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Exploiting the synergy between microstructure, morphology and dimensions by
suitable nanomaterial engineering, can effectively upgrade the physical properties and
material performances. Li2SnO3 elongated nano- and microstructures in form of belts,
wires, rods and branched structures have been fabricated by a vapor-solid method at
temperatures ranging from 700 °C to 900 °C using metallic Sn and Li2CO3 as
precursors. The achievement of these new morphologies can face challenging
applications for Li2SnO3, not only in the field of energy storage, but also as building
blocks in optoelectronic devices. The micro- and nanostructures grown at 700 °C and
800 °C correspond to monoclinic Li2SnO3, while at 900 °C complex Li2Sn03/Sn02
core-shell microstructures are grown, as confirmed by X-ray diffraction and Raman
spectroscopy. Transmission electron microscopy reveals structural disorder related to
stacking faults in some of the branched structures, which is associated with the
presence of the low-temperature phase of Li2SnO3. The luminescent response of
these structures is dominated by intense emissions at 2, 2.5 and 3 eV, almost
completely covering the whole range of the visible light spectrum. As a result, white-
light emission is obtained without the need of phosphors or complex quantum well
heterostructures. Enhanced functionality in applications such as in light-emitting
devices could be exploited based on the high luminescence intensity observed in some
of the analysed Li2SnO3 structures.
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Introduction

Among the lithium based oxides, Li2SnOs has
aroused increasing attention during the last years
due to its applications as dielectric material in the
range of microwaves,[1-3] breeding material for
nuclear fusion reactors,[4, 5] and mainly in the field
of energy storage owing to its use as electrode in
Li-ion batteries.[6-8]. There are a relevant number of
recent publications combining the use of Li2SnOs
with carbon-derived materials, such as graphene, in
order to improve the performance of Li ion
batteries.[9-11] Besides, Li2SnOs has been reported
to exhibit better catalytic properties than other Li
ternary oxides, such as Li2FeOs and Li2ZnOs.[12]
Li25nO:s has been also used as a model in the study
of Li diffusion in similar ternary systems. Li2SnOs is
usually synthesized in form of bulk material,[2, 12]
thin film, or nanoparticles[10, 11] by using different
approaches such as the hydrothermal method,[9,
13] sol-gel technique,[14] thermal decomposition, [4]
or solid state reactions[15, 16]. There is no
published work, as far as we know, related to the
fabrication and characterization of elongated
nanostructures of Li2SnOs, the study of which could
broaden the applicability of this material, as they
could be used as basic building blocks for electronic
and optoelectronic nano- and microdevices. Despite
the potential applicability of Li2SnOs, many of its
fundamental physical properties, such as the
bandgap, still remain unclear or under debate.
Moreover, the paramount interest recently aroused
by the solid-state batteries could hide the
applicability of Li2SnOs in alternative fields of
research for which this material could also be a
promising  candidate. = Therefore, a  better
understanding of the synthesis and main properties
of Li2SnQs is required to ensure a leap forward in its
applicability and performance, not only in the field
of Li-ion batteries, but also in other fields of
technological relevance, which motivates this study.
This  work

focuses on the growth and
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characterization of the physical properties of
elongated nano- and microstructures of Li2SnOs.
These nanostructures are found to present a very
intense white-light emission, revealing a new
potential application of this material. With the
replacement of the traditional incandescent light
bulbs by the more efficient light emitting devices
(LED) for general illumination, finding proper
materials capable of emit broadband white light has
become the focus of an intense research. Currently
white light emission is obtained by either the use of
blue/UV LEDs combined with phosphors, which
usually have poor colour rendering, or by the
fabrication of more complex (In,Ga)N quantum
wells, which present a series of problems related to
the In incorporation limit, the quantum confined
stark effect or the Auger recombination, among
others.[17] Thus, the observed capability of the
obtained structures of emitting broadband
white-light without the need of phosphors or
complex quantum well structures is presented as a

promising new application of Li2SnOs.

Methods

A vapor-solid method, using a controlled mixture
of metallic Sn (Aldrich 99.9% purity) and 10 wt.%
Li2COs (Labkem 99.0 %) as precursor, has been
employed in this work. The precursor powders
were milled in a centrifugal ball mill, in order to
homogenize the initial mixture, and then pressed
into pellets. Thermal treatments were carried out
under argon flow at temperatures of 700, 800 and
900 °C for 5 hours, leading to the growth of nano-
and microstructures on the surface of the treated
pellets which act simultaneously as source of
precursor material, and as substrate for the grown
structures. This variation of the vapour-solid (VS)
has been successfully used to synthetize nano and
microstructures of different semiconducting oxides
such as SnO:, TiO:z or IZ0.[18-21] X-ray diffraction
(XRD) measurements were performed in a Philips
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X'Pert Pro diffractometer using Cu Ka radiation.
The morphological and structural characterization
was performed using a Leica 440 Steroscan
scanning electron microscope (SEM) and a JEOL
JEM 3010 transmission electron microscope (TEM)
operated at 300 kV, respectively. Prior to TEM
measurements the structures were detached from
the pellets, dispersed in isopropanol using an
ultrasonic bath and deposited on a Cu mesh grid
covered with a C membrane. Compositional
analysis was performed by energy dispersive
spectroscopy (EDS) in a Leica 440 Stereoscan SEM
at 20 kV and 1.5 nA, using a XFlash 4010 detector,
whereas the presence of Li was assessed by means
of electron energy loss spectroscopy (EELS) on the
JEOL JEM 3010 TEM at 300 kV, using a Gatan
Enfina spectrometer. Raman characterization was
performed at room temperature with a Horiba
Jobin-Yvon LabRam Hr800 confocal microscope
using a 325 nm He-Cd laser and a 633 nm He-Ne
laser. Photoelectron Spectroscopy measurements
were performed at Spectromicroscopy beamline, at
the Elettra synchrotron facilities, using an incident
photon energy of 74 eV. The pellets with the nano-
and microstructures were placed on a sample
holder and fixed with the help of two Ta strips. The
XPS spectra were calibrated with the Ta peak from
the strips holders. The spatial and spectral
resolution was of ~1 um and 14 meV respectively.
Cathodoluminescence (CL) measurements in the
visible range were carried out at 18 kV and at 300 K
and 100 K in a Hitachi 52500 SEM using a
PMA-11 CCD.

Micro-photoluminescence (u-PL) was carried out at

Hamamatsu

room temperature using a Horiba Jobin-Yvon
LabRam Hr800 confocal microscope and a He-Cd

laser (A=325 nm) as excitation source.
Results and discussion

Following the vapor-solid method, the growth of

nanostructures is initiated at 700 °C. Treatments at

800 °C lead to the highest concentration of nano-
and microstructures, while treatments carried out at
900 °C resulted in the growth of bigger structures
with  complex morphologies. The thermal
treatments have been repeated several times in
order to assure the reproducibility of the results.
The samples studied in this work will be named,
hereinafter, as S-700, S-800 and S-900, indicating the
corresponding ~ growth  temperature. =~ XRD
measurements have been carried out in normal
incidence for the as-grown samples, which present
nano- and/or microstructures on the pellet surface.
As a result, information from the nano- and
microstructures, as well as from the surface of the
pellets, is extracted from the XRD signal.
Mustratively, the XRD pattern corresponding to the
sample S-800, as a representative example, is shown
in Figure 1a. The patterns confirm the presence of
two different compounds, namely the ternary
Li25nOs compound, with monoclinic crystalline
structure (Figure 1b) and lattice parameters of
a=5.289 A, b=9.187 A and ¢=10.060 A,[22] and the
rutile tetragonal structure characteristic of SnOs,
with lattice parameters of a=b=4.738 A, c=3.187
A.[23] Peaks corresponding to metallic Sn or
Li2COs, used as precursors, or to other ternary

Li-Sn-O compounds are not observed.

(a) S-800( (b) |_izs|..|03
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Figure 1. (8) XRD pattern acquired on the sample S-800. (b) Scheme
of the monoclinic structure of Li2SnOsobtained with Vesta software.

As previously mentioned, modifications in the
morphology and size of the as-grown structures are
induced as a function of the different temperatures

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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used in the thermal treatments. Figure 2 shows SEM
images of representative nano- and microstructures
corresponding to samples S-700 (a and b), S-800 (c,
d, e and f) and S5-900 (g and h).

Figure 2. SEM images of nano- and microstructures corresponding to
samples S-700 (a, b), S-800 (c, d, e, ) and S-900 (g, h).

A small amount of nanostructures were grown at
700 °C, most of them showing a branched
appearance, as observed in Figure 2a. In Figure 2b,
initial stages of the formation of the branched
nanostructures can be appreciated, where small
bumps emerge from the surface of the central
branch. These nanostructures present lengths of
tens of um on average, and widths between few um

in the central branch and hundreds of nm in the

UNIVERSITY PRESS

Nano Res.

lateral ones. Increasing the temperature up to 800
°C leads to a notorious increment in the amount of
structures, which fully cover the surface of the
pellet, as shown in Figures 2c. Moreover, in this
case the elongated structures are more developed,
with larger sizes and a more defined branched
appearance, as compared with those grown at 700
°C. The central branches of these structures usually
present thicknesses in the order of um and lengths
of several tens of um, while the lateral branches,
which form angles around 60° with the central
stem, exhibit thicknesses ranging from hundreds of
nm to a few um and lengths of several tens of um.
Some of the branched structures are formed by
thicker central stems and shorter lateral branches
presenting angles of 90° instead, as shown in Figure
2c. In order to distinguish between both structures,
they will be hereinafter named as “tree-like” (Figure
2e) and “brush-like” (Figure 2f) structures,
respectively. The latter type appears in a lower
concentration that the “tree-like” ones. In addition
to the branched structures, which appear in a high
concentration, nanowires and belts (Figure 2d) with
lengths of several tens of pm, widths of few um and
thicknesses of hundreds of nm can be also observed
in a lower concentration. The microstructures
grown at 900 °C (Figures 2g and 2h) present widths
of tens of um and lengths of hundreds of um or
even mm. Treatments at 900 °C induce an
increment in the size of the microstructures which
present rod-like shapes with variable growth
directions (Figure 2g). Moreover, stepped surfaces
and secondary growths are also observed in these
which

morphologies, as observed in Figure 2h.

microstructures, results in complex

@ TSINGHUA &) Springer | www.editoriaimanager.com/nare/default.asp
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Figure 3. (a) Low magnification TEM image of a tree-like

nanostructure grown at 800 °C, showing angles of 60° between the
central and lateral branches. (b), (c) Magnified images of the branches
marked with dashed squares in (). The arrows indicate the orientation
of the crystallographic planes. Insets show the corresponding SAED
patterns acquired along the [001] axis at the marked spots. (d) Scheme
of the tree-like structure showing its enclosing facets and their
corresponding crystallographic planes.

Some of the tree-like and brush-like structures
grown in the sample S-800 have been analyzed by
transmission electron microscopy. In Figure 3a, a
tree-like branched structure can be observed on top
of the Cu grid. The lateral branches form 60° with
the central stem. Figures 3b and 3c show TEM
images from the lateral branches marked with
dotted squares in Figure 3a. These branches exhibit
widths of around 1 um and lower thicknesses as
evidenced by their transparency to the electron
beam, indicating a belt-like morphology. Selected
area electron diffraction (SAED) patterns acquired
in the lateral branches, as well as in the central
stem, indicate that the tree-like structure
corresponds only to monoclinic Li2SnOs. Possible
domains associated with the presence of SnO: or Sn
clusters have not been observed. Based on the
SAED patterns acquired in the [001] zone axis, it

can be concluded that the branches analyzed in

Figures 3b and 3c grow orthogonally to the family
planes (-130) and (-200), respectively. A scheme of a
tree-like structure indicating the enclosing facets
and the corresponding crystallographic planes is
shown in Figure 3d.

A TEM image of a brush-like structure is shown in
Figure 4a. In this case the lateral branches grow
forming angles about 90° with respect to the central
stem, which shows a thickness around 200 nm. The
lateral branches show lengths about 1 pm and
thicknesses lower than 200 nm. In this case, the
decreased electron transparency of the lateral
branches, as compared with the tree-like structures,
evidences their rod-like geometry. SAED patterns
acquired in these structures indicate that they also

correspond only to monoclinic Li2SnOs.

Figure 4. (a) TEM image of a brush-like structure grown in the sample
S-800. (b) SAED pattern acquired the region marked with a cross in (a)
where diffuse scattering due to stacking disorder can be observed
(marked with arrows). (c) Detail of the central stem of the brush-like

structure showing stacking faults.

TEM observations reveal that the central stem
grows along the [001] direction. Some diffuse
streaks can be clearly observed in the [1-10] SAED
pattern acquired in the central stem (Figure 4b),
which indicates stacking disorder along the c-axis.
This disorder can be appreciated in Figure 4c as
stripes (stacking faults) perpendicular to the growth
axis. The presence of structural disorder associated

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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with stacking faults along c-axis in Li2SnOs crystals
has already been studied by Tarakina et al.[24, 25]
In that work the authors reported that Li2SnOs can
be synthesized in two phases: the low-temperature
(LT)-Li2SnOs, formed at temperatures below 800 °C,
and the high-temperature (HT)-Li2SnOs, which is
formed at temperatures above 1000 °C. Both phases
are monoclinic, but exhibit slightly different lattice
parameters, and correspond to C2/m and C2/c space
groups, respectively. In both cases the oxygen
atoms form a distorted cubic network with
octahedral positions occupied by Li* and Sn*
cations. According to Tarakina et al.[25] the
LT-Li2SnOs structure would exhibit large amounts
of stacking faults along the c-axis. However, the
crystalline structure of LT-Li2SnOs is not yet clear
and some authors propose that the transition
between LT and HT-Li2SnOs consists on the
elimination of the defects in the disordered
structure through heating treatments.[22] Tarakina
et al.[24] compare two Li salts of Li2MOs type
(M=5Sn, Ti) proposing that the crystal structure of
the LT-Li2MOs phase can be described as stacking
faults of the LiM2 (M=5n, Ti) layers. In our case, the
stacking disorder observed in the central stem of
the brush-like structures (Figure 4c) could indicate
the presence of the LT-Li:2SnOs phase at 800 °C. In
the case of the tree-like structures, however, we
cannot discriminate between the HT and the LT
modifications as they always lay on the Cu grid
along their c-plane, making the [100] and [110] zone
axes inaccessible due to the limited tilting angle of

the sample holder.

The TEM study of structures grown at 900 °C is
limited by their micrometric size, therefore Raman
spectroscopy measurements have been carried out
with micrometric resolution in individual micro-
and nanostructures in order to analyze their
structural characteristics. Raman spectra have been
also acquired on samples S-700 and S-800 for

comparison. A red-laser (A=633 nm) and a UV-laser

® 131
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(A=325 nm) laser have been used during the analysis

in a confocal microscope.
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Figure 5. Raman spectra acquired on samples (a) S-700, (b) S-800 and
(c, d) S-900. The measurements have been carried out by using an UV
laser of 325 nm (He-Cd). In the sample S-900 a red laser of 633 nm

(He-Ne) has also been used.

Figure 5a shows the Raman spectrum acquired with
the UV-laser on single nanostructures from sample
S-700. The corresponding spectrum is dominated by
an intense peak at 590 cm™ although some other
weak peaks at about 320, 370 and 450 cm are also
detected. All these peaks correspond to the
vibrational modes of Li25nQOs.[2] Peaks from SnO: or
metallic tin are not observed in the Raman spectra,
confirming that SnO: signal in the XRD patterns
come from the pellet (see supporting information
S1). Raman spectrum acquired with the UV laser on
the nano- and microstructures grown in the sample
5-800 is shown in Figure 5b. The spectrum is
dominated by the peak at 590 cm™ from monoclinic
Li2SnQO;s, as for the S-700 structures. In this case, the
spectrum shows higher intensity than for S-700 and
the peaks at low energy appear better defined, as
shown in the inset in Figure 5b. Three peaks can be
observed at 319, 368 and 450 cm which correspond
to monoclinic Li2SnOs, in agreement with TEM

observations. In this case, no remarkable differences

HUA @ Springer | www.editorialmanager.com/nare/default.asp
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have been observed in the Raman spectra
corresponding to tree-like or brush-like structures.
Moreover, peaks from metallic Sn or SnO:z have not
been detected, which indicates that the peaks from
rutile SnO: observed in the XRD spectra (Figure 1a)
should be related to the presence of tin oxide in the
surface of the pellets, but not in the as-grown micro-
and nanostructures which only consist of Li2SnOs,
in agreement with TEM results. Raman spectra
have been also acquired on microstructures from
sample 5-900 using different lasers. Figures 5¢ and
5d show the Raman spectra acquired by using a UV
laser and a red laser, respectively. The penetration
depth of the red-laser in Li2SnOs is higher than that
of the UV-laser, hence information in depth can be
extracted from the Raman analysis using both
lasers. The Raman spectrum acquired with the
UV-laser in the microstructures from sample S-900
shows only peaks corresponding to rutile SnO:
(Figure 5c). Three main vibrational modes can be
observed at 474 cm (Eg), 633 cm? (A1g) and 778 cm!
(B2g), as usually reported for rutile SnO2.[26] On the
contrary, Raman spectrum acquired with the
red-laser (Figure 5d) shows Raman peaks from both
Li25nOs and SnO:. The coexistence of the vibrational
modes of Li25SnOs and SnO:2 at 590 and 633 cm’,
respectively, can be clearly observed in the
spectrum. These results suggest that Li:SnOs is
present in the inner part of the microstructures
grown at 900 °C while the outer part is formed also
by SnO: and/or Li doped SnOs.

Compositional analysis has been also performed on
the sample S-800, as this sample has been more
deeply investigated in this work due to its variable
morphology  and  appropriate  dimensions.
Compositional analysis by means of EDS was also
performed on individual structures from sample
5-800 detached from the pellet and placed onto a Cu
sample holder. EDS spectra and images (Figure S2)
indicate that O and Sn are homogeneously

distributed along the structures. As lithium is a

light element it cannot be detected by EDS. In order
to confirm the presence of Li in the as-grown
structures EELS and XPS measurements have been

carried out on the 5-800 sample.

(a) . — ss00 | (B)
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Figure 6. (a) EELS and (b) XPS spectra acquired in structures
from sample S-800.

Figure 6a shows the EELS spectrum from sample
S-800 formed by the plasmon peak at 25 eV and the
Li K-edge at 55 eV.[27] In this case, the Sn Nas-edge
at 24 eV is overshadowed by the plasmon peak.
EELS spectra acquired in different micro- and
nanostructures confirm the incorporation of Li into
the structures, however their large thickness
reduces the signal-to-background ratio of the EELS
edges, hindering the proper quantification.
Complementary ~ XPS  measurements  were
performed to further assess the incorporation of Li
in the structures. The photoemission spectrum in
Figure 6b shows peaks at 20 eV, 25 eV and 54 eV
corresponding to the O (2s), Sn (4d) and Li (1s) core
[28,29],

incorporation of Li in the structures. Photoelectron

levels, respectively confirming  the
spectroscopy is a surface-sensitive technique and
the relationship between Li and Sn content at the
surface of the probed structures could be estimated
for the division of the areas of the peaks related to
each element, extracted from the experimental
photoemission spectra, and corrected with the
effective cross section of each element at the
excitation energy of the beam (74 eV in our case). In
this case, the estimated Li/Sn ratio at the surface of
the structures is around 4.4, which is higher than

the stoichiometric one for Li2SnOs, which is 2. This

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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obtained value points out that the Li concentration
is higher at the surface, possibly due to some
diffusion of the Li atoms to the surface. Recent
theoretical calculations demonstrate that surfaces
with a low amount of Li in excess are energetically
favorable, [30] which

photoemission spectroscopy results.

agrees with our

The CL response of the samples containing micro
and nanostructures was analyzed at room
temperature (300 K) and low temperature (100 K),
as it can be observed in Figures 7a and 7b,
respectively. Figure 7a shows normalized CL
spectra from samples S-700, S-800 and S-900
acquired at 300 K and variations can be clearly
appreciated as a function of the growth
temperature. Remarkably, at room temperature the
5-900 sample is the one presenting higher CL
intensity, around 50 times higher than the S-700 and
70 times higher than the S-800, which is the sample
with less intensity. Moreover, at low
temperature the total CL intensity from sample
5-900 is 50 times higher than samples S-700 and
5-800 which exhibit similar intensity level at 100K.
All the spectra are dominated by three main
emissions centered at around 2.0, 2.5 and 3.4 eV,
however the relative intensity of each one varies as

a function of the analyzed sample.
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Figure 7. Normalized CL spectra of the structures grown on the
samples S-700, S-800 and S-900 acquired at (a) 300 K, and (b)
100 K.

In the sample 5-700 the emission centered in 3.4 eV
predominates, although small contributions at 2.5
eV and 2.0 eV can be also appreciated. On the other

UNIVERSITY PRESS

hand, in the spectrum of the sample S-800 the
emission centered around 2.0 eV clearly dominates,
and the emission at 3.4 eV is also appreciated but
with lower relative intensity. In this case, the
emission at around 2.5 eV shows a low relative
intensity, and a weak emission can be also observed
at about 4.4 eV. In the sample S-900 the emission at
2.5 eV dominates the spectrum and the emission at
2.0 eV also exhibits high relative intensity. Figure 7b
shows the normalized CL spectra acquired at 100 K
in the samples 5-700, S-800 and S-900. In this case,
the spectra from all the samples show high intensity
and all of them are dominated by the emission at
about 2.0 eV. Weak shoulders can be appreciated at
energies lower and higher than 2 eV, which
indicates that this is a complex band formed by
different emissions. In this case, emissions at 2.5
and 3.4 eV are nearly quenched at 100 K, indicative
of thermally activated processes. This behavior is
characteristic =~ of trap-assisted  luminescence
mechanisms,[31, 32] which could be associated with
these emissions. Despite the fact that all the samples
exhibit a high CL signal, the intensity of the
emission from sample 5-900 is much higher than the
others, as observed at 300 K. In the samples S-700
and S-800, in addition to the dominant emission at
2.0 eV, other low intensity emissions at higher
energies (3.4 and 4.4 eV) can be also appreciated.
Deconvolution of the CL spectrum from sample
5-800 is included as supplementary information
(Figure S3). Works on the luminescence of Li2SnOs
are scarce in the scientific literature, therefore the
origin of these emissions remain unclear and the
results here-shown will help to shed light to their
study. Cao et al.[33] studied the luminescence of
Li2SnOs:Mn#. In their work, the authors attribute
the whole luminescent response of the material to
the intraionic transitions of Mn* ion, rejecting any
contribution from the Li2SnOs host, contrary to the
notable luminescence response observed in our case
for the analyzed micro- and nanostructures.

Moritani et al.[5] reported the luminescence of
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Li2SnOs under irradiation with H* and He* ions,
which consists of a broad emission between 2 and 4
eV. In that work, the authors reported that this
broad emission is formed by bands at 2.3, 2.6, 3.0
and 3.3 eV, although their origin is not clarified.
These emissions are similar to some of those
observed in our CL spectra. According to our
results, the emission centered at 3.4 eV should be
associated with the defects involved in the first
stages of growth of the nanostructures, as this
emission dominates CL spectra from the sample
S-700 and reduces its relative intensity as the
growth temperature increases. The emission around
2.0 eV is dominant in the sample S-800, where a
high amount of Li2SnOs micro- and nanostructures
are grown and TEM results indicate the presence of
LT-Li2SnOs phase associated with structural
disorder along the c-axis. This emission also
exhibits high relative intensity for S-900. On the
other hand, for the sample 5-900 contributions from
emissions related to SnO: and/or Li doped SnO:
should be also considered, as Raman spectra
indicate the presence of SnO: in the outer part of the
microstructures. Bands at 1.94 eV, 2.25 eV and 2.58
eV have been reported for SnO:, being the two first
associated with oxygen-vacancies defects and the
latter with surface defects in Sn0:.[34] Some of
these emissions could overlap the luminescence
from Li2SnOs. Intraionic transitions 2Po-2S attributed

to Li* cations [35] are not observed in this case.

Analogous luminescent behaviors are obtained by
photoluminescence acquired at room temperature,
showing similar emissions as those already
described for CL. PL spectra have been acquired in
a confocal microscope, which allows to analyze
isolated structures detached from the pellets with
micrometric resolution. Figure 8 shows normalized
PL spectra acquired, at 300 K using a UV laser (A =
325 nm) as excitation source, in one tree-like and
one brush-like structure from sample S-800.

According to TEM and Raman results, these

structures only consist of Li25nOs, with no

contribution from SnQOs:.

Normalized

Tree-like
Brush-like

PL Intensity (arb. units)

15 20 25 30 35 40
Energy (eV)

Figure 8. Normalized PL spectra acquired in tree-like (green
line) and brush-like (blue line) structures grown at 800 °C. Left
and right insets show schemes of the tree-like and brush-like

structures, respectively.

The PL signal of the Li2SnOs is characterized by a
broad and complex emission in the visible range,
with main contributions centered at about 2.1, 2.4
and 3.0 eV. The relative intensity of these emissions
varies as a function of the probed structure. The
emission at 2.4 eV predominates in the tree-like
structures, while in the brush-like structures the
emission at 3.0 eV is the dominant one.
Deconvolution of the spectra is included in Figures
S4b and S4c, as supporting information. Further
experiments are required in order to confirm if
these emissions are complex and more bands
should be included in the deconvolution. Contrary
to these PL spectra, no remarkable differences were
observed in the Raman spectra corresponding to
these tree-like and brush-like structures. Extended
defects involved in the growth of each structure, as
the presence of stacking faults observed by TEM in
the brush-like structures, could be involved in the

variations in the relative intensities of these bands.
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Lit has several allowed intra-ionic emissions, as
reported by different authors. Specifically, it
presents an intraionic emission between the 25-2Po
levels centered at 713.5 nm (1.74 eV).[35] In other
systems, such as Li doped TiO, this emission has
been observed slightly shifted at 724 nm.[36] In Li
doped Ga:0s, 1. Lopez et al.[37] observed the
presence of a narrow and intense emission around
717 nm (1.73 eV), which was associated with the
intra-ionic emission of Li* ions between the 25-2Po
levels again. Even when this energy could be
shifted from one matrix to another,[38] in our case a
possible relation of the weak emission at 1.5 eV
observed in the PL spectrum in Figure 8 with the
intra-ionic transitions of Li*ion could be discarded.
Actually, this weak emission could be caused by the
second-order diffraction peak of the emission at 3.0

eV observed in Figure 8.

(¢) cie1931

Figure 9. Optical images of (a) PL and (b) CL set-ups where a
high luminescent response from sample S-900 (marked with an

arrow) can be observed. (c) CIE 1931 chromaticity coordinates

&

=
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of sample S-900 as well as the tree-like and brush-like
structures. The black triangle represents the RGB gamut with
the pure red, green and blue coordinates placed in the vertices,
and the pure white marked by the gray hexagon. The black
dotted line across indicates the color of the black body radiation
as a function of the temperature while the solid straight lines
mark the color isotherms for particular temperatures. The insets
show an enlargement of the color corresponding to each of the
chromaticity coordinates calculated for each structure. The pure

white color is also shown for comparison.

Although the origin of the defect-related emissions
in Li2SnOs cannot be unraveled yet, the
luminescence characterization carried out in this
work could help to shed light to the discrepancies
on the calculated value of the Li2SnOs bandgap.
Shein et al.[39] performed theoretical simulations
on the electronic properties of some compounds of
the Li2MOs family, with M=Ti, Zr and Sn.
According to their simulations, the three
compounds have a similar band structure with the
following bandgaps: 3.5 eV (Li2TiOs), 2.9 eV
(Li2ZrOs) and 1.9 eV (Li2SnOs). Stahiya et al.[40]
reported bandgap values about 3.0 eV and Howard
et al.[30] calculate a wider bandgap of 4 eV for
Li2SnOs. Despite PL is not the proper method to
determine the bandgap of any material, it can still
provide a lower estimation of its value as light
emission above the bandgap energy would not, in
general be expected. Thus, according to our results,
Li25nOs should be a wide-bandgap material, with a
minimum Eg value of at least 3.4 eV, in agreement
with Howard et al., or even higher considering
some of the high-energy emissions observed in the
CL spectra. Variations of the Eg as a function of the
Li2SnO:s phase, LT or HT, should be also considered,
as occurring for other wide bandgap
semiconductors such as TiOz, which presents
different band gaps for the anatase and rutile
phases.[41]
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It should be also noticed that CL and PL
measurements confirm high luminescence from the
samples under study, even at room temperature.
Among the analyzed samples, S-900 shows a
remarkable high luminescence, so that a bright and
intense spot can be observed during the
luminescence measurements, as shown in Figure 9a
and 9b. This spot presents a white color for which
the broad luminescence spectra, ranging from the
near infrared to the ultraviolet, is responsible.
Considering the wide interest for novel white-light
emitting materials we have performed further
analysis of the color emission of this sample and
compared it with the brush-like and tree-like
structures obtained in sample 5-800. To this end we
have calculated the chromaticity coordinates from
their measured spectra following the Commission
Internationale de 1’Eclairage (CIE) standard. The
results are plotted in the chromaticity diagram
shown in Figure 9c. As it can been observed, the
color emission of sample S-900 (chromaticity
coordinates x = 0.322, y = 0.349) lies very close to the
pure white (chromaticity coordinates x = 0.313, y =
0.329, as defined by the standard illuminant D65).
In comparison the tree-like and brush-like
structures present a yellower and bluer color
respectively, with chromaticity coordinates of
(0.346, 0.384) and (0.264, 0.280). The correlated color
temperature (CCT) of sample S-900 is 5944 K,
relatively close to the D65 standard (CCT = 6504 K)
while the tree-like structure presents a CCT of 5071
K, very close to the value of a typical fluorescent
light source (~5000 K).

The two traditional approaches to obtain white light
from a light emitting diode (LED) are combining
LEDs from the three primary colors (red, green and
blue) [42] or the use of a phosphor material, which
in combination with a blue or UV-LED usually of
GaN or InGaN, broaden the final emission [43, 44].
However, the use of phosphors introduces some

disadvantages including short lifetimes and lower
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efficiencies. In order to avoid these problems,
quantum well (QWs) structures were employed for
obtaining white light [45, 46]. In the present work,
we have shown micro and nanostructures with an
intense white light emission without the use of any
phosphors or complex structures such as multi
quantum wells. This high white luminescence can
broaden the applicability of Li2SnOs in the field of
phosphor-free light-emitting devices in addition to
the well-known lithium-related energy storage
applications, while the study of the Li25nOs
physical properties here-shown could improve the

general understanding of the material.

Conclusions

In this work different Li25nOs nano- and
microstructures have been fabricated by a
vapor-solid method wusing Sn and Li2COs as
precursors and one-step thermal treatments at 700,
800 and 900 °C for 5h in the presence of an Ar flow.
Novel morphologies have been achieved for
Li2SnO;s, leading to potential extended applicability
of this material usually employed in the field of
energy storage so far. Mainly Li2SnOs branched
structures have been obtained at 700 and 800 °C, as
confirmed by Raman spectroscopy and SAED
individual

measurements performed on

nanostructures, while at 900 °C complex
SnO2/Li2SnOs core-shell elongated microstructures
were fabricated, as revealed by Raman

spectroscopy using different excitation
wavelengths. Among the branched wires, tree-like
and brush-like structures are commonly observed at
800 °C. Structural disorder was detected in the rods
grown at 800 °C along the [001] direction, the
presence of which could be associated with the
low-temperature phase of Li2SnOs. In terms of EELS
and photoelectron spectroscopy the presence of Li
was detected in the structures, with a low amount

of Li in excess detected at the surface of the probed
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structures. The luminescence response of the nano-
and microstructures was studied by CL and PL,
showing a complex broad emission formed by
several bands in the visible range peaked at about
2.0, 2.5, 3.0 and 3.4 eV. This luminescent study
could shed light to the estimation of the E; value for
Li2SnOs, which should be about 3.4 eV or even
higher. The extremely high white luminescent
emission observed in some samples could enhance
white

their functionality in phosphor-free

light-emitting devices.
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Figure S1. Raman spectrum acquired on the pellet surface of the S-800 sample.
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Figure S3. Deconvolution of the CL spectrum obtained in the S-800 sample.
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Figure S4. Deconvolution of the PL spectra acquired in the (a) brush-like and (b) tree-like samples.
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