature. The triethanolamine-capped nanoparticles were
stable up to 400 °C and partly transformed to the orthorhombic
phase at 450 °C under vacuum for 1 h.19 Fridman et al.22
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reported the high phase stability at 400 °C of
polyvinylpyrrolidone-capped p-SnS nano-cubes. Little differ-
ence in the impact of different surface ligands on the stability of
p-SnS nanoparticles was seen. However, the intrinsic properties
of surface ligands were proved to be crucial to the H2 evolution
performance of p-SnS in our previous work23 and, logically, to
its physicochemical properties. In the present work, we report
on an isothermal annealing study for oleylamine (OLA)-capped
p-SnS particles and hexamethyldisilazane (HMDS) & OLA-
capped p-SnS particles, respectively. The temperature- and
time-dependent phase transition behavior and its effect on
particles' morphology are investigated. The mechanism
involved in the ligand-affected phase stability and trans-
formations, as well as the associated structure evolution, is
detailed using X-ray diffraction, X-ray photoelectron spectros-
copy, Fourier-transform infrared spectroscopy and high-
resolution transmission electron microscopy. Notably,
a martensite-like phase transformation in SnS is proposed for
the rst time.
2. Experimental
2.1. Materials

Tin(II) chloride (SnCl2, 97%, Wako Pure Chemical Industries,
Ltd.) and elemental sulfur powder (S8, 99.99%, Kojundo
Chemical Laboratory Co., Ltd.) were used as raw materials
without further purication. Oleylamine (OLA, FUJIFILM Wako
Pure Chemical Corporation) and hexamethyldisilazane (HMDS,
Apolloscientic.co.uk) were used as a solvent and ligands.
Sodium sulte (Na2SO3, 97%), sodium sulde nonahydrate
(Na2S$9H2O, 96%) and hydrogen hexachloroplatinate (IV)
hexahydrate (H2PtCl6$6H2O) were purchased from Nacalai
Tesque, Inc. and used for hydrogen evolution experiments.
Puried water (18.2 MU cm) was obtained from a ltration
system (Direct-Q UV3, Merck & Co., Inc.).
2.2. Preparation method

2.2.1. Synthesis of p-SnS particles. p-SnS particles were
synthesized via a solvothermal method adopted from our
previous work. In a typical procedure, 0.3640 g of SnCl2 and
0.0744 g of elemental sulfur were dissolved in 32 mL of oleyl-
amine (OLA) under magnetic stirring and heating. Aer 15 min,
0.8 mL of hexamethyldisilazane (HMDS) was introduced into
the solution. Upon formation of a transparent and homoge-
neous precursor, the mixture was transferred to a 50 mL Teon-
lined stainless-steel autoclave and heated at 200 °C for 5 h.
Throughout the synthesis, a continuous N2 ow wasmaintained
to prevent oxidation and moisture absorption. The resulting
precipitate was washed four times with ethanol and air-dried.
The obtained samples were labeled as OSNS (OLA-capped p-
SnS) and HSNS (HMDS & OLA-capped p-SnS), respectively.

2.2.2 Post-annealing treatment. The as-prepared p-SnS
particles were subjected to post-annealing in a quartz boat
under an N2 atmosphere at temperatures of 400, 500, 600, and
650 °C (see Fig. S1 for the temperature prole). Aer annealing,
the furnace was turned off, and the powder was allowed to cool
© 2025 The Author(s). Published by the Royal Society of Chemistry
naturally to room temperature. The samples aer annealing
were labeled as OSNS/HSNS-400, OSNS/HSNS-500, OSNS/HSNS-
600, and OSNS/HSNS-650, respectively.
2.3. Characterization and H2 evolution measurement

Field emission scanning electron microscopy (FE-SEM, JSM-
6500, JEOL) was used to characterize the morphology of SnS
particles. X-ray diffraction was conducted using the X-ray
diffractometer (XRD, Empyrean, Malvern Panalytical) with Cu
Ka at 45 kV and 40 mA to identify the phases and crystal
structure. The surface chemistry of SnS particles was charac-
terized through X-ray photoelectron spectroscopy (XPS, ESCA-
3400, Shimadzu) using Mg Ka (1.253 keV) with an operating
voltage of 10 kV and a current of 20 mA. Fourier-transform
infrared spectroscopy (FT-IR, INVENIO, BRUKER) was further
measured to conrm the existence of surface ligands. The
transmittance spectrum was measured by a UV–vis spectro-
photometer (UV-2600, Shimadzu) to evaluate the optical prop-
erties. High-resolution transmission electron microscopy
(HRTEM, JEM-2100F, JEOL) and selected area electron diffrac-
tion (SAED) were measured to analyze the precise morphology
of particles and the corresponding crystal phase. H2 evolution
performance of SnS particles was evaluated by a gas chro-
matograph (CGC-001T, J-Science Lab) under irradiation from
a 300 W xenon lamp.
3. Results and discussion

The typical morphologies of SnS particles before and aer
annealing are shown in Fig. 1. As revealed in Fig. 1(a), OSNS
exhibited regular nano- and micro-tetrahedrons with clear
edges and several truncated tetrahedrons, which were also re-
ported by Deng et al.24 A high degree of roughness was observed
on the surfaces (inset gure). HSNS (Fig. 1(b)) also exhibits
a tetrahedral shape but with reduced roughness, suggesting
that HMDS may change the surface state of the tetrahedrons.
Aer annealing at 400 °C, the surfaces became smoother
(Fig. 1(c) and (d)), with the formation of several concave pits. For
OSNS-400, the surface roughness was still observed on the
small-sized tetrahedrons. Increasing the temperature to 650 °C,
the tetrahedral structure became deformed and fragmented. As
shown in Fig. 1(e) and (f), the edges of the tetrahedrons became
indistinct, while severe concave pits, cracks and chips devel-
oped. In addition, the number of such defective particles
gradually increased as the temperature rose, as seen in Fig. S2.

Fig. 2 shows XRD proles of SnS particles under various
annealing conditions. In Fig. 2(a), the peaks detected in OSNS
conform well to the cubic p-SnS with a space group of P213 (PDF
#04-023-2702, a = b = c = 11.60 Å). Aer annealing at 400 °C for
10 minutes (OSNS-400), the cubic phase was maintained. While
in OSNS-500, several diffractions attributed to the ortho-
rhombic a-SnS (PDF #03-065-3812, Pnma, a = 4.34 Å, b = 11.20
Å, c = 3.99 Å) were observed, indicating that some p-SnS
particles had transformed into a-SnS at 500 °C. The diffractions
are signicantly enhanced in OSNS-600 and dominated in
OSNS-650, indicating that cubic p-SnS gradually transformed
RSC Adv., 2025, 15, 32536–32545 | 32537
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Fig. 1 SEM images of OLA/HMDS-capped SnS particles before and after annealing. (a) OSNS, (b) HSNS, (c) OSNS-400, (d) HSNS-400, (e) OSNS-
650 and (f) HSNS-650.
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into orthorhombic a-SnS with increased temperatures. Mean-
while, a small diffraction peak was observed around 22–24°
(Fig. S3) in OSNS-600 and OSNS-650. This diffraction comes
from the elemental tin, which crystallized during the cooling
process, owing to the escape of sulfur atoms at high annealing
temperatures. Such sulfur loss is a common phenomenon in
SnS when annealed in an inert atmosphere due to the high
vapor pressure of sulfur.25–27

Fig. 2(b) shows the effect of annealing time on OSNS
samples. Since no impurity phases are present, the fraction of
p-SnS was evaluated using the relative intensity of diffractions
expressed by the following equation:

R400 ¼ Ip400

Ip400 þ Ia040
;

where R400 represents the intensity ratio of (400) diffraction
from p-SnS. Ip400 and Ia040 are the peak intensities of (400) and
(040) diffractions of p-SnS and a-SnS, respectively. As shown in
Fig. 2(b), R400 of OSNS-400 remained 100% from 10 min to 1 h,
but decreased to 84.51% aer 5 h of annealing, indicating
32538 | RSC Adv., 2025, 15, 32536–32545
a slight phase transition to a-SnS. In OSNS-500, nearly half of
the SnS particles transformed to the a phase, with 54.39% p

phase le. However, it exhibited non-linear behavior with the
annealing time from 10min to 5 h. A similar trend was observed
in OSNS-600 and OSNS-650. Within 30 min, R400 dropped to 0%
in OSNS-650, suggesting a rapid and complete phase transition
from p phase to a phase. Interestingly, the p phase reappeared
with prolonged annealing: the R400 values of 3.11% and 23.80%
at 1 and 5 h, respectively.

As reported in our previous work, HMDS promotes the
formation of highly crystalline p-SnS tetrahedrons. The thermal
stability of such tetrahedrons was also evaluated. Fig. 2(c) shows
the XRD proles of HSNS samples before and aer annealing
for 10 min. Unlike OSNS, weak diffractions from a-SnS were
detected at 400 °C and 500 °C in HSNS, which stems from the
participation of the ligands: HMDS. Surprisingly, the fraction of
p-SnS remains higher with R400 staying above 90% as annealing
time increases (Fig. 2(d)), indicating that the addition of HMDS
may promote the stability of the particles. HSNS-600 and HSNS-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal structure of OLA/HMDS-capped SnS particles before and after annealing. (a) XRD pattern of OSNS samples annealed for 10min. (b)
Intensity ratio of the (400) peak from XRD analysis over time. (c) XRD pattern of HSNS samples annealed for 10 min. (d) Corresponding intensity
ratio of the (400) peak over time.

Table 1 The content of the p phase of OSNS/HSNS samples

Content (%) — −400 −500 −600 −650

OSNS 100 100 54.39 4.6 0
OSNS (6 months) 100 100 55.16 7.41 0
HSNS 100 94.37 91.49 20.61 0
HSNS (6 months) 100 86.95 84.81 35.08 0
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650 show a similar phase behavior to OSNS samples. Gautam
et al. reported a “reversible” transformation phenomenon in
titanium dioxide between the rutile and anatase phases.28

Similar behavior was observed in our SnS particles OSNS-650
and HSNS-650. This may originate from a slight difference in
the formation energies of a-SnS and p-SnS, but the detailed
mechanism will be discussed in further studies. To assess the
long-term phase stability, all samples were stored under
ambient atmospheric conditions for six months prior to
repeated XRD characterization. The diffraction patterns
(Fig. S4) reveal excellent phase stability, with nearly identical
crystallographic features observed before and aer aging.
Notably, both the pristine p-phase and completely converted a-
phase specimens showed no measurable structural degrada-
tion. Intriguingly, samples that had undergone partial phase
transformation displayed subtle but detectable uctuations in
p-phase content (Table 1), providing additional evidence for the
reversible interconversion between p and a phases.

XPS and FT-IR measurements were conducted to conrm the
presence of surface ligands and the related surface behavior of
SnS before and aer annealing for 10 min. The XPS spectra of
© 2025 The Author(s). Published by the Royal Society of Chemistry
Sn 3d (Fig. 3(a)) reveal the coexistence of Sn4+ and Sn2+ in all
samples. The peaks at 488.0 and 496.5 eV in OSNS correspond
to 3d5/2 and 3d3/2 states of Sn4+, respectively, and the peaks at
486.4 and 494.9 eV are attributed to the states of Sn2+.29–31 A
similar spectrum is observed in OSNS-400, while the peaks shi
to lower energy in samples OSNS-500, OSNS-600 and OSNS-650.
The presence of Sn4+ is attributed to the oxidation of surface
Sn2+ during high-temperature annealing or the sample prepa-
ration process for XPS. The S 2p spectra in Fig. 3(b) are mainly
deconvoluted into two peaks corresponding to S 2p3/2 and
S 2p1/2 orbitals. As observed in the case of Sn, the S 2p spectrum
of OSNS-400 is similar to that of OSNS, while a slight energy
RSC Adv., 2025, 15, 32536–32545 | 32539
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Fig. 3 (a) Sn 3d, (b) S 2p XPS spectra, and (c) FT-IR spectra of OSNS samples. (d) Sn 3d, (e) S 2p XPS spectra, and (f) FT-IR spectra of HSNS samples.
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shi is exhibited in the samples annealed at higher tempera-
tures. The energy shi of Sn 3d and S 2p is well consistent with
the surface ligand behavior shown in Fig. 3(c). The symmetric
and asymmetric stretching vibrations of the methylene group (–
CH2) at 2851 and 2920 cm−1 from pure OLA were also observed
in OSNS, indicating that OLA molecules were successfully cap-
ped on the surface of the synthesized SnS particles. The marked
peak at 3332 cm−1 originates from the symmetric stretching
vibration of the amine group (–NH2), which was absent in the
spectra of OSNS. This signal is suppressed by the oriented
interaction between the amine group and the Sn atoms on the
SnS surface.32 In OSNS-400, the signals from –CH2 were much
weakened, meaning that large amounts of OLA ligands des-
orbed from the surfaces aer annealing at 400 °C for 10 min. No
signal from OLA was observed at higher temperatures, indi-
cating that the interacting OLA ligands desorbed completely. In
other words, the energy shi in the XPS spectra was caused by
the absence of surface OLA ligands. Choi et al. reported
a similar energy shi in XPS peaks due to indium–oleate
complexes.33 Generally, OLA and oleic acid are well known as
Lewis base molecules due to the presence of an amine or car-
boxy group. In the case of OLA, the lone pair of the amine group
interacts with surface Sn atoms of SnS, theoretically leading to
a lower energy shi in the Sn valence states. However, the XPS
spectra exhibit an opposite trend and show a higher energy shi
with OLA ligands. This suggests that OLAmay behave in a Lewis
acidic manner, but further investigation is necessary to clarify
its role. Fig. 3(d) and (e) show the XPS spectrum of HSNS
samples, where a peak shi is observed in the sample annealed
at a lower temperature of 400 °C (HSNS-400). Correspondingly,
32540 | RSC Adv., 2025, 15, 32536–32545
the FT-IR signals (Fig. 3(f)) from OLA disappeared in HSNS-400,
which further conrmed the role of OLA in causing a shi to
higher binding energy in XPS spectra. On the other hand, the
absence of FT-IR signals of OLA in HSNS-400 may also provide
evidence for the partial ligand exchange, where OLA is replaced
by HMDS. HMDS-derived trimethylsilyl groups (–Si(CH3)3)
function as strong electron-donating ligands, exhibiting supe-
rior binding affinity toward surface tin ions compared to OLA
molecules under the synthesis conditions. Unfortunately, no
signals attributable to HMDS were observed due to insufficient
coverage of HMDS molecules on the SnS surfaces.34,35

To understand the phase transition process, the relationship
between the morphology and crystal phase of individual parti-
cles was investigated by TEM, selected area electron diffraction
(SAED), and high-resolution TEM (HRTEM). Considering the
similarity in morphology evolution and phase transition, OSNS-
500 and OSNS-650 were selected for observation here. The TEM
image (Fig. 4(a)) of an OSNS-500 particle indicates a tetrahedral
shape with slight edge rounding. The corresponding SAED
pattern (Fig. 4(b)) revealed the typical pattern of a single crys-
talline p-SnS with strong diffractions from 002 and 004. The
forbidden reections from 00l (l = 1, 3, 5, . odd numbers) are
derived from multiple diffractions due to the relatively large
particle thickness (100–300 nm).36 The 002 systematic diffrac-
tions observed in the direction are consistent with the tetrahe-
drons consisting of (111) surfaces. HRTEM images shown in
Fig. 4(c) and (d) exhibit clear and regular lattice fringes. The
length of 2.8 nm between 10 periods of the planes is well
consistent with the lattice spacing of (400) planes for p-SnS (2.8
Å). Corresponding to the FT-IR results, an amorphous layer can
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM observations of SnS particles after annealing. (a) Bright field image, (b) SAED pattern with [110] zone axis, and (c and d) HRTEM images
of the same particle fromOSNS-500. (e and i) Bright-field images. (f and j) SAED pattern with [001] zone axis, and (g and h) (k and l) HRTEM images
of OSNS-650.
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be observed clearly on the surface. Additional SAED images of
OSNS-500 indicating p-SnS are shown in Fig. S5. OSNS-650
particles in Fig. 4(e) and (i) show signicant step edges and
SAED patterns of a-SnS (Fig. 4(f) and (j)) with [001] zone axis.37

In addition, the diffraction spots exhibit streaking along [010]
direction, indicating the presence of stacking faults, which was
further conrmed by the corresponding HRTEM images in
Fig. 4(g) and (k).38 Since the crystal structure of a-SnS consists of
layered stacking along [010] direction, it is reasonable to
assume that stacking faults form on the (010) planes. Fig. 4(h)
and (l) give the distances of 5.58 and 5.64 nm, respectively, for
10 periods of (020) planes, corresponding to the lattice param-
eter of the b-axis in a-SnS (11.2 Å). Notably, Fig. 4(j) shows two
sets of diffraction spots, meaning that there are two a-SnS
crystal grains along the [001] zone axis and one rotated by
a slight angle with the other. This indicates that the single-
crystal p-SnS tetrahedrons transformed into polycrystalline a-
SnS particles aer annealing. The detailed mechanism of such
solid-to-solid phase transition behavior will be claried later.
The heterostructure of a-phase and p-phase, as reported by Qin
et al.,39 was not observed in our TEM observations.

Based on the above characterizations, the microstructure
evolution process through phase transition is discussed. As
shown in Fig. 5(a), the as-prepared tetrahedrons of p-SnS single
crystal were encapsulated with surface ligands, as conrmed by
the FT-IR spectrum. At high temperatures, extensive desorption
© 2025 The Author(s). Published by the Royal Society of Chemistry
of surface ligands occurs, resulting in the formation of coor-
dinatively unsaturated surface sites with dangling bonds and
localized atomic vacancies. This defective surface conguration
triggers spontaneous atomic reorganization, forming a meta-
stable amorphous surface layer. Further thermal activation
promotes structural ordering within this amorphous layer,
thereby facilitating the heterogeneous nucleation of a-SnS
domains at energetically favorable surface sites. These crystal-
line nuclei subsequently inward propagation of the phase
transition front through interface-controlled atomic rearrange-
ment. To maintain the integrity of the tetrahedral shape, the
nuclei grow in an epitaxial-like manner along preferred crys-
tallographic orientations, while simultaneously generating
a high density of stacking faults to accommodate internal
stresses induced by lattice mismatch. Specically, Fig. 5(b)
shows a TEM image and SAED patterns of adjacent grains A, B
and C in a-SnS tetrahedrons. The blue region contains the
interface between grains B and C. The red arrow indicates the b-
axis of the original p-SnS tetrahedron. The SAED pattern of A is
consistent with the simulated pattern (inset) that grain B rotates
84° clockwise around b-axis, indicating that A rotates 84° from B
around b-axis. Similarly, the grain C rotates 90° from B,
conrmed by the SAED pattern from the blue area consisting of
both B and C. As shown in Fig. 5(c), we propose a diffusionless-
like phase transition similar to the martensitic transformation
that does not involve random or diffusive atommovements and
RSC Adv., 2025, 15, 32536–32545 | 32541
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Fig. 5 Schematic illustration of (a) structure evolution of SnS tetrahedrons with increased temperature. (b) TEM image of one SnS tetrahedron
(OSNS-650) with various a-phase grains and their SAED patterns. Inset: Simulated SAED pattern corresponding to area A. (c) Microstructure of p
phase and a phase.
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that results from only small relative displacements of neigh-
boring atoms. Although there is a signicant lattice mismatch
between the p and a phases, the similarity in atomic bonding
prevents the random formation of grains. In other words, the b-
axis of the transformed a phase retains the direction of the b-
axis of the original p phase, while the a-axis of the a phase
undergoes alternating rotations of nearly 90° to form grains.
This microstructure might relieve the lattice strain caused by
the lattice mismatch between the disordered cubic structure
and the ordered layered orthorhombic structure.5 This transi-
tion contributed to large amounts of grain boundaries and
stacking faults, similar to those seen in martensitic alloys,
resulting in the formation of stacked layered polycrystal a-SnS
tetrahedrons. Such diffusionless-like transitions oen occur via
the formation of different microstructural features, many of
which have not been observed in SnS previously but represent
an important area of investigation for crystallization
phenomena.40–42 Furthermore, the ability to introduce
32542 | RSC Adv., 2025, 15, 32536–32545
microstructure in SnS allows us to build more complex mono-
chalcogenides that may facilitate better applications.

The SnS particles were employed as photocatalysts for H2

production using the particulate photocatalysis system.23,43 As
shown in Fig. 6(a), hydrogen production increases with longer
irradiation time for OSNS. Unfortunately, H2 production in OSNS-
400 was only maintained up to 1.5 h. Its efficiency (Fig. 6(b))
signicantly reduced to 0.189 mmol g−1 h−1, approximately 3.9
times lower than 0.740 mmol g−1 h−1 (OSNS). The reduction is
ascribed to the desorption of surface OLA ligands, as conrmed
by FT-IR spectra, since no obvious changes in particle
morphology and crystal phase were observed. An appropriate
amount of surface ligands effectively suppresses carrier recom-
bination and maintains active sites on the particle surface by
passivating surface defects and preventing the formation of
surface byproducts.44,45 The capacity of OSNS-500 further
decreased to 0.093 mmol g−1 h−1 and was absent in OSNS-600 and
OSNS-650, which is attributed to the formation of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and c) Photocatalytic H2 productionwith light radiation time and (b and d) H2 generation efficiency for OSNS and HSNS before and after
annealing.
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polycrystalline a phase. The lattice defects, including stacking
faults and grain boundaries, provide numerous centers for carrier
recombination, leading to their poor photocatalytic activity. The
photocatalytic properties of HSNS before and aer annealing are
shown in Fig. 6(c) and (d). Consistent with our previous work,
HSNS exhibits much better performance of H2 generation,
achieving an efficiency of 8.608 mmol g−1 h−1. Aer annealing at
400 °C for 10 min (HSNS-400), the efficiency sharply dropped to
1.414 mmol g−1 h−1. This efficiency is still 7.48 times higher than
that of OSNS-400. As speculated in FT-IR spectra, the ligand
replacement of OLA by HMDS enables an increased absorption of
free carriers, which facilitates the reduction of H+ at the interface.
As the temperature increased, the ligands desorbed or decom-
posed from the surface, and the phase transition occurred, fol-
lowed by a gradually weakened H2 production capacity.
4. Conclusions

In summary, the thermal stability and phase transition
behavior of ligand-capped p-SnS particles were studied by
© 2025 The Author(s). Published by the Royal Society of Chemistry
comparing the OLA-capped tetrahedrons and HMDS-capped
ones upon a post-annealing treatment. Through detailed XRD
measurements, it was found the former showed stability up to
400 °C, while the latter showed a higher temperature at 500 °C.
At higher temperatures, the transition from p phase to a phase
occurred and was completed at 650 °C within 10 min. In
particular, a “reversible” phase transition with annealing time
was observed for the rst time. Through the analysis of TEM
and SAED patterns, we proposed a martensite-like phase
transformation from p phase to a phase in ligand-capped SnS
tetrahedrons. The phase transition is triggered by the desorp-
tion of surface ligands, which initiates the rearrangement of
surface atoms and thus forms multiple nucleation sites for the
ground state a phase on the surface under thermal activation.
The subsequent transition excites the chain rearrangement of
adjacent atoms to form a-SnS grains with large amounts of
boundaries and stacking faults to balance the severe lattice
mismatches. However, the boundaries and stacking faults
supply numerous sites for carrier recombination, leading to the
poor photocatalytic H2 evolution performance of the polycrystal
RSC Adv., 2025, 15, 32536–32545 | 32543
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a-SnS. This work reports a martensite-like phase trans-
formation phenomenon in SnS particles for the rst time and
provides a new strategy for controlling the stability of meta-
stable particles by regulating surface ligands, which will
signicantly stimulate the interest of ligand-capped particles
and their construction of microstructure in various
applications.
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J. Ren, S. L. Zhang and C. Hägglund, ACS Appl. Energy Mater.,
2021, 4, 8085–8097.

13 K. Jeganath, N. J. Choudhari, G. S. Pai, A. Rao and
Y. Raviprakash, Mater. Sci. Semicond. Process., 2020, 113,
105050.

14 U. Chalapathi, B. Poornaprakash and S. H. Park,
Superlattices Microstruct., 2017, 103, 221–229.

15 S. Polivtseva, A. Katerski, E. Kärber, I. Oja Acik, A. Mere,
V. Mikli andM. Krunks, Thin Solid Films, 2017, 633, 179–184.

16 R. E. Abutbul, A. R. Garcia-Angelmo, Z. Burshtein,
M. T. S. Nair, P. K. Nair and Y. Golan, CrystEngComm,
2016, 18, 5188–5194.

17 B. K. Patra, A. K. Guria, A. Dutta, A. Shit and N. Pradhan,
Chem. Mater., 2014, 26, 7194–7200.

18 S. S. Hegde, B. S. Surendra, V. Talapatadur, P. Murahari and
K. Ramesh, Chem. Phys. Lett., 2020, 754, 137665.

19 S. S. Hegde, P. Murahari, B. J. Fernandes, R. Venkatesh and
K. Ramesh, J. Alloys Compd., 2020, 820, 153116.

20 E. C. Greyson, J. E. Barton and T. W. Odom, Small, 2006, 2,
368–371.

21 E. Segev, R. E. Abutbul, U. Argaman, Y. Golan and G. Makov,
CrystEngComm, 2018, 20, 4237–4248.

22 H. Fridman, N. Barsheshet, S. Kolusheva, T. Mokari,
S. Hayun and Y. Golan, Nanoscale, 2023, 15, 8881–8887.

23 X. Du, I. Sumiyoshi, Y. Nose and S. Ikeda, Int. J. Hydrogen
Energy, 2024, 95, 309–316.

24 Z. Deng, D. Han and Y. Liu, Nanoscale, 2011, 3, 4346–4351.
25 B. Ghosh, R. Bhattacharjee, P. Banerjee and S. Das, Appl.

Surf. Sci., 2011, 257, 3670–3676.
26 P. Sinsermsuksakul, L. Sun, S. W. Lee, H. H. Park, S. B. Kim,

C. Yang and R. G. Gordon, Adv. Energy Mater., 2014, 4,
1400496.

27 N. Aparna, R. S. Philip and M. Mathew, Mater. Today
Sustain., 2024, 27, 100941.

28 S. K. Gautam, J. Singh, D. K. Shukla, E. Pippel, P. Poddar and
F. Singh, Acta Mater., 2018, 146, 253–264.

29 W. Tian, J. Han, N. Li, D. Chen, Q. Xu, H. Li and J. Lu, Chin. J.
Catal., 2024, 64, 166–179.

30 M. Dogrusoz and R. Demir-Cakan, Int. J. Energy Res., 2020,
44, 10809–10820.

31 G. K. Veerasubramani, M. S. Park, J. Y. Choi and D. W. Kim,
ACS Appl. Mater. Interfaces, 2020, 12, 7114–7124.

32 A. Stavrinadis, J. M. Smith, C. A. Cattley, A. G. Cook,
P. S. Grant and A. A. R. Watt, Nanotechnology, 2010, 21,
185202.

33 M. J. Choi, L. K. Sagar, B. Sun, M. Biondi, S. Lee,
A. M. Najjariyan, L. Levina, F. P. G. Arquer and
E. H. Sargent, Nano Lett., 2021, 21, 6057–6063.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5ra03669k
https://doi.org/10.1039/d5ra03669k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03669k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 5
:4

1:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
34 S. Mourdikoudis and L. M. Liz-Marzán, Chem. Mater., 2013,
25, 1465–1476.

35 B. S. Yadav, N. Hsan, A. K. Vishwakarma, A. K. Singh,
S. Kumar, J. Koh, P. K. Dutta and N. Kumar, Solid State
Sci., 2024, 150, 107500.
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