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vych, V. Smyntyna, and L. Filevska

. The present review briefly reflects tin dioxide applications for safety

the last 2 years as convenient, cheap, widespread material with suit-
sical and chemical properties. The usage of nanoscale SnO; forms are
_'= for several types of devices such as: gas sensors of conductometric
strochemical sensors, sensors on the SPR effect, material for electrodes
n-ion batteries and solar cells, together with catalytic applications for
sition of pollutants.

Tin dioxide - Gas sensing - Electrode material - Catalysts

troduction

used for many years for various applications, is a well known material
chers. It may seem that its properties have long been studied [1], the
ies are exhausted and this material has any prospects. However, mastering
echnologies has expanded the possible applications for many long-known
, including tin dioxide. This position is supported due to tin dioxide active
in the latest 1012 years in a number of scientific reviews on gas
[2-5], catalytic, and electrode materials [6, 7], as well as reviews on the
ure, properties and application of various forms of this material [8-13].
also a work where nano tin dioxide is applied as sorbent in medical purposes

iew of works (authors’ inclusive) over the past 2 years supports the
nano tin dioxide as a cheap widely available material with convenient
hemical properties for the devices of safety production.
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Some tin dioxide applications (not complete) as a CBRN material are g
below:
Sensors material: flammable and toxic gas sensors, heavy metal ion senst
sensors of biologically dangerous objects.
Electrode end Catalytic applications: Li-ion batteries, solar cells, hydrogen ¢
ozone production, the decomposition of pollutants.
Tin dioxide mentioning data in literature over the past year is given below (NI
databases PubMed Central® (PMC) — free full-text archive of biomedical and
sciences journal literature in the U.S.; National Institute of Health, National Lib
of Medicine (NIH/NLM)): Total number of articles about tin dioxide is ~4
among them: nano SnO; — 231, sensors on SnO; — 186, SnO; electrode -
from them for solar cells — 118, for Li-Ion Battery — 63. (
Over the past 10 years, more than a dozen scientific reviews on its prope
applications, research and developments with its use have been published.

9.2 Tin Dioxide in Sensor Applications

The spectrum of sensory materials for ensuring the safety of industrial, dom
natural environments and the detection of toxic and dangerous componen
currently estimated at tens. Among them, a whole class of metal oxides, which!
been used for many years. One of the first places in this class belongs to tin dio
Its sensory properties, reduced to nanoscale, are much more effective.

The number of ways to register the environment compositions deviations |
the standard has also increased. The conductometric methods used for more
40 years were complemented by optical ones (control of direct absorption/refle:
of light, a luminescence, use of methods of automatic calculation and com‘
of optical characteristics of materials in the process of measurement), pla
resonance and other methods. It was found that in the most of them the nan
dioxide was very productive as a sensitive or matrix element.

9.2.1 Tin Dioxide as the Conductometric Type Adsorptive
and Sensitive Element for Gas Sensors

An active study of tin dioxide gas sensitivity mechanisms to various polluting
as Hp, Clp, SO,, and NH3, NO, NO;, CO, CO,, CHy4, and C3Hg, ethanol, ace
etc., was applied for gas sensors production. The main role in sensitivity belo
the active forms of oxygen (O, , O~ , 027) adsorbed on the surface of the S
material. The SnO3, due to its chemlcal characteristics, adsorbs oxygen precis
such active forms.
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Comparison of the
ity of nanowires of tin NO,
to various gases [15].

set shows the SO,
line structure of SnO;

Acetone

. As-grown
TER 1x10'¢m?

Ethanol

0 15 @ sonidbciee 8o iBe A0 0125, 94
Gas response (R,/R, or R/R,)

2 work [15] is devoted to improvement of selectivity to NO; in SnO;
ires by means of He ions radiation with different ion flux density. The
num sensitivity to NO, shows the nanowire under ion flux density of 1 x
ns/cm?. The greatest number of surface defects in the form of interstitial tin
tected by photoluminescence analysis and X-ray photoelectron spectroscopy
wires. Just these defects created by ionic radiation provide the adsorption of
The molecular modeling for the irradiated surface of SnO, (110) was carried
the work. The Fig.9.1 shows the comparison of sensitivity of tin dioxide
ires to various gases and the crystalline structure of SnO; nanowires.
soretical studies of gas sensitivity mechanisms of SnO; (110) surface to mono
ioxide of nitrogen are conducted in work [16]. The phase diagram of the
(110) surface in contact with O, and NO gas environment was determined
ans of ab initio thermodynamic method. It was found that the fully reduced
e containing the bridging and in-plane oxygen vacancies was under oxygen-
conditions, while the fully oxidized surface containing the bridging oxygen
 and the oxygen dimer is under oxygen-rich conditions. The stoichiometric
e was proved to be the most stable. NO-rich conditions were formed by NO
ption on the most stable surfaces only in the presence of oxygen.

hers from the Hanoi University of Science and technologies [17] made
oxide nanowires (NW) sensors for chlorine monitoring of ZnO, WO3, and
by on-chip growth technique with chemical vapor deposition method. The
stive response (Rci2/Rair) of SnOy nanowires sensor detecting 50 ppb Cl,
C was the largest and amounted about 57 units. Figure 9.2 shows general
» of nanowires sensor and sensitivity to chlorine comparison for metal-oxide
iires of ZnO, WO3, and SnO,.

‘dioxide was chosen by China researchers as a material for creation var-
iree-dimensional nanostructures for sounding of gases [18]. By means of
e-stage hydrothermal approach and the subsequent thermal annealing 3D
tructures with various hierarchical morphology and, respectively, various
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Fig. 9.2 General picture of nanowires sensor together with sensitivity comparison to chlorine 0
metal-oxide ZnO, WO3, and SnO; nanowires [17]

i3

0-0—0-0-0—0

SRR
f

relative response (R/R)

It

shuttle-shaped cone-shaped rod-shaped time

Fig. 9.3 A comparison of sensitivity to acetone of 3D nanostructures with various hierarchic
morphology [18]

gas-sensitive properties were created. As it appeared the three-dimensional SnO;
of cone-shaped hierarchy nanostructure shows the maximum sensitivity abou
175 in relation to 100 ppm of acetone. A good sensitivity was shown by e
structures also to some other organic compounds. As the microstructural analysi
showed, the best sensitivity of cone-shaped hierarchical nanostructures is provid;
by more active superficial defects and discrepancies formed in the course of thermal
recrystallization. A comparison of sensitivity to acetone of 3D nanostructures with
various hierarchical morphology is shown at Fig. 9.3. :

For improvement of sensor properties, increase in selectivity, the tin dioxide wa
doped by Cu [19, 20], Zn, Mn [21], Au [22], Sb and other additives. The study
[19] of pure and copper-doped nanowires of tin dioxide, synthesized by therma
evaporation showed a good incorporation of copper atoms into the tetragonal rutilg
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of SnO,. The undoped sensors based on SnO, nanowires showed a high
jity to gaseous ethanol, which was improved by the addition of Cu. In
er research [20], nano SnOsin the form of nanosheets and nanodisc-like
es doped by 1% of Cu showed highly improved properties of sounding for
omparison with pure SnO; nanostructures and excellent selectivity to CO
significant hindrances by CHy4, CO; and NO;. In the work [21] the SnO;
oy Cu (II) ions showed the fastest response time to 100 ppm of ethanol
. in comparison with 12.4 sec. for not doped SnO;). At the same time, SnO,
ing 2.91% of Mn showed 2.5 times higher response at detection of 100 ppm
0l in comparison with not doped material.

22] the sensitivity of tin dioxide covered with gold particles to gaseous CO
died. The mechanism of sensitivity increasing was associated with additional
tion of oxygen on gold with its transfer to the tin dioxide surface. Negatively
d oxygen ions on tin dioxide surface give additional states for interaction with
ected gas, thus increasing productivity of a sensitive layer. Figure 9.4 shows
; of additional adsorption of oxygen on gold with its transfer to the surface of
dioxide is applied in the gas analysis not only as independent gas-sensitive
I, but also as a constituent in composites, heterostructures and complex
[ es for gas sounding. At the same time, its main role in a complex
al is a gas-sensitive role, since it due to its structure changes its electrical
eters when interacting with the external environment [23]. Other materials
e selectivity by means of their catalytic features.

 work [24] is devoted to the research of such gas-sensitive nanoheterostruc-
15 TiO2/SnO; for Hy control. The structures themselves were nanocrystalline
Sn0; n-n heterojunctions and have been obtained using flame spray
is from nanopowders of pure SnO;, 90mol% SnO3/10mol% TiO;,
1% Sn02/90 mol % TiO, and pure TiO,. It is interesting that with a long
ry time of SnO;-rich samples their Hy detection threshold is lower than
and their large responses is over the whole measuring range. Researchers
natized the data on sensor response value, working temperature of gas-
ive nanoheterostructures of TiO2/SnO; and correlating with these data on
ure and methods of material production. Such systemizing gave information
terostructures in the form of nanopowders, nanofibres, nanotapes, nanowires,
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thin and thick films, ceramics, and systems: core-shell, the coral-like struc
obtained by very different methods. Among the production methods there are
co-deposition and mechanical mixing, sol-gel and hydrothermal methods, atomic
layer-by-layer deposition and thermal evaporation, together with metal-organic
chemical vapor deposition.

The heterostructured nanocomposites of SnO2-ZnO were studied in the work
[25, 26]. In the paper [25], ZnO-SnO, and SnO; nanoparticles were fabricated
by hydrothermal synthesis for gas sensor to H, and CO. Heterostructures showed
hypersensibility to the detected gases in comparison with undecorated SnO;
nanoparticles. This result, together with the nano grain size, is explained b
additional number of reaction states at the heterojunctions ZnO-SnO; nanoparticlet
where there can be noticable electron transfer between the compound nanostruc
and the absorbed oxygen species.

Group of researchers [26] studied sensitive properties of SnO3-ZnO composit
nanostructured thin films series with different amounts of SnO3 (from 0 to 50 wt %
for highly toxic and flammable gases (CO, CO;, CH4, and C3Hg). Samples wer
deposited on a miniaturized porous alumina transducer using the sol-gel and di
coating method. Improved sensing was achieved for the ZnO (98 wt %) — SnO
(2 wt %) composite as compared to the sensors containing only the pristine oxide:
Actually, only 2wt % of tin dioxide was the suitable quantity for ensuring the bei
sensitivity of heterostructures. The sensor of the mentioned composition showed h
highest sensitivity to carbon monoxide (min. 5 ppm).

The successful combination of dimensional effect of nanostructure and transi
properties of n—-n heterojunctions SnO>-ZnO is used by authors [27] for creatio
gas-sensitive one-dimensional (1D) n—n SnO3-ZnO heterostructures perspective fc
highly effective sensors of organic amine compounds. The heterostructures wel
ZnO nanowires (80-100nm in diameter, 12—-16 wm long) coated with layers @
SnO; nanoparticles (about 4 nm) by effective solvothermal treatment followed b
calcination at 400 °C. The size of tin dioxide nanoparticle, comparable with tk
Debye length in this material (~3 nm), provides almost complete particle depletic
by electrons due to various surface adsorbed oxygen species O° (05,07 and 0?
Additional depletion is created at the SnO2/ZnO heterointerface due to differe
work functions of ZnO (5.2 eV) and SnO; (4.9 eV). The energy band structures ar
gas sensing mechanisms of the SnO,-ZnO NW heterostructure sensor is shown
Fig.9.5.

A greater amount of oxygen can be adsorbed by the wire 1D structures bof
due to a lower agglomeration tendency and to a larger surface to volume ratio. A
this facilitates the gas diffusion through a sensor and promotes active superfic
reactions. The above mentioned features of one-dimensional (1D) n—n nanowi
heterostructures of SnO,-ZnO allowed to create on their basis a sensor of orga
amine compounds with the improved characteristics: high speed of reaction a
recovery, good selectivity and excellent reproducibility for n-butylamine vapors.
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ngerous organic compounds detection in various environments. Researchers
hina [28] has conducted a complex of experimental and theoretical studies
tion/desorption tests, density-functional theory (DFT) calculations, and X-
orption of fine structure (XAFS) studies), thus revealing the electrochemical
sm of heavy metals’ ions interaction on various faces of tin dioxide
ystal. Researches showed that the face {110} has the lowest potential

or ions’ superficial diffusion, hence showing the best electrochemical
eristics for detection of heavy metals ions.
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Group of researchers from India and Saudi Arabia [29] showed that the Sn(
Quantum Dots (QDs) are effective electron mediators for efficient electrochemi
sensor fabrication for the easy, cost effective and accurate on-site detection:
cadmium ions in a solution. Tin Dioxide QDs were obtained by low-temperatu
hydrothermal process and were pure SnOp with an average size of 2—4 nm ar
having perfect crystallinity with tetragonal crystal structure. The manufacture
sensor exhibited a high sensitivity of ~77.5 x 10> nA ppm~! cm~2, a low detectic
limit of ~0.5 ppm and response time of <2 s.

In [30] it is reported the preliminary research of the electrochemical sens
for an organophosphate (OP) on the basis of nanoscale SnO; as matrix materia
Researchers used both pure tin dioxide, and the one, doped by Ni and Cr for the pr
cess of chemical synthesis in solution with the subsequent calcinations at 1000
The matrix electrode material consisting of the agglomerated nanoscale crysts
nature particles was immobilized by acetylcholinesterase (AChE). Sensitivity
organophosphate (from 0.01 to 100 ppm in PBS) was recorded in cyclic curren
voltage (CV) measurement in the interval —1.5-1.5 V. The greatest sensitivity at th
level of 10 ppb was shown by Ni-SnO; composite. The mechanism of sensitivil
is explained by oxidation-reduction reactions on the surface of a sensitive materie
involving different forms of pre-adsorbed oxygen.

9.2.3 SPR-Sensor Applications for Tin Dioxide

Presence of free electrons in a tin dioxide thin-film, as in a degenerate semicon
ductor makes it possible to observe a surface plasmon resonance (SPR) in it [31]
This phenomenon appeared to be enough sensitive to changes of an environment
In a number of recent works, tin dioxide has been used as a material for sensors
of biological media composition based on the SPR phenomenon [32, 33].
measured sensitive value in such sensors is the refraction index of a materia
contacting with the controlled environment.

Using tin dioxide [33] as a sensing element in a fiber optic in SPR technique
makes it possible to obtain a miniature probe for online monitoring, remote sensing
of ammonia with high sensitivity, selectivity, stability, durability and low cost.
Since the SPR characteristics depend significantly on the thickness of the sensitive
material layer, then the probes with different thicknesses of SnO, have been
investigated. Electromagnetic field distribution for the multilayer structure of the
probe reveals the enhancement of evanescent field at the tin oxide-ammonia gas
interface which in its turn manifests the highest shift in resonance wavelength at a
definite thickness.

A theoretical analysis of a thin-film SnO, sensor for detection of volumetric
media refraction index was presented in [34]. The analysis was carried out on the
basis of Fresnel’s equations for reflection coefficients. It showed that tin dioxide:
usage as the dielectric matching layer between a prism and the waveguide layer
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ases angular sensitivity. The offered configuration of a refraction index sensor
SnO; is perspective for effective monitoring of biomolecular interactions and
lication in a biosensorics.

3 Tin Dioxide as a Material for Electrodes
4

the first sight, tin dioxide — as an electrode material does not belong to
area. However, such electrodes are applicable in ecologically safe solar
, and tin dioxide application as a part of electrodes in lithium-ion batteries
8) significantly extends time of their operation, and allows to save resources
nsiderably and to reduce environmental pollution.

Electric characteristics of tin dioxide as degenerate semiconductor in combina-
n with its wide forbidden zone and, hence, with optical transparency allow using
actively as transparent electrodes in the most different optoelectronic devices for

3.1 For Li-Ion Batteries

itionally graphite is used as an electrode in Li-ion batteries (LiBs). How-
, tin dioxide has better operational characteristics with its theoretical capac-
/ (782mAh g~!) which is twice more than graphite capacity, for example,
72mAh g~ 1) [35]. Usage of SnO, was limited due to a significant change of oxide
slume (more than 300%) during the battery charge/discharge procedure that led to
struction of an electrode. Many researchers succeeded to overcome this defect
ing various nanoporous structures based on tin dioxide or with the embedded tin

er qualmve advantage for lithium-ion batterles a long-term multiple cyclicity.
s it was well summarized in [41], the nanostructured SnO, with a high reversibility
'Sn/SnO;, suppressed aggregation of Sn and stable passivating solid-electrolyte
terphase (SEI) layer during cycling would be an ideal material for realization of
gh-performance LiBs.

‘After A. Geim and K. Novoselov reported in 2004 [42] on the production
[ graphene fixed on silicon oxide layers, such a material became widely used
1 electronics. In 2009 [35] it was reported on the creation of a composite
naterial of graphene nanosheets and SnO; nanoparticles used as an anode material
or LiBs. The Japanese researchers created nanoporous mobile 3-D structure as
10, nanoparticles (3.3—7.5 nm) composite which are uniformly located between
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graphene sheets. Nanopores between SnO; and nanosheets can play a role of buffe
space in the charging/discharging process that significantly increases efficiency
capacitive properties and strength of such material (810 mAh/g) compared witl
usual SnO;. In subsequent years several more groups of scientists used tin dioxid
nanoparticles in graphene nanosheets for creation of highly effective electrodes fo
LiBs [36-38], at that, reversible capacities of the created electrodes exceed the
theoretical capacity of SnO;, almost by 1.5-2 times.

Enough complex three-dimensional graphene-like network structures with uni
formly built-in SnO2@Sn nanoparticles doped by nitrogen, and encapsulated by
carbon (N-C) were created and studied in work [39, 43] as anodes of hi
performance LiBs. Structures, denoted as N-CSnO,Sn/3D-GNss, has been fabric
by means of a low-cost and scalable method: an in situ hydrolysis of Sn s
and immobilization of SnOy nanoparticles on the surface of 3D-GNs, followe:
by an in situ polymerization of dopamine on the surface of the SnO,/3D-GNs
and finalized by carbonization. The created composites promoted highly efficien
insertion/extraction of Li(+). It is provided by three-layer structure of composi
nanoparticles. The outermost N-C layer with graphene-like structure of the N
CSnO,Sn nanoparticles can effectively buffer the large volume changes, enhanct
electronic conductivity, and prevent SnO»/Sn aggregation and pulverization during
discharge/charge. The middle layer function (namely tin dioxide) was to facilitaf
the cyclic charge/discharge process by participating in the reaction SnOj + Li(+) =
Sn + LizO. The inner Sn layer with large theoretical capacity can guarantee higl
lithium storage in the composite. This novel hybrid anode exhibits highly
capacity of up to 901 mAh/g, with ~89.3% of capacity retention after 200 cycles af
0.1 A/g and superior high performance rate, as well as a long lifetime of 500 cycle
with of 84.0% retention at 1.0 A/g. Such high operational rates are combined witt
structural integrity of the whole electrode in which tin dioxide plays an importar
role.

However, electrodes with good performance may be obtained not only of
graphene. Asymmetric membrane structure for stabilization of the LiBs anods
based on SnO; with excellent electrochemical characteristics was created in [40
using a combined sol-gel technique followed by carbonization. The reached specifi
capacity of an asymmetric membrane electrode on tin dioxide in 500 mA
managed to be kept at the level of 96% after 400 cycles at a current densit
280 mA/g (~0.5 C). The current density doubling leads to a decrease in the gen
power only by 36%. The membrane has mesh porous structure which prov
high conductivity, multiple channels for diffusion and free volumes for an electrods
expansion. The main technological step influencing properties of an electrode is the
carbonization temperature. The membrane electrode shows the best characteristic:
in case of carbonization at 500 °C. At the same time the size of SnO, nanoparti
is ~3.9nm. At temperature increase to 800 °C electrode loses 51% of the cap
for 100 cycles due transformation of nanoparticles into large tin spheres (~40

In February 2017 Wei and colleagues [44] reported the inexpensive way 0
synthesizing of uniform anode material for LiBs from ultrasmall (~3 nm) parti
of SnO; which are uniformly distributed in polymer of a styrylpyridinium (SbQ)
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ation of an electrode was carried out by UF hardening method. Ability of SbQ
er to a photocrosslinking in-situ allowed synthesizing uniform ultramassive
Styrylpyridinium being strong binding for SnO; nanoparticles provides
change of SnO; anodes’ volume during cyclic charge- discharge process.
y specific capacity 572.5 mAh/g of the created SnO; electrode is obtained at
irrent density of 0.2C (156.2mA/g) after 150 cycles. Even at high current
ty 5 C (3905 mA/g) the specific capacity is 440.2 mAh/g.
e priority requirements to anode materials of LiBs were realized by the
in researchers [45] having synthesized anodes on SnO;/NiO nanotube (m-
decorated by mesoporous Ag nanoparticles). The material was synthesized by
ctrospinning treatment followed by fast calcination and subsequent chemical
tion. Such a problem as considerable change of volume at cycling is effectively
ed in one-dimensional porous hollow structure. This structure also provides a
lithium-ion diffusion length. The reversible capacity of the m-SNT anodes
ignificantly improved using metallic nickel (Ni) nanoparticles converted from
nanograins during the lithiation process of LipO reversible decomposition. Ag
articles uniformly decorated on the m-SNT via a simple chemical reduction
significantly improve rate capability and also contribute to long-term
ty. The m-SNTAg anodes exhibited excellent cycling stability without
fading after 500 cycles with a high capacity of 826 mAh/g at a high
it density of 1000 mA/g. Furthermore, even at a very high current density of
mA/g, charge-specific capacity remained as high as 721 mAh/g, corresponding
% of its initial capacity at a current density of 100 mA/g. The Fig. 9.6 shows
aatic illustration for the synthetic route of the m-SNT@Ag and long-term
g stability of the m-SNTAg at a current density of 500 mA/g [45].
s, the nanostructured SnO; with high reversibility of Sn/SnO; obtained due
ppressed aggregation of Sn and to stable layer of SEI at cycling would be
eal material for high-performance LiBs.
oblems of tin-dioxide’s volume change in electrodes of LiBs, and at the same
the satisfaction of the requirement to their charging efficiency and cyclic
i ) were solved in [41] by creation of polydophamine (PDA) — coated SnO;

v
""""""

6 Schematic illustration for the synthetic route of the m-SNTAg and long-term cycling
ity of the m-SNTAg at a current density of 500 mA/g [45]
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nanocrystals, composed of hundreds of PDA-coated “corn-like”” SnO; nanoparticle
(diameter ~5 nm) decorated along a “cob”. In a combination, the corn-like nanos
tructure and PDA protection provided excellent electrochemical characteristics of
SnO; electrode together with excellent long-term cyclic stability throughout more
than 300 cycles, high reversibility of Sn/SnO, and excellent speed.

9.3.2 For Solar Cells

Unique combination of electrophysical properties of tin dioxide as degenerat
semiconductor (small work function, high density of electrons in the forbidder
zone) and considerable optical width of its forbidden zone (~4¢eV), a possibili
of obtaining thin layer coatings makes this material to be very convenient a
electron transporting layer (ETL) for solar elements, especially new perovskits solar
elements — perspective cheap silicon substitutes [46—48]. Many researchers not
positive impact of low-temperature technologies of SnO; nanolayers production fo
electron selective layers [46-51].

Thin films of amorphous tin dioxide were offered in [47] as electron transportin
layer (ETL) in planar heterojunction n-i-p organohalide lead perovskite and organi
bulk heterojunction solar cells. Films were prepared by chemical bath depositio
from a non-toxic aqueous bath of tin chloride at very low temperatures (55°C)
and do not require post-annealing treatment. Low mobility of electrons, specifi
for SnO; film samples, is successfully compensated by low work function
ideal alignment of zones on the border of SnOj/methylammonium lead iodid
(MAPbDI3) and strong blocking of holes due to the deep SnO; valence zone. Th
schematic picture of an amorphous SnO; film deposition method and the volt
current characteristics of a solar cell with a-SnO, ETL are given at the Fig. 9.7 fror

g 20 O-Otg
£ 15
ooy
% 104
& —o— 2-Sn0,
H,0 + SnCl,-5H,0 é - Shi
\_ g 8 0 1
| o 00 02 04 06 08 10
Sn0, Chemical Bath Deposition Voltage (V)

Fig. 9.7 The schematic picture of SnO, amorphous film deposition method and the volt-¢
characteristic of a solar cell with a-SnO; ETL [47]
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CV characteristics of SCs with different electron selective layers [52]

Tt is seen that usage of a-SnOy ETL prepared by chemical bath deposition
des a solar cell with the better operational characteristics in comparison with
TUDA

roup of the Swiss and Czech scientists led by M. Gritzel (the famous creator
e same name electrochemical solar cell) [52] presented in 2017 an ultrathin
selective layers (ESL) of SnO, fabricated by atomic layer deposition (ALD)
pplication in planar perovskite solar cells as powerful alternatives to other
uch as TiO,. The obtained layers besides being used for photoelectrodes in
ite and dye-sensitized solar cells also may be applied in photoelectrochem-
vater splitting. The various studies of the layers’ physical properties showed
not calcinated low-temperature ALD-grown SnO; layers are amorphous and
y pinhole-free for thicknesses down to 2 nm. Such a thickness and electric
erties of layers allows designing a photoelectrode with thinner electron selective
s that potentially minimizes resistance losses. Figure 9.8 shows the advantages
norphous low-temperature ALD-grown SnO; layers application as ESL. These
s have the minimal hardly noticeable hysteresis of CV characteristics of SCs
one of their negative issues.

reduction of CV hysteresis researchers [49] tried to achieve using the
-doped tin dioxide (Y-SnO;) electron selective layer. This material was
ized by an in situ hydrothermal growth process at 95 °C. Two main effects of
doping which supplemented and strengthened the tin dioxide characteristics
revealed in the studies. The first, it improves electrons transfer from
ite to ESL due to formation of well leveled and more uniform distribution
10, nanosheet massifs, thus providing the best contacts of perovskite with
anosheet, secondly, it secures the charges recombination decrease at NSA-
skite interfaces due to the forbidden zone growth and to the switching of the
ergy levels up, and their alignment by perovskite energy levels.
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9.4 Catalytic Applications of Tin Dioxide

Tin dioxide in catalysis, including photo-electrocatalytic applications, is also useful
for environmental safety. It promotes the decomposition of many harmful chemicals
polluting the aquatic environment. Therefore the material is widely and successfully
used also in such CBRN processes as cleaning of the polluted environments, o»
example, sewage. For these aims they use the catalytic properties of the materia
stimulating reactions of pollutants decomposition, which at their turn solves two

of utilization of harmful compounds. As a rule, tin dioxide in this case is used as ¢
part of an electrode in the electrochemical reactor [53-56].

In work [53] tin dioxide was used as a part of Ti/SnO-RuQ; electrode for
which the electrocatalytic degradation of bromkrezol green (BCG, growth mediums
for microorganisms) was investigated in details. The carried-out electrode material
characterization by means of the scanning electron microscopy, X-ray diffractom-
etry and X-ray fluorescence spectrometry showed “cracking dirt” structure and
excellent specific surface area of Ti/SnO-RuO; electrode. Efficiency of B
removal from the Ti/SnO;-RuO; electrode was determined basing on chem
consumption of oxygen and on ultra-violet-visible absorbing spectrometry (UV-
spectroscopy changes are shown in the Fig. 9.9).

The major factors defining the BCG removal efficiency were in descending order:
initial pHo, reaction temperature, and current density and electrolysis duration ti
The BCG removal efficiency reached 91% under optimal experimental condition
(initial concentration — 100 mg/L, initial pHg — 7, temperature of reaction — 30°
current density — 12 m/cm? and the electrolysis time — 150 min).
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Fig. 9.9 UV-Vis spectroscopy changes of BCG electrocatalytic degradation [53] with electrolysis
time
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Iranian researchers [54] also used SnO; together with SbyO4 on a titanic
e for obtaining Ti/SnO,-SbyO4 electrode for electrocatalytic phenol removal
m sewage. The phenol decomposition mechanism on a surface of Ti/SnO,-
)04 anode depends on the solution’s. The phenol chemical degradation on an
ctrode was studied also under the influence of current density, the supporting
ctrolyte and the phenol initial concentration. Various strong radicals formation in
rolysis with Ti/SnO3-SbyO4 anode led to quick (during 1 h) oxidation of phenol
0 benzoquinon from 100 to <1 mg/L under optimal conditions. Speed of TOS
radation on the anode surface was 49% during 2 h.

n [55] tin dioxide was used as a part of Ti/SnO,-Sb tubular porous electrode
ode) for decomposition of pyridine of sewage. Tubular porous Ti was covered
SnO,-Sb by Pechini’s method. The performance data of the reactor were
idied under the influence of flow on a static pattern, initial pyridine concentra-
n, supporting electrolyte concentration, current density and pH. The pyridine
noval coefficient reaches a maximum (98%) under optimal operating conditions:
Omg/L of pyridine initial concentration, 10 g/L, the supporting concentration of
ctrolyte, 30 m/cm? density of current and pH 3.

phene hydrogel. The electrode was formed by layer-by-layer sedimentation.
¢ 3D porous electrode has the high potential for oxygen release (2.40V),
aller resistance to charge transfer (29.40 Ohms-cm?), higher porosity (0.90), the

bility and low specific power consumption.

‘The SnO, nanoparticles microspheres decorated by Ag, obtained by a simple
drothermal (one-pot hydrothermal method) [57] were successfully applied in
alytic reduction of 4-nitrophenol to 4-aminophenol by potassium borohydride
BH,4) as a model reaction. The known toxic pollutant 4 nitrophenol (4-NP), is
dely present in industrial drains and agricultural sewage, and its chemical reduc-
1t0 4-aminophenol (used for production of analgetics, cosmetic and anticorrosive
aterials) is the most preferable. The catalytic characteristics of the obtained
mposite structures were enough high, so that normalized rate constant (kpor) was
20L/(min g). Besides the mentioned, they demonstrate good renewability after the
st five cycles.

Tin dioxide usage in various structures improves the production characteristics
gaseous hydrogen [58] and ozone [59] which is useful both as for power, and
gical safety.

1In [58] tin dioxide was applied as a part of one-dimensional nanowires with core-
ver type structure of the CeO,/SnO, grown up on a three-dimensional porous
k in the form of the nano-wood. The structure was effectively used for obtaining
by thermochemical separation of water at temperatures up to 800 °C. Three-
mensional a core- cover type “nanowire wood” increased the production of H,
1 45.5% at 800°C in comparison with usual thin-film CeO; covered disks as
indards.
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Theoretical calculations using a theory of the density functional were applied
by Gibson and colleagues [59] to analyze electrochemical mechanism of ozone
production by decomposition of water on the SnO, catalyst doped by Ni and Sb.
The SnO; face (110) appeared to be the most stable according to calculations. This
surface was used for water decomposition modeling in the presence of doping
Sb and Ni, paying special attention to stages of O and O3 formation. The 0zo;
formation takes place according to the Langmuir—Hinshelwood’s mechanism, i.e.
on the surface of the catalyst. The adsorption energy calculation (EADS), the Gibbs
free energy (AG,x,) and barriers of activation (Ej,ct) obtained for two final stages
of ozone formation serves as a basis for new materials development with higher
catalytic efficiency.

9.5 The Nanostructured Thin Films of Tin Dioxide

Authors have conducted a series of studies of tin dioxide thin films obtained using
polyvinil acetate (PVA) polymers in sol-gel method to improve structuring.
In the said studies the content of the precursor (Bisacetylacetonato dichloroti
(BADCT)) in the initial solution varied from 1 to 10%. The polymer (PVA) conten
in the solution was 1%. After deposition on the glass substrate, the samples were
annealed until the organic components were removed and a transparent tin diox
layer was formed. AFM three dimensional tin dioxide film’s surface picture is show
at Fig.9.10. 3
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Fig. 9.10 AFM three dimensional tin dioxide film’s surface picture



pstructured SnO; as CBRN Safety Material 193

. CV characteristic A

z
~
I
=
=
=5
(¢
o
=
N
s
o
o
T

=

o
&
T

1Hg and again,

{0 room temperature,
after the

c air was let into
mber [60]

Current, A
-~
e
1
-—

10-& =

1 10 10°
Voltage, V

nary researches showed that these films may be essentially applicable as
terial, in a gas sensorics, at least.

> conductivity of the studied films in vacuum and in the air differs by more
rder of magnitude, which indicates the considerable influence of adsorption
on with oxygen in the air [60]. Figure 9.11 shows CV characteristics of the
at room temperature.

e films’ conductivity changes during heating and subsequent cooling at
m up to the initial temperature are reversible and repeatable, which shows
ctrical characteristics of the SnO; films stability and allows using them as
e-sensitive elements for gas sensors.

btained films of the nanostructured tin dioxide demonstrate the photolumi-
(~1.9 and ~2.2) eV at a room temperature. This makes them perspective
eir application as PhL sensors for non contact mediums content control.
PR parameters were studied on the films by means of polarization- modular
opy (PMS) in the work [61]. The SPR phenomena established in the films
xide makes it possible to use them as a sensor material in SPR transducers
es and biological mediums.

Conclusion

£
W
i
b

ts of papers for the latest two years show the effectiveness of tin dioxide
ensure safety as a convenient, cheap, common material with suitable
hemical properties. The use of nanoscale forms of SnO; as a material for
ors of conductometric type, electrochemical sensors, sensors on the SPR
, the material for electrodes of lithium-ion batteries and solar cells, catalysts
e pollutant decomposition is considered.

ependence of its properties on manufacturing technology, significant volume
ge when used in LiBs electrodes, low selectivity to different hydrocarbons,
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are successfully overcome by researchers. The transition to the creation of variot
material nanoforms, the extensive use of alloying, the formation of composites an
heterostructures, including organic components, are just some of the methods use
by developers of devices on tin dioxide. f

The mentioned in the review preparation methods of nanoscale forms of SnC
and composite materials containing it are generally simple, inexpensive and pr
dominantly safe. In these cases, the technological variability of tin dioxide from:
shortcoming becomes an advantage and interesting for further study.

The main applications of tin dioxide show its promising as a material for ens
environmental safety, health and energy security.
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