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The thermal stability and oxidation of layer-structured thombohedral In;Se, nanostructures have
been investigated. In-situ synchrotron X-ray diffraction in a sealed system reveals that In;Se,4 has
good thermal stability up to 900 °C. In contrast, In3Se, has lower thermal stability up to 550 or
200°C when heated in an atmosphere flushed with Ar or in air, respectively. The degradation
mechanism was determined to be the oxidation of In3Se, by O, in the heating environment. This
research demonstrates how thermal processing conditions can influence the thermal stability of
In;Se,, suggesting that appropriate heating environment for preserving its structural integrity is
required. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4857655]

The thermal stability is a measure of the resistance of a
material to transformation and/or decomposition at elevated
temperatures and is an important intrinsic characteristics of
any material." For example, for a given material, having a
superior thermal stability is important for high-temperature
applications, such as thermoelectric energy conversion,®™
high-temperature catalytic reactions,” and for use in fuel
cells.® Therefore, extensive investigations have been per-
formed to explore the material thermal stability in bulk or
nanoscale forms.”'* The thermal stability of a material is
not only determined by the intrinsic crystal structure but is
also influenced by the conditions under which the heating is
performed, such as the heating environment.” Oxidation,
revealing the instability of materials under O, environment,
always reduces the material thermal stability and results in
the degradation of their intrinsic property.'> On the other
hand, oxidation can also be used to tune the photoelectric
property of materials'® and to intentionally design metal
oxides with specific morphology.'”** Understanding the ox-
idation behaviour can then extend the routes in preserving
materials’ structural integrity under elevated temperatures.

Layer-structured indium selenides have attracted much
attention in high-temperature thermoelectric applications
due to their excellent electrical and thermal properties.”*>®
In particular, it has been shown that nanostructured indium
selenides have the potential to provide better thermoelectric
properties than their bulk counterparts, due to the enhanced
phonon scattering by increased interfaces and boundaries.”’
Many investigations have been carried out to understand the
thermal stability and oxidation behaviour of various bulk in-
dium selenides.'>16:20-21.2934 1y contrast, however, there are
very limited investigations on the thermal stability and
oxidation of indium selenide nanostructures. For example,
x-In,Se; nanowires were revealed to be stable up to 500 °C
by in-situ synchrotron X-ray diffraction (XRD).*” In thin
layers of a-In,Ses, an increased temperature of the o« — f8
transition was observed as the layer thickness decreases,
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indicating that the o phase has enhanced thermal stability in
the thin-layer form.>® However, to date, there are no reported
systematic investigations of the thermal stability (including
the oxidative stability) of other indium selenide nanostruc-
tures, including a new nanostructured In;Se, phase, which
was very recently reported by this group.’” To better under-
stand the potential high-temperature applications of this in-
dium selenide phase, it is necessary to investigate the
structural and morphological characteristics of In;Se, nano-
structures under different heating conditions.

In this study, we used in-situ synchrotron XRD measure-
ments to study the thermal stability (up to 900 °C) of In;Se,
powders, which were sealed in a capillary and hence isolated
from ambient O,. Additionally, the influence of the atmos-
pheres under which the heating was carried out on the ther-
mal stability of In3Se, was also investigated by carrying out
ex-situ XRD measurements on samples, which were sub-
jected to heating in an unsealed environment and while being
flushed with Ar or in air. The measurements provide both the
temperature at which degradation occurs as well as providing
details of the products of degradation.

In;Se4 nanostructures were synthesized using an ethyle-
nediaminetetraacetic acid assisted solvothermal method.?®
To study the thermal stability of In3Se,, in-situ synchrotron
XRD measurements of the In3Se, during heating were per-
formed on the powder diffraction beamline at Australian
Synchrotron. For this particular analysis, In;Se, powders
were loaded into a quartz capillary and sealed at both ends,
in order to entirely isolate the investigated sample from am-
bient O,. The capillary was progressively heated from room
temperature (RT) to 300, 500, 700, and 900 °C, at a rate of
5° per min, and the diffraction patterns were obtained at each
temperature over a period of 20min (2 x 10min acquisi-
tions). All of the XRD measurements were collected in trans-
mission geometry using a Mythen detector and at a
wavelength of 1.0000 A (determined through the refinement
of a LaBg standard).

To investigate the thermal stability and oxidation of
In;Se4 under different environments, In;Se, powders were

© 2013 AIP Publishing LLC
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loaded into a tube furnace and annealed to various tempera-
tures under different environments, namely, 550, 650, and
900 °C for Ar and 200, 300, and 400 °C for air, respectively.
As the heating system is not completely sealed, a small
amount of air inclusion is expected even when the heating
atmosphere is flushed with Ar, although the concentration of
O, will be significantly reduced compared with heating in
pure air. The sample was held at each annealed temperature
for 2 h to stabilize the structures after annealing. The crystal
structures of the annealed samples were determined by XRD
measurements, which were obtained on a Bruker MKIII D8
Advance X-ray diffractometer in Bragg-Brentano geometry.
The system is equipped with a sealed tube Cu K, radiation
(X-ray wavelength: 1.5408 A) source and a Lynxeye
multi-strip detector. The morphologies of the samples were
investigated by scanning electron microscopy (SEM, JEOL
7800 operated at 5kV), and their crystallographic character-
istics were analyzed by transmission electron microscopy
[TEM, Philips FEI Tecnai F20, operated at 200kV and
equipped with the energy-dispersive spectroscopy (EDS) for
compositional analysis].

Figure 1(a) shows a series of in-situ synchrotron XRD
patterns of the synthesized products before, during, and after
the annealing process within a temperature range from RT to
900°C. Figure 1(a-i) is the XRD pattern of the as-
synthesized product at RT, in which all of the diffraction
peaks can be indexed to the layer-structured rhombohedral
In3$e4.38 Figures 1(a-ii)—1(a-v) show the XRD patterns of
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FIG. 1. (a) In-situ synchrotron XRD patterns of In;Se, annealed at various
temperatures: (i) RT (as-prepared solvothermal sample), (ii) 300°C, (iii)
500°C, (iv) 700°C, (v) 900°C, and (vi) RT (after heating), and structural
and morphological characterizations of the as-synthesized solvothermal
In;Se, (b)—(d) and the products after heating In;Se; nanostructures in a
sealed capillary at 900 °C (e)—(g): (b) and (e) SEM images, (c) and (f) TEM
images, and (d) and (g) typical SAED patterns from a single nanosheet.
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the synthesized product annealed at 300, 500, 700, and
900 °C in a sealed capillary, respectively, and Figure 1(a-vi)
is the XRD pattern of sample at RT following annealing to
900 °C. It can be seen from all of these patterns that there are
no changes to the crystal structure of the sample during this
heating cycle and this indicates the stability up to 900 °C of
crystalline nature of the synthesized In;Se, when heated in
the sealed system. This stability of In;Se, is in strong con-
trast to those of currently available layer-structured indium
selenides, such as In4Se; (melting point at ~550 OC),39
y-InSe (melting point at ~600 °C),* and o-In,Se; (transfor-
mation to f-In,Ses at ~200 OC).39 It should be noted that the
peaks of (102) (at ~17°) and (113) (at ~29.5°) gradually dis-
appeared during the heating process, which could be due to
the increase of grain size or preferential orientation induced
by heating. Figures 1(b)-1(d) show the morphological and
nano-scale structural characteristics of the synthesized
In;Se, nanostructures by electron microscopy. As can be
seen, the as-synthesized nanostructures have a flowerlike
morphology with an overall diameter of 3-9 um, which is
assembled from ~20 nm nanosheets. Figures 1(e)-1(g) pres-
ent the electron microscopy investigations of the products at
RT after being annealed at 900 °C, and it can be seen that the
morphology of the In;Se, is not significantly changed, i.e.,
the nanosheet-assembled flowerlike nanostructures are
observed. In combination with the XRD results above, it can
be seen, therefore, that both the crystalline and nano-scale
structures of the In;Se, are stable to heating at up to 900 °C
when heated in a sealed environment.

To better understand the thermal stability of these
In3Ses nanostructures under different environments, we
annealed In3Se, nanostructures in unsealed systems: under a
flow of Ar gas to exclude the majority of air and also under
air. Figure 2 shows structural and morphological characteris-
tics of the synthesized product annealed for 2 h at different
temperatures (25, 550, 650, or 900 °C) under a flow of Ar.
Figures 2(a-ii) and 2(b)-2(d) are the experimental data taken
from the synthesized nanostructures annealed at 550 °C. By
comparison of these characterization results with those from
the as-synthesized product [refer to Figs. 1(b)-1(d)], it can
be seen that the crystal- and nano-structures are essentially
unchanged, and that the In;Se, nanostructures are, therefore,
thermally stable at temperature of up to 550 °C when heated
under an Ar flow. With a further increase in the annealing
temperature to 650 °C, weak diffraction peaks belonging to
In,O5; (JCPDS file no. 71-2195) can be observed in the XRD
pattern, as shown in Fig. 2(a-iii), indicating the commence-
ment of oxidation of InzSe,. When the synthesized nano-
structures were annealed at 900°C, as revealed in Fig.
2(a-iv), the majority of the crystalline material was observed
to become a mixture of In,O3 and y-In,Se; (JCPDS file no.
89-0658). SEM [Fig. 2(e)] and TEM [Fig. 2(f)] investiga-
tions show that the products obtained are composed of pre-
dominantly particles with a size of tens to hundreds nm
dispersed on nanosheet surfaces. Figure 2(g) is a selected
area electron diffraction (SAED) pattern taken along the
[415] zone axis of In,Os, confirming the existence of In,O5
particles in the annealed products. These facts suggest that
the small amount of air that remains in the system with the
Ar flow may lead to the decomposition of In;Se, to form
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FIG. 2. (a) XRD patterns of the products after annealing In;Se, under an Ar
flow: (i) 25°C, (ii) 550°C, (iii) 650°C, and (iv) 900 °C, and structural and
morphological characterizations of the products after heating In;Se, nano-
structures under Ar flow at 550°C (b)—(d) and 900°C (e)—(g): (b) and (e)
SEM images, (c) and (f) TEM images, and (d) and (g) typical SAED patterns
from a single nanosheet and nanoparticle, respectively.

y-In,Se; and In,O3 at temperatures of above 550°C. This
result suggests that In;Se, is thermally stable up to 550 °C in
such a heating environment.

When the synthesized nanostructures are annealed under
air (i.e., a much higher O, concentration than that in the for-
mer two heating environments), different thermal stability and
oxidation behaviour can be observed. Figure 3 shows the
XRD and electron microscopy characterizations of the In3Sey
nanostructures annealed under air at 200, 300, and 400 °C for
2 h. Figures 3(a-i) and 3(b)-3(d) show the structural and mor-
phological characteristics of In;Se, nanostructures annealed at
200°C, confirming no structural and morphological alterna-
tions are observed. Figures 3(a-ii) and 3(e)-3(g) show the ex-
perimental investigations of the In;Se; nanostructures that
were annealed at 300 °C. It is of interest to note that the prod-
ucts still show a flowerlike morphology, but from the XRD, it
can be seen that they are converted into an amorphous struc-
ture. EDS analysis [refer to inset in Fig. 3(g)] shows that this
sample contains not only In and Se, but also O. These results
suggest both that the crystal structure of synthesized nano-
structures has been destroyed and that oxidation has been initi-
ated after annealing at 300°C. With further annealing the
nanostructures at 400 °C, a mixture of predominantly In,O;
and a small amount of y-In,Se; can be determined by XRD
[refer to Fig. 3(a-iii)], indicating that the significant decompo-
sition of In;Se, has occurred at 400°C. Figures 3(h)-3(j)
show that the products obtained are In,O; flowerlike nano-
structures with a polycrystalline structure. From above experi-
mental results, it can be concluded that the higher O,

Appl. Phys. Lett. 103, 263105 (2013)
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FIG. 3. (a) XRD patterns of the products after heating In;Se, at various tem-
peratures under air: (i) 200°C, (ii) 300 °C, and (iii) 400 °C, and structural
and morphological characterizations of the products after heating In;Se,
nanostructures under air atmosphere at (b)—(d) 200 °C, (e)—(g) 300°C, and
(h)—(j) 400°C: (b), (e), and (h) SEM images, (c), (f), and (i) TEM images,
(d), (g), and (j) typical SAED patterns from a single nanosheet. Inset in Fig.
3(g) is the EDS spectrum of the flower in Fig. 3(f).

concentration in air promotes the oxidation and decomposition
of In;Se,; and significantly reduce the thermal stability of
In3Se,. In particular, it can be seen that In3Se,4 can be oxidized
and decomposes more efficiently in air, even when the anneal-
ing temperature was only 400 °C.

Based on the above investigation, the thermal stability,
oxidation, and decomposition of In3Se, under different
annealing environments can be summarized in Fig. 4. It is of
interest to note that the layered-structure rhombohedral
In;Se, crystals can be retained when annealed at 900 °C in a
sealed system isolated from ambient O,, at 550 °C under Ar
flow (which excludes the majority of air), or 200 °C under an
ambient air atmosphere, respectively [Fig. 4(a-i)]. In con-
trast, when annealing was performed at 650°C under Ar
flow or at 300 °C under air atmosphere, incomplete oxidation
of In3Se, occurs and results in different products; i.e., In;Sey
with a minor amount of In,O3 and an amorphous In-Se-O
compound, respectively [Fig. 4(a-ii)]. This difference could
be due to the different annealing temperature: high tempera-
ture could promote the crystallization of In,O;, while low
temperature can only result in partial replacement of Se with
O without significant crystallization of In,O5;. When anneal-
ing was performed at even higher temperature, e.g., 900 °C
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under Ar or 400°C under air, decomposition of the In;Se,
and formation of In,O; and y-In,Se; are enhanced [Fig.
4(a-iii)], as hypothesized in the following steps and as shown
schematically in Fig. 4(b). During the annealing process, O
is preferentially adsorbed on the nanosheet surface and then
replaces Se, which leads to the release of Se atoms from
crystal lattice. It should be noted that, with increasing the
annealing temperature and/or O, concentration, this replace-
ment becomes enhanced.*” The different atomic radii of O
and Se cause a plastically deformed layer, on which the
nucleation and following growth of In,O; nanocrystals
occur.">*! Due to the formation of In,Os, the complex layer
of Se-In-Se-In-Se-In-Se is broken, resulting in the decompo-
sition of the In;Se, crystal structure. After that, the remain-
ing broken In-Se layers will re-connect with each other to
form more stable y-In,Se;. In this study, the remaining
amount of y-In,Se; depends upon the O, concentration in the
environment and annealing temperature, e.g., very small
amount of y-In,Se; for heating at 400 °C under air, and large
amount of y-In,Se; for annealing at 900 °C under Ar flow.
Based on this thermal stability study, the application temper-
ature for the In3;Se, under different environment can be
determined, in order to preserve its structural integrity.

In summary, in-situ synchrotron XRD analysis shows
that In;Se, has high thermal stability and remains intact
upon heating up to 900 °C in a sealed capillary, which is iso-
lated from ambient O,. In contrast, In;Se, has a reduced
thermal stability of up to 550°C or 200 °C, when annealed
under Ar flow or in an air atmosphere in unsealed systems,
respectively. Because of the oxidation of InzSe, induced by
O, in the heating environment, the annealing at 900 °C under

> | In,0; and y-In,Se, |

FIG. 4. (a) Summary of thermal stabil-
ity, oxidation, and decomposition of
In;Se, under different annealing envi-
b ronments. (b) Schematic illustration
L showing the oxidation and complete

a decomposition of In;Se, [Fig. 4(a-iii)].

eSe
o In

<0
¢ Vacancy

Ar flow (with slight O, leaking) or at 400 °C under air can
lead to oxidation and decomposition of In3Se4 and the for-
mation of In,O3 and y-In,Ses. This research demonstrates
the influence of heating environment on the thermal stability
of In;Se, nanostructures, the products formed under such
conditions, and hence the potential applications (or limita-
tions) of this In3Se4 phase in high-temperature applications.
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