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Tin (II) oxide has been proposed as potential anode material in lithium rechargeable batteries. Different
methods to obtain such compound have been developed with relative difficulty due to the fact that Sn(II) is easily
oxidized to Sn(IV). We have applied a different methodology to synthesize SnO-romarchite by modifying the
solvent nature of the controlled precipitation route using acetic acid and not water. Although the formation of
Sn(IV) oxide could not be completely avoided, X-ray diffraction analysis confirmed the synthesis of metastable
tin(II) oxide as major phase at room temperature. In depth analysis using Popa’s model for Rietveld refinement
allows to precise that the material corresponds to small and distorted crystallites, very anisotropic in size. SEM
technique confirmed the microstructure is build of flower-like agglomerates of ~15 pm, in turn made of plate-like
individual grains that remind the crystallite structure anisotropy.
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1. Introduction

Among tin oxides, semiconducting SnO, has been widely studied
with many applications in photovoltaic cells, transparent electrodes,
Li batteries, lasers or sensors'. Comparatively, tin(IT) oxide SnO
has been less studied but quite recently this material has received
special attention due to interesting capacity values obtained as an
anode material of lithium rechargeable batteries, especially when
prepared in the form of amorphous tin-based composite'?. During
battery operation, it is possible to observe a first charging step that
consists in a reaction between Li ions and SnO, as shown in the
following equation:

6.4€” +6.4LI" +SnO) — LiO) + Lig 4Sn) )

This step is followed by a reversible anode half-cell reaction in
subsequent discharging-charging cycles, expressed as’:

Lig 4Sny) > 4.4e” + 44Li" + Sny) 2)

The black-blue SnO powder synthesized for such an application
always contains a small amount of Sn(IV) oxide due to traces of
oxygen that promote Sn(II) oxidation and hinder the stabilization of
the anode structure. Therefore, the main objective in SnO preparation
is to minimize the oxidation of Sn(Il)**. Moreover, the practical
charge capacity is strongly dependent of the crystalline microstructure
properties. Previous works have shown that a smaller crystallite size
can facilitate the solid-state redox reactions, which produces higher
practical reversible capacity?.
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Different methods have been reported to synthesize pure and
finely divided SnO powder, among them it is worth mentioning
the following routes: homogeneous precipitation method using
tin chloride and urea®, gas phase condensation process in inert gas
atmosphere’, condensation/vaporization laser technique in diffusion
chamber® and solution process, in which amorphous oxo-hydroxo
precursor of Sn**is crystallized via microwave heating®. Nevertheless,
in all the above mentioned methods, SnO synthesis remains difficult
and is currently accompanied by SnO, formation'’. Among the
different ways of preparations, the solution synthesis technique is
very attractive due to its ability to produce powdered materials with
special metastable characteristics at ambient oxygen pressure, a
requirement in the case of SnO preparation.

In the current work, we present an in depth analysis of both
structural and microstructural characteristic of the Sn(Il) oxide
powder synthesized by controlled precipitation using acetic acid as
a solvent instead of water, with the aim to describe the real state of
the material and associate it in the future to its anodic properties in
Li-battery application.

2. Experimental Procedure

The complete synthesis procedure was already described in
a previous article' and is briefly summarized here: SnCL.2H,0
(Mallinckrodt, 98%) was dissolved in glacial acetic acid (EM
Science, 99.7%) at 80 °C. The pH was adjusted adding NH,OH
to produce tin precursor precipitation. The suspension was then
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allowed to age for 24 hours at room temperature. A diethylamine
((CH,CH,),NH-Aldrich, 98%) aqueous solution was finally poured
to help removing chloride ions, before drying the as-obtained sample
in an oven (T = 80 °C) for 24 hours.

A small portion of the obtained sample was gently ground in an
agate mortar and sieved to a grain size less than 38 um. The specimen
was mounted on a zero-background specimen holder. During the
sample preparation for acquisition of X-ray data, the possible tendency
of the crystallites to align themselves parallel to the holder, as has
been observed in other works’, was taken into account; in this way,
the preferred orientation in the (002) direction was avoided by pouring
the sample in a random way on the holder. X-ray powder diffraction
(XRPD) data were collected at room temperature (RT) using a Rigaku
D/MAX IIIB powder diffractometer working in Bragg-Brentano
geometry and equipped with an Nal(T1) scintillation detector. A Cu
Kot radiation (A = 1.5406 A), a graphite monochromator, a fixed
Soller slit, a divergence slit of 1° and a 0.3 mm receiving slit was
used. The diffractometer was operated over the range 2° to 80° (20)
at 40 kV and 35 mA, using step scan with a step size of 0.02° of 20
and time of 6 s/step. The structural and microstructural analysis was
carried out using the fitting software MAUD!? (Materials Analysis
Using Diffraction), based on Rietveld method and Fourier analysis.
For such refinements, a pseudo-Voigt peak-shape profile was used,
adopting an iterative least-square procedure through minimization of
the residual parameters R R, and R, . As will be described below,
the crystallite size (D) and the microstrain (root mean square, 7.71.s.
strain, <e>>!"?) were evaluated using the anisotropic Popa approach's.
The microstructural analysis was realized by taking into account the
instrumental contribution to the profile, for which the structural data of
a CeOQ, instrumental standard of known structural and microstructural
characteristics were used'. The background variation was described
by a five coefficients polynomial. Scanning Electron Microscopy was
carried out using a JEOL 1200 EX (80 KeV), mainly to determinate
particle morphology and size.

3. Results and Discussions

An X-ray powder diffraction pattern can be well described by a
convolution equation according to Enzo et al.":

Y, (20) = B*(1* 4)](26) + bkg 3)

where Yc correspond to calculated intensity, B is the sample
broadening caused by microstructure, / and A are the symmetric
and asymmetric instrumental contribution respectively, bkg is the
polynomial function of five degree for reproducing the background
and * correspond to convolution operation. In this sense, before the
microstructural analysis by the Rietveld method, the instrumental
contribution to the profile was calculated. Those refined parameters
are summarized in Table 1, where the U, V and W parameters
considered in Caglioti equation for instrumental broadening'®, besides
instrumental asymmetry and Gaussianity of reflections are shown.
Through the refinement, those parameters were fixed for estimation
of sample contribution to the line profile shape.

A preliminary qualitative analysis was carried out to identify the
presence of SnO in the obtained sample. The procedure confirmed that
the obtained diffraction lines fit in a tetragonal symmetry with space
group P4/nmm (N° 129) according to the data for SnO (ICSD card
No. 16481). The known structural information from database was used
as starting point in the refinement procedure. As first step, the scale
factor, background function and the unit cell parameters were refined
in the first cycles of process. To carry out the structural refinement,
the isotropic displacement factors (Biso) and the z coordinate for Sn
atoms were then refined.
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For microstructural examination, the line profile analysis was
carried out using a line broadening model with isotropic consideration
which is described in Maud software as Delf, according to De
Keijser et al."”. Table 2 shows the results of this preliminary analysis
marked as A, where we can observe the poor fit caused by wrong
values of structural parameters, especially in the atomic displacement
factors.

Through a detailed observation of Figure 1, we finally observed a
broad peak between 25-27° in 20 that was not well taken into account
by the background function.

After database revision, the presence of SnO, was confirmed as
secondary phase (ICSD card No. 39178). The Rietveld refinement
was then performed on the mixture and better results were obtained,
reflected in the lower values of the residual parameters R, R, and
R, . what is clearly observed graphically in Figure 2. The refined
parameters are shown in Table 2, marked as B. Nevertheless, the hk/
dependence for peak broadening is evidenced in the inset of Figure 2.

Aiming to realize a deeper analysis, the refinement of SnO was
then carried out using the size-strain-shape model developed by
Popals.

In this model, <R,, > was considered as the mean crystallite size
in the crystallite direction [Akl] developed in a convergent series of
symmetrized spherical harmonics. In our case, the structure obtained
belongs to the Laue group 4/mmm, so <R, > is expressed as follows:

< Ry >= Ry + R\PY (x)+ R2P{ (x) + R3P} (x)cosdp (4

where x = cos . The terms ¢ and ¢ correspond to co-latitude and
azimuth angles respectively in the sample coordinate system'®. The
term R, corresponds to the mean crystallite size considering all the
[hkl] directions. During the microstructural analysis, a number of

Table 1. Instrumental parameters obtained from Rietveld analysis of a CeO,
sample with known structural and microstructural characteristics.

Instrumental parameter Value obtained

Zero-point position —0.00509 (5)
Asymmetry coefficient 1 66.7 (3)
Asymmetry coefficient 2 -0.059 (1)

U 0.0048 (1)

Vv —0.00079 (1)

w 0.0029 (2)
Gaussianity coefficient 1 0.14 (2)
Gaussianity coefficient 2 0.0058 (3)
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Figure 1. Identification of SnO phase. The refinement was realized using an
isotropic line broadening.
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4 refinable parameters, R with n taking values from 0 to 3, were
determined by successive refinements starting from isotropic case,
ie. <R, >=R, and adding one by one until the corresponding
difference in residuals values of refinement became insignificant. In
fact, the number of these terms depends on the crystallite anisotropy'®.
Correspondingly, the microstrain was also determined for the
corresponding Laue group:

<ef > Ef = B (1" + 6+ Byl + 2B 22 + 2E,2 (R +02)(5)

This study revealed that the SnO compound shows anisotropic
values for crystallite size and r.m.s. strain along the different [/kl]
directions. As is observed in Figure 3, corresponding to the best
refinement result and marked as C in Table 2, the peak broadening
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Figure 2. Identification of SnO, as secondary phase. A broad peak is observed
in the region of 26 = 25-27° which correspond to the (110) reflection. In the
inset is observed the 1kl dependence for peak broadening.
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of main phase clearly depends on crystallographic direction.
Additionally, the corresponding difference between the observed and
calculated profiles shows good fit, demonstrating that the proposed
structural and microstructural models are correct.

On the other hand and due to the low contribution to the profile, the
microstructural study of SnO, phase was carried out using isotropic
model of crystallite size and r.m.s. strain'®. This analysis revealed
strongly broadening of diffraction lines caused by the small size of
the crystallites, d = 25(1) nm. This phase showed poor crystallization
and the characteristics of a nanomaterial. The refinement of SnO, took
into account the crystallite size and cell parameters, maintaining fixed
the atomic positions and isotropic displacement factors to the values
observed in the ICSD card No. 39178.
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Figure 3. Graphical results of the final refinement of X-ray powder diffraction
data for the obtained material adopting an anisotropic Popa model for SnO
phase.

Table 2. Details obtained from Rietveld refinement analysis in each step, A: Refinement of SnO phase with isotropic line broadening, B: Refinement of mixture
(SnO + SnO,) with isotropic line broadening, C: Refinement of mixture (SnO + SnO,) with anisotropic line broadening for SnO. Only the data obtained for

SnO are listed.
A B C
Crystal system Tetragonal
a=bA) 3.8030(3) 3.8026(2) 3.8027(2)
cA) 4.8491(5) 4.8479(4) 4.8491(3)
V(A% 70.13(4) 70.53(4) 70.12(3)
Z 2
Space group P4/nmm (N° 129)
D_,. (g.cm™) 6.377(4) 6.341(4) 6.378(3)
o 16.86 14.58 8.52
R, 12.20 10.24 6.72
o 6.41 6.41 6.41
GoF 2.56 2.27 1.33
R,=641(4)
Crystallite size parameters D =459(1) A D =4283)A 1;,; —275839((11 19))
R,=101(18)

Microstrain parameters rm.s. = 0.00249(4)

E, = 0.00541(4)
E,=0.00135(8)
E, =-0.00503(6)

rm.s. = 0.00186(3)

B, ,, (A% =1.00(6)
Refined structural parameters B..o (Az) =294)
zg, = 0.2426(5)

B, ,, (A% =0.82(5)
B, , (A)=23(3)
z,, = 0.2407(4)

B, (A)=0.57(7)
B, , (A% =0.99(9)
z,, = 0.2394(2)

B, : Isotropic atomic displacement. z: Refinable coordinate for Sn atom. During Rietveld analysis, in the case of SnO,, only the cell parameters were refined.

iso”

The rest of the structural parameters were fixed to the values reported in ICSD card No. 39178.
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Table 3. Bond Valence Sum (BVS) calculations for Sn atoms in SnO phase. Best results (Table 2, case C) for complete structural parameters
Sn for SnO were obtained from this final part of refinement, which
Vi 1.79 are in good agreement with published data. In particular, the axial
Formal oxidation state 2 ratio c¢/a = 1.27 is in good agreement with the observed values
3 19,20 1 3
Rij tabulated parameter 1.984 (A) previously reported '2°. The values (?f the Sn gatloq displacement
B . parameters Az = (1/4 — z) and the internal distortion parameter
dij observed bond length 22271 EA) G = [(1/4-xSn)? + (1/4-ySn)? + (1/4-zSn)?*]"? are smaller compared
b empirical constant 0.37(A) to the previously values published by Pannetier and Denes?'. The

Table 4. Microstructure parameters for SnO calculated by Maud software using the anisotropic Popa microstructural model: crystallite size (D) and microstrain
(rm.s).

h k 1 Multiplicity d-spacing (o), Crystallite size D (nm) Microstrain (r.m.s.) (10)
0 0 1 2 4.8491 6 35.71(1) 21.9(1)
1 0 1 8 2.9923 100 53.99(2) 35.4(1)
1 1 0 4 2.6889 39 90.64(1) 14.2(1)
0 0 2 2 2.4245 9 35.71(1) 21.9(3)
1 1 1 8 2.3515 1 62.03(3) 13.8(2)
1 0 2 8 2.0443 1 34.71(2) 23.3(2)
2 0 0 4 1.9013 9 103.28(1) 54.1(1)
1 1 2 8 1.8006 22 38.76(2) 15.9(1)
2 1 1 16 1.6047 19 79.72(2) 31.1(3)
2 0 2 8 1.4961 8 53.99(1) 35.4(2)
1 0 3 8 1.4875 9 33.10(1) 21.2(2)
2 1 2 16 1.3922 1 55.28(2) 25.3(2)
1 1 3 8 1.3853 3 33.27(3) 18.0(1)
2 2 0 1.3445 3 90.64(1) 14.2(3)
2 2 1 8 1.2955 <1 80.94(1) 13.9(1)
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Figure 4. SEM images obtained from as-prepared SnO.
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oxidation state of the corresponding Sn ion in the observed structure
was calculated by analysis of the interatomic distance obtained
from Rietveld analysis and using the Brown’s Bond Valence (BVS)
formula, in which the valence Vi of a atom is the sum of the individual
bond valences vy surrounding the atom:

v =V; ()

The most commonly adopted empirical expression to extract
the individual bond valences have been in turn calculated from the
observed bond lengths using the following equation®:

R.—d.
vj= exp[”blj] )

The results are shown in Table 3 and are in good agreement with
the expected formal oxidation state of Sn**.

A quantitative analysis was carried out using the Rietveld
methodology. In the calculations was taken into account the following
refinement equation:

Si(zmv), .
s (zmy), ®
where S is the refined scale factor, Z the number of formula units per
cell, M is the molar mass in the unit formula and V is the volume of
the unit cell'>".

Finally, after calculations, the sample reveals a composition of
80.6(4) wt. (%) of SnO and 19.4(8) wt. (%) of SnO,. This results
shows that during crystallization process, oxidation of Sn(II) to Sn(IV)
probably takes place, leading to the formation of SnO, impurity.

The final microstructural results for SnO are shown in Table 4,
where we can observe that the degree of anisotropy is pronounced,
especially for Bragg direction (200), as a consequence of a crystallite
shape (plate-like) reasonably far from spherical one. Despite
anisotropic shape of crystallites, the mean value involving all different
crystallographic directions is in good agreement with previous works,
so its technological applications is not discarted’.

Figure 4 shows images obtained with SEM. Those micrographs
show sand rose-shaped SnO agglomerates of about 15 um in size
made of plate-shape grains whose thickness is well below the micron.
Even if those grains are still an order of magnitude in size above the
anisotropic dimensions of crystallites obtained from XRD analysis,
the microstructural aspect of the sample is very well reflecting its
structural and nanostructural characteristics. Similar results were
reported previously by Pires et al.'® where the SnO powder was
obtained by the microwave-assisted hydrothermal synthesis technique
using SnCl,-2H,0 as a precursor and NaOH as mineralizing agent.

4. Conclusion

SnO-romarchite was synthesized by a new precipitation route in
acetic acid. A certain degree of purity was obtained but, unfortunately,
SnO, formation was not completely avoided. X-ray diffraction
analysis confirmed the formation of tin (II) oxide, metastable at room
temperature, with tetragonal crystal system and space group P4/nmm
(N° 129), in agreement with literature data. The microstructural
analysis revealed an anisotropic character of crystallites which could
affect the material behavior in technological applications. This new
alternative synthesis of tin oxide (SnO) generates sand rose-shaped
agglomerates of ~15 um, made of plate-like individual grains that
remind the crystallite structure anisotropy.
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