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A straightforward method for synthesizing single-crystalline SnO micro particles in an organic medium
using tin acetylacetonate as the precursor and oleylamine as the capping ligand is proposed. For the first
time, well-defined four-petal starfish-like SNnO sheets were obtained in the organic medium. In addition,
the shape of the particles could be reproducibly tuned such that their structures varied from cubes to
squares and then to starfish-like sheets by simply changing the concentration of oleylamine. The
underlying mechanism of this process was found to be closely related to the interaction of the stabilizing
agent with the SnO crystal planes. Changing the concentration of the stabilizing agent could modify this
interaction, leading to the preferential growth of certain crystal planes of SnO particles which
determined the particle shape. This synthesis approach is advantageous in terms of allowing control over
the particle shape as well as for its simplicity and short reaction time. Our results yield crucial insights
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Introduction

Tin monoxide (SnO) belongs to a class of materials that show
considerable promise for use in rechargeable Li ion battery
electrodes,' as a native p-type conducting material,** and as
catalysts.®” Additionally, when exhibiting the intermediate
oxidation state SnO can be used to prepare SnO,, which is also
highly attractive as a material for energy conversion and storage
devices,* and gas sensors,' as well as for n-type transparent
conductive oxides.”** However, the fact that SnO can transform
into the more thermodynamically stable Sn and SnO, phases,
making it a challenge to prepare stable single-phase crystalline
SnO materials.”> Only in some cases under thermal vapor
deposition conditions or performing long reaction time of
a hydrothermal synthesis, it is possible to obtain single
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regarding the shape evolution of SnO particles.

crystalline SnO."** Therefore, a new process for synthesizing
single-crystalline SnO using a simpler solution-based approach
would be highly desirable.

For the applications of tin oxides, controlling the
morphology and structure of the particles is the key factor, as it
significantly influences the outcome properties of the resulting
materials’** including the capacity and cycling stability,"*°
gas sensing and catalytic activities,>'**>'° optical and electrical
properties.>**'” In term of particle morphologies, the vacuum
techniques®*®" often result in diskette SnO particles while the
solution method is more feasible to synthesize SnO with
different morphologies such as truncate pyramids,* square
sheets,'"?>* crosses,”* meshes,* and flower like structure.?®*”
However, these solution syntheses mainly rely on the hydro-
thermal reaction in water-based media in which tin salts
undergo the hydrolysis under alkaline condition then decom-
position at elevated temperature and pressure to form SnO.
Despite high energy consumption and the complex nature of
the process, which involves the management of various
parameters and a long reaction time, SnO particles of a single
morphology were obtained in each synthesis method. It is likely
that the extreme conditions result in only one thermodynamic
stable form, with being less possibility of kinetically surfactant-
supported particle growth towards other types of morphologies.
This has limited the systematic study and control of the
morphology-dependent properties of SnO particles.

On the other hand, we noticed that the synthesis in organic
media under milder conditions while employing capping
ligands can help modify particle morphology and structure
without having to control over the pH or pressure.'* However, in
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a previous study on the synthesis of SnO in an organic
medium,” water was still added to hydrolyze SnCl,, giving
assemblies of polycrystalline SnO nanoparticles. So far, the
synthesis of SnO in organic media has not been investigated
widely and the tunable morphologies and the formation
mechanism of SnO have not been fully achieved.

In this study, we developed a facile synthesis strategy based
on the reaction of tin(u) acetylacetonate (Sn(acac),) in the
presence of a capping ligand in an organic medium to allow for
the reproducible, simple and easy control of the structure and
morphology of SnO particles. Sn(acac), was selected as the
precursor instead of inorganic tin salts because metal acetyla-
cetonates are soluble in organic solvents and decompose readily
to form metal oxides at relatively low temperatures.”®* By using
the corresponding metal acetylacetonates, nanoparticles of
various oxides, such as Fe;0,, CoFe,O,4, MnFe,0,, CoO, C030,,
MnO, Mn;0,, NiO, and ZnO, to name a few, with high unifor-
mity, good dispersibility and controllable morphologies have
been prepared previously.**** Of the various stabilizing agents
available, we chose oleylamine, since it has been shown to
function not only as a mild complexing agent for metal
precursors to be decomposed/reduced in a controlled way but
also as a molecular capping ligand to aid the shape evolution of
various nanoparticle systems.*® The reaction medium produced
by adding oleylamine to octadecene is compatible with the
metal source, Sn(acac),, and allows for varying its composition
systematically; hence it is promising and suitable for the
controlling formation and shape evolution of SnO particles
while using Sn(acac), as precursor. Using this simple approach,
neither water nor an alkali was added, single-crystal SnO micro
particles with tailorable and well-defined shapes were obtained
reproducibly. Surprisingly, the shapes of the SnO micro parti-
cles were only a function of the concentration of oleylamine.
This novel synthesis approach is advantageous in that it results
in the robust nucleation and selected growth of particles and
allows for the easy control of the shapes and size of the SnO
particles. The single-crystal nature of the obtained SnO micro
particles, their chemical states, shape formation mechanism,
and the preparation of SnO, from SnO particles of similar
shapes were also investigated.

Experimental
Chemicals

Tin acetylacetonate (Sn(acac),, purity 99.9%), oleylamine (OAM,
assay 70%) and 1-octadecene (OD, assay 90%) were purchased
from Sigma Aldrich. OAM was distilled and stored under dry
conditions with an activated molecular sieve (type 3A), while
other chemicals were used as received. Ethanol and hexane
were used as received.

Synthesis of SnO micro particles

A total of 27.5 mL of a solution of OAM and OD (the volume
percentages of OAM was 0-100%) was added into a round-
bottomed three-neck flask without any scratches inside. The
solution was purged with nitrogen for 1 h at room temperature
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and again at 120 °C in order to remove oxygen and any volatile
molecules. All procedures were performed under nitrogen.
Next, 1.52 mmol of Sn(acac), was added to the solution. The
reaction solution was then heated to 200 °C at a heating rate of
3 °C min~" using an oil bath. The reaction was allowed to
occur for 20 min at 200 °C under vigorous stirring. The flask
was then taken out from the oil bath and cooled to room
temperature using a blower. An ethanol/hexane mixture (1/1 v/
v) was added to the reaction solution, and the resulting
particles were separated from the matrix by centrifugation at
3000 rpm (x800g). The purification procedure was repeated
five times. Finally, the obtained particles were collected and
stored in a nitrogen atmosphere for characterization. After
the first centrifugation process, no unreacted Sn precursor
molecules in the supernatant were detected by X-ray fluores-
cence (XRF, JEOL JSX-3100RII Element Analyzer) spectros-
copy; this suggested that the conversion of tin precursor had
been complete.

For the time-dependent particle growth, 36 vol% OAM was
used in the synthesis. When the reaction solution reached 200
°C, 3 mL reaction solution was sampled using a syringe and
needle after various reaction time (0-20 min), then immediately
injected into 12 mL ethanol (precool in a cool bath at —5 °C) to
quench the reaction. The obtained particles were then purified
as described above.

In some cases, the obtained SnO particles were annealed in
air using a furnace (Full-tech, FT101-FM) at 370, 500 and 700 °C
for 2 h; the ramp rate used was 20 °C min™ .

Characterizations

Powder X-ray diffraction (XRD) measurements (Rigaku MiniFlex
I with a Cu Ke, 30 kV 15 mA) were performed on dry powders of
the resulting particles immediately after the purification.
Scanning electron microscope (SEM) observations were per-
formed on a JEOL JSM-6701F field-emission SEM at an accel-
eration voltage of 15 kV and emission current of 10 pA. The
morphology and selected area electron diffraction (SAED)
patterns of the resulting particles were determined using
transmission electron microscope (TEM) systems (JEOL JEM-
2100F and JEM-2010) at an acceleration voltage of 200 kv.
Focused ion beam (FIB) was performed using a JEOL JIB-4600F/
HKD multi beam system. The sample for FIB was prepared by
first pasting the synthesized particles on a piece of conductive
carbon tape and then coating particles with a layer of tungsten
prior to cutting them using the FIB along the top-down direc-
tion of the particles (normal to the substrate). Cs-corrected
scanning TEM (STEM) and EDS mapping images were
collected using an FEI Titan3 G2-60-300 (300 kV).

The chemical state of the particles near their surface area
was analysed with a JEOL JPS-9200 X-ray photoelectron spec-
troscopy (XPS) system using X-ray radiation from a Mg Ko anode
(1253.6 eV) and a JEOL JAMP-9500F field emission Auger (AES)
microprobe with a probe current of 70 nA using the M3 analysis
channel. For the XPS and AES measurements, dispersions of the
particles in hexane were dropped onto cleaned Si wafers. Si 2p3/,
(at 99.2 eV) was used as the reference for the charging effect

This journal is © The Royal Society of Chemistry 2016
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correction of the narrow-scan Sn 3d XPS spectra. For AES
measurements, all the parameters, including the sample tilt
angle (30° from the direction of the incident electron beam),
probe current, and analysis channel were the same as those
used to obtain the standard spectra of Sn, SnO and SnO,. The
chemical states of samples were analysed by curve fitting the
obtained spectra using the standard spectra of Sn in Sn, SnO
and SnO,.

Fourier transformation infrared (FT-IR) spectra were
collected using a Jasco FT/IR-4600 Spectrometer in range of
400-4000 cm ™ * for purified SnO particles (synthesized using 36
vol% OAM) and pure OAM.

The optical absorption spectra of the samples were collected
using a Jasco V-670 spectrophotometer.

Results and discussion

Crystal structure and morphology of SnO micro particles
formed using OAM in various concentrations

The crystal structures of the as-synthesized SnO micro particles
were characterized using X-ray diffraction (Fig. 1). In the
absence of OAM, the obtained powder was yellowish orange and
did not exhibit a crystalline structure (Fig. S1AT). The amor-
phous particles were of 100 nm in size and shaped like thin
circles and thus different from all other particles synthesized
with OAM (Fig. S1B and Ct). When OAM was used (1 to 100 vol%
OAM), the resulting particles were crystalline SnO with
a tetragonal structure. Moreover, no signals from any other
phases such as metallic Sn, SnO,, or tin oxide hydroxides were
observed. The presence of OAM was thought to be necessary to
form an intermediate complex/compound with Sn(acac), which
could decompose under the reaction condition (200 °C, 20 min)
to form crystalline SnO particles, as also reported when SnCl,
was used as a metal source.”” The average crystalline size of

OAM vol%
100 J N Y
75 J_/L AN A
o) 50 J_A A A A
o] A
N 36 A A "
- N
E 30 A A
S s Lo
> 20 “ A A A
% 9 LA__ A
AN IR NN
SnO I | L1 )
so, | | | L. .
Sn | | || 1 1l
FIATATE AR AT AT R AT A A | P A A | P | P A A A Y | IR A
20 30 40 50 60 70

20 (degree)

Fig. 1 XRD patterns of the SnO particles obtained using OAM in
various concentrations (1-100 vol%). The stick patterns of tetragonal
SnO (PDF no. 06-0395), SnO, (PDF no. 021-1250) and Sn (PDF no. 04-
0673) are given as reference patterns.
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particles calculated from line broadening of the XRD peaks
(Table S1t) indicated that the average crystalline size is in range
of 116-140 nm for all samples synthesized using OAM from 25
vol%. In this size range, the crystalline size does not directly
indicate the real particle size and the obtained results reach the
limit of the laboratory XRD equipment. The particles synthe-
sized using less OAM vol% show smaller crystallite sizes 50-60
nm, but noticeable high strain broadening (0.35-0.44%). Such
high strain also hinders the crystallite size verified based on the
line broadening (normally 1% strain limits the maximum
crystallite size to as small as ~30 nm). The results indicated that
the particles are considerable large for the crystallite size anal-
ysis based on XRD, suggesting long range order of the crystal
structures.

The structures and morphologies of the SnO particles
synthesized using OAM in different concentrations were
observed using FE-SEM. Fig. 2 shows side-view images of the
synthesized SnO particles and their over-view SEM images are
collected in Fig. S2.1

The particle morphology significantly varied with the volume
ratio of OAM. Cubic particles with a size of 2-3 pm were ob-
tained for the lowest OAM concentrations (1-9 vol%). The
cracks observed in these particles are thought to be induced by
the strain generated during the growth of the particles. An
increase in OAM concentration to 20 vol% resulted in the
formation of square sheets of 2-3 pm in size. A further increase
in the OAM concentration (25 to 75 vol%) led to the growth of
sheets with starfish-like shape. Finally, when only OAM was
used as the solvent and stabilizing reagent, starfish-like struc-
tures with smoother petals were formed. It should be notable
that these synthesized particles had surface diagonals of similar
lengths, which were also similar to those of the square sheets;
however, the particle thickness decreased with an increase in
the amount of OAM used. The thickness of the SnO particles
decreased from 1800-1500 nm for the cubic particles (9 vol%
OAM) to 900-1000 nm for the square sheets (20 vol% OAM) and
700-500 nm for the starfish-like particles (25-100 vol% OAM).
These results indicated that the particle shape was closely
related to the concentration of OAM during the synthesis
process. A summary of the structure and morphology of SnO
particles is given in Table 1.

Fig.2 SEM side-view images of the SnO particles obtained using OAM
in different concentrations: (A) 1%, (B) 9%, (C and D) 20%, (E and F) 25%,
(G and H) 30%, (I and J) 50%, (K) 75%, and (L) 100%.

RSC Adv., 2016, 6, 26725-26733 | 26727
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Table 1 Morphology of SnO particles and the concentration of OAM

OAM Thickness
(vol%) Structure Morphology [nm]

0 Amorphous Spherical shape 50-100
1-9 Crystalline Cube 1500-1800
9-20 Crystalline Square sheet 900-1000
20-25 Crystalline Square to starfish-like sheet 700-900
25-100 Crystalline Starfish-like sheet 500-700

A closer look at the structures shows that the square sheets
and the starfish-like particles consisted of sheets that were
stuck together. Further, a number of double-stacked sheets can
also be seen (Fig. 2C-L). Especially, for starfish-like particle,
each stacked sheet is composed of a number of thin SnO layers
(Fig. 2E-L, also see Fig. 4). In addition, a concave surface
between the double-stacked sheets is also observed (Fig. 2C-L),
most clearly seen in case of starfish-like sheets such as Fig. 2G,
J, and K.

The synthesis method was also able to tune the size of the
particles while allowing their shape being maintained. An
example of this is shown in Fig. S3,F where the particle size was
varied as a function of the amount of Sn(acac), used with the
constant concentration (9 vol%) of OAM.

SAED patterns and HR-TEM images

The morphology of the synthesized particles was correlated to
the crystal structure and growth mechanism. The representative
SAED patterns for the cubic and starfish-like particles, which
were obtained using 9 and 36 vol% OAM, respectively (Fig. 3). In
the case of the cubic SnO particles, the particle thickness was
several micrometers (Fig. 2). This was too high to be able to
obtain their SAED pattern using TEM. Therefore, FIB milling
was used to cut one such particle into a thin (<100 nm) film in
the direction normal to its surface. An SEM image of the micro
particle (top-down surface) before the FIB treatment and a TEM
image of the thin film after FIB etching are shown in Fig. S4.F

10 1/nm

10 1/nm

Fig. 3 Selected area electron diffraction (SAED) patterns of the SnO
particles synthesized using (A) 9 and (B) 36 vol% OAM. The SAED
pattern of the cubic particle shown in (A) was obtained by cutting the
particle by FIB milling in the direction normal to its surface according
to the thickness of the particle. The insets are the TEM images of the
particles; the areas corresponding to the SAED patterns are marked
with circles.
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The SAED patterns exhibited that the particles were single
crystals in the both cases. The SAED pattern (Fig. 3A) of the
cubic particle suggests the presence of a (001) crystal plane as
the particle surface and (110) crystal planes as the side surfaces
of the micro particle. On the other hand, in the case of the
starfish-like particles (Fig. 2E-L and 3B), the surface plane was
normal to the [001] direction, while the [110] and [100] directed
to the side edge and the tip, respectively. These results sug-
gested that, in the both cases, the surfaces of particles were
normal to [001] direction, the [110] direction was towards the
lateral surfaces and the [100] direction was along the intersec-
tions of these lateral surfaces.

A detailed HRTEM examination of the structure of the
starfish-like particles (Fig. 4) confirmed that the [200] direction
was the preferred growth direction (towards the tip of the
particle) in the case of these particles. The images showed that
they comprised multiple thin SnO layers with the same crystal
structure and orientation. The epitaxial growth of these layer
during particle formation accounts for the obtained morphology.

Time dependent shape formation of starfish-like SnO
particles

The time-dependent shape evolution of starfish-like SnO parti-
cles was investigated (Fig. 5) using 36 vol% OAM in the
synthesis as a case study. We noted that near 200 °C (~195-198
°C) the colour of the reaction solution was still yellow-orange
which turned to grey at 200 °C and soon later became black,
indicating the formation of SnO particles. When temperature
reached 200 °C (0 min reaction), particles of 500-700 nm (side
dimension) shaped nearly square (Fig. 5A and inset of 5H) were
obtained beside a large number of small particles, about several
nm of the diameter (Fig. 54, insets of 5G). Increase in reaction
time (1, 3, 6 min), the distorted square particles grew in their
size (~800-900 nm, 1000-1200, 1200-1400 nm, respectively)
and their shape towards starfish-like (Fig. 5B-D). Particle
growth became mature after 20 min reaction with all feature of
the starfish-like particles obtained in the standard reactions
(Fig. 5E-F). The distorted square and starfish-like particles
exhibited SAED patterns of single crystalline SnO (Fig. 5H-I).
The aggregation of small particles (several nm) observed at
0 min reaction gave a ring pattern in electron diffraction, which
reflected small size nature of the particles in the aggregate. The
d-spacing 2.99 A reveals either the primary (101) planes in SnO
(2.9890 A) or (202) planes in SngO4(OH), (2.9889 A). The
XRD pattern (Fig. S51) of sample obtained when reaction

Fig.4 (A-C)HR-TEM images of a starfish like SnO particle synthesized
using 50 vol% OAM.

This journal is © The Royal Society of Chemistry 2016
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Fig.5 SEM images of the obtained particles using 36 vol% OAM at 200
°C after various reaction time: (A) 0 min, (B) 1 min, (C) 3 min, (D) 6 min,
(E and F) 20 min. SAED patterns of particles obtained at (G and H) 0 min
and () 6 min reaction at 200 °C. The insets of (G-1) are TEM images of
the particles; the areas corresponding to the SAED patterns are marked
with circles.

temperature reached 200 °C (0 min) suggested that SnO was
formed as the main phase, and SnsO4(OH), was found as minor
phase. After 1 min reaction, the signals from SnsO4(OH), were
not detected and only signals from SnO presented in the XRD
pattern (Fig. S51). It is noticeable that the small particles still
exist after 1 min reaction as shown in SEM and TEM images
(Fig. 5), and just become less for longer reaction time. Based on
these results, we thought that tin oxide hydroxide found at
0 min reaction is probably a result of the reaction between metal
precursor and water in the solvent during purification process;
and the small particles are SnO, being consumed for the growth
of the starfish-like SnO particles.

FT-IR spectrum of SnO particles

FT-IR spectrum (Fig. S67) and the detailed peak assignment and
interpretation (Table S2f) of the purified SnO particles are
shown in comparison to those of pure OAM. The spectrum of
SnO reveals the characteristic vibration mode from Sn-O at 499
cm™~ .37 Moreover, the characteristic modes of OAM are clearly
seen: 6(NH,) (1550-1620 cm™ ' and 790-810 cm™ '), §(C-N)
(1060-1090 cm™ ), »(=C-H) (3003-3006 cm '), v,5(C-H) and
v(C-H) (2920 and 2851 cm '), »(C=C) (1640-1660 cm %),
6(CH;) (1485-1405 cm ').*® Some bands from SnO sample
(bending modes of C-N and -NH,, and stretching mode of
-NH,) show lower intensity and more broadened than that of
pure OAM, but in general the characteristic modes of OAM from
the SnO particles present at identical positions with those of
pure OAM. This suggests that OAM molecules are absorbed on
the surface of the SnO particles.

Proposed shape formation mechanism

Using thermal vapour deposition method in the absence of
capping agent, Dai et al. suggested that the initial growth along
[100] direction was slightly faster than that along the [110]

This journal is © The Royal Society of Chemistry 2016
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direction, giving small sized SnO diskettes an octagonal surface
with long and short sides and larger SnO ones a circle contour
(to lower the surface energy)."* Moving to a solution synthesis
using hydrothermal reaction without surfactants, based on the
fact that changing the reaction temperature could change the
surface shape of single crystal SnO plates, the authors proposed
that the shapes of particles were governed by the crystal struc-
ture and surface energy,' this is similar to the above report. On
the other hand, under sonication aided solution synthesis,
previous study indicated that the use of different surfactants
could change the growth rate of the (110) and (100) crystal
planes to transform the basal surfaces of SnO particles from
square to circle and again to square shapes with either (110) or
(100) as the side planes.* In the present study, various aniso-
tropic shapes of SnO particles formed with varying OAM vol%
under constant temperature reveals the role of OAM in directing
the shape formation of the particle, possibly via control of the
kinetic growth process of (100), (110) and (001) planes.
According to the SAED, HR-TEM, and time-dependent shape
growth results described above, the formation of particles of
various shapes, as shown in Fig. 6, was owing to the preferential
crystal growth along different directions induced by the
concentration of OAM. According to these results we propose
that OAM plays an important role in determining the prefer-
ential growth direction and the shape of SnO during particle
formation and growth.

The form transition from cube to square and to starfish-like
sheets was induced by the increase of OAM concentration in the
preparation solution (Table 1). As the OAM concentration was
increased, first cubes and then square sheets were formed,
suggesting that the basal (001) surface was stabilized by amines,
leading to a decrease in the particle thickness.

The use of a high concentration of OAM (25-100 vol%,
Fig. 6A) during the synthesis process induced relatively prefer-
ential growth along the [100] direction in SnO of tetragonal
structure, leading to the four star-shaped petals, that is starfish-
like sheets. Their thickness (the (001) plane was considered the
surface plane) decreased with the increase in OAM concentra-
tion. Thus, the particles transformed into starfish-like particles
with a lower thickness. When a smaller amount of OAM was
used (~20 vol%), there was no significant difference in the
growth rates along the [110] and [100] directions (Fig. 6B).
Finally, uniform growth along the [110] direction and somewhat
restricted growth along the [001] direction were the main reason
for the formation of the square sheets (Fig. 6B). When a very
small amount of OAM (from 9 vol% or less) was used, it prob-
ably had a negligible effect on suppressing the crystal growth in
the [001] and [110] directions (Fig. 6C). As a result, cubic
particles were formed, and their surfaces were the most stable
crystal planes ((001) and (110) planes). It is also known that
(001) and (110) planes of SnO have the lowest surface energy.*

Moreover, it is interesting that, in the magnified side-view
images of the particles prepared with OAM concentration of
20 vol% (square sheets, Fig. 2C and D), especially from 25 vol%
OAM (starfish-like particle, Fig. 2E-L), particles clearly appeared
to comprise a set of double-stacked sheet with a concave surface
between the double-stacked sheet and each sheet consisted of

RSC Adlv., 2016, 6, 26725-26733 | 26729
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Fig. 6 Schematic illustration of the formation of the (A) starfish-like particles, (B) square sheets, and (C) cubic particles with a change in the OAM
concentration. (A) and (B) are the along the c-axis and (C) is along y-axis. The inset of between (A) and (B) shows the sheet particle along y-axis
during growth process. The bars on the right denote the thickness of SnO particles as a result of reduced restriction of particles growth along
[001] direction in accordance with the reduction of OAM from 100 to 1 vol%.

multiple thin layers (see Fig. 4). The formation of the similar
double-stacked sheet fashion (called “solid wheel with a drop
centre rim”) for single crystalline SnO diskettes was also re-
ported using thermal vapour deposition method, even though
the formation mechanism was not clearly understood.* The
formation of this sheet stacking structure with an inner concave
surface could be related also to the growth process, whereas the
materials for particles growth could be supplied more easily to
the outer layer than to the inner layer (inset Fig. 6), owing to the
lower diffusion rate to grow the inner layer or stereo effect.**
Thus, together with the preferential growth along the [100]
direction and the [110] direction for the starfish-like and square
sheets, square particles and starfish-like particles consisting of
double-stacked sheets could be obtained.

The above proposed mechanism allows for explaining the
obtained results, such as the crystal structure and orientation
regarding the particle shapes, the particle shape dependence on
the OAM vol% used, and the shape growth with the reaction
time. On the other hand, recent findings have explored many
cases where the single crystalline particles of micron sizes ob-
tained in the solution synthesis could undergo mesoscale
assemblies or oriented attachments of the nanoparticles fol-
lowed by their fusion and displacement of organic stabilizers
(non-classical crystallization mechanisms).*** The final
product shows similar scattering properties with the single
crystals formed by classical crystal growth; this fact makes
difficulties to distinguish the two mechanisms.** We do not rule
out a possibility for the non-classical crystallization mechanism
playing its role in our case with OAM as a stabilizer and
a particle shape mediator. However, (i) at the current state, we
did not find a clear evidence (defects, boundaries in microscope
images) of the subunits in the mesocrystals and (ii) by this way it
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is not clearly explained how the particle shapes can vary with
OAM vol% and the starfish-like shape evolution with the reac-
tion time.

Oxidation state of SnO particles

It is well known that SnO is thermodynamically unstable and
can disproportionate to Sn and SnO,."” The XPS result (Fig. 7A),
however, shows that metallic Sn was not present in the obtained
particles. The spin-orbit splitting (8.5 eV) and peak positions
(486.7 and 495.2 eV) could be attributed to tin oxides SnO and/
or SnO,. The bumps observed at higher binding energy (5 eV)
from the peaks with exactly same energy splitting (8.5 eV) were
ascribable to the shake-up satellites. Because the difference in
the binding energy of Sn(u1) and Sn(wv) oxides (0.2 eV) is not large
enough to be distinguished in the XPS spectra, an AES analysis
was also performed. The results (Fig. 7B) indicated that on the
surface of the particles there was more than 75 mol% of the Sn
in SnO and less than 25 mol% of the Sn in SnO,; this was
probably owing to the surface oxidation. It is also worth noting
that at a depth of 30 nm from the surface (see AES depth profile,
ESI, Fig. S77), the concentration of SnO, was negligible low, this
indicated that our samples consisted of highly pure SnO.

Shape preservation in SnO, particles synthesized from SnO
particles

The SnO particles could act as an intermediate for forming SnO,
via annealing in air at 370, 500, and 700 °C for 2 h. The results
(Fig. 8) shown correspond to the starfish-like SnO particles
obtained using 75 vol% OAM.

The conversion of SnO into SnO, was partial at 370 °C (2 h),
became more significant at 500 °C (2 h), and was complete at

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (A) Narrow-scan Sn 3d XPS spectrum and (B) the differentiated

AES spectra of the SnO particles synthesized using 30 vol% of OAM.

700 °C after 2 h (Fig. 8A). At 370 °C, the main phase was still
SnO, with some XRD signals (broadened peaks) related to SnO,
(marked with dashed lines) also being observed; these were
sharper and better defined in the case of the sample annealed at
500 °C. After annealing at 500 °C, tetragonal SnO, was obtained
as the main phase, while minor peaks were observed at 24.2°,
25.0°, and 35.7° in 26; these could be assigned to orthorhombic
SnO,. The SnO phase still existed (related peaks were observed
at 18.1°, 26.4°, and 50.5° in 26) with high contribution after
annealing at 370-500 °C as a main phase. After annealing at 700
°C, the XRD patterns showed peaks related primarily to tetrag-
onal SnO,, with minor peaks related to orthorhombic phases
also being present.

The oxidation of SnO to SnO, occurred gradually, as the
grain size of SnO became smaller and that of SnO, became
larger with an increase in the annealing temperature; this was
determined from the width of the XRD peaks (Fig. 8A). The
crystallite sizes of SnO corresponding to the peaks at 29.6° and
33.1° in 260 were 120 nm for the as-synthesized sample and 30-
60 nm for sample annealed at 500 °C. In addition, when the
annealing temperature increased from 500 to 700 °C, the crys-
tallite sizes of SnO, corresponding to the peak at 33.7° in 26
increased from 15 nm to 30 nm. This did not preclude the
possibility that SnO transformed into SnO, through multiple
steps of disproportionation of SnO and other formed interme-
diate oxides (i.e., 2SnO — Sn;0, + Sn, Sn;0, — SnO, + Sn; other
unidentified oxide phases were also observed) and oxidation (Sn
+ 0, — Sn0,), as has been reported for SnO diskettes under

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 SnO particles synthesized using 75 vol%s OAM: (A) XRD patterns
of the as-synthesized SnO particles and the particles annealed at 370,
500, and 700 °C for 2 h in the air and (B) corresponding SEM images of
the as-synthesized and annealed particles. The reference patterns of
tetragonal SnO (PDF no. 06-0395), tetragonal SnO, (PDF no. 021-
1250), and orthorhombic SnO, (PDF no. 01-078-106) were denoted by
the filled circles, crossed squares, and inverted triangles, respectively.
The dashed lines, which mark the positions of some of the main peaks
related to tetragonal SnO,, are to serve as visual guides.

similar annealing conditions.’* However, in the present study,
the diffraction signals related to the intermediate oxide phases
and Sn were not observed in the XRD patterns of the annealed
samples at different temperatures (370-700 °C). Based on this
result, it was assumed that by simple annealing, the one step
disproportionation of SnO (2SnO — SnO, + Sn) then the
oxidation of metallic Sn occurred.

The overall morphology and the multiple-thin-layered
structure of the resulting SnO, particles were identical to
those of the as-synthesized SnO micro particles (Fig. 8B). It is
likely that the multiple-thin-layered structure of the particles
retarded mechanical expansion during the transformation of
SnO into SnO, via annealing at high temperature. This probably
helped keeping the particle shape. Lack of the benefit from
the thin-layered structure, in general, similar results (crystal
structure and morphology) were still achieved for the
particles synthesized using 9 vol% OAM under same annealing
conditions (Fig. S8A-Ct). A few SnO, particles shaped like
assemblies of a number of smaller cubes and square sheets
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were also observed. These were probably formed by thermal
expansion-related cracking and the SnO-to-SnO, phase-
transition-induced strain (Fig. S8D and Ef). Furthermore, the
optical absorption properties of the as-synthesized and
annealed samples (Fig. S9t1) were in good agreement with the
transformation from SnO, which has an energy gap (E,) of 2.3
eV, to SnO, (E, = 3.5 eV) upon annealing. Thus, the fact that the
SnO, particles exhibited the same morphology as the SnO
particles suggested that SnO can be used as a template to
produce SnO, particles with tunable morphology.

Conclusions

In this study, we demonstrated a straightforward approach for
synthesizing well-defined single-crystal SnO particles shaped as
cubes, assemblies of squares, and starfish-like sheets using
tin(u) acetylacetonate as the precursor in a mixture of oleyl-
amine and octadecene. The growth of the SnO particles of
different shapes was driven by the differences in the growth
rates along the (100), (110), and (001) planes, owing to the
interactions with the stabilizing agent, OAM. Finally, it was also
proved that the size of SnO particles could be varied easily for
a similar shape and the synthesized SnO particles of various
shapes could be used as intermediate materials for the
synthesis of similar-shaped SnO, particles.
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