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Tin oxide nanoparticles are well-established materials with a
wide range of applications, including optoelectronic devices
and solid-state gas sensors. Conventional synthesis methods of
these systems are often based on batch processes. In this study,
we compare batch and continuous synthesis methods for tin
dioxide nanoparticles using precipitation and sol-gel processes.
For the continuous processes we applied the so called microjet
reactor method. The nanoparticles were characterized by TEM,
elemental analysis and XRD and exhibited particle sizes of 1.7-
3.0nm and crystallite sizes of 1.7-2.3 nm, consisting of

Introduction

Tin dioxide (Sn0,) is a transparent semiconductor known for its
excellent optical, electronic and chemical properties that make
it valuable for a variety of technologies such as gas sensors,"?
solar cells® catalysts” and anode materials for Li-ion
batteries.”™ Although it is the most extensively studied
prototype oxide-based gas sensor, ongoing research in this area
is driven by the quest to develop sensors with improved
specificity and sensitivity.”™ The literature describes in detail
batch processes for the production of SnO, materials and
nanoparticles and investigates their influence on material
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tetragonal (P4,/mnm) and orthorhombic (Pbcn) phases. We
have evaluated different post-synthesis purification methods to
remove impurities such as chlorides and carbon-hydrogen
species. Each purification method exhibited unique advantages
and side effects, providing insight into selecting the most
appropriate method for specific applications. We also demon-
strated the potential of these SnO, nanoparticles as ethanol gas
sensing materials and compared their performance with a
commercial sensor.

properties. Some examples are hydrothermal or solvothermal
preparation methods,*'” microwave syntheses,"'"'? sonochem-
ical methods,"™ polyol syntheses," ball milling reactions,™
molten  salt  methods™  (non-aqueous)  sol-gel,"”"
precipitation®>?? and microemulsion®*~?* proceedings. In many
cases the precursor chemistry plays a major role for the final
properties of the materials. Mainly tin(ll) or tin(IV) chloride salts
or elemental tin are preferred because they are easy to handle
and inexpensive.”” For sol-gel reactions different tin alkoxides
(e.g. Sn(O'Bu),, [Sn(O'Pr), - HO'Prl, or [Sn(OEt),],) have been
used or compounds with hydrolyzable Sn-alkyne bonds, such as
RSNn(C=CR); or (RC=C),Sn(spacer)Sn(C=CR);.2?% Also studies by
Veith et al. have shown that molecular tin alkoxide compounds
serve as excellent starting materials for various tin-based
materials, mainly in CVD or wet chemical batch processes.**?
Continuous preparation methods for SnO, materials are less
frequently reported, but offer significant advantages in terms of
reproducibility, scalability and process control®*=* Typical
continuous synthesis methods for nanostructured SnO,, SnO,
composites or doped SnO, include hydrothermal®% and
solvothermal ~ processes,™  flame  synthesis'™*?/spray
synthesis,*¥ pyrolysis reactions and vapor growth methods."*"
Less common methods are microfluidic systems and flow
syntheses.*™ In the past, we introduced the microjet reactor
method for the production of various metal oxides, which
enables the production of large quantities of materials with
consistent quality.**>" Wet chemical synthesis methods offer
the advantage of producing less aggregated particles with
active surface groups.”? Depending on the precursors used,
various impurities are introduced into the products. Chloride
can have a negative effect on the surface and the electrical
properties of SnO,. Literature reports describe changes in
particle agglomeration and stabilization,”® reduced gas sensor
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performance,” adverse effects on sintering temperature® and
inhibition of catalytic processes®™ due to chloride impurities.
Hence, it is important to investigate the impurities incorporated
by the synthesis, their influence on particle properties and their
removal after particle formation. 2%~

In the present study, we compared a straightforward batch
synthesis of SnO, nanoparticles using SnCl, and Sn(O'Bu), as
precursors with the continuous synthesis. The influence of the
precursors and reaction conditions on the particle morphology,
crystallinity and composition was systematically studied. For a
selected particle sample from the continuous preparation
process, we studied its suitability as gas sensor materials. Since
the purification method is important for many applications, we
also investigated its influence on particle composition and
annealing behavior.

Results and Discussion
Comparison of Different SnO, Preparation Routes

SnO, nanoparticles were prepared in a batch procedure
(magnetically stirred beaker synthesis) and by a continuous
synthesis (microreactor). Furthermore, two different precursors
and reaction types were compared, namely a precipitation
reaction, starting from aqueous SnCl, - 5 H,O and NH; solutions
and a sol-gel reaction, starting from Sn(O'Bu),. The samples
from precipitation reaction are labeled as: Prec:B,, or Prec:M,,,
according to the applied synthesis method (beaker or micro-
reactor). For sol-gel samples analogous abbreviations (Sol:B,,
and Sol:M,,) were chosen. The subscript indicates the post-
treatment, whereby ap stands for “as prepared”. All FT-IR
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spectra (Figure 1 A) show a characteristic, broad vibration band
at 500 cm™' from bulk metal-oxygen vibration with a shoulder
at 655 cm™'. Absorption bands in the range of 830-1350 cm™'
can be attributed to the bending modes of different types of
surface OH-groups.®®®? The vibration band at 1042 cm™' from
sol-gel samples might also originate from t-butoxy groups.”””
The absorption peak at ca. 1635cm™' is assigned to the
deformation mode of water,**? whereas the peak at 1450 cm™'
originates from a derivate of ammonia, because it only appears
in precipitation samples.”™ The broad vibrational band at 2560
to 3660 cm™' can be associated with the stretching vibration of
O-H bonds due to hydroxide groups and adsorbed water.**%"

The XRD scans of the powder samples (Figure 1 B) were
analyzed by Rietveld refinement to determine the phase
composition, as well as the crystallite size and lattice parame-
ters. The main phase in all samples could be identified as
tetragonal SnO, (rutile type, P4,/mnm, ICSD collection code
647465),° whereas a refinement with solely this phase resulted
in an inadequate fit in some regions (e.g. at 26 =24-36° or
20=56-68°). From literature also two orthorhombic high-
pressure phases HP1 (CaCl,-type, Pnnm) and HP2 (a-PbO,, Pbcn)
are known for Sn0,.** The Pnnm structure is closely related
to the tetragonal phase and cannot be clearly distinguished in
powder XRD, especially in the case of nanocrystalline
materials.”” The proportion of this phase is therefore attributed
to the tetragonal phase and is not documented separately.
Implementing the phase HP2 (Pbcn, structure data adapted
from Jensen et al””) into the Rietveld refinement improves the
overall fit. E.g. for the sample Prec:M,,, the goodness of fit (GOF)
value decreases from 1.48 to 1.10 if a Pbcn phase is added. The
misfit in the region 20=24-36° is suspended by the (111)
reflection of the a-PbO, phase and similarly, the reflections of
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Figure 1. (A) ATR-FT-IR spectra and (B) XRD patterns of the samples prepared by different precursors and synthesis methods arranged in a
staggered manner. All samples were used “as prepared”, which means without any further purification.

Z. Anorg. Allg. Chem. 2024, 650, €202400145 (2 of 13) © 2024 The Author(s). Zeitschrift fur anorganische und allgemeine Chemie published by Wiley-VCH GmbH

8508017 SUOWIWIOD BAEa1D 3|qedldde aup Aq pauienob aJe Sapie YO ‘8sN JO s3I 10} ARiqiT8ulIUO A8|IA UO (SUORIPUOD-PUR-SLLIBILID" A3 1M A0 BUIUO//:SANY) SUORIPUOD pue S | 841 88S *[6202/T0/20] U0 AriqiaulluO A8|IM ‘Sepue|iees sad ieelsienun Aq ST00K202 9eez/z00T 0T/I0pwod A8 |imArelq 1 jeuljuo//Sdiy Woly pepeojumoq ‘H



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

the a-PbO, SnO, phase improve the fit in the 20=56-68°
region (Figure S4). Although a slight misfit remains, it is still
smaller than that observed when using a model of a multi-
fractioned rutile-type SnO, phase. It is also likely that an
amorphous phase is present, which cannot be fully isolated
from the Pbcn phase due to the severe peak broadening.

For the rutile-type phase, cell parameters of a =4.761(1) A,
¢ =3.187(1) A and for the a-PbO,-type phase cell parameters of
a =47182) A, b =57232)A and ¢ =5258 (2)A were
determined at room temperature.

The phase weight fractions of the different phases for all
samples were refined by keeping the cell parameters constant.
Crystallite sizes (main phase) between 1.7 and 2.3 nm were
calculated, whereby the crystallites for sol-gel derived materials
are slightly larger than those from the precipitation processes
(Table 1). In addition to the signals of SnO, an extra reflection at
260 =32.7° (Figure S4) is visible in some samples, which could be
assigned to NH,CI”" the byproduct of the precipitation
reaction.

TEM images (Figure 2 A) reveal particles sizes between 2-
3 nm, which are comparable to values obtained in the literature

RESEARCH ARTICLE

for batch synthesis procedures.*"’? High-resolution TEM and
diffraction images of the Sol:B,, sample (Figure S5) show the
lattice fringes and confirm that crystalline particles mainly in
the tetragonal cassiterite phase were obtained. Some grains
were found to consist of more than one crystallite, which
explains the slightly higher values of grain sizes measured by
TEM compared to the crystallite sizes from XRD.

TGA curves (Figure 2 B) display significant mass differences
between precipitation and sol-gel samples. The mass loss of
precipitation samples is between 15% (Prec:M,,) and 18% (Prec:
B,,), for sol-gel samples the values are between 7% (Sol:M,,)
and 8% (Sol:B,,). The type of leaving groups causing the
different losses are determined in the second part of the article.

Comparing the samples produced by different methods
(beaker and microreactor), no strong influences on the mass
losses are observed, leading to the conclusion that the particles
have similar surface areas and groups. The chemical composi-
tion of the particles was studied with elemental analysis and
EDX (Table 2).

The particles from precipitation involve 2.0-2.7 wt% nitro-
gen and 4.6-6.2 wt% chlorine, introduced by the educts. In the

particles sizes measured from TEM images.

Table 1. Crystallite sizes and phase weight fractions of the rutile (P4,/mnm) and orthorhombic (Pbcn) phases obtained by XRD and

crystallite size phase fraction phase fraction particle

(P4,/mnm)/nm P4,/mnm/wt % Pbcn/wt % size/nm
Prec:B,, 1.82(3) 83 17 2.7(4)
Prec:M,, 1.67(3) 72 28 ~1.7[al
Sol:B,, 2.09(3) 80 20 3.0(8)
Sol:M,, 2.25(3) 86 14 2.9(6)

therefore highly agglomerated.

[a] The average size was determined by measuring only 40 individual particle diameters because the particles were very small and
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Figure 2. (A) TEM images and (B) TGA curves of the SnO, samples prepared by different methods and precursors.
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Table 2. Chemical composition of the as prepared SnO, particles obtained from elemental analysis (C and N) and EDX (Sn and Cl). n. d.:

not detectable.

C/wt% N/wt % Sn/wt % Cl/wt % Cl:Sn
atomic ratio
Prec:B,, n. d. 2.7 743 6.2 03
Prec:M,, 0.2 2.0 74.7 4.6 0.2
Sol:B,, 04 n.d. 78.7 0.5 0.02
Sol:M,, 04 n. d. 79.6 0.6 0.02

sol-gel samples the nitrogen content was below the detection
limit, and a slightly increased amount of carbon was recorded.
Surprisingly, the sol-gel samples also contain a small amount of
chlorine (&0.5 wt%), which must originate from the synthesis
of the sol-gel precursor.

According to the presented results, both preparation
methods (beaker and continuous microreactor) yielded nano-
crystalline SnO, particles (2-3 nm in size) with P4,/mnm as the
main phase. The results show that the chosen precipitation and
sol-gel routes are very robust and a transfer from batch to
continuous route is easily possible. The small sizes are in
demand for many applications, e.g. as an additive in the
photoactive layer of polymer solar cells or in combination with
polyvinyl alcohol to produce transparent and flexible thin films
that can be used as humidity sensors.”>’* Although the
continuous reaction produces particles with similar properties
to the batch process, this method offers advantages for
technical or industrial scales. For example, the continuous
production rate is easier to integrate into a workflow, including
the subsequent cleaning and further processing of the particles.
In addition, the smaller volume of the microreactor enables
faster response times compared to a stirred batch reactor. This
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means that in the event of problems, corrective action can be
taken more quickly, minimizing the impact on the overall
solution.

Purification Methods and Influence of Chlorine on the
Tempering Behavior

Given the relevance of impurities on the properties of SnO, and
thus for their applications,”** we applied different purification
processes on the continuously produced nanoparticles. The
feasibility of these purification methods in removing chlorides
from the produced particles was investigated and the final
materials were analyzed with various techniques. Three proc-
esses were applied for the purification: (a) washed with water
(Prec:M,,0) b) washed alternately with water and ethanol (Prec:
Meon), and c) tempered at 550 °C (Prec:Mssq-c).

The ATR-FT-IR spectra (Figure 3 A) show a slight decreased
N—H absorption band (at 1450 cm™") for samples washed with
H,O or H,O and EtOH. After tempering the particles, all vibration
bands in the range of 4000-900 cm™' disappeared and new
bands at 600 and 465cm™' for the antisymmetric and

B TGA
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Figure 3. (A) ATR-FT-IR spectra and (B) TGA curves of the SnO, powders with different post-treatments.
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symmetric stretching vibrations of Sn-O—Sn groups became
visible."?

The crystallite sizes obtained from XRD of the washed
particles correspond with those of untreated samples. The
signal of NH,Cl at 26 =32.7° is no longer observed, implying
that the amount of the chloride byproduct after washing is at
least below the XRD detection limit (Figure S5 A). While
washing procedures with water seem to be successful in the
purification, they have one drawback, which is the loss of large
amounts of product.

This can be due to the formation of soluble tin hydroxide
and oxide hydrate complexes.” Hence an alternating washing
procedure with water and ethanol might be a better choice.
The thermal behavior of the samples was investigated with TGA
(Figure 3 B). The mass losses (Am) of the samples Prec:M,,, Prec:
Mo, Prec:Mgoy and Sol:M,, are 15, 15, 11 and 8%, respectively.
For a better insight into the decomposition processes the
emerging gases were identified using TGA-FT-IR coupling
(Figure 4 and Table S1). Up to high temperatures, gas evolu-
tions were detected and it is obvious that the sample Prec:Mgy

RESEARCH ARTICLE

and the Sol:M,, show high CO, signals, contrary to Prec:M,; and
Prec:My,0.

For Prec:M,, initially the evolution of H,O is observed,
which reaches its maximum at 140°C and is present up to
600°C (as can also be seen from the temperature-dependent
absorption profiles in Figure S6, which were obtained from the
3D FT-IR plots). The release of ammonia starts at 110°C and
finds a maximum at 180°C. The signal is present up to 500°C.
At 275°C a slight CO, evolution starts and from 490°C
characteristic vibration bands for HCl at 2570-3090 cm™ are
visible (Figure S7 A, 530°C). This observation confirms that
chlorides can be (partly) removed from the sample by heating it
above 500°C."”

Probably N,O is formed due to the decomposition of an
ammonia derivate. The temperature values for the other
samples (Prec:My,o, PreC:Mgop, Sol:M,,) are listed in detail in
Table ST and S2. The sample Prec:My,, shows a similar thermal
behavior as the sample Prec:M,, but the amount of water
released in the first TGA step is higher and the amount of NH,
decreased. The temperature for NH; release is also higher,

TGA-IR
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Figure 4. 3D-FT-IR spectra of the SnO, samples with different post-treatments. The spectra show the gas emission of the samples during

the TGA measurements.
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which can be explained by the assumption that PrecM,,
contains a high amount of unbound or weakly bound ammonia
(because it has been added in excess), which vaporizes at lower
temperatures. Furthermore, no signals of HCl or N,O were
recorded, leading to the assumption that the washing was
successful and most of the chloride was removed. The same
conclusion can be drawn for the sample Prec:Mgon. These
results were verified by EDX measurements (Table 3): after
washing the samples, the values for chlorine were much lower
than in the as prepared sample and even lower than those of
the unwashed samples after annealing at 550°C. The TGA curve
of the sample Prec:Mgq, differs from the other described
samples by a low mass loss in the temperature range 25-200°C
and a strong CO, release in the temperature range 230-470°C.
The CO, evolution up to these high temperatures indicates
chemisorbed EtOH. During the washing steps with EtOH,
hydroxy groups undergo an etherification and form Sn-OEt
groups. The exchange of the surface groups and the fact that
high temperatures are necessary to remove these groups might
change the surface reactivity and could play a role for further
surface modifications, catalyst activities or low temperature
sensor measurements.

The sol-gel sample displays a similar CO, evolution as the
sample Prec:Mgoy, also in the same temperature range and with
a comparable mass loss. Between 200 and 300 °C two additional
gases were detected at 2790-3000 cm™' and 3016 cm™', which
could not be clearly identified. The corresponding wavenumber
range is characteristic for C—H stretching vibrations of alkyl and
alkenyl groups, so that it is likely that the signals originate from
decomposition products of t-butoxy groups of the educt and
the solvent. As expected, no chloride signals were detected in
this sample.

Elemental analyses (Table 3) confirmed the results from
TGA-IR. A lower nitrogen content was measured in the washed
samples than for the as prepared sample. The carbon content
of the sample PrecMgo, and the sample Sol:M,, were
significantly increased.

Whether EtOH is chemisorbed on the particles, as suggested
by the TGA-IR studies, can be demonstrated by solid-state NMR
measurements.”® A distinction between chemisorbed and
physisorbed molecules is possible by contact time variation in
solid-state *C CP-MAS-NMR studies due to the different
mobility of the determined species. In Figure 5 A the spectra of
the sample Prec:Mg,oy measured in SPE-MAS mode and CP-MAS
mode with different contact times are presented. In the SPE-
MAS spectrum, where the signal intensity is not enhanced by

RESEARCH ARTICLE

abundant hydrogen atoms, two distinct peaks are visible at
15.6 ppm (methyl C) and at 56.6 ppm (methylene C). At a
contact time of 6 ms and CP-MAS mode a broad, small signal
appears beside each of the original peaks at 17.0 and 59.2 ppm.
By further deceasing the contact time the broad signals get
more and more dominant, and the sharp signals disappear. The
mobility of chemisorbed, covalently bound ethanol is more
limited than the mobility of physisorbed ethanol, which is just
attached by hydrogen bond. Depending on the mobility,
different contact times are necessary to detect certain species.
With long contact times (e.g. 6 ms) it is possible to observe
mainly signals from hydrogen bonded ethanol, which has a
more flexible conformation. The spectra confirm that both,
physisorbed and chemisorbed ethanol are present in the
ethanol washed sample.

Summarizing the washing experiments, the results showed
that the ammonia and chloride content in the ‘as prepared
samples can be significantly reduced by washing the precipi-
tated particles or by heating them to 550°C. In the case of
washing with ethanol, ethoxy groups bind to the SnO, surface,
which was confirmed by solid-state NMR. Therefore, a release of
CO, up to 470°C is visible in the TGA of the washed particles.
The same behavior was observed for sol-gel particles prepared
in alcoholic solution. The particles washed with water showed
no more signals of chloride and only slight signals of ammonia
in the TGA-IR measurements. They showed a mass loss of
approx. 15% in the temperature range between 50—485°C of
the TGA curve, which is mainly due to the evaporation of
adsorbed water and the condensation of OH groups.

The influence of chlorine contamination on the tempering
behavior of the samples was investigated. A comparison of the
crystallite size growth and the phase composition at elevated
temperatures for SnO, samples with and without chloride
contaminations (samples Pre:M,, and Pre:M,;,,) were performed
by in-situ XRD measurements (Figure S5 B and Figure 5 B). The
sample Pre:M,,, was measured with an internal standard (30 wt
% a-Al,O;) in order to improve the height adjustment of the
sample during the measurement and to ensure an accurate
determination of the SnO, reflection position.

The scans display broad reflection bands for SnO, at low
temperatures, which are characteristic for nanocrystalline
materials. With increasing temperature, the reflection bands get
sharper and more defined, which is caused by the growth of
the crystallites (Figure 5 B and D). The reflection at 20=43.4° is
generated by the steel sample holder and is not specific for the
samples. A possible amorphous content is low or stays constant

Table 3.
Chemical composition from elemental analysis (C, N) and EDX (Sn, Cl). n. d.: not detectable.

C N Sn @ Cl:Sn

wt % wt % wt % wt % atomic ratio
Prec:M,, 0.2 2.0 74.7 4.6 0.2
Prec: Mo 0.1 0.6 784 0.2 0.01
Prec: Mo 14 0.6 78.1 0.1 0.003
Prec:Mssoc n. d. n. d. 83.3 04 0.003
Sol:M,, 0.4 n.d. 79.6 0.6 0.02
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Figure 5. (A) SPE- and CP-MAS-NMR spectra of the sample Prec:Mgo with different contact times (0.2-6.0 ms) and (B) in-situ XRD scans of
the water washed sample (Prec:M,;,0) containing an internal standard (Al,O;) and assignment of the reflections. (C) Phase weight fractions
and (D) crystallite sizes of the as prepared (Prec:M,,) and water washed (Prec:M,;,0) samples at different sintering temperatures obtained

from in-situ XRD.

during the heat treatment because the refined a-Al,O; content
keeps also unchanged. To be sure that a varying amorphous
phase is not described by the background function it was only
refined by a 4™ order polynomial, meaning that an amorphous
part should be mainly covered by the less defined, orthorhom-
bic phase. However, an exact quantification of the amorphous
phase was not possible. The analysis of the XRD-data revealed
that the crystallite size for the rutile phase increases, while the
size for the orthorhombic crystallites remains constant or even
decreases slightly. During the heat treatment, a reduction of
defects takes place, which produces a crystallite growth for the
particles in the tetragonal phase. It can be assumed that the
orthorhombic crystallites also undergo degradation of defects
and growth, which, however, is accompanied by a trans-
formation into the tetragonal structure. In order to achieve a

reliable and consistent monitoring of the changes in the phase
fractions, the variable parameters were reduced: The crystallite
size of the orthorhombic phase was set to a constant value of
1.6 nm and its lattice parameters were set to literature values.”
An anisotropic grain size, as observed in the samples of Jensen
et al.,” could not be determined here, which is why isotropic
sizes could be used for the evaluations. With these simplifica-
tions the behavior of the phase composition was determined
exemplary for the sample Pre:M,,, (Figure5 C). The initial
orthorhombic phase fraction of the sample dried at 100°C, was
approx. 27 wt%. When the sample was heated, the content of
the PbO,-type structure increased slightly and reached 30 wt%
at 300°C. After exceeding this temperature, a progressive
decrease of this phase was observed. Brito et al.”” described a
similar trend. They determined the phase processes of a
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monolithic SnO, xerogel during a thermal sintering by extended
X-ray absorption fine structure (EXAFS) experiments and XRD
and found that due to dehydration and oxolation reactions
between 110 and 250°C, an amorphization of the cassiterite
structure takes place. Above 250°C, the condensation reactions
of surface OH-groups of adjacent crystallites re-enforce the
long-range crystalline order and a progressive crystal growth is
observed in the temperature range between 300 and 700°C. In
this study, no indications for amorphization processes could be
found. Instead, it is proposed that an initial increase of the Pbcn
phase in the investigated material is the cause for the decrease
of the tetragonal structure in the relevant temperature range.

In order to further investigate the growing behavior, the
sample Prec:M,,o was annealed for 5 h at 1200°C, resulting in
pure tetragonal SnO, (Prec:M,,). In-situ XRD scans were
performed from Prec:M,,,, and Prec:M,,o up to 600°C. For the
sample Prec:M,,y the temperature dependence of the lattice
parameters (a and c) and the volume (V) were determined as a
polynomial of 2" degree (Equation S1-3). By applying Equa-
tion S4 the volume expansion coefficient a,=1.44-10"° K" was
estimated. From ay the mean linear expansion coefficient o, =
4.80-10*K ' was approximated (Equation S5). Analogous a,=
468-10°K™" and a,=4.99-10°K™" were determined. These
values are slightly smaller than those reported in the literature:
a,=4.90-107°K ", ¢, =5.42-1075 K" 1"

Figure 6 shows the values of V for the sample Prec:My,,o as
measured and corrected for thermal expansion using Equation
S3. At temperatures of 400°C and above, Prec:My,, shows
values of V close to the reference. However, at temperatures of
300°C and below, the unit cell volume is relatively high,
primarily due to a prolongation of the a-axis. The studies show

RESEARCH ARTICLE

that both, the surface and the crystal lattice of the particles are
occupied by OH or Cl.

Figure 5 D describes the crystal growing during heat treat-
ment for the precipitation samples with and without water
washing. At temperatures below 200°C only a slow crystallite
growth occurs, whereas in the temperature range from 200-
600 °C the rate is increased. Both samples start from almost the
same initial crystallite size (1.6 nm).

During the thermal treatment, an increased growth is
observed for the sample Pre:My,o, resulting in a crystallite size
of 6.2nm at 500°C, while the crystallites of sample Prec:M,,
have an average size of 4.7 nm at this temperature. At a
temperature of 600°C, the crystallite sizes approach each other
again (10.2 and 9.4 nm for Prec:M,, and Pre:M,,) This initial
slower growth of the Prec:M,, sample could be due to the
covering of the surface with chloride, which is degraded at
higher temperatures.

Microjet SnO, Material in Sensor Application

As part of a preliminary study, we investigated the potential use
of the synthesized particles as ethanol gas sensors. For this
purpose, sol-gel derived particles from the continuous route
were suspended in ethanol and applied to a gas sensor
substrate consisting of a 3x3 mm? ceramic plate (alumina) with
platinum planar heater and platinum electrodes. The particles
were annealed at 400 °C for 2 hours prior to the measurements
with ethanol gas. At the same time, a commercial sensor (GGS
1330, UST Umweltsensortechnik GmbH, Geratal, Germany) was
tested as a reference under identical experimental conditions.

0.0728 4—— Prec:M,,, as measured

1—=— Prec:M
0.0726 - 120

—*— Prec:M, 4, polynominally fitted

0.0724 {—*— Prec:M,,, corrected

©
E .
S o0.0722-

0.072

0.0718 -

0.0716 -

volume

0.0714 +—————
0 100 200 300

1
400

I 1 1 I
500 600 700 800 9001000

temperature / °C

Figure 6. Temperature dependence of the unit cell volume of the sample Prec:M,;,o as measured (grey) and corrected (green). The thermal
expansion was obtained from the fit function (blue) of the sample Prec:M,,, (red).
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The measurements were performed at 400 °C, with a gas flow of
80 ml/min and the ethanol concentration was varied between
10, 20 and 40 ppm (Figure 7 A).

The response (G/G,) of both sensors increased with higher
ethanol concentration, while the Sol:M,, sample showed better
values compared to the reference (Figure7 B). This test
confirms that continuous routes can be used for the fabrication
of SnO, nanomaterials. The suspensions derived from the
microjet can be directly applied in sensor applications and
show a similar behavior in ethanol sensing like industrial
sensors. This means without purification and further treatment
we succeeded in the large-scale production of similar materials
used in optimized sensor applications.

Conclusion

In summary, ultrafine SnO, nanoparticles were successfully
prepared using both a discontinuous and a continuous method
by precipitation and sol-gel reactions. The resulting materials
showed particle and crystallite sizes between 1.7-3.0 nm and
between 1.7-2.3 nm, respectively, with the sizes of the sol-gel
particles being slightly larger than those from the precipitations.
XRD measurements showed that the particles consist of a
tetragonal main phase (P4,/mnm) and an orthorhombic high-
pressure phase (HP2, Pbcn). The synthesis methods proved to
be robust to external influences and allowed a seamless
transition from batch to continuous processing, maintaining
consistent concentrations and temperatures and obtaining
particles with similar properties. Different cleaning methods to
remove salt impurities were investigated. Washing with water
and alternate washing with water and ethanol significantly
decreased the chloride content in the samples. However,

A
6
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c
—
m 4

104 4

] ]
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1 L T v L T 1
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washing with water resulted in high yield losses due to the
formation of soluble tin species and the use of ethanol
introduced ethoxy groups on the particle surfaces. Thermal
treatment (550 °C for 2 h) required the least technical effort but
resulted in a crystallite growth. The sample Prec:M,,o, showed
an increased growth, reaching 6.2 nm at 500 °C, while Prec:M,,
only grew to 4.7 nm. At 600 °C, their sizes converge to 10.2 nm
and 9.4 nm, respectively. The slower initial growth of Prec:M,,
may be due to surface chloride coverage, which degrades at
higher temperatures. XRD studies revealed that both the
surface and the crystal lattice of the particles are occupied by
OH or CI. This led to a high initial volume of the P4,/mnm unit
cell, especially due to the elongation in the direction of the a-
axis. During heating, the volume decreased significantly and
approached literature values from about 400 °C.

These results illustrate the efficiency and side effects of the
different chloride removal methods. The potential application
of these SnO, nanoparticles as ethanol gas sensors was
validated, showing a sensitivity comparable to commercial
sensors immediately after production, without any additional
treatment.

Experimental Section

Materials

Tin(IV) chloride pentahydrate (98 %) and tin(IV) chloride, anhydrous
(99%) were purchased from ChemPur, aqueous ammonia (25 %)
was obtained from VWR International GmbH. Diethylamine (> 99 %)
and t-butanol (>99%) were purchased from Merck and Griissing
GmbH. All chemicals were used as received.

1209 . Sol:M,,

100 4 —— reference sensor

80 1

w

10 15 20 25 30 35 40 45
ethanol concentration / ppm

Figure 7. A) Ethanol sensing test of the sample Sol:M,, and a commercial reference sensor (GGS 1330, UST) for 10, 20 and 40 ppm ethanol.

B) Sensor response for different ethanol concentrations.
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Precursor preparation: synthesis of Sn(0'Bu),

The precursor synthesis was carried out according to the methods
described by Thomas” and Chandler et al.” The synthesis was
performed under argon atmosphere applying Schlenk techniques.
In a three-necked, round bottom flask equipped with a reflux
condenser, dropping funnel and magnetic stir bar, 9 ml (76.1 mmol,
1.0 eq.) anhydrous SnCl, were dissolved in 150 ml dry n-heptane
and cooled to 15°C. A solution of 34 ml (330 mmol, 4.3eq.)
diethylamine in 30 ml n-heptane were added dropwise and the
mixture was stirred for 10 min at RT. After adding 26.56g
(358 mmol, 4.7 eq.) t-butanol, a white precipitate was formed. To
retain an extensive mixing the solution was diluted by adding
60 ml of n-heptane and was stirred overnight (=17 h) at RT. The
precipitate was vacuum filtered and washed three times with 20 ml
of cold n-heptane. The filtrate dried under reduced pressure and a
pale-yellow solid was obtained. The compound was purified by
distillation/ sublimation at 41-43°C (0.03 mbar) and 20.3 g (65 %) of
a colorless, crystalline solid were obtained. 'H NMR (400 MHz, C,Ds,
20°C): & =1.46 (s, 12xCH,) ppm; '°Sn NMR (149 MHz, C¢Dg, 20°C): &
=—372.2 ppm; “C{'H} NMR (101 MHz, C;D,, 20°C): 8 =75.0 (Jsnc
=23 Hz, 4 x C(CH,);), 34.1 (Js,.c =14 Hz, 12 x CH;) ppm (Figure S1-
S3).

Apparatus

Microjet-Reactor

The Microjet reactor setup (Scheme 1 A) was described in various
previous studies®**"®#"_|n detail it consists of two HPLC pumps
(LaPrep P110 preparative HPLC pumps, VWR), which transport the
precursor solutions with high pressure (a30-40 bar) to the mixing
chamber. The reagent solutions enter the reactor (MicroJet reactor,
Synthesechemie Dr. Penth GmbH, Heusweiler, Germany) from
opposing sides through micro nozzles (300 um) and collide there as

A
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impinging jets. After mixing, the product suspension is directly
removed from the reactor by a nitrogen gas stream (8 bar), which
hits the colliding jets at an angle of 90°.

The outlet tube (stainless steel) is 1.5 mm in diameter and had a
length of 90 cm. The particle suspension was collected in a
polyethylene or glass vessel. The desired reaction temperature was
adjusted by placing the MicroJet reactor in a tempered water bath.

Beaker Synthesis

The batch synthesis was accomplished in a glass beaker (250 ml)
placed on a hot plate stirrer with temperature sensor and dropping
funnel (Scheme 1 B).

Preparation of Nanopatrticles

Synthesis

For the precipitation reactions, an aqueous solution of tin(IV)
chloride pentahydrate (0.1 M) (solution A) and an aqueous solution
of ammonia (2 M) (solution B) were prepared. For the sol-gel
reaction a solution of the tin(lV) t-butoxide (0.1 M) in t-butanol
(solution C) and deionized water (solution D) were used. All
experiments were carried out at 70°C. In the beaker syntheses
80 ml of solution B or D were added dropwise to 80 ml of solution
A or C within a time interval of 15 min and afterwards stirred for
another 5 minutes. In the Microjet reactor process the reagent
solutions A and B (for samples from tin chloride) or C and D (for
samples from tin alkoxide) were fed into the system with a flow
rate of 250 ml/min. Precursor solutions with t-butanol (T, ~26°C)
as solvent were warmed to 30°C prior the reaction to liquefy the
medium. The precursor solution C was stored under argon and
pumped directly from the Schlenk flask into the system.

B/D
HPLC pump N,

ap | ]
J _

educt solution B or D
aq. NH; or H,O

A/C
HPLC pump
By ]
1 | S—
educt solution Aor C particle
ag. SnCl, or suspension

Sn(O'Bu),in ROH

educt solution B or D
aq. NH; or H,O

dropping
funnel

educt solution Aor C
aq. SnCl, or
Sn(OBu), in ROH

Scheme 1. Set-up for SnO, nanoparticles preparation by A) Microjet reactor technique, B) beaker synthesis.
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Post-Treatment

The particles were isolated from suspension by centrifugation
(8000 rpm, 70129, 10min). A part of these particles was a)
separated, b) washed with water (ca. 5x25 ml) and c) tempered at
550°C for 2 h. Particles from a second microreactor synthesis (same
conditions as before) were d) washed alternating with ethanol and
water (ca. 5x25 ml). All samples were dried separately at 100°C. The
particles were obtained as white or pale-yellow powders.

Characterization Methods

Solution NMR spectra were recorded with an Avance Il HD 400
spectrometer (Bruker, Billerica, USA) at 20°C in C,D4 ('H at 400 MHz,
3C at 101 MHz, ""°Sn at 149 MHz). The signals were referenced to
solvent chemical shifts (for H and C) or to the device parameters
(for Sn).

Solid-state NMR spectroscopy in single pulse excitation or cross-
polarization and magic-angle spinning mode (SPE-MAS- and CP-
MAS-NMR) were measured on an AV400WB spectrometer (Bruker,
Billerica, USA). The samples were packed in zirconia rotors, which
were spun at 13 kHz under nitrogen. The *C NMR spectra were
recorded at a frequency of 100.7 MHz and a recycle delay of 10's
(SPE-MAS-NMR) or 3 s (CP-MAS-NMR). The contact time in the CP-
MAS experiments was varied between 0.2 and 6 ms. Adamantane
served as external standard.

Attenuated total reflectance Fourier transform infrared (ATR FT-IR)
spectra were obtained on a Vertex 70 spectrometer (Bruker Optics,
Ettlingen, Germany). Prior each sample measurement a reference
spectrum was recorded. Then, the dried powders were scanned
under ambient air. Each spectrum contains 64 scans with a
resolution of 4cm™' in a wave number range of 500-4200 cm™'.
The spectra were normalized to provide a better comparability.

Thermogravimetric analysis (TGA) were performed on a TG 209 F1
Iris (Netzsch, Gerdtebau GmbH, Selb, Germany). The dried samples
were filled in alumina crucibles and heated with 20 K/min from RT
to 800 °C under synthetic air (10 ml/min O,, 40 ml/min N,).

For TGA-FT-IR analyses the TGA device was connected with the
Vertex 70 IR spectrometer (Bruker Optics, Ettlingen, Germany). The
dried samples (~50 mg) were filled in alumina crucibles and
heated with 20 K/min from RT to 800 °C under synthetic air (10 ml/
min O,, 40 ml/min N,). The evolving gases were transferred through
a heated line (200°C) to the IR spectrometer. The FT-IR spectra
were recorded with 32 scans, a resolution of 4cm™ and in a range
of 4500 to 600 cm ™.

Powder X-ray diffraction was carried out with a D8-A25-Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) in Bragg-Brentano
0-0-geometry (goniometer radius 280 mm) with Cu-K,-radiation
(A, =154.0596 pm) and a 192-channel LYNXEYE detector. XRD
patterns were recorded in a 26 range from 7 to 130° with a step
size of 0.013° and a total scan time of one or two hours. For in-situ
measurements at elevated temperatures the heating chamber XRK
900 (Anton Paar GmbH, Graz, Austria) was used. The samples were
heated with 20 K/min and kept at constant temperatures during
the individual scans. Prior each measurement the temperature was
equilibrated for at least 10 min. For the sample Prec:M,, and Prec:
M0 XRD patterns in the temperature range of 25-600°C were
recorded with a 26 range of 7-110° and a measuring time of one or
two hours. For the sample Prec:My,o a temperature range of 25-
800°C was used and a 26 range of 10-130°. The measuring time
was two hours. For all samples a step size of 0.013° was applied.

The program TOPAS V5% was applied for the Rietveld refinements.
The background was fitted by a Chebychev polynomial function of
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15™ degree (standard measurements) or 4™ degree (measurements
at elevated temperatures), the fluorescence induced background
was reduced by discriminating the detector. The structure and
microstructure refinements were accomplished by the help of
crystal structure data from the inorganic crystal structure database
(ICSD)™®?. Instrumental line broadening was empirically determined
by LaB, as a reference material and taken into account for
evaluation of the other scans using the fundamental parameters
approach.®

Transmission electron microscopy (TEM) was carried out using a
JEM-2010 microscope (JEOL, Akishima, Japan). The samples were
suspended in ethanol or water, supported by an ultrasound
treatment (10 min). The suspension (ca. 30 plL) was applied
dropwise on Plano S160-3 copper grids. Unless otherwise stated,
the size distributions of the particles were determined by measure
the diameter of at least 50 individual particles with the image
analysis software ImageJ.®™ High-resolution TEM (HR-TEM) images
and selected area electron diffraction (SAED) patterns were
acquired using a JEM—F200 microscope (JEOL, Akishima, Japan)
equipped with a thermal field-emission source.

Energy-dispersive X-ray spectroscopy (EDX) was carried out with a
Genesis 2000 spectrometer (EDAX, Mahwah, USA) attached to the
chamber of a JSM-7000-F scanning electron microscope (JEOL,
Akishima, Japan). A voltage of 20 kV was applied.

Elemental analyses were performed with a Vario Micro Cube
(Elementar, Langenselbold, Germany).

Sensor Measurements and Characterization

Sensor Coating

The prepared SnO, particles were dispersed in ethanol (ethanol :
SnO, 5:1, by mass) using an ultrasonic bath. A layer of this
dispersion was applied onto a sensor substrate (3x3 mm? alumina
plate) with platinum planar heater (Umweltsensortechnik GmbH,
Geratal, Germany) by drop casting (15x0.4 pl). After each drop, the
ethanol was allowed to evaporate. The coating was annealed at
400°C for 2 hours using the two heating pins of the sensor
substrate.

Sensor Measurements

The experiment was carried out using a gas mixing apparatus, as
described in detail in previous publications.®® A zero air generator
supplied 80 ml/min dry carrier gas, into which ethanol from a gas
cylinder was injected to achieve concentrations of 10 ppm, 20 ppm,
and 40 ppm, each for a duration of 10 minutes. During the
measurement period, the sensor was maintained at a constant
temperature of 400°C.
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