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Ilonynpoeoonuxossie ceHCOPbl HACHMO UCROTILIVIOMCA 013 PeuleHUs 6a)CHOU npaKmuye-
CKOIl 3a0auu — onpedesieHus KOHUeHmpayuu y2apHozo 2aza 6 eosoyxe. Hx nedocmamxom a6.1s-
emcsa HU3Kas CeneKmUuGHOCHb, KOMOPAs MOXNCem NPUBECHU K JIOHCHOMY CPAOAmuleanuio, Ko20a
6 6030yXxe NPUCYMCMEYIOM Opy2ue 2a3bl-60CCHIAHOBUNLEU, HANPUMED, APl AMMUAKA WU IMA-
Hona. /[na noevluteHus CeNeKMUGHOCHU HAMU UCHOIb308A1ACH UMNYIbCHAS MEMNEPAMYPHAs
MOOYNAYUSL 6 COYEMAHUU CO CHEYUATIbHBIM COCHIAB0M 2A304YECH UM ENbHO20 C10: cencopa. Hc-
N0J1b308AHUE UMAYILCHOI MEMREPAMYPHOU MOOYIAUUU RO360TUILO BbIAGUNLL OCOOEHHOCMU AHA-
Jauma, ces3anHbvle ¢ KUHEMUKOU €20 copoyuU HA ROGEPXHOCMU CEHCOPA, ¢ KUHEMUKOU Xumuye-
CK020 63aUMOO0EUCMEUs MEHCOY AHATITUMAMU U XeMOCOPOUPOBAHHBIM KUCOPOOOM, A MAKdHce ¢
KUHEMUKOIL 0ecopoyuu npoo0yKmoe Xumuueckozo ezaumooeiicmeus. Oonaxo, ungpopmayus o Ka-
YeCmEEeHHOM cocmaee 2a3060i CPedbl COOEPHCUMCA 8 IKCHEPUMEHMAIbHBIX OAHHBIX 6 HeAGHOU
dopme, nockobKy npoyedypa KauecmeeHHO20 anaIu3a ¢ UCNOJ1b308AHUEM HUZKOCETEKMUBHBIX
CeHcopos 00 cux nop He pazpadomana. B amoii cmamue Mot npednoxcunu memoo KauecmeeHHO20
ananu3a, OCHOBAHHLII HA MOOEIU CHENEeHHOU pezpeccult, Ce:A3bléalouiell KOHYEeHmMpPayuw ana-
JUMA ¢ ITEKMPUUECKUM CORPOMUBTICHUEM CEHCOPA 6 PA3IUYHBLE MOMEHHIbL 6DEMEHU RO U3MeEPU-
mensHomy yukiy. Onucannas 6 Hauteil pabome IKCNEPUMEHMAIbHAA NPOUeOyPaA NPUBOOUM K
Y6enauueHuI0 4yeCHMeUMEIbHOCHU KOJIUYECH8EHHO20 AHATU3A HA 00UH — 08d NOPAOKA 8 3A6UCH-
MOCHU O KOHUEHMPAYUU Y2APHO20 2a34.
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Semiconductor sensors are often used to solve an important practical problem — the deter-
mination of the concentration of carbon monoxide in the air. Their disadvantage is the low selec-
tivity, which can lead to false alarm when other reducing gases such as ammonia or ethanol vapor
appear in the air. To increase the selectivity, we used pulsed temperature modulation in combina-
tion with a special composition of the gas sensitive layer of the sensor. The use of pulse temperature
modulation has revealed the features of the analyte associated with the sorption Kinetics at the
surface of the sensor, with the kinetics of the chemical interaction between reductant analytes and
chemisorbed oxygen, and the kinetics of desorption of chemical interaction products. However,
information on the qualitative composition of the medium is contained in the experimental data in
an implicit form, because the qualitative analysis procedure with the use of low selectivity sensors
has so far remained undeveloped. In this paper, we proposed a qualitative analysis method based
on the power-law regression model that relates the concentration of analyte gas to the electrical
resistance of the sensor at various times during the measurement cycle. The experimental proce-
dure shown in our work leads to an increase in the sensitivity of the quantitative analysis by one or

two orders of magnitude depending on the concentration of carbon monoxide.

Key words: metal oxide sensor, temperature modulation, carbon monoxide, qualitative analysis, quanti-

tative analysis
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INTRODUCTION

Carbon monoxide is formed in all types of
combustion reactions: when running automobile en-
gines, heating boilers, in fires. In addition, it is formed
and used in many chemical industries. This gas poses
a serious danger to human life and health due to its high
toxicity. An additional danger is the lack of odor and
color of carbon monoxide. Effective health and safety
enhancement require simple and compact devices that
can signal the exceeding of the limit of the permissible
concentration of carbon monoxide in the air. Semicon-
ductor sensors are often used for the production of such
devices, the advantages of which are simplicity and
high sensitivity, and the disadvantage is low selectiv-
ity. Current devices based on semiconductor sensors
can allow a false signal when other reductants, such as
hydrogen or ethanol vapor, appear in the air. At the pre-
sent time, there is an objective need for new generation
gas analyzers — simple and compact, with autonomous
power supply and capable of qualitative and quantita-
tive air analysis.

Increasing the selectivity can be achieved by
using multi-sensor systems such as “electronic nose”,
but increasing the number of sensors in the device in-
creases the probability of failure in a geometric pro-
gression. In addition, the increase in the number of sen-
sors increases the energy consumption, which reduces
the operating time of the gas analyzer from an autono-

mous source. All this increases the importance of cre-
ating a compact, highly selective and sensitive carbon
monoxide analyzer based on a single semiconductor
Sensor.

For selective analysis of gases, we need to ac-
cumulate a sufficiently large set of data on the gaseous
medium, which is very difficult without the use of tem-
perature modulation. The use of temperature modula-
tion of the sensor substrate during the measurement in-
creases the volume of significant data on the gas ana-
Iyte, helps us to reveal its features associated with the
chemisorption kinetics on the surface of the sensor,
with the kinetics of the chemical interaction between
reductant analytes and chemisorbed oxygen, with the
kinetics of desorption of chemical interaction products.
These features are implicitly contained in the data on
the kinetics of the sensor resistance with temperature
modulation. The authors of early works often used si-
nusoidal modulation of the sensor temperature [1-12],
but pulse modulation [13-15] has many advantages, for
example, lower energy consumption for the same
range of temperatures. In addition, pulse modulation
helps us under certain conditions to obtain additional
extrema on the sensor resistance dependencies on time,
which simplifies the qualitative analysis procedure.

Qualitative and quantitative analysis requires
the chemometric processing of multidimensional data
arrays. In most papers [1-15], the authors used methods
such as fast Fourier transform, discrete wavelet trans-
form, and the principal component method. However,
the compression of information by these methods does
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not in itself guarantee a correct qualitative analy-
sis, but more often it has a demonstration purpose.
In addition, the use of complex information pro-
cessing methods is not suitable for creating simple
and compact devices based on the use of low-cost
microcontrollers. In this paper, a different method
is used to process multidimensional data, which
combines a sufficiently high efficiency with the
simplicity of software implementation.

METHODS AND EXPERIMENTS

As the basis of the gas-sensitive layer for
the metal oxide sensor, we used a nanodispersed
tin dioxide powder obtained from tin acid. To
nanodispersed tin dioxide we added tetraammine
palladium nitrate (+2). The resulting nanopowder was
mixed with a viscous solution of methyl cellosolve in
amyl alcohol to produce a paste. With this paste we
covered a dielectric substrate containing platinum elec-
trodes and a platinum heater. The substrate with a thin
layer of paste was heated to a temperature of 750 °C,
as a result of which the paste was converted into a
nanodispersed gel. Palladium contained in the complex
compound was partially reduced to the metal, and par-
tially converted to oxides, mainly in PdO. The result-
ing gas sensitive layer included 97% SnO; and 3% Pd
by weight. The synthesis of the gas sensitive layer de-
termined its composition, which we checked with the
help of X-ray microanalysis on a scanning electron mi-
croscope. After forming the gas sensitive layer, the
sensor was soldered to the four-pin body.

We used a stainless steel flow cell with a vol-
ume of 1 cm? and a flow rate of 2 cm?® per second. For
the analysis, we used calibration gas mixtures with con-
centrations of carbon monoxide from 10 to 200 ppm and
synthetic air. To create these mixtures, we used a Mi-
crogas-F device that mixes three streams: 1) a calibra-
tion gas mixture with a relative humidity (RH) of 0%;
2-3) synthetic air with RH 0 and 100%. The data pre-
sented in this paper were obtained for a gas mixture at
RH 33%.

The oxide aluminum substrates included a
platinum heating layer with a known value of the tem-
perature coefficient of resistance. By controlling the
resistance of the heating layer, we determined the sen-
sor temperature with an error not exceeding 5 degrees.

Fig. 1 shows the temperature change for the
sensor substrate of the SnO»-based sensor with Pd na-
noparticles and the change in the sensor resistance at
100 ppm methane (curve 2), at 100 ppm of carbon
monoxide (curve 3), at 100 ppm ethanol (curve 4) over
three measurement cycles. The duration of each cycle
was 15 s, the first two seconds the sensor was heated
t0 450 °C, after which the sensor was cooled to 100 °C.

R, Ohm
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Fig. 1. The dependence of the temperature (curve 1) and the
MOX-sensor resistance (curves 2—-4) on time for three measure-
ment cycles at 100 ppm CH4, CO, C2HsOH
Puc. 1. 3aBucumocTh TeMIepaTypsl (KpuBast 1) 1 CONPOTHBICHUS
MOX-cencopa (kpuBbie 2—4) OT BpeMEHH ISl TPEX H3MEPHUTEIb-
HeIx 1ukioB npu 100 ppm CH4, CO, C2HsOH

Fig. 2 shows the changes in the sensor re-
sistance during one measurement cycle for air (curve 1),
at 10 ppm CO (curve 2), at 20 ppm CO (curve 3), at
50 ppm CO (curve 4), at 100 ppm CO (curve 5). The
circles in the figure indicate two sets of five sensor re-
sistances at two different time points: 5 sec and 10 sec after
the start of the cycle. The training sample includes 50 sets
of sensor resistances of 7 values each, corresponding to
seven different concentrations of carbon monoxide: 0 ppm
(pure air), 2 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm and
100 ppm. The sensor resistance value sets differ in time
after the start of the cycle (shown in Fig. 1).
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1E7 |
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¢ 1000000 | ,
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10000 -
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Fig. 2. The dependence of the MOX-sensor resistance on time
during one measurement cycle at 0, 10, 20, 50, and 100 ppm CO
(curves 1-5)

Puc. 2. 3aBucumocts conpotusnenns MOX-ceHcopa OT BpeMeHH
B TEYEHUHU OJJHOT0 M3MepuTenbHoro nukia juist 0, 10, 20, 50 u
100 ppm CO (kpussie 1-5)

Fig. 3 shows the dependence of the concentra-
tion of carbon monoxide from the sensor resistance af-
ter 5 s from the start of the measurement cycle. We de-
termined the empirical coefficients a and b in the
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power-law regression model [16-20] that connects the
concentration of the analyte gas ¢ with the resistance
of the sensor R; at various times during the measure-
ment cycle (shown in Fig. 2):

i=a-(R)° &, 1)
where & is a lognormally distributed error minimized
by least squares Y (&))> — min fori= 1,2, ..., 7. Trans-
formation of the sample of sensor resistances into the
sample of model coefficients (1) allowed us not only to
compress the training sample, but also to present it in
a more visible form.
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Fig. 3. The dependence of the CO concentration on the sensor re-
sistance obtained after 5 s after start of the measurement cycle
Puc. 3. 3aBucumocts koHneHTpanuu CO 0T CONpOTHBIICHUS CEH-
copa, U3MEPEHHOI'0 Yepe3 5 ¢ 0T Havyala U3MEPUTENILHOTO LUK

To test the proposed analysis method, data not
included in the training sample was used. For each test
analysis, we selected 50 sensor resistances correspond-
ing to different time points during the measurement cy-
cle. According to the power-law model (1) with the pre-
viously found coefficients a and b for each of the 50 tested
sensor resistances R, we found 50 concentrations of the
analyte gas ¢, while the coefficients and the sensor re-
sistance corresponded to the same time points.

Table 1 shows two examples of values for the
coefficients a and b of the power-law regression
model, the sensor resistances R measured during the air
test with a relative humidity of 33% and an admixture
of 28 ppm CO, and the carbon monoxide concentra-
tions ¢* predicted by model (1). Despite the fact that
the test values were not included in the training sample,
the calculated values differ little from the true ones. For
50 calculated concentrations, we determined the mean
value (for quantitative analysis) and the relative stand-
ard deviation (for qualitative analysis).

In Table 2 shows the relative standard devia-
tion (RSD) values used for qualitative analysis. If the
relative standard deviation was less than 0.5, then we
assumed that the analyte is carbon monoxide, and oth-
erwise — some other gas. As shown in the third column

of Table 2, for all carbon monoxide tests the relative
standard deviation was less than 0.5, and for all test an-
alyzes of other analytes it was more than 0.5. Thus, we
realized a qualitative analysis of the carbon monoxide
admixture in the air, without false results in cases when
different concentrations of hydrogen, hydrogen sul-
fide, methane or ethanol entered the test chamber. The
carbon monoxide concentrations ¢* predicted by the
power-law regression model (shown in the third col-
umn of Table 2) were close to the true concentrations
$o (shown in the second column of Table 2).

Table 1
Calculation of the carbon monoxide concentration for
two samples of sensor resistances R at different times of
the same measurement cycle
Taosmya 1. Boruucienne KOHUEHTPALIMH YTAPHOI'O ra3a
JJIs1 ABYX BHIOOPOK CONPOTHBJICHHUI ceHcopa R B pasiny-
HbI€ MOMEHTBI BpEMEHHU OTHOI'0 U3MEPUTEJILHOI'0 IUKJIA

T, s ax10° b R, MQ é*, ppm
5 0.268 -0.613 3.028 28.9
10 0.147 —0.642 0.786 28.0
Table 2

Values and relative standard deviations of carbon mon-
oxide concentrations for qualitative analysis
Taobnauya 2. 3na4eHUs1 M1 OTHOCHTEJIbHbIE CTAHIAPTHBIE
OTKJIOHCHUSI KOHICHTPAIlUHU YIapHOro ra3a aJjs Kaue-
CTBCHHOI'O aHAJ/Iu3a

Analyte $o, ppm é*, ppm RSD
CO 7.0 7.7 0.36
Cco 154 14.0 0.12
CO 28.0 28.6 0.04
CO 75.0 72.1 0.08

C2HsOH 14.0 - 2.35

C2HsOH 60.0 - 2.81

C2HsOH 80.0 - 2.93
H.S 7.0 - 1.85
H>S 11.7 - 1.83
H.S 35.0 - 2.59
H. 7.4 - 0.78
H. 15.6 - 1.03
H. 29.0 - 1.23
H, 77.4 - 1.65
CH4 200.0 - 3.84
CH4 500.0 - 4.02
CH4 1000.0 - 4.40
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The sensor response S is the ratio of sensor re-
sistances in the reference medium (in air) Ro and in the
test medium R:

S =Rd/R. (2

The use of pulse heating of the sensor in-
creased not only the selectivity of the analysis, but also
its sensitivity. Line 1 in Figure 4 shows the sensor re-
sponse at 300 °C constant temperature, and line 2 — the
sensor response with pulse temperature modulation. As
our experiments show, pulse heating leads to an in-
crease in the sensor responses by one or two orders of
magnitude in the concentration range from 10 to 100 ppm
of the analyte. For metal oxide sensors, a good re-
sponse to the reducing gases corresponds approxi-
mately to the gas concentration in ppm. Thus, the
greatest response of the sensor at 100 ppm of carbon
monoxide should reach 100 relative units, but in our
case it reaches 50 relative units.

1000

T
N

100

S, arb. units

10 ¢

&———~4k———"lb——‘—d*p——ﬂl}#—p—-dﬂ 1

1 10 100

¢ (CO), ppm
Fig. 4. The dependence of the sensor response on the CO concen-
tration at a constant temperature (curve 1) and at a pulse modula-
tion of temperature (curve 2)
Puc. 4. 3aBucuMocTb oTKIIMKa ceHcopa oT koHueHTparmu CO npu
MOCTOSIHHOI TemmnepaType (kpuBast 1) ¥ IpU UMITYJIbCHOM TeMIle-
paTypHoOil Moay iU (KpHBas 2)

RESULTS AND DISCUSSION

What is the reason for the outstanding sensitiv-
ity values shown in our work? A decrease in the tem-
perature of the gas-sensitive layer leads to an increase
in the sorption of the analyzed gas, but at low temper-
atures the molecules do not go into the active state nec-
essary for chemical processes. At a high temperature,
the carbon monoxide molecules are activated and can
interact with the oxygen anions O-, O;", and O* lo-
cated on the surface of the gas-sensitive layer:

CO+0 —COx+e. 3)

However, the increase in temperature reduces
the sorption of the analyzed gas. Thus, maximizing the
sensor response at a constant temperature of the sensor
requires a search for a compromise — increasing the
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temperature reduces sorption, and lowering the tem-
perature passivates the catalyst and reduces the number
of active molecules.

Using pulse mode of sensor heating allows us
to combine advantages of different temperatures of
gas-sensitive layer. At the beginning of the measuring
cycle, the sensor is cooled and the amount of carbon
monoxide sorption is maximal. Heating the sensor to
450 °C activates the catalyst nanoparticles, which
changes the state of a large number of carbon monox-
ide molecules to an active one and forces them to in-
teract with oxygen anions (3). Sharp heating of the gas-
sensitive layer allows the carbon monoxide molecules
to activate and interact with the oxygen anions before
they desorb from the surface. This, in our opinion, ex-
plains the anomalous increase in the response when
sharp pulsed heating is used. Such an increase in the
sensor response was not observed by us using a smooth
sinusoidal heating.

CONCLUSION

The above results show the principal possibil-
ity of qualitative and quantitative analysis of gases us-
ing a single, low-selectivity sensor. This result was
achieved by combining impulse heating in the measur-
ing cycle of the sensor with an appropriate gas-sensi-
tive layer and efficient processing of multidimensional
data. Sensitivity of the sensor in the pulsed temperature
mode increases by one or two orders of magnitude
compared to the mode of constant temperature.
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