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ABSTRACT: The formation and growth mechanisms in the
hydrothermal synthesis of SnO2 nanoparticles from aqueous
solutions of SnCl4·5H2O have been elucidated by means of in
situ X-ray total scattering (PDF) measurements. The analysis of
the data reveals that when the tin(IV) chloride precursor is
dissolved, chloride ions and water coordinate octahedrally to
tin(IV), forming aquachlorotin(IV) complexes of the form
[SnClx(H2O)6−x]

(4−x)+ as well as hexaaquatin(IV) complexes
[Sn(H2O)6−y(OH)y]

(4−y)+. Upon heating, ellipsoidal SnO2
nanoparticles are formed uniquely from hexaaquatin(IV). The nanoparticle size and morphology (aspect ratio) are dependent
on both the reaction temperature and the precursor concentration, and particles as small as ∼2 nm can be synthesized. Analysis
of the growth curves shows that Ostwald ripening only takes place above 200 °C, and in general the growth is limited by diffusion
of precursor species to the growing particle. The c-parameter in the tetragonal lattice is observed to expand up to 0.5% for particle
sizes down to 2−3 nm as compared to the bulk value. SnO2 nanoparticles below 3−4 nm do not form in the bulk rutile structure,
but as an orthorhombic structural modification, which previously has only been reported at pressures above 5 GPa. Thus,
adjustment of the synthesis temperature and precursor concentration not only allows control over nanoparticle size and
morphology but also the structure.

■ INTRODUCTION
It is well established that the material properties of metal and
metal oxide nanoparticles are highly dependent on the particle
characteristics such as size, shape, and aggregation structure.1−4

In the development of advanced functional nanomaterials,
finding a green and energy efficient synthesis pathway, which
allows control over these characteristics, is therefore crucial. In
this context, the hydrothermal method is promising, and during
the past decades various inorganic micro- and nanoparticles of
high crystallinity and homogeneity have been produced using
this approach. It has been shown that many of the particle
characteristics can be altered by adjusting simple synthesis
parameters such as temperature, pressure, precursor concen-
tration, and reaction time.5 However, the mechanisms
controlling particle formation and growth during hydrothermal
synthesis are still not fully understood, and to produce
nanoparticles with tailor-made characteristics, it is necessary
to gain further insight into the processes. We have in a number
of studies used X-ray scattering techniques to investigate in situ
the hydrothermal synthesis of various inorganic compounds,
that is, watching the formation and growth of nanoparticles as it
takes place.6−14

Here, we use in situ total scattering with a time resolution of
few seconds in the study of the hydrothermal synthesis of
SnO2, a large gap n-type semiconductor. So far, only a few
studies have used the total scattering technique to obtain
information about chemical reactions as they happen,15−20 and
none of these have taken place under hydrothermal conditions.
Total scattering and pair distribution function (PDF) analysis,
as opposed to conventional crystallographic diffraction
methods, allow extraction of structural information from
amorphous, nanosized structures as well as crystalline structures
because information on both the short- and the long-range
order can be obtained.21,22 The PDF analysis therefore allows
for deeper insight into processes taking place during
crystallization.
In recent years, SnO2 nanoparticles have been studied

extensively for several applications. In 1997, Idota et al. first
introduced Sn-based anode materials for Li-ion batteries,23 and,
apart from being a promising anode material,24−27 SnO2 is used
in numerous other applications, for example, as a gas sensor,28
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photo catalyst, and thermoelectric material.29 Several studies of
the hydrothermal synthesis of SnO2 have been published,30−35

and for many applications hydrothermally synthesized particles
show superior properties to materials synthesized using high
temperature methods.31,36−38 Here, we use total scattering to
reveal the mechanisms behind particle formation and growth.

■ EXPERIMENTS AND DATA ANALYSIS METHODS
The SnO2 nanoparticles were crystallized from aqueous
solutions of SnCl4·5H2O (Sigma-Aldrich, 98%) of various
concentrations (1, 2, and 4 M). The in situ total scattering
measurements were performed at the 11-ID-B beamline at APS,
Argonne National Laboratory, U.S. The experimental setup is
sketched in Figure 1 and has been described in detail

elsewhere.39 The precursor is injected into the reactor, which
consists of a thin fused silica tube measuring 0.7 mm in inner
diameter and 0.09 mm in wall thickness, ensuring a high
transmission of X-rays. The tube is mounted in the setup using
Swagelok fittings, pressurized with deionized water, and heated
using a jet of hot air coming from below the sample. At the
same time as the experiment is initiated by turning on the
heating, sequential X-ray exposures are started. The efficiency
of the heater combined with the small volume of the capillary
ensures very fast heating, and the desired temperature is
reached within seconds after initiation of the experiment. For
all experiments, the pressure was set to 250 bar, whereas the
temperature was varied between 160 and 350 °C. A Perkin-
Elmer amorphous silicon detector measuring 40 × 40 cm2 was
placed 226 mm from the sample. The X-ray wavelength was
0.212 Å, and q-max was ∼21 Å−1. The time resolution of the
data was 7 s.

The raw total scattering data were integrated in Fit2D,40 and
the PDFs were subsequently obtained using PDFgetX3
(unpublished). Scattering from the capillary with deionized
water at the appropriate conditions was subtracted from the
integrated pattern before using data in the q-range from 0.6 to
19.5 Å−1 in the Fourier transformation. The PDFs were
modeled to extract structural and microstructural parameters
using SrFit (unpublished) and PDFgui.41 Furthermore, the data
were analyzed by Rietveld refinement using the FullProf
Suite.42

Synchrotron powder X-ray diffraction (PXRD) experiments
were also performed at beamline i711 at MAXII, MAX-lab,
Sweden, using the same experimental setup. For these
experiments, the pressure was again fixed at 250 bar, whereas
the temperature was varied from 160 to 250 °C. Experiments
using both 1 and 2 M precursor were done. The PXRD data
were integrated using Fit2D40 and treated by single peak fitting.
The wavelength was 1.00 Å, and the detector-to-sample
distance was 79.12 mm. The detector was an Oxford Diffraction
Titan CCD measuring 16.5 cm in diameter. The time
resolution of the data was 4 s, and qmax was 3.8 Å−1.
Nanoparticles synthesized in the same reactor in our home

laboratory using 2 M SnCl4·5H2O (Sigma-Aldrich, 98%) at 250
°C and 250 bar for 5 min were used for ex situ TEM
characterization. The TEM characterization was done using a
Phillips model CM20 TEM microscope working at 200 kV.
Because of inhomogeneous heating of the capillary when
moving away from the center of the tube, care has to be taken
when comparing X-ray data collected from the center of the
reactor with TEM data measured on material collected from the
entire hot zone of the reactor.

■ RESULTS AND DISCUSSION

Structures in Aqueous Solutions of SnCl4. Figure 2A
shows room-temperature total scattering data from the
precursor at different concentrations. It is clear that the
concentration of SnCl4 dramatically affects the scattering
pattern. The structural differences can be understood by
considering the reduced pair distribution functions (PDF)
shown in Figure 2B. In the data for the 2 and 4 M SnCl4
solutions, a large peak is present at r ≈ 2.4 Å along with several
smaller peaks at ∼3.3 Å. These features agree well with the
formation of [SnClx(H2O)6−x]

(4−x)+ complexes, which has been
reported in NMR studies of SnCl4 solutions.43 Sn4+ and Cl−

have Shannon ionic radii of 0.55 and 1.81 Å, respectively, giving

Figure 1. Experimental setup. The synchrotron X-ray beam is
monochromatized, hits the nanoparticles inside the reactor, and gets
scattered onto the 2D detector. The reactor is heated by a jet of hot air
and pressurized by water.

Figure 2. (A) Raw total scattering data from 1 M (red), 2 M (green), and 4 M (blue) solutions of SnCl4·5H2O at room temperature. The scattering
pattern from the capillary filled with water is shown in black, almost overlapped by the pattern from the 1 M solution. (B) PDFs obtained from the
data shown in (A). The scattering pattern from water has been subtracted prior to the Fourier transformation. (C) Fit of mer-[SnCl3(H2O)3] to data
recorded of 2 M SnCl4 at room temperature. The thick black curve shows the observed G(r), the red curve the model, and the blue the difference
between the two. (D) mer-Triaquatrichlorotin(IV). (E) Hexaaquatin(IV).
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Sn−Cl bond lengths of ca. 2.36 Å,44 that is, close to the r-value
for the most intense peak.
A model describing the complex was applied as shown in

Figure 2C. The NMR study of SnCl4 solutions showed
formation of several species with different stoichiometries such
as [SnCl4(H2O)2] and [SnCl3(H2O)3]

+ in different quanti-
ties.43 However, to reduce the number of parameters, only one
complex was included in the final model, mer-[SnCl3(H2O)3]

+

(Figure 2D), which has the weighted average stoichiometry of
the species reported in 2 M SnCl4 solution.

43 To simplify the
model, H2O was replaced by O. The refinement of the model
gave Sn−Cl and Sn−O distances of 2.42 and 2.26 Å,
respectively, which agrees well with single-crystal diffraction
studies of cis-[SnCl4(H2O)2] reporting Sn−Cl distances of
2.37−2.43 Å and Sn−O distances between 2.15 and 2.30 Å.45

The shoulder at ∼2.02 Å does not originate from the
aquachlorotin(IV) complex, but can be ascribed to the Sn−O
distances in [Sn(OH2)6]

4+ (Figure 2E), which is believed to
form simultaneously with [SnClx(H2O)6−x]

(4−x)+ species. Sn4+

is a Lewis acid, and hexaaquatin(IV) is therefore partially
deprotonated, yielding an acidic solution and complexes of the
type [Sn(H2O)6−y(OH)y]

(4−y)+.
No significant structural features from either complex are

seen in the PDF from the 1 M solution. This is most likely due
to the relatively low concentration of the precursor, which
makes the scattering signal from Sn species insignificant as
compared to that of the water in the capillary.
Formation of SnO2 Nanoparticles. In Figure 3A are

shown the raw data collected after 6 min at 200 °C, and Bragg
peaks from crystalline SnO2 nanoparticles are clearly visible.
Figure 3B shows the PDFs obtained from the total scattering in
Figure 3A. Here, all significant peaks above r = 3.5 Å can be
ascribed to the rutile SnO2 structure; however, for the 2 and 4
M experiments, the Sn−Cl peak is still present, and it remains
in the PDF throughout all experiments performed with the high
precursor concentrations.
The metal complexes present in the precursor solution are

the building blocks for the SnO2 nanoparticles, and the precise
formation mechanism was elucidated by modeling the PDFs of
mer-[SnCl3(H2O)3]

+ and the SnO2 nanoparticles simultane-
ously, as is illustrated in Figure 3C. In the modeling of the time-
resolved data, the scale factor for mer-[SnCl3(H2O)3]

+ was
refined along with the bond distances and the anisotropic
thermal parameters for the ligands. These were restrained such
that the factors expressing the vibrations along the bond
(longitudinal) were all constrained to take the same value, ul,

and all vibrations perpendicular to the bond (transverse) were
constrained to one value, ut. For the crystalline phase, the scale
factor, the unit cell, the atomic positions, and the isotropic
thermal parameters were refined. Additional examples of the fits
are shown in the Supporting Information along with the
resulting parameters.
The time- and temperature-dependent scale factors obtained

from the modeling are plotted in Figure 4A. In the beginning of

the reaction, the SnO2 scale factor rapidly increases, but
interestingly a similar decrease in the value for the
aquachlorotin(VI) complex scale factor is not observed. This
is also evident in the PDFs obtained for the first few frames
after the initiation of the experiment, as shown in Figure 4B,
where the intensity of the Sn−Sn peak at ca. 3.68 Å increases
significantly more than the Sn−Cl intensity at 2.36 Å decreases.
This shows that the SnO2 nanoparticles do not form directly

Figure 3. (A) Raw total scattering data from 1 M (red), 2 M (green), and 4 M (blue) solutions of SnCl4·5H2O after 6 min at 200 °C. The black line
shows the total scattering from the capillary filled with water at 200 °C. (B) PDFs obtained from the data shown in (A), using the same color codes.
(C) Fit to the G(r) obtained after 30 min at 250 °C, 2 M. The observed G(r) is shown by the thick black line, with the calculated in red. The
contribution from the [SnCl3(H2O)3]

+ is shown in orange and from SnO2 in green. The blue line in the bottom of the graph is the difference
between the total calculated G(r) and the observed G(r).

Figure 4. (A) Normalized scale factors for the complex (open
symbols) and SnO2 (closed symbols). Black symbols show the data for
2 M and 160 °C, blue 2 M and 200 °C, green 2 M and 250 °C, and red
2 M and 350 °C. (B) G(r) calculated from the three first frames of the
experiment done at 200 °C and 2 M. (C) Formation mechanism for
SnO2 nanoparticles, where Sn

4+ is shown as red, and O2− as blue. H+ is
not shown. [Sn(H2O)6−y(OH)y]

(4−y)+ units cluster together and form
SnO2 nanoparticles of the rutile structure, where Sn is octahedrally
coordinated.
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from the Sn4+ ions bound in the chloride complex, but from
Sn4+ ions coordinated in the hexaaquatin(IV) complex. The
Sn−O peak at 2.02 Å remains constant in intensity as SnO2
nanoparticles form, and indeed the Sn−O bond length in the
crystalline SnO2 refines to an identical bond length value.
Overall, the data conclusively show that the SnO2 nanoparticles
must form from clustering of octahedrally coordinated
aquahydroxotin(IV) complexes as illustrated in Figure 4C,
and the formation mechanism can be written as:

→ + + −

−
− +

+y y

[Sn(H O) (OH) ] (aq)

SnO (s) H O(l) (4 )H O (aq)

y y
y

2 6
(4 )

2 2 3

As the reaction progresses, that is, as the aquahydroxotin(IV)
units form solid SnO2, aquachlorotin(IV) slowly dispropor-
tionates, causing more and more tin to form SnO2 as is seen in
the gradual decrease of the mer-[SnCl3(H2O)3] scale factor.
The Cl−Cl peak at 3.32 broadens as the heating is initiated and
can subsequently no longer be distinguished from the SnO2
peaks. The broadening of the peak is due to strong thermal
vibrations of the ligands transverse to the Sn−ligand bond. This
is discussed in further detail in the Supporting Information.
Growth of Nanocrystalline SnO2. The spatial extent of

the correlations in the PDF provides information about the
growth of the nanoparticles as illustrated by the G(r) in Figure
5A. The data shown were all recorded after 10 min with the 2
M precursor at different temperatures. It is clear that increasing
the synthesis temperature extends the PDF oscillations to larger
r-values. However, to get an estimate of the particle size, the
instrumental resolution has to be taken into account, because
this dampens the oscillations at high r and causes them to
completely disappear above 60 Å. Therefore, both the
instrument effect and the particle size were included in the
model. Examples of the fits along with the resulting parameters
and estimated standard deviations are given in the Supporting
Information. The resulting spherical particle diameters (sp-
diameter parameter) are shown in Figure 5B.
The results for the 2 M experiments clearly reveal that it is

possible to control the particle size by means of the reaction
temperature. This is seen when comparing the growth curves
obtained from the 200, 250, and 350 °C syntheses. However,
below 200 °C, the particle size is not temperature dependent
and appears to be stable around 4 nm, as shown in the inset in
Figure 5B. The effect of SnCl4 concentration on particle size
can be seen when comparing the growth curves from the

syntheses done using 1, 2, and 4 M at a reaction temperature of
200 °C. With increasing precursor concentration, the particles
grow larger, and to synthesize very small particles (<4 nm), the
SnCl4 concentration should be reduced to 1 M or less. Note
that for the experiment done at 350 °C with 2 M precursor,
particle sizes well above the instrumental resolution limit are
obtained, and for these values the uncertainties are significant.
The growth mechanisms at different temperatures can be

understood when considering the increase in particle volume
along with the total amount of SnO2 nanoparticles formed. The
volumes of the particles, calculated as V = (sp)3, are plotted
with the scale factors in Figure 6. For the 180 °C experiments,

the growth curves and scale factors follow exactly the same
path; that is, the particles grow because more SnO2 can be
formed from hexaaquatin(IV). The same behavior is observed
for 160 and 200 °C (see Supporting Information). However, at
250 °C, the scale factor first increases rapidly, and then
stabilizes after ca. 5 min. After the stabilization of the scale
factor, the particle volume continues to increase, indicating
particle growth by Ostwald ripening. This explains the different

Figure 5. (A) G(r)s obtained from the frames recorded after 10 min for the experiments performed with 2 M precursor. The refined sp-diameter is
marked by the black ticks. (B) The sp-diameters plotted as function of time for all experiments. The insert shows the size region from 3.5 to 4.5 nm.
The growth curves from the three experiments done at 160, 180, and 200 °C with 2 M are almost completely overlapping.

Figure 6. Normalized scale factor (black) plotted with the particle
volume (red). (A) 180 °C, 2 M; (B) 250 °C, 2 M.
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dependency of the particle size on temperature below and
above 200 °C.
The data were also treated by Rietveld refinement, and

details are given in the Supporting Information. In q-space, the
particle growth can be studied by applying the Scherrer
equation,46 stating that the peak width is related to the volume
weighted size of the coherently diffraction domains, that is,
crystallites, although this becomes unreliable for very small
particle sizes. The Rietveld fits improve when the particles are
allowed to elongate along the c-axis; that is, the particles are not
spherical. Despite underestimating the absolute crystallite size
as compared to the PDF, the Rietveld refined anisotropy should
be reliable. The refined volume weighted particle sizes are
shown in Figure 7A and B. The aspect ratio between the sizes

in the a/b- and c- direction is shown in Figure 7C. This plot
shows that not only the particle size, but also the aspect ratio
can be controlled by the synthesis temperature. Generally, the
volume weighted crystallite sizes obtained from Rietveld
analysis are smaller than the particle sizes obtained in the
PDF analysis, but the time and temperature trends of the
growth are similar.
The growth mechanisms were further studied by doing

kinetic analysis (Lifshitz−Slyszov−Wagner (LSW) theory) of
the growth curves in the crystallographic a direction as shown
in Figure 8. The expression D(t) − D0 = k·(t − t0)

1/x was fitted
to the growth curves for the 2 M experiments from 160 to 250
°C between 1 and 30 min. D is the particle diameter at time t,
D0 is the diameter at time t0, while k and x are free variables.
The resulting values and fits are shown in Figure 8. x is
dependent on the growth mechanism, and the LSW theory
states that if the volume of the particles increases linearly with
time, then the reaction is limited by diffusion of the precursor,
and not by the reaction at the surface of the particles.47 In this

case, x should take a value of 3, and this is close to the results
obtained here. From 160 to 200 °C, the diffusion is expected to
be limited by the amount of Sn4+ found as [Sn-
(OH2)6−y(OH)y]

(4−y)+. At higher temperatures, where the
growth happens by Ostwald ripening, small particles need to
be dissolved to provide precursor for growth of the larger
nanoparticles.

Structural Changes of SnO2. Figure 9A and B shows the
changes in unit cell parameters, c − cfinal and a − afinal, as a
function of the particle size obtained in the Rietveld refinement.

Figure 7. (A) Volume weighted crystallite sizes along the crystallo-
graphic a/b direction, obtained from Rietveld refinement. (B) Volume
weighted crystallite sizes along the c direction. (C) Crystallite aspect
ratio (Da/Dc). All results shown are from the 2 M experiments, with
the black lines being the results at 160 °C, dark blue at 180 °C, light
blue at 200 °C, green at 250 °C, and red at 350 °C.

Figure 8. LSW fits to the data for the experiments from 160 to 250 °C
with 2 M. The data points are shown as black dots, with the fit as a red
line. The expression D(t) − D0 = k·(t − t0)

1/x was fitted for t between
1 and 30 min. D is the particle diameter in the a direction at time t, D0
was chosen as the diameter at time t0 = 1 min, while k and x were free
variables.

Figure 9. Changes in the unit cell plotted as function of particle size
Da for the 2 M experiments. (A) Changes in the a-axis (a − afinal). (B)
Changes in the c-axis (c − cfinal). The black lines show the results from
160 °C, dark blue are for 180 °C, light blue for 200 °C, green for 250
°C, and the red is for 350 °C.
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Only changes in the parameters within each experiment are
considered because the absolute values are somewhat uncertain
due to the necessary lack of internal standard in the in situ
experiments. As the particles grow, the unit cell decreases along
the c-direction. This effect is much smaller in the a-direction,
and the size-dependent structural changes are therefore
anisotropic. Expansion of the bulk unit cell in nanoparticles is
well-known for many metal oxide systems, and different
explanations have been given, such as valence reduction,48

stacking faults,23 and surface defect effects.49 The present in situ
data are not of sufficient quality to probe in detail the origin of
the unit cell size dependency as reliable values for the precise
occupancies and atomic positions cannot be extracted. For
further analysis of the size/structure effect, high-quality, low-
temperature ex situ X-ray and neutron total scattering data are
needed.
The PXRD experiments at MAX-lab provide additional

information about the relation between nanosized particles and
crystal structure. For the experiments using 1 M, the diffraction
peaks are abnormally broad as is especially clear for the (110)
peak at ca. 17° shown in Figure 10. For the 180 and 250 °C

data, the line shape is clearly not symmetric. This could be due
to the coexistence of two different polymorphs of SnO2, the
bulk tetragonal phase and an orthorhombic modification. The
orthorhombic phase is a high pressure polymorph, and it has
been reported to exist in the bulk phase above 5 GPa.50 The
high pressure polymorph has the CaCl2 structure (space group
Pnnm) and forms through a second-order phase transition from
the tetragonal phase. At pressures above 12 GPa, this structure
turns into another orthorhombic phase (α-PbO2 structure), and
at even higher pressures a cubic phase becomes stable. Earlier
studies of tin oxide nanostructures have reported the formation
of the high pressure polymorphs due to the large surface-to-
volume ratio of the nanoparticles, elevating the pressure on the

particles. However, these studies only show formation of the α-
PbO2 polymorph,51−54 whereas the CaCl2 structure has not
earlier been reported as a stable phase due to size effect.
The bulk phase and the first high pressure phase are closely

related, as is seen in the unit cell parameters in Table 1, and

distinguishing between the two structures is quite difficult due
to the large peak broadening and the lack of an internal
standard. Therefore, only a crude model with few parameters
was used to extract the phase fractions. The weight percent of
the orthorhombic/tetragonal phase was therefore roughly
estimated by simply fitting Gaussian curves to the (110)
peaks and determining the ratio between the two intensities.
The results are shown in Figure 11. For the 1 M, 160 °C data, it

is not clear whether one or two phases were present; the peak
shows slight asymmetry, but it is not possible to get a stable fit
using two Gaussian functions. Therefore, the 1 M 160 °C data
will not be considered any further. For all of the 2 M data, only
the bulk tetragonal rutile phase was present. At 1 M and 180
°C, the tetragonal phase fraction is ∼30%, whereas at 250 °C,
this fraction has increased to ∼50%. The fractions are constant
throughout the experiments. This shows that by choosing
appropriate hydrothermal synthesis parameters, not only the
size and the morphology of the nanoparticles can be controlled,
but also the specific crystal structure.

■ CONCLUSIONS
The PDF method applied to total scattering data provides
information about noncrystalline compounds that cannot be
obtained using conventional crystallographic techniques. This
opens a huge uncharted territory for in situ studies of chemical

Figure 10. Section of the PXRD frames collected 3 min after initiation
of the experiments showing the (110) peaks of the SnO2 structures.
The data points are seen as black dots, and the fitted Gaussian curves
are shown as red lines. For the experiments done with 1 M SnCl4 at
180−250 °C, double peaks were observed, and these were fitted with
two Gaussians, shown in blue and light blue.

Table 1. Structures of SnO2

phase
space
group

structure
type lattice unit cell55

bulk phase P42/
mnm

rutile tetragonal a = 4.737 Å,
b = 4.737 Å,
c = 3.186 Å

phase II, HP Pnnm CaCl2 orthorhombic a = 4.653 Å,
b = 4.631 Å,
c = 3.155 Å

phase III, HP Pbcn α-PbO2 orthorhomic a = 4.744 Å,
b = 5.707 Å,
c = 5.209 Å,

phase IV, HP Pa3̅ distorted
flourite

cubic a = 4.888 Å

Figure 11. The ratio between the intensity from the tetragonal (110)
peak and the sum of the tetragonal and orthorhombic peak intensities.
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reactions. On the basis of in situ total scattering experiments,
the formation mechanism for SnO2 nanoparticles from aqueous
solutions of SnCl4 was established. When dissolving the
precursor , both [SnCl6− x(H2O) x]

(4− x ) + and [Sn-
(H2O)6−y(OH)y]

(4−y)+ are present in the solution, but the
SnO2 nanoparticles crystallize uniquely from Sn4+ ions
coordinated to H2O/OH

−. The nanoparticle size and aspect
ratio can be controlled by adjusting the precursor concen-
tration, the reaction temperature, and time. The growth is
found to be limited by diffusion of precursor to the growing
nanoparticle, but only at temperatures above 250 °C do the
particles grow by Ostwald ripening. The c-axis of the unit cell is
found to be dependent on the particle size, and it expands for
small particle sizes. The a-axis is found to be almost
independent of particle size. For very small particles (<4
nm), the high pressure orthorhombic polymorph of SnO2 is
observed (CaCl2 structure). Thus, adjustment of hydrothermal
synthesis parameters not only provides control over particle
size and morphology, but also over the crystal structure.
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