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Platinum containing sensor nanomaterials
based on tin dioxide to detect methane in air
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Platinum-containing semiconductor materials on the base of nanosized SnO, (14 -
15 nm) were obtained using a sol-gel technology. Catalytic properties of these materials in
the methane oxidation reaction and sensitivities to methane of the sensors with gas
sensitive layer based on the obtained nanomaterials were studied. It was shown that
properties of the sensors are determined by quantity of platinum introduced to semicon-
ductor material and maxima of the sensor responses to methane are reached when 0.72 and
1.76 wt.% Pt are introduced. Created high sensitive adsorption-semiconductor sensors are
stable and able to detect CH, in air in a wide range of its concentration.
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IIraruHOCONEPIKAIIME ITONYITPOBOJHIKOBEIE MaTePUa bl Ha OCHOBe HaHOPasmMepHoro SnO,
(14 — 15 uM) mOJyYeHBl ¢ MCIIOJIb30BAHUEM 30JIb-TeJlb TEXHOJOTUH. MccaeqoBalHbl KaTAINTHI-
YeCKHe CBOMCTBA STHX MATEPHAJOB B PEAKIIMH OKHCJIEHHS MeTaHa U UYYBCTBUTEJIbHOCTH K
METAHyY CEHCOPOB, I'a30UYBCTBUTEIbHBIN CIOM KOTOPBIX CO3MAH HA OCHOBE ITOJNYUEHHBIX HAHO-
maTepuanaoB. IlokasaHo, YTO CBOMCTBA CEHCOPOB ONPEIENAIOTCH KOJUYECTBEOM BBEIEHHOM
IJIATUHBLI B IIOJYIPOBOJHUKOBBIM MaTepual, 4 MaKCHMAaJbHAsA UYBCTBUTEIbHOCTL K METAHY
mocturaerca upu BBemeHum 0,72 m 1,76 mac.% Pt. Cosgamable BBICOKOUYBCTBUTENbHBIE
aIcoPOIMOHHO- IOy IPOBOJHIKOBLIE CEHCOPHI ABJSIOTCA CTAOUIBHBIMU U CIOCOGHBI M3MEPSTH
CH, B Boszyxe B MIMPOKOM AMATIA30HE €r0 KOHIEHTPAIMil.

IInaTuHOBMIiCHI ceHCOPHI MaTepiaiun Ha OCHOBi AioKcUTYy 0JIOBa MJA BU3HAUYEHHS METa-
Hy y norirpi. JI.I1.Onexcenrxo, I.B.Pedopenro, H.II.Maxcumosuun, I.I1.Mamyuwxo.

IInarueoBmicHi HamiBIpoBiTHMKOBI Marepianm Ha ocHoBi HaHoposmiproro SnO, (14 -
15 HM) OTPUMAHO 3 BUKOPUCTAHHAM 30JIb-Teab TexHosorii. [Jocaigxerno karamriTnuni BaacTu-
BOCTi JaHMX Marepiasie y peakxiiii oKMCHeHHS MeTAaHY Ta UyTJAHBICTH OO0 MeTaHYy CEHCOpPIiB,
rasouyTJAHBHUI IIap AKHX CTBOPEHO HA OCHOBI orpumanmx HaHomarepianxis. Iloxaszano, 1o
BJIACTUBOCTI CEHCOPIB BUBHAYAKIOTHCHA KIJIBKICTIO BBeAeHOI IJATHHN y HAIlBIPOBIIHMKOBUIA
Marepian, MaKcHUMAaJIbHA UYYTJAHBiCTH M0 MeTaHy pocsaraeTbcsa npu BeBemenui 0,72 ra
1,76 wmac.% Pt. Creopeni Bucorouyrausi amcopOiiliHo-HAIiBIPOBiHUKOBL ceHCcOpU
cTabineui Ta spaTHi BumipoBatu CH, y momirpi y mmporomy giamasoni iioro kommenTpamiii.

© 2018 — STC "Institute for Single Crystals”

1. Introduction

Nowadays development of new functional
oxide nanosized materials is actual, in particu-
lar to create adsorption semiconductor gas sen-
sors purposed to determine toxic and explosive
gases in air.

Different oxide semiconductor materials,
for example SnO,, TiO,, ZnO, ZrO,, WO,
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[1-5], can be used as materials for gas sen-
sitive layers of the sensors. Tin dioxide is
the most perspective material to create a
gas sensitive layer of the sensor due to its
chemical inertness and thermal stability [6—
14]. It should be noted that usage of the
nanosized tin dioxide, as a rule, leads to
significant increasing a value of the sensor
response [15, 16]. In this case when the gas
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sensitive layer is heated a relatively greater
quantity of oxygen can be chemisorbed on
the sensor surface from the ambient air
[17]. Due to localization of the conduction
electrons of the semiconductor on the
chemisorbed oxygen, the electrical resis-
tance of the sensor in air is quite high
[15, 18, 19]. In the presence of reducing
gases in air the chemisorbed oxygen on
the surface of the sensitive layer is used
for their heterogeneous catalytic oxida-
tion. A decrease in the quantity of the
chemisorbed oxygen on the sensor surface
results in the transfer of the previously
localized electrons to the conduction band
of the semiconductor that leads to a de-
crease in the electric resistance of the sen-
sor [15, 17-19]. A degree of a change in
the value of the resistance is greatly de-
termined by the rate of the heterogeneous
catalytic oxidation of the reducing gas by
the oxygen chemisorbed on the surface of
the sensor so that this rate affects the
value of the sensor response. That is why
catalytically active additives are intro-
duced in the composition of the gas sensi-
tive layer of the sensor to increase the
sensor response.

Unlike other gases [6-9, 11-13],
methane detection by the semiconductor
sensors is rather difficult due to its
chemical inertness [20-23]. Therefore,
introduction of platinum, one of the
most active catalysts for CH, oxidation
[21] to the sensitive layer of the sensors,
should significantly increase the sensor
response to methane. The aim of this
work was to obtain and study Pt-contain-
ing nanomaterials based on SnO, and to
create on their basis a highly sensitive
and stable adsorption semiconductor sen-
sors capable to measure the presence of
methane in air in a wide range of its
concentrations.

2. Experimental

Initial SnO, was obtained by a sol-gel
route with 1,5 g SnCl, - 5H,0 and 15 ml
ethylene glycol as precursors. The re-
agents were mixed under stirring to dis-
solve SnCl, - 53H,0. Then excess of ethyl-
ene glycol was evaporated in two steps: at
120°C (gel formation) and 150°C (xerogel
formation). Formation of crystalline SnO,
was carried out in a high temperature fur-
nace up to 600°C in air [24].

To create the sensors the initial powder
of SnO, was mixed with a binder (10 %
carboxymethylcellulose solution in water)
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to form a paste. The paste was applied on
the ceramic sensor plate between the meas-
uring electrodes. Platinum was added to a
gas sensitive layer by the wet impregnation
technique. The ceramic plates with deposited
paste were immersed in water solutions of hexa-
chloroplatinic acid (0.21 — 85 - 102 mol/1).
After impregnation the plates were dried at
90°C and then calcinated up to 620°C in air
[25]. Gas sensitive materials and catalysts
were prepared by the same method as the
sensors.

Morphology of the gas sensitive materi-
als was studied by transmission electron mi-
croscopy (TEM) using the SELMI PEM-125K
electron microscope (accelerating voltage
was equal to 100 kV).

X-ray diffraction (XRD) analysis of the
obtained materials was conducted by using a
diffractometer Bruker D8 Advance with
CuKo radiation. Estimation of the XRD par-
ticle sizes of the nanomaterials was per-
formed using the Scherrer equation [26]:

kA

D=—"—,
B - coso

where D is XRD particle size; k& is a con-
stant close to unity (value 0.9 was taken for
our calculation); A is the wavelength of
CuKa radiation (A = 1,5418 A); B is a true
broadening of a diffraction peak (B = A — b,
where A is an experimental broadening and
b is an instrumental broadening); 0 is a
Bragg angle.

Platinum contents in the sensor materi-
als were determined by X-ray fluorescence
analysis using an energy dispersion X-ray
spectrometer ElvaX EXS-01.

Catalytic activities of the gas sensitive
materials were studied in a flow-type reac-
tor using methane — air mixture
(930 ppm CH,) with a flow rate
50 ml/min. Outlet gas mixture analysis
was performed by a chromatograph Shi-
madzu GC-14 with a flame ionization detec-
tor. The weight of the analyzed catalyst
was 200 mg. A temperature of 10 % con-
version of methane in its oxidation reaction
was chosen as a measure of the catalytic
activities of the sensor materials.

For stabilization of the electric charac-
teristics of the sensors they were peri-
odically treated by the air-methane mix-
ture (9830 ppm CH,) during 30 sec per
each hour of sensor operation at 0.5 W
within 3 days before the sensor response
measurement. The heater power consump-
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tion was chosen as an analog of the sensor
temperature. A ratio Ry/Rcyys was taken as
a measure of the sensor response, where
Ry is a value of an electric resistance of
the sensor in air and Rgpy is a value of an
electric resistance in the presence of
930 ppm CH,. The used gas mixture was
certified at the Ukrainian Center of Certifi-
cation and Metrology. Methane-air mixtures
with lower CH, concentrations (less than
930 ppm) were obtained through dilution
generators.

The values of the sensor signals in air
and in the presence of methane were meas-
ured in a special electric stand [27]. The
sensor was sequentially connected to a load
resistor. The sensor electric resistance was
calculated by the formula according to the
Ohm’s law for a series circuit connection:

(Up.s. -U,)
l%s = I%' —————zj;i————,
where Up_s_ is a value of voltage supplying
by a power source at the sensor sensitive
layer (V); U, is a value of voltage at the
load resistor (V); R is a known value of the
electric resistance of the load resistor
(Ohm); R,
resistance (Ohm) in air (Rj) and in the ana-
lyzed gas mixture (Rcpa)-

Stabilities of the sensors during their
long-term operation were estimated as de-
viations in the values of the electric resis-
tances of the sensors in air (AR;) and in the

is a value of the sensor electric

sensor responses to 930 ppm CH, (Ay) from
initial values of these parameters in the 1-st
sensor operation day. The deviations were
calculated by the following formulas:

R -R

0 0.
ARy = —S—44 . 100%,

Ol—day

Y1- Y-
Ay = 1mday Timday 609,
Yl—day
where RO1 . is the electrical resistance in
—day

air of the sensor in the 1-st operation day;

Ry . is the electrical resistance in air of the
i-day

sensor in each of the following day of its
operation (i — day); Y1-day is the response to
930 ppm CHy in the 1-st operation day; v; g4y
is the response to 930 ppm CH, in each of the
following day of its operation (i—day).

Functional materials, 25, 4, 2018

a.u.

(211) (002) (221) (112)

(310) (301)  sno.
|‘2§°’\. L >
T T

20 25 30 35 40 45 50 55 60 65 70 75
20, deg

(111)

(110) (101)
(200) (210)
Vi

Fig. 1. Diffractograms of the samples: I —
1.76 wt.% Pt/Sn0O,; 2 — 2.98 wt.% Pt/Sn0O,;
3 — 4.52 wt.% Pt/Sn0O,; reflexes from the da-
tabase for platinum and tin dioxide are indi-
cated as Pt and SnO,, respectively.

3. Results and discussion

According to the TEM data sensor ma-
terials with different platinum contents
(0.03 — 4.52 wt. % of Pt) created on the
base of the obtained nanosized SnO, con-
sist of discrete particles of predominantly
spherical shape with an average size of 14
— 15 nm. Study of the sensor materials
with a high platinum content (1.76 wt.%
Pt/Sn0O,, 2.98 wt.% Pt/SnO,, 4.52 wt.%
Pt/Sn0O,) by XRD analysis has shown the
presence of a cassiterite phase and metal-
lic platinum (Fig. 1) and the reflexes
corresponding to the metallic platinum
are sufficiently broadened that indicates
its nanoscale. An accurate calculation of
XRD particle size of the metallic plati-
num by the Scherrer equation for the sen-
sor material containing 1.76 wt.% of Pt
was not possible because of low intensity
of Pt reflections. Calculation of the XRD
platinum particle size for the materials
with the high Pt content showed that in-
creasing the platinum in the samples led
to increasing the particle size to 14 nm
for the material containing 2.93 wt. % of
Pt and 18 nm for the nanomaterial
4.52 wt. % Pt/Sn0O.,.

The values of the electrical resistances
of Pt-containing sensors in air at their
different heater power consumption are
presented in Table 1. As can be seen, for
the studied sensor materials with in-
creasing the platinum content from 0.03
to 0.72 -1.76 wt.% (depending on the
sensor heater power consumption) the
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Table 1. Electrical resistances of platinum-containing sensors in air

P,W Ry, kOm
0.03 wt.% of Pt|0.72 wt.% of Pt|1.76 wt.% of Pt/2.93 wt.% of Pt|4.52 wt.% of Pt
0.30 194 2221 4999 4443 3332
0.35 165 2285 3635 2220 1784
0.40 157 2104 1999 1289 1177
0.45 150 1428 1142 740 678
0.50 143 799 666 407 399
values of R, sensors increaed too. This 10F —0—0.03 wt.% Pt
is probably due to the increase in the —o—0.72wt% Pt
length of the interface between the plati- i;:;gﬁoﬁgi
num and tin dioxide particles (Pt-SnO,), 8 —0—4.52 wt% Pt
which is a set of centers active for the
chemisorption of oxygen on the gas sen- ok
sitive layer surface [23, 27-82]. It was ¥
found that further increase in the plati-
num content in the gas sensitive layer 4t
(over 1.76 wt. % of Pt) leads to a de-
crease in the values of Rj of the sensors
at all of the investigated heaters power 2r
consumption (Table 1). This is apparently
occurred due to aggregation of platinum oL .

on the surface of SnO, leading to a de-
crease in the length of the Pt—-SnO, inter-
face.

As can be seen from the data of the
Table 1, when the level sensor heaters
power consumption is higher than 0.4 W
the values of R, sensors containing
0.72 wt.% of Pt are relatively greater
than those for the sensors containing
1.76 wt.% of Pt. Such values of the re-
sistances for the sensors with a lower
content of platinum can not be explained
by the influence of the length of the Pt—
SnO, interface. This is probably due to
an another reason. As it is known [22,
33], binding energy of Pt—O is higher for
platinum clusters of smaller sizes. There-
fore, at the high level of the sensor
heater power consumption (P =>0.4 W),
the quantity of oxygen chemisorbed on
the surface of the gas sensitive layer
with a lower content of platinum will be
greater and it will lead to a higher wval-
ues of the electrical resistances for these
sensors. It should be noted that for the
most of the studied sensors with differ-
ent contents of platinum introduced,
their electrical resistances in air decrease
with increasing the sensor heater power
consumption. Such changes can be caused
by both temperature dependence of the
own conductivity of the semiconductor
and the desorption of the oxygen chemi-
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0.4
Power consumption, W
Fig. 2. Dependences of the responses of the
platinum-containing sensors on heater power
consumption.

sorbed on the gas-sensitive layer of the sen-
sor as its temperature is raised.

It has been found that the sensors
based on the nanosized tin dioxide without
any additives have the very low value of
the sensor response to methane (y~ 1.5).
The values of the responses for the sen-
sors based on the nanomaterials with the
low platinum content (0.03 wt.% of Pt) at
the sensor heater power consumption 0.3 —
0.5 W are low, and the dependences of
these sensor responses on the powers of
the heaters have ascending characters
(Fig. 2). It has been explained by the
small length of the Pt—-SnO, interface as a
result of low content of platinum intro-
duced, the strong chemisorption of oxygen
on the platinum clusters of the small size
and, as a consequence, by the insignificant
rate of the methane oxidation.

The values of the sensor responses to
methane are higher for the sensors based
on the nanomaterials 0.72 and 1.76 wt.%
Pt/SnO, than for the sensors containing
0.03 wt.% of Pt. Besides the dependences
of the responses on the heater power con-

Functional materials, 25, 4, 2018
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Fig. 3. Dependences of the values of the electrical resistances in air (R;) (a) and the responses (y)
(b) of the sensors (S1 and S2) based on the nanomaterial 1.76 wt.% Pt/SnO, on time of their
operation. Heater power consumption of the sensor was equal to 0.35 W,

sumption are extreme with maximum at
0.4 W for the sensor with 0.72 wt.% Pt (v
=9.6) and maximum at 0.35 W for the
sensor with 1.76 wt.% of Pt (y=9.7).

Relatively higher values of the sensor re- C (CHyp), 0.4 W 0.35 W 0.8 W
sponses can be explained by further in- ppm 0.72 wt.% | 1.76 wt.% | 1.76 wt.%
crease in the length of the Pt-SnO, inter- of Pt of Pt of Pt
face bt'ecause of the hig}}e? content of plati- 195 4.6 45 4.1
num in the gas sensitive layer of the

sensor, which leads to an increase in the 375 6.1 6.3 5.6
quantity of the chemisorbed oxygen and 560 7.2 7.5 6.6
thus to an increase in the rate of the 750 8.4 8.5 7.6
methane oxidation reaction. At the same 930 9.5 9.6 8.7

time blocking of the active centers of the
interface Pt-SnO, by the products of the
methane oxidation reaction can occur due
to the increase in the reaction rate. Such
blocking of the surface of the gas sensi-
tive layer should reduce the response of
the sensor to methane by excluding a part
of the sensor surface which participates in
the formation of its sensitivity. Naturally,

Table 2. Responses of platinum-containing
sensors on methane concentration at dif-
ferent heater power consumption

tity of platinum in the samples actually
contributes to the increase in their catalytic
activities in the methane oxidation reaction.
Thus, taking into account the temperatures
of 10% methane conversion, the following
row of the catalytic activities of the synthe-
sized sensor materials was obtained: SnO,

the blocking should occur at the lower  Without qadditives (570°C) < 0.03 wt.%
temperatures for the materials with a rela- Pt/SnO, (540°C) < 0.72 wt.% Pt/SnO,
tively greater quantity of the introduced (380°C) < 1.76 wt.% Pt/SnO, (362°C) <
platinum and, therefore, the maximum re- 2.983 wt.% Pt/SnO, (860°C) < 4.52 wt.%

sponse of the sensors to methane is ob-
served at a lower power of the sensor
heater for the materials with 1.76 % of Pt
(Fig. 2). The occurrence of such blocking
explains also decreasing the responses of
the sensors at the further increase in their
temperature.

Study of the catalytic activities of the
synthesized Pt-containing materials has
confirmed that the increase in the quan-
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Pt/SnO, (852°C). Based on these data it can
be expected that the blocking of the sensor
surface by the reaction products will begin
at the lower temperatures for the sensors
with 1.76 wt.% of Pt than for the sensors
with 0.72 wt.% of Pt that corresponds to
the observed behavior of the studied sen-
sors.

For the sensors with a higher platinum
content (2.93 and 4.52 wt.% of Pt), low
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sensor responses to methane are observed,
and their dependences on the power of the
sensor heaters have descending characters
(Fig. 2). The reasons of such actions of
the sensors are the small length of the
Pt-SnO, interface due to the aggregation
of platinum on the surface of the gas
sensitive sensor layer, which occurs
when Pt is introduced in high quantities,
the low binding energy of the chemisor-
bed oxygen for the platinum clusters of
the big sizes and the blocking of the part
of the surface of the gas sensitive sensor
layer because of the very high rate of
methane oxidation reaction.

The study of the responses of the sen-
sors at the power of their heaters that
correspond to the highest sensitivities to
methane has shown that the sensors can
detect CH, in air in a wide range of its
concentrations (Table 2). In addition, the
sensors based on the nanomaterial
1.76 wt.% Pt/SnO, show the high values
of the responses to the different methane
concentrations at the lower power of the
sensor heater (0.3 W) also, which makes
the sensors to be promising for develop-
ment of portable compact devices for de-
tecting the presence methane in air.

The stabilities of the characteristics of
the sensors based on the nanosized materi-
als 1.76 wt.% Pt/SnO,, were studied dur-
ing 4 months of their operation (sensors
S1 and S2). The values of the electrical
resistances in air of the sensors and their
responses to 930 ppm CH, during studied
period are presented in Fig. 3. It was
found that changes of these sensor pa-
rameters (AR, Ay) did not exceed =10 %
during long-term operation of the sensors
which indicates sufficient stabilities of the
developed sensors.

4. Conclusions

Platinum containing semiconductor
sensor nanomaterials on the base of
nanosized SnO, (14 — 15 nm) were ob-
tained using a sol-gel method. It was
found that introduction of platinum
leads to a significant increase of cata-
lytic activities of these materials in the
methane oxidation reaction that results
in a change of their gas sensitive proper-
ties. It was shown that sensors based on
the materials of the gas sensitive layer
contained 0.72 and 1.76 wt.% of Pt have
a maximum of the sensor response to
methane. Created on the basis of the ob-
tained platinum containing nanomateri-
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als adsorption-semiconductor sensors are
able to detect the presence of CH, in air
in its wide concentration range and they
are stable during their long-term opera-
tion. This makes promising application
the sensors in gas analysis devices de-
signed to determine methane in air in-
cluding detection of leakages of the natu-
ral gas.
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