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The sensors for detection of toxic and chemical warfare agents (CWA) should be sensitive to low concentrations
of gases — considerably lower than ones immediately dangerous to life or health concentrations. The paper shortly
discusses classical CWASs and toxic industrial sensors; makes a comparison between nuclear weapons and chemical
agents and a toxicity comparison between real gases and simulants. Moreover, the paper analyzes the simulants for
testing the sensor devices and semiconductor gas sensor' technique; shows sensitivity change with dimethyl
methylphosphonate (DMMP) gas concentration for sensor made of SnO,.

The MoQg, NiO, Al,O3, In,03, Pt, ZnO and ZrO, additives are reported to exhibit enhanced sensitivity to dimethyl
methylphosphonate (DMMP), and Al,Oz, In,0; ZrO, and ZnO additives — to exhibit enhanced sensitivity to
dipropyleneglycol methylethylene (DPGME). SnO, devices with ZrO, and ZnO additives exhibit high sensitivity to
acetonitrile.

The sensors made from Co-doped SnO, films demonstrate sensitivity to CWAs such as sarin and yperite. We
performed the measurements at the operating temperature of 210 °C, and found that the sensor exposed comparatively
greater concentration of target gas (200 ppm sarin and 100 ppm yperite) and the SnO,<Co> sensor was sensitive to
yperite starting from 25 ppm. Furthermore, the sensitivities to 50 ppm and 12.5 ppm sarin were found.

The paper presents the results of our studies on tin oxide/ multiwall carbon nanotube film nanocomposite sensors
of PG, dimethylformamide (DMF) and formaldehyde (FA) using hydrothermal synthesis and sol-gel methods. The
investigations of response/recovery characteristics in the 50-300 °C operating temperature range reveal that the
optimal operating temperature for the PG, DMF and FA vapor sensors, taking into account both high response and
acceptable response and recovery times, was 200-220 °C. A sensor response dependence on gas concentration in all
cases was linear. We measured the minimal PG, DMF and FA gas concentrations at which the perceptible signal was
registered.

Keywords: chemical sensor; toxic gas; chemical warfare agent; detection; simulants; metal oxide semiconductor; sarin; yperite;
propylene glycol; dimethylformamide; formaldehyde.
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CeHcopbl Uil IETEKTHPOBAHMS XUMUYECKUX areHTOB BOCHHOI'O HA3HAYEHUS U TOKCHYHBIX WHIYCTPHAJIBHBIX
XAMHKATOB JIOJDKHBI OBITh UYYBCTBUTCJNBHBI K MaJblM KOHLCHTPAUUSAM ACTEKTHPYEMBIX Ta30B, 3HAYUTCIBHO
MEHBIIHM, YeM OIacHbIC JJIS )KU3HU U 310POBbsI KOHIICHTPALIUH.

B cratbe kpaTKo 00CYXIaJIHNCh KIIACCHYECKHE BOCHHBIC ¥ TOKCHYHBIC HHAYCTPHAJIbHbIe ceHCOpbl. CpaBHUBAIOCH
BO3JCUCTBHE SOCPHBIX OOMO M XHUMHYSCKHX AareHTOB M TOKCHYHOCTH PEANBHBIX W CHUMYJIHPYIOLIMX Ta30B.
[TpoaHaM3MpOBaHbl CHMYJISTHTBL U METOJBI JUIsL MCIIBITAHUH ceHCOpoB. [loka3aHa 3aBUCHMOCTh YyBCTBHUTEIBLHOCTH
CeHCOopa, U3roTOBJIEHHOTo U3 SNO,, 0T KOHIEHTpalMu TuMeTHI MeTridocdonara (MM D).

OtMmeueno, uto pob6aBku M0Os, NiO, Al,O3, In,03, Pt, ZNO 1 ZrO, noBhIIIAI0T YyBCTBUTEIBHOCTH K JIMM®, a
I[063BKI/I A|203, |n203,
(ATIC'MD). TIpu atom SnO,-cencopsr ¢ ZrO, and ZnO mobGaBkamMu MOKA3bIBAIOT BBICOKYIO YyBCTBUTENHHOCTH K

ZrO, u ZnO — 4YyBCTBHUTEIBHOCTh MAaTepUaliOB K JIUIPONHICHIJIMKONb METHIITHICHY

AIeTOHUTPUILY.

Cencopsl, SnO,, nerupoBaHHBIX  KOOAILTOM, MPOIAEMOHCTPHPOBAIN
YyBCTBUTEIBHOCTh K TaKHM ra3aM BOCHHOTO Ha3HAuYCHHWs, KaK 3apWH U UNpHUT. M3MepeHus: ObUTH MPOBEAEHBI MpU
TemmepaType Harpesa mouiokku 210 °C U 9KCHO3UIUH 10 CPaBHUTEIHHO OOINBIIOH H036I Ta30B (200 ppm 3apuHa U
100 ppm wumpwura). I[Tokazano, aro SNO,<C0> ceHCOp MPOSBILLIT YyBCTBUTEIBHOCTH K WIIPUTY, HAYMHAS ¢ 25 ppm.
YcTaHOBIICHBI 3HAYEHUS YyBCTBUTEIHLHOCTH TaKOTO ceHcopa mpu 50 ppm u 12,5 ppm.

HU3IrOTOBJICHHBIC us3 INICHOK

[TpuBeneHbl pe3ynbTaThl UCCICAOBAHUI CEHCOPOB IPOIUIICHIVIMKOMS, AUMETHIhopMamMuaa U GopMmalbaeruia,
M3rOTOBJICHHBIX M3 TOHKOIUICHOYHBIX HAHOKOMIIO3UTOB Ha OCHOBE JMOKCHJA OJIOBA M MHOTOCTEHHBIX YIJIEPOJHBIX
HAHOTPYOOK MyTeM TI'MIPOTEPMAlIbHOTO CHHTE3a M 30JIb-Tellb MeTona. lcciieoBaHusl XapaKTepUCTHK OTKIMKA U
BOCCTAHOBIIEHUS CEHCOPOB JIaHHBIX Ta3oB npu paboueil Temmeparype 50-300 °C T103BOJMIM YCTAaHOBUTHL €€
ontuManbHoe 3HaueHne B auanasoHe 200-220 °C. Ilpu 3TOM 3aBHCUMOCTb YYBCTBHUTEJIBHOCTH JaTdUKa OT
KOHIICHTPAIMHK ra3a BO BCeX cilydasx Oblina nuHeiHoH. KpoMe Toro, ObUTH M3MEpeHbl MUHUMANIbHBIE KOHICHTPALINN
raza PG, DMF u FA, npu KOTOpBIX perucTpupyeTcsi BOCIPUHUMAEMbIN CUTHAIL.

KntoyeBble CrioBa: XMMUYECKUI CEHCOP; TOKCUYHBIN a3, XMMUYECKUA BOEHHbI areHT; CUMYIISIHT, METaIOOKCUAHbIV NOMYNPOBOAHMK;
3apVH; NUPUT; NPONUMEH FMWKOIb; AUMETUNdOpMamMmua; popmansaerva.
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Introduction

Threat of military operations and terrorist acts with
application of chemical agents is not only maintained,
but also unfortunately rises in the modern world. Two
sarin gas attacks in Japan (Matsumoto and Tokyo, 1994—
1995) and recent military operations in Syria confirm
this horrible reality. Therefore, the researchers continue
to investigate possibilities of developing of sensors for
detection of chemical agents.

Weapons of mass destruction are weapons which are
capable of producing large scale destruction and/or of
being used to kill or seriously injure a large number of
people. Toxic chemicals are defined as any chemical
which can cause death, temporary incapacitation, or
permanent harm to humans or animals. Thus, chemical
agent (CA) is the term used to signify the toxic
component of a chemical weapon and can include CWAs
and/or TICs. It is well known that chemical agents (CAs)
have been used against military personnel during
conventional warfare; however, due to the increasing
threat of terrorist activities, the focus has now broadened
to encompass the threat posed to civilians. A CA attack
has the potential to create great panic in parties that are
unprepared because when released, these agents are
amorphous and not able to be evaded. Today there is no
capability or simple devices available to detect and
monitor these agents or even assume that there is no

preparation for a potential attack, and therefore the first
signs of exposure to an agent will be when symptoms
begin to appear, that may be too late.

In a military setting, the threat of CAs can radically
affect land and sea operations as well as the use of air
assets. In the event of a CA release, any agent will need
to be quickly detected and identified to allow such
facilities to operate at their optimum level. Rapid
detection will inform commanders and allow them to
instruct troops to done protective equipment and plan
appropriate courses of action. Electronic devices which
will allow effective response in the event of exposure are
necessary. If the military are well prepared for a
potential attack, in that they have the ability to detect and
therefore protect themselves, the likelihood of their
operations being adversely affected will be significantly
reduced. It will reduce panic and chaos and minimize
potential casualties. Therefore, sensitive, accurate and
easy to use detectors are necessary.

Technologies used today for manufacture of
semiconductor sensors of chemical warfare agents
(CWA:Ss) and toxic industrial chemicals (TICs) are shortly
reported below. Such sensors should be sensitive to very
low concentrations of agents — considerably lower than
immediately dangerous to life or health concentrations.
We reviewed papers reported in literature and carried out
research with our colleagues in the UCT in Prague. This
review is based on the open-source literature.

Nomenclature

Abbreviations

CWA Chemical Warfare Agents

CA Chemical Agent

DMF Dimethylformamide

DMMP Dimethyl Methylphosphonate
DPGME Di(Propyleneglycol) Methyl Ether
FA Formaldehyde

IMS lon Mobility Spectrometer
MWCNTSs Multiwall Carbon Nanotubes

NP Nanoparticle

PEMS Piezoelectric Microcantilever Sensor
PG Propylene Glycol

PMN-PT Lead Magnesium Niobate-Lead Titanate
TICs Toxic Industrial Chemicals

Chemical Agents

CAs can be delivered in artillery shells or missiles,
by aerial bombing or spraying and can be dispersed in a
variety of different forms, including solid, liquid, gas,
vapour and aerosol. Thus, a CAs route of entry into the
body is dependent on which form it is appears. A gas,
vapour or aerosol can be inhaled and can also enter the
body via the eyes, whereas entry via the skin usually
occurs when the agent is in liquid form. A vapour can
also be absorbed through the skin; nerve agents attack

the central and peripheral nervous system and prevent
them from functioning normally.
CAs refers to both the classical CWAs and TICs.

Classical Chemical Warfare Agents
Classical CWAs are listed in Table 1 and include
nerve, blister, blood and choking agents. Incapacitating
and riot control agents can also be included in this
category. These agents are aptly named based on their
mode of action (i.e. route of penetration and their effect on
the body) and sometimes according to their intended use.
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Table 1

List of Classical CWAs

Tabnuma 1

CHOHCOK KJIAaCCHYCCKUX XHUMHUYCCKUX Ta30B BOCHHOTO Ha3HAYCHH S

/Agent Class |Agent Name Abbreviation
Tabun HL
Nerve Sarin PD
Soman CX
Ethyl Sarin AC
Cyclosarin CK
O-ethyl-S-diisopropyl amino methyl methylphosphonothiolate VX
S-(Diethyl amino)ethyl O-ethyl ethylphosphonothioate VE
/Amiton or Tetram VG
Phosphonothioic acid,methyl-, S-(2-diethyl amino)ethyl) O-ethyl ester VM
Sulfur Mustard H, HD
Vesicants Nitrogen Mustard HN-1, HN-2, HN-3
Lewisite L
Mustard-lewisite HL
Phenilchloroarsine PD
Phosgene Oxime CX
Hydrogen Cyanide AC
Blood Cyanogen Chloride CK
IArsine SA
Chlorine Cl
Choking  |Phosgene CG
Diphosgene DP
Chloropicrin PS

Nerve Agents

Nerve agents are a group of particularly toxic CWAs
that belong to the chemical group of organophosphorus
compounds. They are generally stable, easily dispersed and
highly toxic. Nerve agents fall into two categories, the ‘G’
and the ‘V’ agents. The ‘G’ nerve agents include Tabun
(GA), Sarin (GB), Soman (GD) and Cyclosarin (GF),
which are fluorine (GB, GD, GF) or cyanide (GA)
containing organophosphorus compounds. The ‘V’ agents
are more toxic and persistent than the ‘G’ agents. The most
common of these agents is VX1. In general, the persistency
of nerve agents ranges from low for GB through to very
high for VX2. The most characteristic symptoms include
difficulties in breathing, tightness of the chest, constriction
of the pupils, muscular twitching, drooling, excessive
sweating, nausea, vomiting, and abdominal cramps. Due to
the rapid action and high lethality of these agents, there are
urgent demands for rapid and reliable methods for early
detection and identification of nerve agents and their
degradation products.

Vesicants (Blister Agents)

Vesicants, also known as blister agents, are primarily
intended to injure rather than kill people; however,
exposure in some cases can be fatal. The three types of
blister agents, mustards, arsenicals and urticants(l), are
relatively persistent. Vesicants are readily absorbed by all
parts of the body, including the eyes, mucous membranes,
lungs, skin and blood-forming organs. They cause
inflammation, blisters and general destruction of tissue. The
actions of some vesicants can be delayed anywhere

between two and 24 hours before any pain or symptoms are
produced by which time cell damage has already occurred.

Mustards include the agents sulfur mustard (HD) and
the three nitrogen mustards, which are stable liquids with
low volatility at room temperature. Mustards attack the
skin, eyes, lungs and gastrointestinal tract and when
absorbed through the skin or lungs, they are transported
into the body where they can damage internal organs.

Symptoms of mustard exposure are influenced by the
route of entry into the body. Entry by way of skin
contact results in redness, itching and formation of
blisters, whilst exposure to the eyes causes irritation,
pain swelling and tearing. Inhalation of mustard results
in symptoms which include a runny nose, sneezing,
hoarseness, bloody nose, sinus pain, shortness of breath
and coughing.

Arsenicals including lewisite (L), mustard-lewisite
(HL) and phenyldichloroarsine (PD) have arsenic as a
central atom in their chemical structure, and are more
dangerous as liquids than vapours due to their lower
volatility.

Urticants are blister agents that cause an immediate,
severe burning sensation followed by intense pain and
then a feeling of numbness.

Blood Agents
Blood Agents including hydrogen cyanide (AC),
cyanogen chloride (CK) and arsine (SA) are highly
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volatile and thus able to enter the body through the
respiratory. Symptoms of blood agent exposure are

related to dose. Low-dose exposure causes headache and

uneasiness, higher-dose exposure causes chills, nausea,

and vomiting and severe exposure damages blood cells,

leading to anemia and eventual death.

Choking Agents

Choking Agents such as phosgene (CG) and
diphosgene (DP) are lethal CWAs which target the
respiratory tract and lungs and are designed to cause
death to an exposed individual. Upon inhalation, these
agents cause the respiratory tract to become irritated and
the membranes to swell. This swelling triggers the

secretion of copious amounts of fluid, which causes
excessive coughing as the body tries to clear the airway.

Toxic Industrial Chemicals

TICs are another class of CAs that are less deadly than
conventional CWAs but pose a greater threat because they
are more easily accessible in large quantities and are

TICs and their hazard levels

widely used in the manufacturing or primary material
processing (mining and
exposure to CWAs usually results in fatalities, exposure to
TICs may not be life threatening, however multiple low
level exposures can be extremely serious, causing ongoing
effects on an individual’s health.

refining) industries. Whilst

Table 2

Tabnuma 2

ToxkcuuHBIE HHAYCTPHAIbHBIE CEHCOPH U YPOBHH UX TOKCHUYHOCTH

High Medium Low

Ammonia Acetone cyanohydrid Allyl isothiocyanate
Arsine Acrolein Arsenic trichloride
Boron trichloride Acrylonitrile Bromine

Boron trifluoride Allyl alcohol Bromine chloride
Carbon disulfide Allylamine Bromine pentafluoride

Chlorine Allyl cholorocarbonate Bromine trifluoride
Diborane Boron tribromide Carbonyl fluoride
Ethylene oxide Carbon monoxide Chlorine pentafluoride
Fluorine Carbonyl sulfide Chlorine trifluoride
Formaldehyde Chloroacetone Chloroacetaldehyde

Hydrogen bromide

Chloroacetonitrile

Chloroacetal chloride

Hydrogen chlorine

Chlorosulfonic acid

Crotonaldehyde

Hydrogen cyanide

Dicetene

Cyanogen chloride

Hydrogen fluoride

1,2-Dimethylhydrazine

Dimethyl sulfate

Hydrogen sulfide Ethylene dibromide Diphenylmethane-4,4’-diisocyanate
Nitric acid, fuming Hydrogen selenide Ethyl chloroformate
Phosgene Methanesulfonyl chloride Ethyl chlorothioformate

Phosphorus trichloride

Methyl bromide

Ethyl phosphonothioic dichloride

Sulfur dioxide

Methyl chloroformate

Ethyl phosphonic dichloride

Sulfuric acid

Methy! chlorosilane

Ethyleneimine

Tungsten hexafluoride

Methyl hydrazine

Hexachlorocyclopentadiene

Methyl isocyanate

Hydrogen iodide

Methyl mercaptan

Iron pentacarbonyl

Nitrogen dioxide

Isobutyl chloroformate

Phosphine

Isopropyl chloroformate

Phosphorus oxychloride

Isopropyl isocyanate

Phosphorus pentafluoride

n-Butyl chloroformate

Selenium hexafluoride

n-Butyl isocyanate

Silicon tetrafluoride Nitric oxide
Stibine n-Propyl chloroformate
Sulfur trioxide Parathion

Sulfuryl chloride

Perchloromethyl mercaptan

Sulfuryl fluoride

sec-Butyl chloroformate

Tellurium hexafluoride

tert-Butyl isocyanate

n-Octyl mercaptan

Tetraethyl lead

Titanium tetrachloride

Tetraethyl pyrophosphate

Trichloroacetyl chloride

Toluene 2,4-diisocyanate

Trifluoroacetyl chloride

Toluene 2,6-diisocyanate
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A comprehensive list of TICs and their hazard levels
is shown in Table 2. High-hazard TICs are widely
produced, stored and/or transported, have high toxicities
and are easily vaporized. This group contains mainly
inorganic chemicals excluding formaldehyde and
ethylene oxide.

Although TICs are not as lethal as the highly toxic
nerve agents, they can still have a significant impact on
a targeted population. However, this is assumed to be
more related to the amount of a chemical which can be
employed and less related to its lethality. Therefore,

larger doses of TICs may Kill or harm more people than
CWA:s.

Chemical warfare agents (CWASs) are known to be
highly dangerous for human health because of their fatal
toxicity colorlessness and toxicity. Therefore, fast and
selective detection of CWAs is essential to protect
human beings and animals.

Table 3 shows a comparison between nuclear
weapons and chemical agents. As shown here, the cost
($/ton) of chemical agents is about one tenth of that of
nuclear weapons.

Table 3
Indicators of nuclear weapon and chemical agents [1]
Ta6nuna 3
Tlokazaresnu SJEPHOTO OPYXKHSA M XUMHUYECKHUX BemecTs [1]
Contents Nuclear weapon Chemical weapon
Direct offset angle (km?) 190-260 260
Remaining effect period 6 months 3-36 hrs
Casualties 98% (death) 30% (injured or death)
Direct efficiency period few seconds 7 sec — 30 min
Cost ($/ton) 1,000,000 10,000
Cost ($/ton) 1,000,000 10,000
Detection method simple complex
Table 4 shows a comparison of toxicity between real and simulant gases.
Table 4
The toxicity of real gases and simulant gases [1]
Tabnuna 4
TOKCHYHOCTH pealbHBIX U UMHTAIMOHHBIX Ta30B [1]
Agents GA (Tabun) Mustard AC CG(Phosgene)
Type Nerve Vesicant Blood Choking
Chemical Formula CsH1N,O,P C,HgSCl, HCN CocCl,
Toxicity, mg/kg 0.6 0.7 1 3.2
(LDsp), ppm 83 99 830 724
Simulants DMMP DPGME Acetonitrile Acetonitrile
Chemical Formula C3HyO4P C1H1SO4 CH3CN CH,ClI,
Exposure, mg/m® 10 600 70 175
Standard, ppm 2 100 40 50

Chemical warfare agent detecting techniques

Several techniques such as infrared
spectrophotometry, ~ Raman  spectroscopy,  Fourier
transform, photoionization, colorimetric indicators, ion
mobility spectrometer (IMS) and mass spectrometers
combined with gas chromatography have been developed

to detect the CWAs and toxic industrial chemicals (TICs).
Various techniques have been developed for the detection
of CWAs (see Table 5, which shows the most important
detection techniques). Among the various detection
techniques, the methods most highly recommended are:
the use of an ion mobility spectrometer (IMS),
semiconductors, and SAW-type devices.
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Table 5

CWA detecting techniques [1]

Tabnuma 5

MeToabl 0OHApYKEHHUS XMMHYECKHX al€HTOB BOCHHOTO Ha3HadeHHs [1]

Techniques Advantages Disadvantages
Photoionization Rapid response, sensitive to organics Poor specificity
Paper tape Very specific to certain Require frequent compounds replacement

Fourier transform FT-IR

More sensitivethan standard IR, rapid response

High cost

Gas chromatography

Applicable to a wide variety of gases, good sensitivity

Slow response, require frequent calibration

IMS Very good sensitivity, very specific to certain | Slowerthan IR
Semiconductor Low cost, fast response Low selectivity
SAW type Portability, high sensitivity, low cost Sensitive to environmental factors

lon mobility spectrometry allows realizing ion metal oxides based chemiresistive semiconducting
separation and recognition and analyzing the ion sensors offer advantages such as their very low cost,
mobility difference of various materials. IMS is very

sensitive to organic compounds. SAW type sensors are
very sensitive to environmental factors and portability;
the sensors are sensitive, selective, stable, etc.
Photoionization rapid response is sensitive to organics,
has poor specificity. Paper tape is very specific to certain
compounds and needs in frequent replacement. FT-IR is
more sensitive than standard IR, has rapid response, but
high cost. Gas chromatography is applicable to a wide
variety of gases, has good sensitivity, but slow response,
and needs in frequent calibration. IMS has very good
sensitivity to certain compounds.

Simulants for the testing of sensor devices

We have to note that handling of CWAs in laboratory,
when testing the related sensor, is very dangerous because
of their extremely high toxicity. Therefore, many
researchers in place of CWAs usually utilize appropriate
simulants for the testing of sensor devices. For example,
dimethyl-methyl-phosphonate (DMMP) is often studied as
a stimulant of nerve agents such as sarin and soman, 1.5-
dichloropentane and di(propyleneglycol) methyl ether
(DPGME) are considered as simulants of mustard gas
(vesicants agents), acetonitrile known as a stimulant for
cyanide agents.

Semiconducting device technique

One of the most recommended methods for the
detection of CWA gases is semiconducting device.
Several kind of semiconductor gas sensors have been
developed based on different sensing materials and
various transduction platforms. The main classes of gas-
sensing materials include metal oxide semiconductors,
metal-oxide/polymer composite, carbon nanotube,
graphene and other novel materials. Now arrays of
chemically sensitive micro resistors of above-mentioned
gases produced from semiconductor metal oxide are
considered as one of the most promising basic
technologies for detection of chemical agents. These

high sensitivity, fast response and recovery times, easy
in manufacturing, small size, simple electronic interface,
low power consumption and portability [1].

Experimental results

SnO, is the most studied material and SnO,-based gas
sensors have been used to detect CWAs and TICs [2-8],
but other semiconductor metal oxide such as ZnO, TiO,,
WOj3, CuO, In,03 have also been considered [9-11].

Among such devices, there are several different types
which can be differentiated according to the thickness
and size. Although different, these types of sensor
actually have similar aspects in terms of the arrangement
of the sensing electrode. In addition, the thickness of
micro-type sensors is, in general, almost the same as that
of thin film devices.
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Fig. 1 — Sensitivity change with DMMP gas concentration
for SnO,
Puc. 1 — ameHeHuns B yyBcTBUTENBHOCTM SNO,
OT KOHUeHTpauun MM

Sensitivity change with DMMP gas concentration for
SnO , was shown in Fig. 1 [1].
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Fig. 2 — Sensing properties of various
additives for DMMP [1]
Puc. 2 — YyBCTBUTENBHOCTb Pa3nnyHbIX
matepuanos kK AMM® [1]

Figure 2 shows the sensing properties of various sensitivities of materials with different additives to
additives incorporated into the device. These results are  dipropylene glycol methyl ethylene, vesicant simulant.
for DMMP (ppb level). As shown here, the MoO3, NiO,  As in the case of DMMP, devices with Al,O3, In,03
AlL,O; , In,0O5, Pt, ZnO, and ZrO, additives exhibit ZrO, and ZnO additives show high sensitivity to
enhanced sensitivity to DMMP. Figure 3 shows the DPGME.
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Fig. 3 — Sensing properties
for DPGME [1]
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As shown in Fig. 4, SnO, devices with ZrO, and ZnO additives exhibit high sensitivity to acetonitrile.
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Fig. 4 — Sensing properties
for CHsCn, simulant of blood agent [1]
Puc. 4 — YyBcTBUTENBHOCTL
CH3;Cn nmutatopa [1]

The detection of DMMP using lead magnesium  microcantilever sensor (PEMS) coated with various planar
niobate-lead titanate (PMN-PT) piezoelectric  and particulate receptor coatings was examined in [2]. The
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Young’s modulus change in the PMN-PT layer was also
shown to be induced by the surface stress generated by the
binding of DMMP on a continuous receptor coating.

A DMMP gas sensor was fabricated in [4] using
synthesized Al-doped ZnO NPs via a hydrothermal
method. The average particle size of the Al-doped ZnO
NPs was ~25 nm, and a single crystalline phase was
confirmed through SEM and TEM observations. The
variation in the response of the Al-doped ZnO NPs
sensor within operating temperatures showed a rapid
response of 2s and a relatively short recovery time of 96 s,
compared with the un-doped ZnO NPs sensor, when
exposed to 10 ppm DMMP at 350°C. The sensitivity
exhibited a linear increase of the response with an
increase in DMMP concentration, and the selectivity for
DMMP showed the fastest response among the gases.
Such increased O2 vacancies and surface reactions with

small nanocrystals in Al-doped ZnO NP sensors provide
enhanced gas sensing performance for DMMP detection.

Investigations and measurements of the sensitivity of
the prepared in YSU sensors made of Co-doped SnO,
films to CWASs such as sarin and yperite were carried out
at University of Defense (Vyshkov, Czech Republic).
These measurements were performed at the operating
temperature of 210 °C (Figs. 5 and 6).

The measurements showed the sensor was exposed
comparatively greater concentration of target gas (200
ppm sarin and 100 ppm yperite) at the beginning.
Thus, the stabilization of the sensor parameters
occurred. After that the SnO,<Co> sensor was
sensitive to yperite starting from 25 ppm. The
sensitivities to 50 ppm and 12.5 ppm sarin were equal
~8 and ~15 accordingly at the operation temperature
of 210 °C.

1200 260 g
£ 3
S P
- 1000 29
g 1 2108 §
2 : | g2
= it : . o
- 800 - g a Fig. 5 — The resistance variation under
= £E influence of sarin for the Co-doped SnO,
2 160 g
~ ] sensor [5].
@ = Curves (2) and (3) — gas concentration and
600 - ) work body temperature accordingly
Puc. 5 — VilameHeHus conpoTueneHns
110 nerMposaHHoro kobansTom
400 - 1 : SnO, -ceHcopa v BnusiHWe 3apuHa [5]:
| window 2 1 3 — KOHLEHTpaLms rasa n pabodasi
“Opening \ TemnepaTtypa noanoXKu COOTBETCTBEHHO
60
200 k L
r 2
1
0 1 L 1 —i 10
0 300 600 900 1200 1500 1800
Time, min
400 r 260 £
E g
=)
C A 3 g Y
o M0 8 &
5 210 -2 £
2 300 - 2
5 It
Fig. 6 — The resistance variation n 1 it a
under influence of yperite for Co-doped ) window 160 5 E
SnO; sensor [5]. = . opening o=
Curves (2) and (3) — gas concentration 200 hall | =
and work body temperature accordingly C
Puc. 6 — M3ameHeHUst CONPOTUBIEHUS NIEMMPOBAHHOIO 110
kobanbToM SnO,-ceHcopa v BrusiHve unputa [5]:
2 1 3 — KOHUeHTpauus rasa Y
1 paboyasi TemnepaTypa noanoXKkA COOTBETCTBEHHO 100 | 6
2
o LI | —1 (11 0
0 300 600 900 1200 1500
Time, min

Propylene glycol (PG), dimethylformamide (DMF)
and formaldehyde (FA) gases are toxic industrial

chemicals (TICs), but DMF, PG and FA have also a
huge impact on human organs (e.g. liver, skin, eyes and
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kidneys [3, 6-9]). PG can cause nausea and vomiting,
headache, dizziness and fainting. Moreover, it is known
as a combustible liquid, which can explode in fire. FA
gas can cause burning sensations of the eyes, nose, and
throat, coughing, wheezing, nausea, skin irritation.
Moreover, exposure to relatively high amounts of
formaldehyde can increase the risk of leukemia and even
cause to some types of cancer in humans. Due to the
information noted above, PG, DMF and FA gas sensors
have a huge application for detecting and continuous
monitoring of these gases in the spheres where they are
used.

There are only resistive sensors of PG and DMF
gases working in other principle (for example sensors
working on modification of color of the substance), which
is incompatible for contemporary technic, while, resistive
gas sensors made from metal oxides have advantages such
as electric signal, measurement of concentration, small
sizes, low power consumption, high sensitivity, and long
reliability [10-12].

As opposed to this case, there are many various types of
FA gas sensors. For instance, FA gas sensors based on
graphene or polymers are working at room temperature
[13-14]. On the other hand, FA gas sensors based on
metaloxide materials have advantages mentioned above.
However pure metaloxide structures react on FA at higher
operating temperatures (300-400°C).

The successful synthesis of a SnO,-In,0;—CdO
compound with good gas-sensing properties obtained by a
simple solid state synthesis has been presented [15]. The
fabricated sensor showed high sensitivity, high selectivity,
quick response, and good recovery to FA gas at low
operating temperature (133°C). The experimental results
indicate the potentialities of using an 1n,0;~CdO doped
nanocrystalline SnO, compound for sensing FA gas.

High sensitivity and good selectivity of ultralong
MoO; nanobelts for trimethylamine gas was reported in
[16]. Three-dimensional ordered SnO, inverse opals for
superior FA gas-sensing performance was reported in
[17]. Inverse opals, as a special kind of macroporous
material with large surface to volume ratio and ordered
layer structure, have great application potential in highly
sensitive gas sensing area. Porous sizes were 140-400 nm.
The response of the SnO, sensors increased gradually
with the increase in porous size.

A selective room temperature FA gas sensor using
TiO, nanotube arrays was reported in [18]. Results of
studies of influence of structural properties and thickness
of NiO thin films on FA detection were reported in [19].

We established earlier [20] that SnO, gas sensors
containing carbon nanotubes (CNTs) have excellent
responsive characteristics and low cost of mass
production. Due to the covering of CNTs walls with
metal-oxide nanoparticles, specific surface area of such
gas sensitive nanocomposites increased. Moreover,
nanochannels in the form of hollows of CNTs promote
penetration of gas molecules deeper down in the
nanocomposite sensitive layer [20]. Hence, it can be
expected that application in gas sensors technology of

nanocomposite structures composed of metal oxide
functionalized with CNTs should enhance the gas sensor
parameters, such as gas response.

Results of the study of tin oxide/ multiwall carbon
nanotube film nanocomposite sensors of PG, DMF and
FA are presented below (Figs. 7-10).
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Fig. 7 — Response of SnO,/MWCNTSs thick-film PG sensors
vs operating temperature
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DMF vapor exposure
Puc. 8 — OTknuk n paboyas TemnepaTypa ceHcopa B cpege
500 ppm gumeTundopmamuga

6
/e

5
=i / N\
5 ,,,«J’ \
£ \
2 - )
El

0 f f f i

100 150 200 250

Operating temperature, °C

Fig. 9 — Response of SnO,/MWCNTSs thick-film FA sensors
Vs operating temperature

Puc. 9 — OTknuk ToHKonneHo4Horo SnO,/MWCNT ceHcopa

hopmanbaermaa B 3aBUCMMOCTU OT paboyelt TemnepaTtypbl

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2018

HISIAEE

Ne 01-03 MexayHapoaHbI Hay4HbIN XXypHan
(249-251) «AnbTepHaTUBHas 3HepreTUKa U IKONOrusa»
2018 © HayuHo-TexHuu4eckui ueHTp « TATA», 2000-2018

A7,

2}
~

sPACE
/l‘\\

MexdyHapodHbil uzdamensckul dom Hay4yHol nepuoduku “Cnedc”



1
M7,

A

SPACE

International Publishing House for scientific periodicals “Space”

>
N

Aroutiounian V.M. Semiconductor Gas Sensors for Detection of Chemical Warfare Agents and Toxic Industrial Chemicals

B e
8 &

2

=]
=

uDMF
_‘ ~ EFA
40 -* PG
20
0 -r- T ! T T -
150 175 200 225 250

Operating temperature, "C

=]
=

Response, R/R,
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Sensors were manufactured using hydrothermal
synthesis and sol-gel methods. Investigations of
response/recovery characteristics in the 50-300°C
operating temperature range reveal that the optimal
operating temperature for PG, DMF and FA vapor
sensors, taking into account both high response and
acceptable response and recovery times, was about 200
and 220 °C respectively. A sensor response dependence
on gas concentration in all cases was linear [21].

The minimal PG, DMF and FA gas concentrations at
which the perceptible signal was registered were 13 ppm,
5 ppm and 115 ppm respectively.

Conclusion

Information about chemical warfare agents and toxic
industrial chemicals and semiconductor gas sensors for
its detection is reported. The review is based on the
open-source literature. SnO, is the most studied material
and SnO,-based gas sensors have been used to detect
CWAs and TICs, but other semiconductor metal oxide
such as ZnO, TiO,, WO;, CuO, In,O5 have also been
considered. The resistance variation under influence of
sarin and yperite for the Co-doped SnO, sensor are
reported. Response of SnO,/MWCNTSs thick-film PG
sensors vs operating temperature reported at the DMF
vapor exposure.

Investigations of response/recovery characteristics in
the 50-300°C operating temperature range reveal that the
optimal operating temperature for PG, DMF and FA
vapor sensors, taking into account both high response
and acceptable response and recovery times, was about
200 and 220°C respectively. A sensor response
dependence on gas concentration in all cases was linear.
The minimal PG, DMF and FA gas concentrations at
which the perceptible signal was registered were 13 ppm,
5 ppm and 115 ppm respectively.
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