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1. INTRODUCTION

Wireless sensors are devices in which sensing electronic
transducers are spatially and galvanically separated from their
associated readout/display components. The main benefits of
wireless sensors, as compared to traditional tethered sensors,
include the nonobtrusive nature of their installations, higher
nodal densities, and lower installation costs without the need
for extensive wiring.' > These attractive features of wireless
sensors facilitate their development toward measurements of a
wide range of physical, chemical, and biological parameters of
interest. Examples of available wireless sensors include devices
for sensing of pH, pressure, and temperature in medical,
pharmaceutical, animal health, livestock condition, automo-
tive, and other applications.*””

Some implementations of wireless gas sensors can be already
found in monitoring of analyte gases (e.g., carbon dioxide, water
vapor, oxygen, combustibles) in relatively interference-free
industrial and indoor environments.*® However, unobtrusive
wireless gas sensors are urgently needed for many more diverse
applications ranging from wearable sensors at the workplace,
urban environment, and battlefield, to monitoring of containers
with toxic industrial chemicals while in transit, to medical
monitoring of hospitalized and in-house patients, to detection
of food freshness in individual packages, and to distributed
networked sensors over large areas (also known as wireless sensor
networks, WSNs). Unfortunately, in these and numerous other
practical applications, the available wireless gas sensors fall short
of meeting emerging measurement needs in complex environ-
ments. In particular, existing wireless gas sensors cannot perform
highly selective gas detection in the presence of high levels of
interferences and cannot quantitate several components in gas
mixtures.

1.1. Diversity Of Monitoring Needs Of Volatiles

The monitoring of numerous gases of environmental, in-
dustrial, and homeland security concern is needed over the
broad range of their regulated exposure concentrations.
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Figure 1. Examples of regulated vapor-exposure limits established by different organizations: GPL, General Population Limit, established by
USACHPPM, U.S. Army Center for Health Promotion and Preventative Medicine; PEL, Permissible Exposure Limit, established by OSHA, Occupational
Safety and Health Administration; TLV-STEL, Threshold Limit Value (Short-Term Exposure Limit), and TLV-TWA, Threshold Limit Value (Time-
Weighted Average), established by ACGIH, American Conference of Governmental Industrial Hygenists; IDLH, Immediately Dangerous to Life or Health,
and LOG, Level of Concern, 0.1 x IDLH, established by NIOSH, U.S. National Institute for Occupational Safety and Health; AEGL-1,2,3, Acute Exposure
Guideline Levels, established by EPA, U.S. Environmental Protection Agency.

Table 1. Examples of Re
VOCs, TICs, and CWAs' "'

ated Concentration Levels (in ppm by Volume) from Three Representative Classes of Toxic Gases:

chemical IDLH LOC TLV-TWA TLV-STEL PEL GPL AEGL-3 AEGL-2 AEGL-1

class or agent (ppm)  (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
VOCs acetone 2500 250 750 1000 1000 1700 950 200

benzene 500 S0 0.5 2.5 1 990 200 9

chloroform 500 50 10 2 50 1600 29

methanol 6000 600 200 250 250 1600 520 270

methylene chloride 2300 230 25 125 2100 60

phenol 250 25 S 10 S 23 6.3 1.9
TICs ammonia 300 30 25 25 NV 390 110 30

carbon monoxide 1200 120 25 400 50 130 27

chlorine 10 0.5 1 1 7.1 0.71 0.5

formaldehyde 20 0.3 0.75 0.75 35 1S 0.9

nitrogen dioxide 20 2 3 S S 11 6.7 0.5

phosphine N S 0.3 0.3 0.3 0.45 0.25

sulfur dioxide 100 10 2 S S 9.6 0.75 0.2
CWAs chemical mustard 0.0004 0.00004 0.00006 0.00046 3.1x10°¢ 0.04154 0.002 0.0012

Lewisite 0.0003 0.00003 0.0003S 0.0003S 0.013 0.0021

Sarin 0.03 0.003 9.0 x 10°° 0.00003 3.0 x 1077 0.0087 0.0022 0.0002

Soman 0.008 0.0008 403 x 10°° 7.0 % 10°° 13x 1077 0.0066 0.0009 7.0 x 10°°

Tabun 0.03 0.003 9.0 x 10°° 0.00003 3.0x 1077 0.015 0.002 0.0002

VX 0.002 00002  70x 107  70x10°° 4x1077 0.00035 0.0001 7.0 x 1077

GPL, General Population Limit, established by USACHPPM, U.S. Army Center for Health Promotion and Preventative Medicine;
PEL, Permissible Exposure Limit, established by OSHA, Occupational Safety and Health Administration; TLV-STEL, Threshold Limit
Value (Short-Term Exposure Limit), and TLV-TWA, Threshold Limit Value ( Time-Weighted Average), established by ACGIH, American
Conference of Governmental Industrial Hygenists; IDLH, Immediately Dangerous to Life or Health, and LOC, Level of Concern, 0.1 x
IDLH, established by NIOSH, U.S. National Institute for Occupational Safety and Health; AEGL-1,2,3, Acute Exposure Guideline Levels,

established by EPA, U.S. Environmental Protection Agency.

Figure 1 illustrates the relationships between several regulated
exposure levels spanning several orders of magnitude of gas
concentrations. Typical examples of concentrations of regu-
lated exposure are presented in Table 1'°~'* for three groups
of toxic volatiles such as volatile organic compounds (VOCs),
toxic industrial chemicals (TICs), and chemical warfare agents
(CWAS). These examples demonstrate the need for gas sen-
sing capabilities with broad measurement dynamic ranges to
cover 2—4 orders of magnitude in gas concentrations.
Additional needs for detection of volatiles originate from medical
diagnostics, food safety, process monitoring, and other areas."> "’
In those applications, the types and levels of detected volatiles can
provide the needed information for further control actions.

7316

1.2. Chemical Interferences As The Key Noise Parameter For
Wireless Sensors

Real-world scenarios significantly complicate the detection
capabilities of laboratory sensor prototypes. Chemical interferences
represent one of the key environmental noise parameters of the
sensed environment. Water vapor is the most abundant and high-
concentration interferent in ambient air, with the concentration of
saturated water vapor pressure (Py) at ~30000 ppm at room
temperature18 (100% relative humidity, RH). Thus, if a new sensor
under development is thought to detect 1 ppm of a toxic vapor at
50% RH air (water vapor at 0.5 P/P,), this new sensor must operate
at a 15000-fold overload from water vapor interference. The
sensitivity of almost all sensors to water vapor represents the largest

dx.doi.org/10.1021/cr2000477 |Chem. Rev. 2011, 111, 7315-7354
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Figure 2. Number of publications on wireless sensors (as searched in
Inspec and Scopus databases).

challenge for their practical applications even when combined in
arrays to form “electronic noses”. Importantly, cross-sensitivity to
water vapor is not an issue in natural noses because humans and
other mammals do not have receptors for water vapor.'

In addition to water vapor, there are numerous other potential
chemical interferences that add to the complexity of the back-
ground. Some examples of chemical interferences include com-
mon industrial solvents, firefighting foam, antifreeze, diesel fuel,
kerosene, gasoline, lighter fluid, bleach, window cleaner, floor
stripper, floor wax, paint thinner, vinegar, insect repellent, and
some others commonly used for detailed evaluation of sensors
performance.”®” > Typical concentration levels of these and
other interferences are 0.01—0.1 P,

1.3. Goals And Scope Of This Review

The area of wireless sensing attracts tremendous research
attention as indicated by the ~30 000 publications in the field
(Figure 2). Although there are several excellent reviews on
different types of wireless and wearable sensors®”**** and
several books on physical wireless sensor networks,***” no
comprehensive review is available to the chemistry research
community to address the key aspects in wireless gas sensor
development that include (1) analysis of challenges in wireless
sensing from the standpoint of sensor selectivity and power-
limited operation, (2) analysis of sensing mechanisms and related
applicable known or emerging new sensing materials, (3) analysis
of transducers and their applicability for wireless gas sensing, (4)
analysis of methodologies to provide selective gas response
without the use of “classical” sensor arrays, and (S) wireless
sensor networks.

Thus, this review has three broad goals to stimulate research in
this rapidly expanding multidisciplinary area. The first goal is to
link requirements of known and emerging sensing materials with
the principles, methodologies, and component/system require-
ments of wireless gas sensors. The second goal is to critically
analyze the current nonsatisfactory gas-selectivity performance
of battery-free and low-power gas sensors and to facilitate
potential solutions to this important problem. The third goal is
to demonstrate the breadth of possible applications, highlight
success stories, and initiate new sensing materials and transducer
developments for wireless gas sensors.

In this review, we concentrate on sensing materials, trans-
duction technologies, and data analysis techniques for enhan-
cing selectivity and sensitivity in complex environments. Our

Wireless sensor

. Sensor
Sensing readout
transducer

or

another
sensor

Wireless
communication

Figure 3. Subsystem schematic of a typical wireless sensor and its
wireless communication with a sensor reader/display.

discussions of sensing materials for wireless gas sensors are
focused on the diversity of response mechanisms to different
species to enhance selectivity of analyte detection, approaches
for nanoengineering of sensing materials, and new sensing
schemes that facilitate the detection and independent recogni-
tion of material responses. The choice of focus and detail on
materials discussed in this review was provided by their current
and future potential applicability to wireless gas sensors.

We focus on sensors that employ electromagnetic fields in the
radiofrequency and microwave regions of spectrum for their
interactions with sensing materials and/or for communication
with the readout components. Importantly, although a tremen-
dous amount of knowledge has been produced with existing
sensing materials coupled to low-power tethered and passive
wireless transducers, these materials were not systematically
explored for selective gas sensing outside the philosophy of
sensor arrays. Thus, we critically analyze sensing materials from
the standpoint of their potential for selective gas response in
individual wireless sensors.

Throughout the review, the emphasis is placed on the passive,
battery-free sensors with the critical analysis of requirements for
their transducer designs and performance of sensing materials.
To solve the fundamental selectivity problem, the design ap-
proach should involve the strategy of the proper combination of
the three key sensor system components such as sensing
material, transducer, and signal generation and processing tech-
niques. Using this strategy, an appropriate selection of sensing
materials for monitoring of specific gases including organic and
inorganic gases, volatile organic compounds, toxic industrial
chemicals, and others can be performed. The selected sensing
material is coupled to a wireless transducer to meet a permuta-
tion of several criteria that include range of measured gas
concentrations, temperature range of operation, classes of inter-
ferences, required response time, precision, and accuracy.

1.4. Topics That Are Out Of Scope Of This Review

It is not effective to cover all topics of wireless sensors for the
readers of Chemical Reviews. Thus, several topics that are out of
scope of this review include (1) engineering aspects of wireless
and remote sensors;”> (2) physics of energy harvesting for
passive wireless sensors;” and (3) remote sensors that utilize
optical and terahertz frequencies of spectrum (fiber-optic and
stand-off sensors).** 32

2. ANATOMY OF WIRELESS GAS SENSORS

A typical wireless gas sensor has three highly interdependent
subsystems (see Figure 3). These subsystems include a sensing
transducer with its associated means of powering, a sensing

7317 dx.doi.org/10.1021/cr2000477 |Chem. Rev. 2011, 111, 7315-7354
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Table 2. Examples of Power Requirements for Different Gas Sensing Transducers and Sensing Systems

sensing scheme

Sensing Transducers

. a
capacitor
s a
resistor
. . a
microcantilever
field-effect transistor”

resistor”

field-effect transistor”

magnetoelastic wireless passive resonator®
TSM wireless passive resonator”

SAW wireless passive resonator®

LCR wireless passive resonator

Sensing Systems

surface-acoustic wave sensor array system

wireless sensor system with eight microcantilevers,
humidity, and temperature sensors

capacitance three sensor array for humidity,
temperature, and pressure

wireless sensor system with arrays of tuning fork sensors,
collection/conditioning subsystem, Bluetooth
communication

reader for magnetoelastic wireless passive resonator sensors

reader for TSM wireless passive resonator sensors

reader for SAW wireless passive resonator sensors

reader for LCR wireless passive resonator sensors

required power reference
30 pW—30 uW 35
10 n'W—64 (W 36—38
200 pW—20 nW 44
32 uW )
20 W at 300 °C 41
0.3—15 mW at 300 °C 39
5—170 mW at 450 °C 40
20—200 mW 43
0 45
0 46
0 47
0 48
120 mW 49
84 mW S0
0.3 mW S1
~nW - tuning forks 52
~100 mW - communication
~800 mW pump/valve
9 V battery for 10 000 measurements 53
0.1-10 mW 46
0.5—25 mW 54, 8S
1 mW 48

¢ Operation at ambient room temperature. b Operation at elevated temperature. “ Passive sensor operation without a power source on board, required

energy has been delivered wirelessly by a reader.

material deposited onto the transducer, and a data transmitter.
The data transmitter may be a separate component to which a
sensor is connected, or the sensor itself can be the data
transmitter.>® The sensing material can be a separate component,
or it can also act as the transducer.** Wireless sensors (sensing
nodes) communicate with a readout/display component (sensor
reader) or between each other via a WSN. The communication
distance depends on several parameters including the power
stored on-board the sensor or delivered to the sensor, the power
needed for the sensor to operate at a predetermined signal-to-
noise ratio, the amount of environmental clutter that reduces
sensor performance, and the communication protocol.

2.1. Active And Passive Wireless Sensors

Wireless gas sensors are based on different detection principles
depending on the type of sensing materials and associated trans-
ducers used to provide the required sensitivity, selectivity, and
stability of measurements. Table 2 shows the power requirements
for different gas sensing transducers and sensing systems that have
been adapted or could be adapted for wireless sensing.*> >
Depending on the available power for operation, there are two
broad types of wireless sensors: active sensors and passive sensors.

Active wireless sensors have an on-board power supply such as a
battery, a supercapacitor, or an energy harvester and can transmit
signals up to several hundreds of meters. For minimally obtrusive
sensors, some of the most attractive types of batteries are lithium

ion batteries with their thin-film versions having energy densities
of >200 Wh/ kg.56 Other energy storage sources include electro-
chemical capacitors (also known as supercapacitors) that have
energy densities of ~5 Wh/ kg.57’58 Energy harvesting for wire-
less sensors can be accomplished using several energy-harvesting
methods. Table 3 shows the characteristics of various ambient
energy sources and harvested power levels from these sources.>®
Active wireless sensors typically contain a standard communica-
tion module with an input for capacitive, resistive, or other types
of electronic sensors. Optical sensors with light-emitting diode/
photodiode pairs and colorimetric chemically sensing films have
also been coupled to such standard communication modules.*”®°
Representative examples of battery-powered wireless sensor
systems have been described elsewhere.***>

Passive wireless sensors lack an on-board power supply and
receive their power from the electromagnetic field generated by
the sensor reader. Although active wireless sensors commu-
nicate over greater distances than passive sensors, their larger
size and need for power source maintenance are possible
limitations in some applications. Without the need for a battery,
the life of a passive sensor is limited mainly by the stability of the
sensing film and transducer. Thus, while the communication
read range of passive sensors is shorter than that of active
sensors, passive sensors are attractive as long—lasting, cost-
efficient, and inconspicuous devices. Power to passive sensors

7318 dx.doi.org/10.1021/cr2000477 |Chem. Rev. 2011, 111, 7315-7354
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Table 3. Typical Characteristics of Various Energy Sources Available for the Ambient and Harvested Power”

8

source source power harvested power

ambient light—indoor 100 W /cm® 10 4W/cm”
ambient light—outdoor 100 mW/cm* 10 mW/cm?
human motion 0.5m@ 1 Hz 1 m/s* @ 50 Hz 4 UW/cm*
industrial vibration 1m@5Hz10m/s* @ 1 kHz 100 44W/cm”
thermal energy—human 20 mW/cm’ 30 W/cm”
thermal energy—industrial 100 mW/cm” 10 mW/cm”
radio frequency energy—cell phones 0.3 uW/cm® 0.1 4W/cm?>

Figure 4. Examples of battery-free (passive) wireless sensors based on (a) magnetoelastic, (b) thickness shear mode, (c) surface acoustic wave, and

(d) resonant inductor—capacitor—resistor transducers.

Part a is reprinted with permission from ref 53. Copyright 2007 IEEE. Part d is photo courtesy of K. G. Ong (Michigan Technological University), used

by permission.

can be provided by inductive or capacitive coupling61 with the
delivered power dependent on operation frequency, sensor
antenna size, pick-up coil size, impedance-matching conditions,
and the power of the sensor reader. Short-range wireless
communication with small sensors and low power readers
(proximity communication) can be implemented where mini-
mizing the effects of ambient clutter is important.

2.2. Transducers For Wireless Passive Sensors

A variety of electronic transducers that have been developed
over the years have been also imglemented in wireless passive
designs. Examples of magnetoelastic, ? thickness shear mode (TSM),
surface acoustic wave (SAW), and resonant LCR (inductor—
capacitor—resistor) transducers are illustrated in Figure 4.

Magnetoelastic transducers*>®> are made of amorphous fer-
romagnetic materials (e.g., FeyNizsMo,Bg, FegB;35Si35Cs
alloys) or Fe-rich metallic glasses in the form of ribbons that
are further coated with a sensing film (Figure 4a). When excited
by a time-varying magnetic field, the large magnetostriction of
the ferromagnetic materials facilitates a pronounced magneto-
elastic resonance in the sensor structure that is measured
wirelessly with a pick-up coil. The mechanism of operation of
these sensors involves analyte-induced changes to the mass or
elasticity of the sensing films and correlation of these changes
with shifts in the resonant frequency of sensors. Typical sizes of
these sensors range from a few centimeters down to a few
millimeters, and the corresponding resonant frequencies range
from hundreds of kHz to hundreds of MHz.

TSM transducers,*®®* also known as quartz crystal micro-
balances (QCMs), are often made of AT-cut quartz crystals with
associated electrodes that are in contact with a sensing material
(Figure 4b). These TSM sensors can be wirelessly interrogated
by connecting the sensor to an antenna and reading the resonant
impedance spectrum with a pick-up coil. The mechanism of
operation of these sensors involves analyte-induced changes in

the mass, elasticity, and/or conductivity of the sensing film and
correlation of these changes with changes in the frequency and
attenuation response of the sensor. Typical sizes of these sensors
are from a few centimeters down to a few millimeters, and the
corresponding resonant frequencies range from several MHz to
hundreds of MHz.

SAW transducers***%* are often made of quartz, LINbO3,
LiTaO;, or La;GasSiO 4 materials, configured as delay lines or
resonators, which are further coated with a sensing film
(Figure 4c). These SAW sensors can be wirelessly interrogated
by connecting the sensor to an antenna and reading the
frequency response with a pick-up coil. Similar to TSM sensors,
the mechanism of operation of SAW sensors involves analyte-
induced changes in the mass, elasticity, and/or conductivity of
the sensing film and correlation of these changes with changes in
the frequency and attenuation response of the sensors. Typical
sizes of these sensors are from millimeters down to micrometers,
and the corresponding resonant frequencies range from tens of
MHz to several GHz.

LCR transducers***~% are fabricated as planar, highly con-
ducting circuits in contact with a sensing material (Figure 4d).
Resonant impedance spectra of the resulting LCR sensors
depend on the inductance (L), capacitance (C), and resistance
(R) parameters of the circuit and are measured wirelessly with a
pick-up coil. The mechanism of operation of these sensors
involves the analyte-induced changes to the complex permittivity
(¢'c — j€",) of the sensing film material and correlation of these
changes with changes in the resonant impedance spectrum of the
sensor. The real part €', of the complex permittivity of the sensing
material is also known as the dielectric constant. The imaginary
part &, of the complex permittivity of the sensing material is
directly proportional to its conductivity 0. Typical sizes of these
sensors are from a few centimeters down to micrometers, and the
corresponding resonant frequencies range from hundreds of kHz

7319 dx.doi.org/10.1021/cr2000477 |Chem. Rev. 2011, 111, 7315-7354
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Figure 5. Examples of active and passive RFID sensors. Active sensors with (a) thin-film and (b) AAA-type batteries. Passive sensors with an analog
input into an IC memory chip for operation at (c) LF, (d) HF, and (e) UHF frequency ranges; (f) passive sensor based on a common HF RFID tag with a

sensing material applied directly to the resonant antenna of the sensor.

Parts ¢ and d are courtesy of Phase IV Engineering, Inc., used by permission. Part e is courtesy of Schneider Electric, used by permission.

to tens of GHz and depend on the L and C values. These
sensors can operate up to the terahertz range’® in stand-off
applications.>® However, terahertz stand-off sensors are beyond
the scope of our review.

In addition to transducers illustrated in Figure 4, resistor and
capacitor transducers can also be easily applied for wireless
passive sensing. To achieve this goal, such a transducer needs
to be galvanically coupled to an inductor and a capacitor or a
resistor to complete an LCR circuit.”" The wireless implementa-
tion can be provided by the appropriate flat-coil design of the
inductor component of the formed LCR structure. Resistor and
capacitor transducers can be also implemented in sensors that are
described in section 2.3.

2.3. RFID Sensors

Both active and passive wireless sensors can contain read/
write or read-only memory in the form of integrated circuit
(IC) memory chips or interdigital reflected power lines. This
feature adds a radio frequency identification (RFID) capabil-
ity if the operation frequency and the communication proto-
cols meet the regulatory requirements.®””> RFID devices
(wireless labels or tags with read/write or read-only memory)
have been recognized as a disruptive technology and are
widely used in diverse applications ranging from asset tracking
to detection of unauthorized opening of containers and
automatic identification of animals.’””*> Typical operating
frequencies of RFID devices are 125—135 kHz (LF, low-
frequency tags), 13.56 MHz (HF, high-frequency tags),
868—956 MHz (UHF, ultrahigh-frequency tags), and 2.4
GHz (microwave tags).61

Several representative examples of active and passive RFID
sensors are presented in Figure S. The limiting form factor for
active RFID sensors (Figure Sa and b) is the size of their power
source. The limiting form factor for passive RFID sensors is the
antenna size (Figure Sc—f). Passive LF, HF, and UHF RFID
devices are available with analog capacitive or resistive inputs

to an IC RFID chip allowing connection of an external capacitor
or resistor transducer (Figure Sc—e) with measurement resolu-
tion ranging from a single bit (threshold sensing) to 8—12 bit,
provided by the IC chip. A new passive RFID sensing approach
has been recently demonstrated that does not rely on IC
memory chips with an analog input but rather implements
ubiquitous, passive 13.56 MHz RFID tags as inductively
coupled sensors with 16-bit resolution (Figure Sf) provided
by the sensor reader. These RFID sensors combine several
measured parameters of the resonant sensor antenna with
multivariate data analysis to deliver the unique capability of
multiparameter sensing with rejection of environmental
interferences.”>”>~7° Additional demonstrated approaches for
battery-free RFID sensing are based on chipless RFID
sensors’®”” and wireless identification and sensing platform
(WISP).”®

2.4. Key Performance Factors Of Wireless Sensors

The relative performance of different types of wireless
sensors and their overall attractiveness depend on several key
factors including (1) intrinsic performance properties of a
transducer (e.g, dynamic range and sensitivity of response
and signal stability under uncontrolled variations of ambient
conditions), (2) sensing material type and deposition methods,
(3) ability to correct for uncontrolled environmental noise
effects, (4) transducer manufacturability, and (S) design of
sensor reader. Given the existing and emerging approaches for
providing power to active sensors, improvements in sensitivity
and selectivity in active sensors are achieved mostly through the
design of new or improved sensing materials, the integration of
individual transducers into arrays, and the development of
system designs that include air-sampling modules. Improve-
ments in sensitivity and selectivity of passive sensors are pre-
dominantly achieved through the design of new or improved
sensing materials, transducers, and data processing algorithms.

7320 dx.doi.org/10.1021/cr2000477 |Chem. Rev. 2011, 111, 7315-7354
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Figure 6. Typical response cross-sensitivity of different types of sensing materials to a variety of vapors: (a) capacitance response pattern of single-wall
carbon nanotubes and (b) resistance response pattern of LiMosSe; nanowires.
(a) Reprinted with permission from ref 88. Copyright 2005 AAAS. (b) Reprinted with permission from ref 89. Copyright 2005 American Chemical

Society.

2.5. Summary Of Specific Requirements For Wireless Gas
Sensors

In summary, there are several deployment attributes for
wireless gas sensors. These attributes include (1) unobtrusive
nature of installations, (2) limited or no on-board electrical
power for sensor operation, (3) long-term unattended operation
without comprehensive recalibration or single-use operation as a
reversible device or a dosimeter, (4) limited or no power for gas
delivery across the sensor, and (S) simplicity in installation
without sensor wiring. These attributes facilitate specific require-
ments for wireless sensors.

The specific requirements for active and passive wireless
sensors versus tethered sensors include (1) sensor system design
with minimal number of individual sensors, (2) operation with-
out active water vapor removal before analyte measurement, (3)
operation without active analyte gas preconcentration and
release, and (4) operation without periodic baseline correction
with a blank gas. Additional requirements for passive wireless
sensors include (1) operation without active gas transport to and
from the sensor and (2) operation without active control of
sensor temperature for correction for fluctuations in ambient
temperature.

In tethered sensors, modulation of data-acquisition para-
meters as a function of time during measurements (e.g., tem-
perature, sample/blank gas flow ratio) was shown to provide
additional variables into the response of tethered sensors’® by
not only improving sensor steady-state and dynamic selectivity™’
but also by providing the ability to correct for baseline drift.*" In
wireless sensors, these and other signal-modulation approaches
are becoming progressively difficult because of the limitations of
available on-board power.

3. NEED FOR TRANSDUCERS WITH MULTIPLE
RESPONSE MECHANISMS

Unlike the sophisticated analytical approaches used for the
detection of unknown gases, existing and intended applications
of gas sensors involve situations where analyte gases and inter-
ferences are known.'”®* For these situations, a given sensor
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system can be calibrated to quantitate 1—3 individual gases in
their mixtures in the presence of interferences.*> *” Starting
from this calibrated performance, the quality of quantitation
degrades in the presence of chemical interferences above the
expected levels, uncontrolled temperature fluctuations, film/
transducer aging, surface contamination of the sensor, chemical
sensor poisoning, moisture condensation, mechanical damage,
and many other end-use factors. From this list of practical
problems, the most significant practical problem in chemical
sensing is poor selectivity of individual gas sensors.

The requirement for sensor selectivity often conflicts with the
requirement for sensor reversibility. Indeed, full reversibility of
sensor response is achieved via weak interactions between the
analyte and the sensing film, whereas high selectivity of sensor
response is achieved via strong interactions between the analyte
gas and the sensing film. As an example, Figure 6 illustrates
typical response cross-sensitivity for different types of sensing
materials toward a variety of vapors.**® This problem is
currently addressed by two broad research directions: the devel-
opment of new sensing materials and the development of sensor
arrays.

One direction involves the development of new sensing
materials with improved response selectivity to an analyte of
interest and significantly suppressed response to interferences.
Over the years, different approaches to develop materials with
molecular selectivity have been explored including the use of
molecularly imprinted polymers, zeolites, porphyrins, cavitands,
metal—organic frameworks (MOFs), and other supramolecular
compounds.”®"*® Unfortunately, highly selective recognition
could be associated with high binding energies and, thus, lack
of full sensor reversibility. In addition, developing sensing
materials that are selective to small, nonreactive molecules such
as volatile organic compounds is very challenging.”” "'

The other direction involves the development of arrays of
sensors with partially selective sensing materials and processing
the outputs of individual sensors together. This concept was
pioneered by Persaud and Dodd in 1982.'%* Typically, one
response per individual sensor (e.g., resistance, current, capaci-
tance, work function, mass, temperature, or thickness) is measured
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Figure 7. Operation of sensor arrays for detection of several components in gas mixtures depicted as scores plots from principal components analysis.
(a) Monte Carlo simulated response of a sensor array to three individual vapors A, B, and C and their binary and ternary mixtures. Sensor array responses
were normalized by dividing each response by the sum of the responses from all sensors for a given vapor or vapor mixture. (b) Response of an array of 10
chemiresistors coated with diverse surface-functionalized single-wall carbon nanotubes sensing films upon exposure to two types of vapor mixtures

(X, green squares, and Y, red circles) at 0 and 80% RH.

(a) Reprinted with permission from ref 85. Copyright 2004 American Chemical Society. (b) Reprinted with permission from ref 103. Copyright 2008

American Chemical Society.

with data from the array of individual sensors that is processed using
multivariate analysis tools.

3.1. Limitations Of Sensor Arrays For Tethered And Wireless
Gas Sensing

In principle, a sensor array can quantify several individual
gases in their mixtures (see Figure 7a).85 However, it was
shown that the number of individual gases that can be quanti-
fied using any sensor array with the same or different response
mechanisms of transducers is at most 2—3.*>~*>* In practice,
this situation is more challenging because of the potential for
experiencing high levels of interferences. As a result, even
sensor arrays often cannot detect minute analyte concentra-
tions in the presence of elevated levels of interferences, e.g.,
water vapor in air. Figure 7b illustrates typical reduction in the
ability of sensor arrays to detect low concentrations of analyte
vapors in the [presence of relatively high levels of water vapor
interference.'® Thus, it is critical that new wireless sensors will
be not adversely affected by interferences that could be at
10>—10’ higher concentrations.

Using identical transducers in the array simplifies its fabrica-
tion, while combining transducers based on different principles
or employing transducers that measure more than one prop-
erty of a sensing film”® can improve the array performance
through hyphenation.'® In conventional, tethered sensor
systems, minimizing the number of sensors in an array is
attractive because it simplifies data analysis, reduces data-
processing noise, and simplifies sensor material deposition as
well as device fabrication.'”'%>'% The significant additional
force toward simplifying wireless sensor designs is the limited
power budget of wireless devices.

3.2. Data Processing

The two main goals of multivariate analysis are (1) to provide
qualitative analysis by extracting response patterns and identify-
ing types of analytes detected by the sensor array or (2) to
provide quantitative analysis of concentrations of one or several
analytes. Several excellent reviews detail different multivariate
technicllues employed for analysis of data from sensor
arrays. ”'%1% There are several available multivariate analysis
tools to assess the selectivity of sensor arrays, to provide
quantitation of individual components in mixtures, to provide
baseline correction and denoising, to perform unsupervised and
supervised pattern recognition, to automatically determine faults
in sensor performance, and to determine the number of compo-
nents in mixtures.'”"'% "% Some representative examples in-
clude the use of unsupervised pattern recognition'*”'"* analyses
on dynamic data using evolving factor analysis (EVA) and
multivariate curve resolution (MCR),"'" signal-to-noise im-
provement using wavelet analysis,112 sensor response quantita-
tion using locally weighted regression (LWR),'*” and cluster
analysis using Buclidean''® and Mahalanobis'®! distances.

The most widely implemented pattern recognition tool
for multivariate signals is principal components analysis
(PCA). This robust, unsupervised pattern recognition tech-
nique is described in detail elsewhere'% and is used not only in
laboratory sensor arrays but also in commercially available
systems, e.g., it was used by the vast majority of surveyed
manufacturers of sensor arrays (also known as electronic
noses).*>'”” PCA operates by projecting the dataset onto a
subspace of lower dimensionality with removed collinearity.
PCA achieves this objective by explaining the variance of the
data matrix from the sensor array in terms of the weighted sums
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of the original inputs from each sensor without significant loss
of information. These weighted sums of the original variables
are called principal components (PCs). Thus, as discussed
below using examples from different sensing materials, visuali-
zation of selectivity of sensing materials is often performed
using PCA by plotting the scores of the first 2—3 PCs.

3.3. Multivariate Sensing

Development of multitransducer sensor arrays based on
different detection principles is gaining popularity”” because this
approach provides a way to enhance response selectivity. Exam-
ples of such devices include chemiresistor—capacitor''* and
cantilever—capacitor—calorimeter' ' arrays. Operation of acous-
tic-wave transducers has been combined with optical,''® electrical
conductivity,""” and field-effect transistor (FET)"'® detection.
Simultaneous measurements of capacitance and resistance of
sensing materials were also performed.''”'** Multiparameter gas
sensing was also demonstrated using FETs'>"'** and tempera-
ture-programmed sensors.'>>
ImPedance spectroscogz measurements were performed on
TSM'** and interdigital > sensors to extract several indepen-
dent parameters. Independent output parameters of individual
acoustic-wave transducers were measured, for example, wave
propagation velocity and attenuation,'* series-resonant  fre-
quency and resonant admittance,'”” and material resistance
and resonance frequency.'*®'* A capacitive sensor was de-
scribed that consisted of a parallel plate capacitor and a quartz
crystal oscillator.'*® Passive inductive—capacitive or passive
inductive —capacitive —resistive sensors were described that mea-
sured multiple unrelated physical quantities.'*" Sensors based on
dissipation spectroscopy were described that measured the
magnitudes of the high-frequency conductivity chan%es of semi-
conducting sensing films related to different vapors.'>>'**

An attractive solution for further improving the sensor selec-
tivity was recently demonstrated using a single sensor rather than
a sensor array.>>’>~7® This new concept involved the combina-
tion of a sensing material that exhibited different response
mechanisms to different species of interest with a transducer
that had multivariable signal transduction capability to detect
these independent changes. Two exemplary developed scenarios
for passive wireless sensing using this sensor platform are
depicted in Figure 8. In the first approach, a sensing material
was applied onto the resonant RFID antenna (Figure 8a) that
altered its impedance response. In another approach, a comple-
mentary sensor resistor and/or capacitor was attached across an
antenna and an IC memory chip (Figure 8b) that also altered the
sensor impedance response.”' The impedance response of the
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sensor was correlated to the concentration of the analyte of
interest independent of the presence of high levels of back-
ground interferences. Measurement of RFID sensor antenna
impedance and readout of the calibration parameters of the
sensor (stored in the memory chip) were performed via mutual
inductance coupling between the RFID sensor antenna and the
pick-up coil of the reader. For selective analyte quantitation
using individual RFID sensors, impedance spectra of the
resonant antenna were measured (Figure 8c), and several
parameters from the measured real and imaginary portions of
the impedance spectrum were further calculated. By applying
multivariate analysis to the impedance spectra or to the
calculated parameters, quantitation of analytes and their mix-
tures with interferences was performed with individual RFID
sensors. Depending on the sensing material, transducer geo-
metry, and type of analyzed gas, these developed RFID sensors
demonstrated part-per-million, part-per-billion, and part-per-
trillion detection limits. Compared to other sensor technologies
(summarized in exemplary references 19, 79, and 105), these
RFID sensors exhibited significantly improved response selec-
tivity to analytes, detected several analytes with a single sensor,
and rejected effects from interferences.

4. INTEGRATION OF SENSING MATERIALS WITH
TRANSDUCERS

Constructing a wireless gas sensor involves the proper
combination of transducer and sensing material to meet the
needs of a particular application. The mechanisms of transduc-
tion in wireless sensors involve the transduction of the analyte-
induced changes of mass, elasticity, and complex permittivity of
the sensing film material into the corresponding variation in
transducer resonant frequency, capacitance, resistance, and
other electrical properties. Different classes of sensing materials
with diverse requirements for temperature of operation
(accommodating ambient temperature or requiring elevated
temperature) and with diverse requirements for power (passive
vs active sensors) are outlined in Figure 9 and can be selected
based on the mechanisms of their gas response.

The gas responses of different types of sensing materials that
are detailed in this review involve numerous mechanisms such
as dispersion, polarizability, dipolarity, basicity, acidity, and
hydrogen-bonding interactions in dielectric polymers; changes
in density and charge carrier mobility, swelling, and conforma-
tion transitions of chains in conjugated polymers; swelling and
an associated increase in material resistance in carbon nano-
particle-filled polymers; dispersion, dipolarity/polarizability,
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Figure 9. General summary of research activities in development of
sensing materials for transducers with different power requirements
applicable for wireless sensing.

and hydrogen-bond acidity interactions in fullerenes; charge
transfer between analytes and p-type semiconducting carbon
nanotubes, gas-induced Schottky barrier modulation at carbon
nanotube/metal contacts, and/or polarization of molecular
adsorbates on carbon nanotubes and graphene; electron tun-
neling between metal cores and charge hopping along the
atoms of the dielectric ligand shell in monolayer-protected
metal nanoparticles; adsorption/desorption, reduction/reox-
idation, and bulk effects in semiconducting metal oxides;
molecular discrimination of gases by size and shape in zeolites;
molecular recognition based on complexation interactions of
gases in supramolecular materials due to the presence of
organic hosts with enforced cavities; hydrogen bonding, polar-
ization, polarity interactions, metal center coordination inter-
actions, and molecular arrangements in metalloporphyrins,
metallophthalocyanines, and related macrocycles; and van
der Waals interactions of the framework surface, coordination
to the central metal ion, and hydrogen bonding of the frame-
work surface in MOFs. The analysis of these diverse mechan-
isms of materials responses should inspire the discoveries of
new basic principles of the transduction of surface/bulk
chemistry into measurable electrical signals.

4.1. Synthetic Polymers As Sensing Materials

Synthetic polymers, including dielectric polymers, conju-
gated polymers, their copolymers, and polymeric formulations
are among the most diverse, as well as most mature, classes of
sensing materials. 3% In modern wireless sensors, one of the
main reasons for their attractiveness originates from their ability
to operate at room temperature. Recent reviews are available on
polymeric materials for gas sensor applications that highlight
sorbing polymers and copolymers, con]u§ated olymers, and
formulated polymeric materials.>**°~'°"'357157  Additional
selectivity requirements for wireless sensing have driven re-
searchers to develop specific polymers for these applications.
Micro- and nanopatterning of these sensing materials and
formation of ultrathin sensing films facilitates enhanced vapor
diffusion and response speed when compared to conventional
polymeric films.

4.1.1. Dielectric Polymers. Both high- and low-T, (glassy
and rubbery, respectively) polymeric materials have been
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Figure 10. Application of a random copolymer Teflon AF2400 pre-
pared from tetrafluoroethylene and 2,2-bis(trifluoromethyl)-4,5-di-
fluoro-1,3-dioxole for CO, sensing using a wireless SAW sensor. (a)
Chemical structures of Teflon AF2400 and AF1600. (b) Sensor
response to CO, at different humidity levels.

Reprinted with permission from ref 64. Copyright 2007 IOP Publishing.

employed as sensing materials since the 1960s.">* The inter-
actions of polymers with vapors can be descrlbed using linear
solvation energy relationships (LSERs)"*® and include disper-
sion, polarizability, dlpolarlty, basicity, acidity, and hydrogen-
bonding interactions.'”” Sensing mechanisms of dielectric
polymers mvolve analyte 1nduced changes in dielectric
constant,"*® mass,*® and elasticity'*® of sensing films as well
chemical (e.g, ac1d/base) reactions between analytes and
sensing polymers."*" Transducers implemented for wireless
gas sensing with dielectric polymers 1nclude capac1t0rs139 and
TSM, 46 SAW, o4 magnetoelastlc, and RF’! resonators.

Low-T, polymers are typically employed for the detection of a
large variety of organic vapors. Gas diffusion is more rapid in low-
T, polymers as compared to high-T, polymers because of the
greater free volume and thermal motion of polymer chain
segments.'** High-T, polymers expand the range of gases that
can be detected with polymeric sensing materials including
numerous inorganic gases. Wireless and low power sensors have
been demonstrated for humidity detection based on polyimide,
cellulose acetate (CA), polycellulose acetate butyrate (CAB),
polymethzlmethacrylate (PMMA), and polyvinylpyrrolidone
(PVP).>>*%1431% Examples of polymers used for carbon dioxide
sensing include acrylamide/isooctylacrylate** and amorphous
glassy perfluorodioxole copolymers.****'** Ammonia gas sensi-
tivity has been shown for sensors using a poly(acrylic acid-co-
isooctylacrylate) sensing film."*®

High-T, polymers with aromatic backbones (e.g., polycar-
bonates, polysulfones, and polyimides), which contain —C-
(CF3),-(6F) groups in the main chain, exhibit enhanced free
volume and gas permeablhty relative to analogous materials
without 6F groups'*” and have been used for low-power gas
sensing.'*® Similar effects may also be achieved by introducing
fluoroalkyl groups as side chains in polymers. Amorphous
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high-T perfluorodioxole copolymers are known to have weak
interchain interactions that result in uniquely high vapor
solubility coefficients.'*’ Random copolymers prepared from
tetrafluoroethylene (TFE) and 2,2-bis(trifluoromethyl)-4,5-di-
fluoro-1,3-dioxole (BDD) are widely used for sensors. For
example, the TFE/BDD composition of 13/87 mol %
(known as Teflon AF2400, see Figure 10a) has been applied
for measurements of CO, in numerous wireless and other
sensors.**®*!** Detection limits were demonstrated down to
several ppm of CO,, although humidity remained a significant
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Figure 11. Representative examples of low-T, polymers that became
“classic” benchmark sensing materials. (a) Polyetherurethane (PEUT),
(b) polyisobutylene (PIB), (c) ethyl cellulose (EC), (d) polyepichlor-
ihydrin (PECH), (e) cyanopropyl methyl phenylmethyl silicone (OV-
225), and (f) dicyanoallyl silicone (OV-275).

interferent. Interestingly, the humidity effect was of a different
magnitude depending on the transduction principle. In capaci-
tance-based sensors, water exerted a 30 times stronger response
than CO,,"*® whereas smaller water effects were found for SAW
transducers.®* It was suggested to use either a complete water
removal before CO, measurements' ™ or to incorporate a
separate humidity sensor to mitigate this issue.** An example
of a wireless SAW sensor response to CO, at different humidity
levels is presented in Figure 10b.

Polymers with low glass transition temperatures have been
extensively explored for detection of many classes of volatiles.
Representative examples of such polymers that became “classic”
benchmark sensing materials against which numerous other new
materials have been compared are presented in Figure 11. One of
these polymers, polyetherurethane (PEUT, Figure 11a),*® served
as a coating on a capacitance transducer in a passive RFID sensor
(Figure Sc) and was used to demonstrate detection of volatile
organic compounds and water vapor as shown in Figure 12a.
Two variable parameters that modulated the capacitance of the
sensor were changes in the dielectric constant and swelling of
sensing film. Capacitance of the sensor depended on the di-
electric constants of the measured vapors as well as the dielectric
constant of the sensing film, with the net capacitance either
increasing or decreasing upon vapor exposure. For polyetherur-
ethane sensing films (¢, = 4.8), the sensor capacitance increased
upon exposures to vapors with the dielectric constants higher
than the sensing film (e.g., water (¢, = 78.5) and tetrahydrofuran
(THF, &="7.5)) and decreased upon exposure to vapors of lower
dielectric constant (e.g., toluene (&', = 2.4)). Thus, Figure 12a
illustrates the nonselective measurements of vapors with a single
capacitance sensor because the responses of the sensor to water
and THF vapors were in the same direction and differed only in
magnitude. Therefore, it was impossible to differentiate effects
from THF or water vapor produced on this sensor, or to obtain
selective responses to toluene or THF in the presence of water
vapor. However, a single passive RFID sensor with multivariable
response was able to easily discriminate between these three
vapors (see Figure 12b—d). The individual F,, F, Fy, F,, 2, 2y,
and Z, responses (Figure 12b and c) were analyzed using PCA
tools with results shown in Figure 12d. Thus, a single multi-
variable response wireless sensor reliably discriminated between
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Figure 12. Comparison of the ability to discriminate between three individual vapors (water, toluene, and THF) using different transducers coated
with the same PEUT films: (a) performance of a passive digital RFID sensor with a capacitor transducer. (b—d) Performance of a passive RFID sensor
with multivariable signal transduction; individual sensor responses (b) F,, Fy, F,, F,; and (c) Zy, 2y, Zp; and (d) Scores plot of a PCA model of an
individual RFID sensor response. Concentrations of each vapor were 0.18, 0.36, 0.53, and 0.71 P/P,,.
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these three example vapors using a “classic” polyetherurethane
polymer.

The capabilities of passive multivariable response RFID
sensors with polyetherurethane sensing films were also demon-
strated under operation in the presence of high levels of inter-
ferences (e.g., water vapor) and found to reject these interference
effects. Although the individually measured parameters were
affected by humidity, the resulting multivariable response of this
sensor provided the possibility for signal correction and rejection
of the water effect. Figure 13a illustrates the PCA scores plot
versus experimental time of sensor response to variable concen-
trations of toluene vapor in the presence of changing relative
humidity. Critical to the success of correcting for humidity effects
with a single sensor, polyetherurethane responded to toluene
with the same magnitude in the presence of different concentra-
tions of water vapor. A full correction of toluene response at
different RH levels was done using multivariate analysis. The
resulting multivariate calibration curves at variable RH were
identical (Figure 13b) and provided a new capability to quantify
vapors at different RH.

Furthermore, passive multivariable response RFID sensors
with polyetherurethane sensing films were tested for their
selective quantitation of analyte vapors in mixtures with two
interferences. Acetone was selected as a model analyte vapor to
be quantitated in mixtures with water and ethanol vapors.

b) os
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0.05 0.1 0.15 0.2

Toluene (P/P,)

700 0

Figure 13. Demonstration of humidity-independent operation using
a single RFID sensor with multivariable signal transduction and
PEUT sensing polymer. (a) Plot of PC, vs PC, vs time illustrates
sensor response to five concentrations of toluene vapor (0.04, 0.07,
0.10, 0.14, and 0.20 P/P,, two replicates each) at three humidity
levels. (b) Multivariate calibration curves for toluene detection at 0,
20, and 40% RH.

Figure 14a illustrates the PCA scores plot of sensor response
to variable concentrations of acetone vapor in the presence of
changing concentrations of water and ethanol vapors. A full
correction of acetone response at different levels of water and
ethanol vapors was done using a developed PCA-based model.
The resulting multivariate calibration curves for acetone were not
affected by the variable levels of water and ethanol vapors
(Figure 14b) and provided a new capability to quantify an
analyte vapor in the presence of multiple interferences using
only one sensor.

Selection of sensing materials with other dielectric constants
(e.g., polyisobutylene (PIB, €, = 2.1), ethyl cellulose (EC, &', =
3.4), polyepichlorihydrin (PECH, €', = 7.4), cyanopropyl methyl
phenylmethyl silicone (OV-225, ¢, = 11), and dicyanoallyl
silicone (OV-275, €, = 33) as shown in Figure 11b—f) provides
the ability to tailor the relative direction of sensing response upon
exposure to vapors of different dielectric constant.*"*° The
different partition coeflicients of vapors into these or other
sensing materials further modulate the diversity and relative
direction of the response.

More selective recognition of vapors can be achieved by
incorporating tailored functionalities into polymeric sensing
materials. One class of materials with enhanced selectivity toward
highly basic analytes such as nitroaromatic explosives and
chemical warfare agents is based on hydrogen-bond acid func-
tionality and has been explored with several types of transducers
including capacitors,151 resistors,">* microcantilevers,'*® and
SAW.">> These materials generally use fluorination to increase
the hydrogen-bond acidity of aliphatic or phenolic alcohols,
which are incorporated as main-chain or pendant groups on
low-T, sensing polymers. An example of selective molecular
association between dimethyl methylphosphonate (DMMP,
chemical warfare agent simulant) and the hexafluoroisopropanol
group in a siloxane fluoroalcohol (SXFA) polymer is illustrated in
Figure 15.

Because temperature effects are important at all stages of
sensor fabrication, testing, and end-use, an understanding of
temperature effects is essential to building robust, temperature-
corrected transfer functions for sensor performance to preserve
response sensitivity, selectivity, and baseline stability. Wireless
TSM sensors have been implemented for the evaluation of effects
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Figure 14. Quantitation of an analyte vapor (acetone) in the presence of multiple interferences (water and ethanol vapors) using a single RFID sensor
with multivariable signal transduction and PEUT sensing polymer. (a) Plot of PC; vs PC, illustrates sensor response to four concentrations of acetone
vapor (0.044, 0.089, 0.133, and 0.178 P/P,,) at two concentrations of water vapor (0.18 and 0.36 P/P,) and two concentrations of ethanol vapor (0.09
and 0.18 P/P,). (b) Multivariate calibration curves for acetone detection in the presence of two interferences (water and ethanol vapors).
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of conditioning of Nafion sensing films at different temperatures
on the vapor response selectivity patterns.154 Nafion-coated
TSM resonators were conditioned at 22—125 °C for 12 h
followed by exposure to water, ethanol, and acetonitrile vapors.
It was found that conditioning the sensing films at 125 °C
provided an improvement in the linearity in response to ethanol
and acetonitrile vapors, an increase in relative response to
acetonitrile, and an improvement in the discrimination ability
between different vapors compared to room temperature
conditioning.

The combined effects of annealing temperature and plastici-
zers on performance of Nafion sensing films were studied
utilizing passive RFID sensors with multivariable response.'>
Nafion was formulated with five phthalate plasticizers as shown
in Figure 16a. Sensing film formulations and control sensing films
without plasticizers were deposited onto RFID sensors to form a
6 x 8 sensor array (Figure 16b), which was exposed to eight
temperatures ranging from 40 to 140 °C using a gradient
temperature heater, and their response stability and gas-selec-
tivity response patterns were evaluated upon exposure to water
and acetonitrile vapors. The multivariable responses of these
sensors were further examined using PCA (see Figure 16c).
Nafion sensing films formulated with dimethyl phthalate showed
the largest improvement in response diversity to these two
vapors as indicated by the largest Euclidean distance. This
RFID-based sensing approach demonstrated rapid, cost-
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Figure 15. Example of selective molecular association between DMMP
and the hexafluoroisopropanol group in SXFA polymer.

effective, combinatorial screening of sensing materials and pre-
paration conditions.

4.1.2. Conjugated Polymers. Conjugated polymers (also
known as intrinsically conducting polymers) have been in
laboratory use for gas sensing since the 1980s."°17 Conjugated
polymers are unique synthetic sensing materials because recog-
nition and transduction in these materials can be performed
within the same chemical moiety. This facilitates an expansion of
the range of detectable analytes and an improvement of their
detection limits. Conjugated polymers exhibit several mechan-
isms of molecular gas recognition including changes in density
and charge carrier mobility, polymer swelling, and conforma-
tional transitions of polymer chains."*>'*® In addition, the
inherent electrical transport and energy migration properties of
intrinsically conducting polymers can also facilitate the enhance-
ment of material™® and readout'® sensitivity. Transducers
implemented for wireless and low-power gas sensing with
conju%ated polymers include chemiresistors,'®® capacitors,®"
FETs, 2 and TSM,163 SAW,164 and RE”* resonators. Current
developments in conjugated polymers involve the implementa-
tion of known polymers in new applications, development of new
polymers, and exploration of effects of polymer nanomorphology
on the vapor-response selectivity and sensitivity.

Examples of conjugated polymers and their derivatives de-
monstrated for gas sensing with wireless and low-power trans-
ducers include gol}f&lniline,1657167 polythiophenes,'¢%'6>168
polypyrrole,'**'®” bilypyrroles,'”® and poly(vinyl ferrocene).'®®
Conjugated polymers (e.g, poly(fluorene)diphenylpropane)
originally developed for organic light-emitting diodes have also
been demonstrated with wireless resonant sensors as sensing
materials with significantly suppressed humidity effects.”’ For-
mulation of conjugated polymers with different dielectric and
highly conducting additives provides an way to expand the
diversity of response selectivity to different gases.'” Recently,
two “classic” conjugated polymers with diverse response me-
chanisms to different vapors were applied to multivariable RFID
transducers to detect these independent changes and to demon-
strate the power of passive wireless sensors.”* Poly(3,4-
ethylenedioxythiophene) (PEDOT) was formulated with poly-
(4-styrenesulfonate) (PSS) and employed for sensing of acet-
onitrile (ACN), ethanol (EtOH), and water (H,0O) vapors (see
Figure 17a and b). The response mechanism of PEDOT—PSS to
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Figure 16. Combinatorial screening of sensing film compositions using passive multivariable RFID sensors. (a) Phthalate plasticizers dimethyl phthalate N1,
butyl benzyl phthalate N2, di-(2-ethylhexyl) phthalate N3, dicapryl phthalate N4, and diisotridecyl phthalate NS. (b) Photo of an array of 48 RFID sensors
prepared for temperature-gradient evaluations of response of Nafion/phthalate compositions. (c) Results of principal components analysis of AF;, AF,,
AF,, and AZ, responses of RFID sensors with six types of sensing films to H,O and acetonitrile (ACN) vapors upon annealing at 110 °C. Arrows
illustrate the H,O—ACN Euclidean distances and the response direction of sensing films NO—N3 starting with ACN and ending with H,O response.
Reprinted with permission from ref 155. Copyright 2009 American Chemical Society.
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Figure 17. Application of conjugated polymer compositions with diverse vapor-response mechanisms on multivariable RFID transducers. Conjugated
polymer compositions: (a) PEDOT/PSS, (c) PANI/CSA. PCA scores plots demonstrating selective analysis of vapors using individual RFID sensors
with the multivariable signal transduction. (b) Discrimination between EtOH, ACN, and H,O vapors using PEDOT—PSS film; concentrations of all
vapors were 0.04, 0.07, 0.1, 0.14, and 0.2 P/P,. (d) Discrimination between NH; and H,O vapors using PANI—CSA film; concentrations of H,O vapor
were 0.02, 0.04, 0.07, 0.1, 0.14, and 0.2 P/P,,, and concentrations of NH; vapor were 1 x 107°,2%x107°,3.5%107%,5%x 107°,7x 10 %,and 1 x 10~*

P/P,,.
Reprinted with permission from ref 74. Copyright 2009 Wiley.

polar organic vapors involves conformational changes within the
polymer chains due to the interaction between the dipoles of the
vapors and dipoles or charges on the polymer chains.'”"'”* For
example, the H,O vapor-response mechanism has been shown to
involve dipole molecular effects with the polar PEDOT —PSS
formulation.'”* Another “classic” polymer, polyaniline (PANI),
was formulated with camphorsulfonic acid (CSA) and employed
for sensing ammonia (NH3) and H,O vapors (see Figure 17cand d).
The response mechanism of PANI-CSA to NHj involved
polymer deprotonation, whereas the response mechanism to
H,0 involved formation of hydrogen bonds and swelling.'*>'”*
The calculated detection limits for NH; using PANI—CSA were
20—80 ppb, which was 6—25-fold better than chemiresistor
sensors with PANI nanowires.'” Results of multivariate vapor-
selectivity analysis using PEDOT- and PANI-based sensors
showed excellent discrimination between different vapors (see
Figure 17b and d).”

The detection limit of PANI-based RFID sensors has been
further improved down to 500 part-per-trillion (ppt) followed by
the demonstrations of these sensors for the monitoring of fish
freshness. Five RFID sensors were arranged in separate plastic
containers with ~200-mL headspace and were monitored at
once using a multiplexed sensor reader. The headspace for three

sensors contained ~20 g (each) of salmon filet on a water-soaked
liner. Two other sensors served as negative controls with their
headspace that was either dry or contained only a water-soaked
liner. Figure 18 illustrates results of these experiments at room
temperature. Control sensors exposed to low humidity and 100%
RH conditions demonstrated no increase in sensor impedance.
Amines that were generated during salmon storage produced a
significant increase in sensor impedance due to the deprotona-
tion of PANT as detected in ~2 h with these unoptimized sensors.

New conjugated polymers have been synthesized and implemen-
ted for VOC detection with detection limits down to the low part-
per-million—high part-per-billion range with reduced humidity
effects.”’ Poly(fluorene)diphenylpropane polymer (Figure 19a)
was applied onto a multivariable RFID sensor and exposed to
different concentrations of trichloroethylene (TCE), water, and
toluene vapors (Figure 19b). This response demonstrated that the
effect of RH was not only negligible but also opposite in its response
direction. The response magnitude and stability of the sensor were
further tested at variable humidity levels as shown in Figure 19c¢. This
sensing material responded to TCE with a < 1 ppm detection limit.

Several routes to improve the selectivity and stability of
conjugated polymers have been identified, including chemical
modifications (e.g, side-group substitution of heterocycles,
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copolymerization, introduction of end-groups), doping, charge
compensation for oxidized polymers by incorporation of
functionalized counterions, formation of organic—inorganic
hybrids, and surface functionalization.'**'7*~!7® Rational ma-
nipulation of polymerization conditions can also be used to
control sensor-related properties of conjugated polymers (e.g.,
molecular weight, monomer connectivity, conductivity, band
gap, and morphology).l36
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Figure 18. Monitoring of fish freshness using PANI-based passive
multivariable RFID sensors. Sensors 1—3 were positioned in a head-
space with ~20 g (each) of salmon filet on a water-soaked liner. Sensor 4
served as the first negative control positioned in a low-humidity head-
space. Sensor S served as the second negative control positioned in a
headspace only with a water-soaked liner. Sensors 1—S5 were monitored
at once at room temperature using a multiplexed sensor reader after 1 h
of equilibration time to reach the steady—state condition in all sensors.
Results are plotted as means and SD for sensors 1—3 (red trace) and
4 and S (blue trace). Inset, initial response of sensors 1—S.

Controlling chain orientation in conjugated polymers can be
an important parameter in optimizing vapor-response perfor-
mance. For example, ultrahigh-density arrays of polypyrrole
nanorods have been fabricated by electropolymerization within
a porous diblock copolymer template, demonstrating that nano-
rod conductivity is much higher than that of thin polypyrrole
films, due to the high degree of chain orientation.'® Controlling
surface morphology on the nanoscale level can also be used to
affect the 1performance of conjugated polymer-based vapor
sensors."®*'” It has been found that, under certain conditions,
regioregular poly(3-hexylthiophenes) self-assemble into highly
ordered and partially crystalline structures with improved charge
carrier mobility. A field-effect transistor readout was well suited
to benefit from the improved field effect mobility in these
conjugated polymers. Good contacts between the polythiophene
polymer and the metal electrodes of a chemiresistor sensor were
provided by combining nanotransfer printing and solventless
polymerization.'®® Vapor-based polymerization of thiophene
resulted in a highly oriented polythiophene film.

Deposition methods for conjugated polymers can facilitate the
formation of different morphologies. For example, inkjetted films
can exhibit significantly different structures compared to films
drop-cast from low vapor pressure solvents. The increased drying
time of regioregular poly(3-hexylthiophene) polymer solution
allowed polymer molecules to self-assemble into dense
10—30 nm wide nanofibril structures when drop-cast."”” Mor-
phology of these regioregular poly(3-hexylthiophene) thin films
is illustrated in Figure 20a. It was found that the response of these
sensing films was strongly dependent on the applied gate voltage
so that the source-drain current response was different in sign
and magnitude for the same analyte (see Figure 20b). This sensor
performance was explained by competing sensing mechanisms,
specifically intragrain effects causing the positive response and
grain boundary effects causing the negative response. Thus, the
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Figure 19. Humidity-independent operation using a conjugated polymer sensing film on a multivariable RFID transducer. (a) Structure of
poly(fluorene)diphenylpropane polymer. (b) Response to different concentrations of TCE, water, and toluene vapors. TCE and toluene vapor
concentrations are 0.02, 0.03, 0.5, 0.7, and 0.1 P/P,; water concentration corresponds to relative humidity of 4, 10, 20, 48, and 76% RH. (c) Sensor
response stability to TCE vapor (P/P, = 0.1) at different RHs of carrier gas.
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Figure 20. Demonstration of morphology effects of a drop-cast re-
gioregular poly(3-hexylthiophene) thin film on vapor-response selec-
tivity. (a) Atomic force microscopy (AFM) image of sensing film inside
the transistor channel; (b) contour map illustrating the effect of applied
gate voltage on transistor drain-source current response to 10 vapors
normalized to 1 ppm of each vapor.

Reprinted with permission from ref 162. Copyright 2008 American
Chemical Society.

overall response was dependent on the combined effects of both
mechanisms originating from the nature of the 0Particu.lar vapor
and the applied gate voltage of the transducer.'®*

4.1.3. Micro- and Nanopatterning and Thin Films of
Dielectric and Conjugated Polymers. Micro- and nanopatterning
of polymeric sensing materials and the formation of thin polymeric
films have been extensively demonstrated to facilitate enhanced vapor
diffusion and response speed when compared to conventional
polymeric films."””*%~'% A variety of techniques have been demon-
strated to fabricate features in polymeric materials ranging from
500 nm down to 2 nm feature sizes. Several examples of these
techniques are presented in Table 4.'%7'%%'%71% Representative
examples of nanostructured polymeric materials employed for vapor-

sensing applications are illustrated in Figure 21."%'*%"! Several
recent reviews provide critical analyses of modern techniques for
micro- and nanopatterning of polymeric materials'”* and electrospin-
ning of polymers.'”

It is important to note that, in addition to the outstanding
features of micro- and nanopatterned sensing films, these films
can suffer from several practical challenges. In particular, these
structured films may be more prone to surface delamination,
dewetting, and other surface effects particularly after exposure to
relatively high analyte concentrations and/or interference va-
pors. Although film conditioning may reduce these effects, care
should be taken to understand the origin of these effects and to
have practical technical solutions for these problems. An example
of such effects is shown in Figure 22 where a microstructured
polydiacetylene-based polymeric film was exposed to ~5000
ppm of dimethylformamide (DMF) vapor for 10 min. Upon such
relatively short exposure, the original homogeneous, defect-free
24-um wide patterned lines demonstrated a noticeable dilation
and defect formation."”* Unfortunately, effects from long-term
deployments in humid or harsh environments are even more
pronounced in nanostructured materials. However, some of
these effects can be reduced by covalent linkage of the polymers
to the sensor substrate.'”

Thin polymeric films formed on a transducer surface can
experience dewetting effects leading to modifications of the film
morphology and causing sensor drift.'*® An efficient inhibition of
dewetting effects of polymer films was demonstrated by changing
the surface energy of the substrate, achieved by a careful cleaning
of transducer surface, adding nanosize filler particles into film
formulations, and inducing surface roughness.l%’197 Dewetting
effects can also be utilized to produce useful chemical dosimeters
when the morphology of a thin sensing film is altered upon vapor
exposure. Figure 23 illustrates effects of methanol exposure on
the morphology of an inkjet printed PEDOT—PSS film."*® This
morphology change has been achieved by exposing the chemir-
esistor sensor to methanol concentration of 5000 ppm for 30
min."”® In addition to dosimeters based on chemiresistors with
conjugated polymer films,'"”® other examples include SAW
resonators with dielectric polymer films.'*®

4.2. Carbon Allotrope-Based Sensing Materials

From the wide variety of carbon allotropes, amorphous
carbon, fullerenes, carbon nanotubes, and graphene have been
the most explored as gas-sensing materials. These carbon
allotropes serve two main functions in sensing films, acting
either as an additive in the sensing film matrix to provide signal
transduction or as a main component in the sensing film to
facilitate analyte recognition and provide signal transduction.
Amorphous carbon nanoparticles (“carbon black”) have been
extensively employed for sensing. These carbon nanoparticles
serve as the additive in the sensing film matrix that provides
electrical ~signal transduction in many chemiresistor
sensors.”"'?*~2%! Fullerenes and carbon nanotubes are struc-
turally formed from graphene, which is a planar monolayer of
sp>-bonded carbon atoms arranged in a honeycomb crystal
lattice. Graphene can be wrapped up into zero-dimensional
fullerene structures, or one-dimensional hollow single-wall
carbon nanotube (SWNT) and multiwall carbon nanotube
(MWNT) structures, or can be free-standing planar two-
dimensional sheets.”*>*%* Unlike other semiconducting sensing
materials such as nanobelts, nanowires, and nanoparticles, all
atoms in fullerenes, SWNTs, or graphene are surface atoms;
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Table 4. Examples of Techniques Demonstrated for Fabrication of Nanoscale Features in Polymeric Materials

demonstrated feature size technique reference
~500-nm line width nanoassembly from fluids 183
200—300-nm nanoparticle diameter fabrication and self-assembly of polymeric and composite nanobeads 184, 185
~150-nm feature guided growth of polymeric structures on surface-functionalized nanopatterns 186
~100-nm lateral dimension electrostatic lithography for polymeric patterns 187
40—50-nm nanofiber diameter electropolymerization techniques 167
15-nm width of nanowire self-assembled block copolymer lithography for large-scale fabrication of well-ordered nanowires 180
<10 nm lateral size of nanowire dewetting technique for highly ordered arrays of nanowires 188
S-nm nanofibers diameter electrospinning techniques 189
~2-nm feature polymer imprint lithography with single-walled carbon nanotubes as templates 190

Figure 21. Representative examples of nanostructured polymeric materials employed for vapor sensing with progressively decreasing feature size.
Scanning electron microscopy (SEM) images of (a) self-assembled film from phenylacetylene nanospheres; (b) poly(2-methoxy-S-(2'-ethylhexyloxy)-
1,4-phenylenevinylene nanowires fabricated by edge lithography; and (c) PEDOT/PSS nanowires fabricated by self-assembled block copolymer

lithography.

(a) Reprinted with permission from ref 184. Copyright 2008 IOP Publishing. (b) Reprinted with permission from ref 191. Copyright 2008 American
Chemical Society. (c) Reprinted with permission from ref 180. Copyright 2008 American Chemical Society.

100 pm
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Figure 22. SEM images of a microstructured polydiacetylene-based
polymeric film (a) before and (b) after exposure to ~S000 ppm of
dimethylformamide vapor for 10 min.

Reprinted with permission from ref 194. Copyright 2010 Elsevier.

thus, electron transport through these materials can be effi-
ciently modulated by the environment around these atoms,
including adsorbed gas molecules. However, this also means
that these materials suffer from nonselective gas responses
unless properly functionalized. These 0-D, 1-D, and 2-D
structures have been extensively explored for gas sensing as

the main component in the sensing film to facilitate analyte
recognition and to provide signal transduction.

4.2.1. Amorphous Carbon Nanoparticles. In the mid-
1980s, to combine the diversity of insulating polymeric sensing
materials with the simplicity and low power consumption of
chemiresistors, insulating polymers were formulated with con-
ductive particle fillers near their percolation threshold.****%°
The mechanism of response for these sensors involves the
swelling of the polymer matrix in the presence of analyte
molecules leading to an increase in film resistance due to the
disruption of conductive pathways. Initial reports by Lundberg
and Sundqvist’®* and Ruschau et al,** in combination with
work by Lewis and co-workers on arrays of these conducting
polymer composites,”’® initiated a new direction in gas sensing,.

Significant achievements with conducting polymer compo-
sites were demonstrated including ppm detection limits for
VOCs,"””?°7 ppb detection limits of nerve agent simulants™'
and VOCs,”® selective recognition of individual vapors in their
mixtures,%209 discrimination between enantiomeric vapors,200
and evaluation of effects of interfering vapors.”' Chemiresistor
arrays with conducting poleer composites were commercia-
lized by Cyrano Sciences.**" Wireless vapor sensors based on
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Figure 23. Example of utilization of sensing film dewetting effects for
chemical dosimetry. Atomic force micrographs of an inkjet-printed
PEDOT—PSS film (a) before and (b) after exposure to ~5000
ppm of methanol vapor for 30 min.

Reprinted with permission from ref 198. Copyright 2005 American
Institute of Physics.

conducting polymer composites have been demonstrated based
on both passive and battery-operated designs.*'’”*'* Several
reviews provide details of developments in conducting polymer
composites.wo’213

4.2.2. Fullerenes. Fullerenes contain 20 or more carbon
atoms bonded in pentagonal, hexagonal, and sometimes hepta-
gonal rings, forming roughly spherical molecules. Since the
discovery of Cgo molecules in 1985*'* and their synthesis in
1990,%" fullerenes were extensively explored from fundamental
and applied perspectives as summarized in several reviews.”'*'”
The high surface area, reactivity, and semiconducting properties
of fullerenes led to their investigation as gas sensing and sorbing
materials.”'®

Initial studies of fullerenes as sensor materials explored the
semiconducting properties of Cgo films deposited on interdigi-
tated electrodes, where the C, functioned as both sorbent and
transducer.”'” Because of their semiconducting properties, full-
erenes were studied for detection of reducing gases™ with
experiments at different temperatures (50—300 °C) that re-
vealed the need for 250 °C or higher operating temperatures.
Unfortunately, fullerenes also demonstrated significant humidity
effects.”’® These humidity effects are well-known for other

Figure 24. SEM image of surface-functionalized SWNTs.

. . . . 1 220-222
semiconducting sensing materials such as metal oxides.

Operation at room temperature (adaptable for low-power and
wireless sensing) was performed for the detection of polar organic
vapors using TSM transducers.”** Physisorption was the dominant
mechanism for the majority of tested vapors whereas chemisorp-
tion of amine and thiol-containing vapors was also observed. The
physisorption capabilities of pure fullerenes were thoroughly
studied and further modeled using LSER relationships revealing
the importance of dispersion, dipolarity/polarizability, and hydro-
gen-bond acidity interactions of fullerenes with vapor analytes.”**
In evaluating fullerene responses to nonpolar vapors, it was found
that the strongest responses were for vapors that were good
solvents for fullerenes.”*> SAW transducers and LSER relation-
ships were employed for the comparison of sorption of diverse
vapors by fullerenes, graphite, and polymers.”*® It was found that
fullerenes covalently attached to the SAW sensor surface had
selectivity similar to graphite and low-polarity polymers but had
lower sensitivities than linear polymers.

To improve selectivity and sensitivity of fullerenes, additional
work focused on the functionalization of fullerenes. Sensitivity of
fullerene sensors toward polar vapors (e.g., ethanol and water) was
enhanced by >50-fold through the deposition of a metal—fullerene
hybrid film containing both Cs and aluminum due to higher
surface areas and possibly metal—fullerene bonding.””” UV ex-
posure further enhanced the sensitivity of both pristine and
Ceso—Al hybrid films through the introduction of reactive sites
on the Cg, surface.””’ Sensitivity of Cgo-based QCM and SAW
sensors toward polar and nonpolar vapors such as volatile organic
alcohols, aldehydes, and acids was enhanced by derivatizing the
Ceo with supramolecular host compounds such as crown ethers
and cryptands.”****” The proposed mechanism of this sensitivity
enhancement involved a combination of enhanced chelation by
the cryptand/crown ether as well as enhanced reactivity of the C4
at the cryptand/crown ether binding site.”****” Another approach
to generating supramolecular host compounds for vapor sensing
with fullerenes involved liquid crystals”® where rigid linear
(thermotropic liquid crystals) and globular (fullerenes) com-
pounds formed a 1:1 stoichiometry sensing film, disturbing the
close packing of both species and, thus, forming cavities and

diffusion channels.
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4.2.3. Carbon Nanotubes. Multiwalled carbon nanotubes
and single-walled carbon nanotubes were discovered in 1991
and 1993, respectively.”>">** Several recent reviews cover the
fundamentals of carbon nanotubes (CNTs).>***** An example
of CNTs is shown in Figure 24. Initial groundbreaking results of
using carbon nanotubes for gas sensing demonstrated their
extraordinary gas sensitivity’>>>* and fast>*’ and reversible®®
responses. These results inspired further comprehensive inves-
tigations of these sensing materials using conductometric
detection of electron-donating and -withdrawing molecules
undergoing charge transfer upon adsorption and using capaci-
tive detection of molecules undergoing polarization upon
adsorption. Applications of CNTs for sensing have been
recently reviewed.>*® >*

CNTs have been extensively studied for sensing of reducing
and oxidizing gases, VOCs, CWAs, TICs, and many other gases.
The mechanisms of CNT gas response can involve charge
transfer between analytes and p-type semiconducting
CNTs, 3972424 gaq induced Schottky barrier modulation at
CNT/metal contacts,”** and/or polarization of molecular ad-
sorbates on CNTs.*® It was also reported that the dominant
mode of resistive detection in nanotube networks changes
according to the conductance level (defect level) in the
nanotubes.”**

Carbon nanotubes are also extensively used as conductive
additives in vapor-responsive sensing film matrices.”**~**’ Low-
power transducers with SWNTs and MWNT-based films that are
relevant to wireless sensing include chemiresistors, 0323%245248 =250

. 88251252 2,236,237,243 241,253,254
capacitors, FETs, impedance sensors,
and SAW,**>*® TSM,**” and radio frequency and microwave
resonators.”*>**%2%2 With carefully designed wireless transducers,
their performance was shown to exceed conventional wired
sensors. For example, phase monitoring of reflected waves from a
resistive load in a wireless radio frequency resonator exhibited
higher sensitivity than direct resistance measurements.”*> Resis-
tance changes of SWNT films were also employed to modulate
backscattered power in chipless RFID sensors.”**

To measure changes in permittivity and conductivity of
MWNTs upon exposure to vapors, highly conductive MWNTs
were incorporated into a dielectric (SiO,) matrix and deposited
onto a wireless inductor—capacitor resonator.”*® The interaction
of different gases with the MWNT —SiO, layer was monitored as
changes in the resonant frequency of the sensor. This sensing
approach was demonstrated for detection of CO,, O,, NH;, and
H,O vapors. An example response of this sensor to CO, is
illustrated in Figure 2S. Sorption of CO, into the MWNTs
decreased the effective permittivity of the sensing MWNT —SiO,
layer because the permittivity of CO, (€', & 1) was less than the
permittivity of MWNTs (&', & 15). In addition, CO, acted as a
reducing gas for the p-type semiconductor MWNT's and injected
electrons into the MWNTs, thus decreasing film conductivity. A
three-sensor array, composed of the MWNT —SiO, sensing film
and two reference sensors (a bare sensor and an SiO,-coated
sensor), was used to measure CO, in the presence of uncon-
trolled changes in humidity and temperature.”*®

Simultaneous measurements of capacitance and conductance
of a SWNT network (related to permittivity and conductivity,
respectively) were performed on SWNTs exposed to dilute
individual vapors in dry air.''? It was found that adsorbed
vapors produced rapid responses in the capacitance and the
conductance of SWNTs that originated from a combination of
two distinct physiochemical properties of the adsorbed vapors,
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Figure 25. Monitoring of CO, using wireless LCR transducer coated
witha MWNT —SiO, composite film. Hysteresis-free sensor response as
€', and ¢, upon sensor exposure to CO, concentrations varying from
0% to 100% vol.

Reprinted with permission from ref 265. Copyright 2001 MDPL

Table 5. Values of AG/AC of SWNTs Networks Measured

for Various Dilute Individual Chemical Vapors in Dry Air'"’
chemical vapor AG/AC
dinitrotoluene 0.20
dichloropentane 0.10
nitrobenzene 0.080
water 0.045
hexane 0.043
toluene 0.025
benzene 0.013
2-propanol —0.027
acetone —0.03
tetrahydrofuran —0.10
DMMP —0.12

charge transfer and polarizability. The ratio of the conductance
response to the capacitance response AG/AC was found to be a
concentration-independent intrinsic property of a chemical
vapor that varied from analyte to analyte (Table S), which is
useful in assisting in the identification of unknown analytes.

Synthetic methods for CNTs include chemical vapor deposi-
tion (CVD),266’267 laser ablation,268 arc discharge,2 ? and cata-
lytic pyrolysis,””® and govern the approaches that are used to
apply these materials to transducers. In addition, carbon nano-
tubes can be surface-modified, dissolved (dispersed) in different
solvents, and solvent-cast onto transducers at ambient tempera-
ture. Depending on diameter and chirality, SWNT's can be either
metallic or p-type semiconductors, while MWNTSs generally
demonstrate metallic behavior with electrons as the majority
carriers due to the overlap of conduction and valence bands.
However, p-type semiconducting MWNTs can also be present
among the metallic MWNT's with Schottky barriers between the
metallic and semiconducting nanotubes.**'

Unfortunately, pristine CNTs nonselectively interact with
numerous gases, typically with large binding energies, resulting
in long gas-desorption time constants. Therefore, sensitivity,
selectivity, and reversibility improvements for CNTs can be
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Figure 26. Mechanism of interactions of polar gas molecules with
surface-modified carbon nanotubes.

Reprinted with permission from ref 248. Copyright 2004 IOP
Publishing.

achieved through modification of gas—nanotube binding ener-
gies by introducing defect sites’”" and by doping.”’>~*"*

Defects along the sidewalls of CNTs can be introduced by
various chemical and physical treatments. For example, acid
oxidation increases the surface area of CNTs, creates sidewall
defects, and simultaneously introduces functional groups at the
defects on the nanotube surface.””"*”> Acid treatment can
be also combined with plasma treatment for a two-step
functionalization,””® or plasma treatment can be imglemented
as a stand-alone process to create oxygenated groups.”’” Besides
enhancing organic and inorganic gas responses, CNT oxidation
also promotes its response to polar vapors including water
vapor,”*”*”® bringing a significant problem of water interference.
The mechanism of adsorption of polar molecules onto the
oxidized surface of CNTs by dipole—dipole interactions is
illustrated in Figure 26.>*

Functionalization reactions of SWNTs and MWNTSs can be
broadly categorized as covalent and noncovalent. Covalent functio-
nalization reactions include (1) direct attachment of functional
groups to the graphene surface and (2) attachment of functional
groups via amidation or esterification of the nanotube-bound
carboxylic acid groups at the defect sites.””* >** Noncovalent
functionalization approaches are more diverse and include functio-
nalization with organic molecules of different chain lengths, chain
branchings, aromatic configurations, and functional groups; 103,274,285
biomolecules;”****” synthetic dielectric polymers;”>>%**** con-
ducting polymers;”””**® metal nanoparticles;**”>*"*%
nanoparticles;””>** and infiltrated metals.'***>*

An excellent example of response diversity for SWNT's function-
alized with nonpolymeric organic materials has been recently
demonstrated.'” Ten chemiresistors were coated with a random
network of SWNTs, functionalized with nonpolymeric organic
materials (such as propyl gallate, authracene, tetracosanoic acid,
tricosane, 3-methyl-2-phenyl valeric acid, tris(hydroxymethyl)nitro-
methane, tetracosane + dioctyl phthalate, tetracosanoic acid +
dioctyl phthalate, 1,2,5,6,9,10-hexabromocyclododecane + dioctyl
phthalate, and pentadecane + dioctyl phthalate), and tested as a
sensor array for detection of individual, diverse VOCs and water
vapor. These VOCs were selected as representative biomarkers for
lung cancer, while water vapor was an expected interferent in
exhaled breath. The diversity and density of the nonpolymeric
functional groups were credited for the increase in interactions
between the vapor molecules and the sorbent material, as compared
to polymer-based sorbents. These nonpolymeric functional materi-
als were also shown to provide enhanced discrimination between
closely related alkanes. The responses of these chemiresistors were

metal oxide
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Figure 27. Scores plot from a 10-sensor array exposed to the
representative VOC biomarkers of lung cancer as well as to water (to
simulate the humidity effect in the exhaled breath) at P/P, =
0.0001—0.0S in air.

Reprinted with permission from ref 103. Copyright 2008 American
Chemical Society.

attributed to several mechanisms including charge transfer from
adsorbed species to the SWNTs, modification of contact work
function, and carrier scattering by adsorbed species. Figure 27
illustrates the scores plot of the PCA model of the sensor array
response. Each tested VOC biomarker produced a unique response
pattern with the pattern direction in principle component space
diagnostic of the biomarker and the pattern height proportional to
the biomarker concentration in the vapor phase.'®®

Water significantly affected the response of this sensor array,
leading to the need for water vapor removal with a scrubber or
preconcentration of analyte vapors. Similar humidity interfer-
ence effects in bare and functionalized CNTs were also
reported*®>?**' ~?** with several proposed mechanisms that in-
clude electronic donation to the CNT, hydrogen bonding with
oxygen defect sites on the CNT, and the introduction of charge-
trapping sites on the CNT through direct water adsorption and/
or interaction with the SiO, substrate.”®’ Several methods for
reducing the effects of water vapor were proposed, includinzg the
use of air filters coated with chemoselective polymer films** and
functionalizing CNT's with additives that cancel humidity effect
with an opposite resistance response.295

Although most of the reported CNT-based sensors were tested
at room temperature, recent studies of temperature-dependent
responses revealed a general trend toward improved sensitivity and
response kinetics at elevated temperatures,®®*”"*% similar to
other sensors based on semiconducting sensing materials such as
metal oxide semiconductors.”””

4.2.4. Graphene. Free-standing graphene was unexpectedly
found in 2004,”° starting a graphene “gold rush”.** Recent
results of using graphene for gas sensing have demonstrated its
extreme gas sensitivity” ~ and at present attract the attention of a
growing number of research groups. Several prominent features
of graphene-based materials include the 2-D geometry that
enhances the effect of adsorbed species, its impermeability to
gases, its metallic conductivity leading to low levels of Johnson
noise, and the low levels of crystal defects minimizing 1/f
noise.””® % Several recent reviews critically analyze the funda-
mental aspects of graphene’®******! and its applications for
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sensing.>*>*% Low-power transducers with graphene-based
films relevant to wireless sensin% include chemiresistors,>**
FETs,>**** and SAW resonators®® and have been employed
for different types of gases.

Graphene isolation has been demonstrated using both
mechanical®® and chemical methods.*”” An example of a graphene
material is illustrated in Figure 28. Because pristine graphene and
bilayer graphene are zero-gap semiconductors, or zero-overlap
semimetals,”*® adsorption of any gas with even a minor mismatch
in chemical potential results in an easily detectable charge transfer,
generating gas response sensitivities higher than in semiconducting
materials with larger bandgaps.**> An example of this high sensitivity
to different gases is presented in Figure 29 where graphene
monocrystals, obtained by mechanical cleavage of graphite, were
exposed to 1 ppm concentrations of NO,, NH;, H,O, and co>?
Similar to carbon nanotubes, pristine graphene interacts with
numerous gases with large binding energies, causing long gas-
desorption time constants. Thus, reversibility of this sensor was
achieved by removal of the gas by vacuum and heating the film to
150 °C to desorb the gases. A short UV exposure provided an
alternative way to recover sensor response.

Similar to carbon nanotubes, improvements in sensitivity and
selectivity for graphene have been theoretically and experimen-
tally studied by modifying the analyte binding energy using
several approaches including reducin§ 6grag)hene oxide using
chemical and thermal methods,3*%3%3° inducing defect
sites,>*”* atomic-doping (Al B, N, S),>'**"" functionalization
with organic molecules,>™ cougling with nanoparticles,313 and
surface-contamination control.**®

Graphene in its reduced graphene oxide form has also been
tested as a sensing material. 98314 It was found that the level of
reduction affected both the sensitivity and the level of 1/f noise
that originates from fluctuations in carrier mobility or carrier
density in solid-state devices. The sensors were able to rapidly
detect simulants of the three main classes of CWAs and an
explosive at ppb concentrations.>® In its oxidized state, oxygen
functional groups of graphene oxide render it too electrically
insulating for use as a conductance-based sensor. Although
chemical reduction restores the conductivity by removal of
oxygen and recovery of aromatic double-bonded carbons, this
process does not remove all oxygen groups. Thus, reduced
graphene oxide is conductive and has chemically active defect
sites available for efficient gas adsorption or surface functionali-
zation. The largest portion of these unreduced groups are
carboxyl groups, followed by epoxides and alcohols that can be
utilized for covalent chemical functionalization for increased
chemical or biological selectivity.

The 1/f noise originates from fluctuations in carrier mobility
or carrier density in solid-state devices. In SWNT films, such
fluctuations originate from trapped charges in the oxide or from
the presence of defects within individual CNTs. The 1/fnoise in
a graphene bilayer is strongly suppressed compared to CNT's due
to the effective screening of charge fluctuations from external
impurity charges. Such screening was the origin of the 10—100-
fold reduction in 1/f noise in graphene sensors over SWNT-
based sensors. The noise level in graphene devices is inversely
proportional to graphene film thickness. Figure 30 compares the
amount of noise in SWNT responses and graphene devices to 0.5
ppb of DNT.**® Detection limits obtained using graphene and
SWNT sensors were measured in dry nitrogen and compared for
several CWA simulants and explosive vapors. Because the 1/f
noise levels in capacitance-based SWNT sensors were less than
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Figure 29. Resistivity response of pristine graphene monocrystals to 1
ppm concentrations of different reducing and oxidizing gases. Regions:
(I) response in vacuum before gas exposure; (II) exposure to 1 ppm of
gases; (III) gas removed by vacuum; (IV) gas desorption by annealing at
150 °C.

Reprinted with permission from ref 299. Copyright 2007 Nature
Publishing Group.

those in conductance-based SWNT sensors,*® capacitance-
based SWNT sensors were used for comparison. It was found
that graphene and SWNT sensors had the same detection limits
for chloroethylethyl sulfide (CEES) and DNT, 0.5 and 0.1 ppb,
respectively. The graphene sensor demonstrated a 70 ppb
detection limit for hydrogen cyanide (HCN), while the SWNT
sensor did not respond even to the highest tested concentration
of 4000 ppb. However, detection of DMMP was more attractive
with the SWNT sensor because its 0.1 ppb detection limit was
50-fold better than the 5 ppb obtained with the graphene
sensor.”*® These initial comparative results stimulated the need
for more detailed further studies of relative performance of
graphene and CNT sensors.

Similar to the performance of carbon nanotubes and other
solid-state sensors, it was shown that operation at elevated
temperatures improved the dynamic performance of graphene
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Figure 30. Conductance response (AG/Gy) of SWNT and graphene
devices to periodic 30 s pulses of 0.5 ppb DNT. Vertical arrows in the
plot mark the end of each 30 s pulse.

Reprinted with permission from ref 308. Copyright 2008 American
Chemical Society.

sensors " (see Figure 31). The temporal response was relatively
slow at room temperature but was accelerated at elevated
temperatures. The sensor response was consistent with a
charge-transfer mechanism between the analyte and graphene
with a limited role for the electrical contacts. Similar to CNT
sensors, graphene sensors also suffer from water interference
effects.

4.3. Monolayer-Protected Metal Nanoparticles

In the late 1990s, a revolutionary improvement in chemir-
esistor design was pioneered by Wohltjen and Snow.>'® They
employed 2-nm diameter Au nanoparticles functionalized with
octanethiol monolayers, forming a 3-D network, and achieved
sub-ppm detection limits for nonpolar VOCs. Figure 32 illus-
trates a schematic of such a sensing film with Au nanoparticles
and alkanethiol ligand shells and a typical example of sensing Au
nanoparticles. These new materials were initially termed colloi-
dal metal—insulator metal-ensemble (MIME) nanocluster
structures,®'® followed by other names including monolayer-
protected metal nanocluster interfaces®'’ or monolayer-pro-
tected nanoparticle sensor films.*'®

This approach not only replaced relatively large (10—40 nm)
carbon black particles in conducting polymer composites but also
provided a well-controlled dielectric ligand shell around each
metal nanoparticle. Changing the material and reducing the
conductive particle size coupled with the reduction in spacing
between the particles resulted in a different operational principle
for these new chemiresistors as compared to conducting polymer
composites. The mechanism for these new chemiresistors involves
electron tunneling between metal cores through the dielectric ligand
shell and charge hopping along the atoms of the dielectric ligand
shell. The conductivity is very sensitive to the separation of the
metal cores, giving nearly an order of magnitude decrease per
angstrom increase in interparticle surface-to-surface separation.319
Importantly, any process that affects either the interparticle
surface-to-surface separation or the dielectric constant of the
medium separating the metal cores can be detected by conduc-
tivity measurements. However, variations in the interparticle
surface-to-surface separation or the dielectric constant of the
medium separating the metal cores upon exposure of sensing
films to different analytes or concentrations thereof may have the
opposite effect on sensor conductivity. Thus, the conductivity
response of chemiresistors can be either positive or negative
depending on the rigidity of the linker, the analyte concentration,
and the analyte dielectric constant.
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Figure 31. Dynamics of operation for a graphene sensor at variable
temperatures ranging from 21 to 149 °C for detection of S ppm of NO,.
Reprinted with permission from ref 304. Copyright 2009 American
Chemical Society.

a) METAL CORE LIGAND SHELL

REGIONS OF LOWER
LIGAND DENSITY

Figure 32. Sensing films based on metal nanoparticles with dielectric
ligand shells around each nanoparticle. (a) Schematic of a sensing film
with Au nanoparticles and alkanethiol ligand shells. (b) Typical example
of a fabricated film, transmission electron microscopy (TEM) image of
Au nanoparticles network.

A tremendous amount of work has been done in the area of these
sensing materials with several recent reviews that detail conductiv-
ity measurements.””*****! Although conductivity measurements
are very attractive for low-power wireless sensors, other detection
modalities have also been implemented with these materials.

The desired sensor response diversity is generally achieved
by designing different ligands surrounding the metallic cores.
Organic ligands that have been applied to metal (Au, Ag, Au/Ag
alloys, Pt, Pd) nanoparticles include organothiol derivatives,
dendrimers, organoamines, mercaptocarboxylic acids, and
others.>'”***7%*” These ligands can be broadly divided into
two classes. One class constitutes soft linkers that change their
length as a function of the amount of sorbed vapor. With these
linkers, film swelling upon analyte exposure causes an increase
in the film resistance with increased interparticle surface-to-
surface separation. However, the dielectric constant of these
films can also either increase or decrease depending on the
dielectric constant of the analyte vapor causing resistance
changes. The other class of ligands constitutes more rigid
linkers that restrain swelling of sensing films and boost the
effects of analyte-dependent changes of the dielectric constant
of the film. Examples of soft and rigid linkers utilized with metal
nanoparticles are presented in Figure 33.*%7 %%

Although general knowledge about the functional groups of

organic linkers to create networks of metal nanoparticles is
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Figure 33. Examples of soft (a and b) and rigid (c and d) linkers utilized to form metal nanoparticle networks: (a) poly(propyleneimine) dendrimer of
third generation; (b) polyphenylene dendrimer of first generation; (c) 4-staffane-3,3""'-dithiol; (d) 4,4'-terphenyldithiol.

(a) Reprinted with permission from ref 328. Copyright 2003 Elsevier. (b) Reprinted with permission from ref 329. Copyright 2007 Wiley. (c and d)
Reprinted with permission from ref 330. Copyright 2007 American Chemical Society.

available,**' the quantitative effects of different gases on the
sensitivity and selectivity of organic linkers in metal nanoparticle
networks are difficult to rationally predict based on existing
knowledge. Thus, significant work has been done to explore the
gas responses of metal nanoparticles networked with different
types of linkers. Introduction of different chemical groups in
aromatic organothiol linkers on 3—6-nm Au nanoparticles has
been explored as illustrated in Figure 34.'° The observed
diversity of vapor responses for these chemiresistors demon-
strates the importance of the nature of the functional group for
controlling the relative strength of particle—particle and particle—
solvent interactions.

To assess the performance of monolayer-protected metal
nanoparticles in sensing films, it is important to compare the
responses of these films when measured using different trans-
ducers. Such a comparison should not only provide insight into
the relative contributions of variations of the interparticle
surface-to-surface separation and the dielectric constant of
the sensing film on sensor response but also should provide a
critical comparison with already developed materials and
should provide guidance for the design of improved films.
TSM transducers are commonly employed for reference mea-
surements of vapor uptake by metal nanoparticle networked
films.>**~*3* In one evaluation, different types of interactions
were explored between vapors and networked metal nanopar-
ticles with four ligands chosen to provide different degrees of
van der Waals force (n-octanethiol, CgSH ligand), polarizibility
(2-naphthalenethiol, NAP ligand), polarity (4-methoxythiol-
phenol, MOP ligand) and hydrogen-bond acceptance (2-ben-
zothiazolethiol, MBT ligand).>** The responses of these ligands
coupled to nanoparticles were investigated using 10 diverse
organic vapors and measured by both chemiresistors and TSM
sensors with the goal of establishing a correlation between the
chemical structure of a ligand shell of the networked metal
nanoparticles and vapor response. Comparison of responses of
sensing materials obtained with chemiresistors and TSMs
revealed that chemiresistors had much higher sensitivity
(Table 6) but with a less varied response pattern between
different vapors.**® Another study also indicated that the

Figure 34. Response of chemiresistors with short aromatic organothiol
linkers of 3—6-nm Au nanoparticles upon exposure to diverse vapors.
(a) Chemical structures of linkers. (b) Chemiresistor responses to
diverse vapors.

Reprinted with permission from ref 319. Copyright 2000 Royal Society
of Chemistry.

chemical diversity of monolayer-protected metal nanoclusters
was more limited as compared to sorptive polymers.>*®

In a detailed study of the responses of CgSH-capped metal
nanoparticles to 25 vapors, a strong correlation between the
responses of TSM and chemiresistor sensors was observed and
explained by the predominant dependence on the partition
coefficient of CgSH ligand to these vapors. The fractional
resistance changes of the chemiresistors were much larger than
the fractional mass changes of the TSM sensors. Furthermore,
detection limits obtained with chemiresistors were significantly
lower than those for TSM sensors (Table 7), explained by the
more efficient signal transduction.>"® Significantly lower detec-
tion limits for chemiresistors as compared to SAW sensors were
also reported.*"”

The effects of diverse vapors such as dimethyl methylpho-
sphonate (DMMP) and toluene have been explored with a
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Table 6. Ratios of Response Sensitivity of Chemiresistors to
TSM Sensors for Four Metal Cluster-Capping Ligands®*®

MOP CgSH MBT NAP
toluene 15 8.9 4.3 13
2-butanone 2.7 18.6 44 S.S
isopropanol 4.5 24.9 S.S 41
octane 0.5 17.8 3.9 0.3
butyl acetate 1.3 13.7 5.6 1.1
1,2-dichloroethane 1.1 10.2 2.1 19
perchloroethylene 1.0 54 33 1.1
n-butanol 22 22.5 1.7 4.0
1,4-dioxane 3.6 22.3 129 2.7
m-xylene 0.4 24.6 3.5 0.7
average 1.9 16.9 4.7 2.3

Table 7. Vapor Properties, Calculated Partition Coefficients,
And Calculated Detection Limits for Chemiresistors and TSM
Sensors Coated with CgSH Ligand318

vapor CR,DL TSM, DL

(abbreviation) ev Kb (ppm) (ppm)
n-pentane (Cs) 1.84 51 2.0 4300
2-methylpentane (2MP) 1.89 100 0.81 1800
n-hexane (Cg) 1.88 150 0.53 1200
methanol (MEOH) 32.6 97 150 5100
benzene (BEN) 227 380 0.24 540
1,2-dichloroethane (DCE) 10.1 260 0.92 610
ethanol (ETOH) 24.9 180 4.9 1900
2,2,4-trimethylpentane (IC8) 194 340 0.20 410
n-heptane (C,) 191 410 0.18 390
2-propanol (IPA) 19.3 210 22 1300
toluene (TOL) 2.37 1000 0.082 170
1-propanol (PROH) 20.5 480 1.1 540
perchloroethylene (PCE) 227 1600 0.065 59
2-butanol (2BOH) 159 460 064 460
n-octane (Cg) 1.94 1500 0.046 95
ethylbenzene (ETB) 243 2600 0.027 57
pxylene (pXYL) 227 2500 0029 60
m-xylene (mXYL) 235 2600 0.028 57
1-butanol (1BOH) 173 760 032 280
o-xylene (0XYL) 2.55 3300 0.023 45
isopropylbenzene (IPB) 237 3500 0.017 37
n-nonane (Cs) 1.96 3100 0.020 39
o-chlorotoluene (oCLT) 4.63 7900 0.011 16
13,5-trimethylbenzene (TMB) 227 6400 0.010 21
n-decane (C,0) 1.98 7500 0.0079 15

number of Au clusters (see Figure 35°%) with the goal of further
understanding the response mechanisms and exploring the
potential to enhance sensor selectivity. The response of nonpolar
toluene vapor showed only an increase in resistance (see
Figure 35) for different films as a result of film swelling with
the magnitudes of response determined by the toluene partition
coefficient between the gas and sorbent phases. The DMMP
7 and showed

vapor has strong hydrogen-bond basic property

Au:C;COOH ﬁj
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Figure 3S. Responses of several functionalized nanocluster films to
toluene and DMMP vapors (both vapors were at P/P, = 0.1).
Reprinted with permission from ref 336. Copyright 2004.
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Figure 36. Interaction mechanisms of DMMP vapor with different
nanocluster films: (a) Au:CsCOOH and (b) Au:HFIP.
Reprinted with permission from ref 336. Copyright 2004.

more diverse interactions with studied nanocluster films. DMMP
reaction with a Au:CsCOOH nanocluster film produced a large
decrease in resistance due to the increase in the intercluster
medium dielectric constant by to the formation of hydrogen
bonds between the P=O moiety of DMMP and the protons of the
COOH acid dimers in the film (see Figure 36a). The interaction of
DMMP with a Au:HFIP film (HFIP = hexafluoroisopropanol)
produced the inverse effect (Figure 36b) because two bulky
—CF; groups sterically hindered the formation of any significant
amount of intracluster dimer-like hydrogen bonding. The
DMMP adsorption resulted in the formation of hydrogen bonds
between P=O and the hydroxyls of HFIP with decreased
intercluster hydrogen bonding, which results in a decrease in
the dielectric constant of the intercluster medium. This was
reflected in a significant increase in the film resistance as shown in
Figure 3S.

Another class of organic ligands explored for use with metal
nanoparticles are organic dendrimers,**® which are of interest
because of their high solubilities, their host—guest interactions
with vapors, and their generation-controlled size that is favorable
for metal networks. The combination of Au nanoparticles with
polyfunctionalized dendrimers enables fabrication of sensing
films with controlled thickness and interparticle separation using
layer-by-layer self-assembly. Au nanoparticle/poly(propylene
imine) (PPI) composite films comprising dendrimers of several
generations (G1—GS) were prepared via lagfer-by—layer self-
assembly resulting in 19—32 nm thick films.**® An example of
a PPI G3 dendrimer is illustrated in Figure 33a. The effects of the
dendrimer size on selectivity and sensitivity to different vapors
were studied using three vapors from different classes including
hydrophobic hydrocarbons (toluene), amphiphilic H-bonding
organic compounds (1-propanol), and polar H-bonding
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Figure 37. Responses of chemiresistors based on Au nanoparticle films

with PPI G1—GS dendrimers to toluene, 1-propanol, and water vapors.
Reprinted with permission from ref 328. Copyright 2003 Elsevier.
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Figure 38. Scores plot of a PCA model of response a nine-sensor array
with diverse types of monolayer-protected metal nanoparticles to
samples of real and simulated breath from lung cancer patients and
healthy volunteers.
Reprinted with permission from ref 339. Copyright 2009 Nature
Publishing Group.

inorganic compounds (water). The resistivity of G1—GS films
increased exponentially with increasing dendrimer generation
because the size of the dendrimers controlled the separation
between neighboring nanoparticles and, thus, the tunneling
distances for charge transport. All films showed an increase in
resistance upon vapor exposure (see Figure 37 for 5000
ppm exposures for each vapor), demonstrating that the domi-
nant component of the sensing mechanism was swelling of
sensing films. Whereas the sensitivity to toluene and 1-propanol
increased with dendrimer generation, the sensitivity to water
vapor was almost independent of the dendrimer size, possibly
because the molecular structure of the dendrimers provided
different sites for interactions with different solvent molecules.
Toluene and 1-propanol molecules were preferably “solvated”
within the interior structure of the dendrimers, and therefore, the
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Figure 39. Effects of humidity on sensor performance with CgSH film.
(a) Humidity-dependent resistance—capacitance response. (b) Decrease
of sensitivity to analyte vapors in presence of humidity.

Reprinted with permission from ref 342. Copyright 2005 Elsevier.

sensitivity for these solvents increased with the size of the
dendrimers. The interaction sites for water sorption were the
primary amino groups at the surface of the dendrimers. Con-
centration of these amino groups in the film was independent of
the size of the dendrimers, leading to the similar sensitivity to
water in G1—GS dendrimers.

Chemiresistors with diverse types of monolayer-protected
metal nanoparticles were recently assembled into a nine-sensor
array and tested for their response to simulated and real breath
samples of lung cancer patients and healthy volunteers.**
Monolayer capped 5-nm gold nanoparticles were fabricated with
nine types of capping layers including dodecanethiol, decan-
ethiol, 1-butanethiol, 2-ethylhexanethiol, hexanethiol, tert-dode-
canethiol, 4-methoxytoluenethiol, 2-mercaptobenzoxazole, and
11-mercapto-1-undecanol. This sensor array was able to discri-
minate between healthy and cancer breath samples as shown in
Figure 38.>*” Most recently, a more advanced sensor array was
developed for detection of lung, breast, colorectal, and prostate
cancers from exhaled breath with 14 types of capping layers.>*’

At present, humidity effects on Au films have been investigated
only in a limited number of reports,>****'>* although for
practical applications of Au films chemiresistors, water vapor is
one of the most significant interferents because of its abundance.
In their pioneering work, Wohltjen and Snow showed that their
Au:CgSH sensor film did not respond to humidity as tested up to
P/Py = 0.6 (~60% RH).>'® Since then, this octanethiol film and

7339 dx.doi.org/10.1021/cr2000477 |Chem. Rev. 2011, 111, 7315-7354



Chemical Reviews

a)
25 . Water Toluene zNate; |
E m)
-~ 2 £ (2"3%“8) g‘;%'g) 0pp i Water | Water
S 15F 5600 3500 ! (ppm)  [: (ppm)
o b 11200 | s250 fowene 5600 _|; 11200
E A 7000 A 3500 A A
05F ]
s Ll sl al
b) 0 50 Data point 100 150
g | * [
53
o -10F B
5
15F 3
20 05 1 15 2 25
C) Time (h)
10F ]
~ 8f E
£ s
S o E
o 4° b
0 n L L
0 0.5 1 15 2 25
Time (h)

Figure 40. Humidity-independent operation using a single RFID
sensor with the multivariable signal transduction and monolayer-capped
Au nanoparticles as a sensing film. (a) Experimental design of a test cycle
for evaluation of sensor response to different concentrations of indivi-
dual vapors (water and toluene) and their mixtures; (b) sensor Fp
response; and (c) sensor Zp response.

some other films have been tested for water response by several
groups, most often as one of the analytes and less often as a
potential interferent. For example, it was shown>****® that, at
humidities above 30—40% RH, conductivity and capacitance of
the sensors vary exponentially with humidity. Figure 39a illus-
trates the humidity-dependent response of a Au:CgSH coated
resistance—capacitance sensor. The humidity not only affected
the baseline of the sensor response but, unfortunately, reduced
the sensitivity of the sensor to other vapors as tested with
Au:CgSH, Au:2-phenylethanethiol, and Au:1,6-hexanedithiol
films.***** Figure 39b illustrates humidity effects on the decrease
in sensor sensitivity to diverse vapors. The largest effect of
humidity was observed in acetone sensing (~40% signal loss at
60% RH), and the smallest effect was seen for toluene and ethyl
acetate sensing (~12% signal loss at 60% RH). It was
suggested* that such humidity dependence could be in part,
due to residual tetraoctylammonium bromide (TOABr) present
in films preparared by the Brust method*** and due to aging of
films over several months of storage under ambient conditions.

The ability of passive multivariable RFID sensors to operate
with mixtures of water vapor and VOCs and to detect trace
concentrations of VOCs has been evaluated with Au:CgSH
nanoparticle-based films.”" An experimental design of a test cycle
(see Figure 40a) included evaluation of sensor response to
different concentrations of individual vapors (water and
toluene), followed by exposure of the sensor to toluene at a
single concentration with increasing concentrations of water
vapor, and followed by retesting of sensor response to different
concentrations of individual water and toluene vapors. This
experimental design provided the ability to assess sensor stability
at variable RH levels and the magnitude of possible signal
loss after humidity exposure. Results of these experiments are
presented in Figure 40b and ¢ demonstrating the ability to

separate effects of water and toluene vapors based on the
individual Fp and Zp responses of the sensor, respectively.
This sensing material responded with the same magnitude to
toluene at variable humidity levels with the detection limit of
~850 ppb.

Such passive multivariable response RFID sensor with the Au:
CsSH nanoparticle-based film was further tested for their
selective quantitation of analyte vapors in the presence of multi-
ple interferences. Similar to studies with PEUT sensing films (see
Figure 14), acetone was selected as a model analyte vapor to be
quantitated in mixtures with water and ethanol vapors.
Figure 41a illustrates the PCA scores plot of sensor response
to variable concentrations of acetone vapor in the presence of
changing concentrations of water and ethanol vapors. A devel-
oped PCA-based model provided a full correction of acetone
response at different levels of water and ethanol vapors, removing
the effects of water and ethanol vapors (Figure 41b). The sensor
with Au:CgSH sensing film provided ~3-fold improvement in
the standard error for the prediction of acetone as compared to
the sensor with a PEUT sensing film.

The fundamentals of long-term stability in Au nanoparticle
networks are becoming better understood. In one study, the
long-term stability (12— 16 months) of Au nanoparticles capped
with C¢SH and TOABr ligands was e;gplored by measurements of
I-V curves and vapor responses.32 Upon storage, CcSH Au
films showed a 2-fold decrease in baseline resistance whereas Au
films with TOABr ligands demonstrated almost no changes in
baseline resistance. Response magnitude to toluene vapor was
decreased by 60% and 20% for Au:C4SH and Au:TOABr films,
respectively. The loss of performance of Au:CsSH films was
possibly due to sulfur oxidation, which occurs over time in air for
thiols on Au.**® Possible mechanisms for the loss of sensor
performance include reactions of thiols with atmospheric ozone
or with shorter-chain compounds leading to greater instability.>'”

The broad knowledge of susceptibility of thiolate self-as-
sembled monolayer (SAM) systems toward decomposition®>"
is relevant to studies of nanoparticles with thiol shells. To identify
aging processes under different storage conditions, films com-
prising 1,w-alkyldithiol-interlinked (1,9-nonanedithiol and 1,16-
hexadecanedithiol) nanoparticle networks were studied using
elemental (XPS), morphological (SEM), and vapor-response
analyses.””” Under storage in air, oxidation of thiols dominated
the degradation mechanisms including alkylsulfonate desorption
and particle coalescence. However, under inert storage condi-
tions in argon, the film morphology changed without detected
oxidation. For nanoparticles interlinked with 1,w-alkyldithiols,
three possible sorption sites within the film can include hydro-
phobic and hydrophilic parts of the organic matrix for respective
sorption of hydrophobic and hydrophilic vapors and the particle
surface for sorption of gases. Responses of the AuC, ¢ networks to
5000 ppm toluene, 1-propanol, and water and 50 ppb hydrogen
sulfide, before and after storage, demonstrated changes in
sensitivity and selectivity for the tested vapors. However, as
expected, storage in argon resulted in smaller changes compared
to storage in air. In studies aimed to reduce degradation of
thiolate SAMs in ambient conditions, it was shown that nanos-
tructured gold had higher resistance to SAM degradation and
increased electrochemical stability against thiolate desorption in
relation to polycrystalline preferred orientation Au(111). The
increased stability was related to the presence of a large number
of defects, such as adatoms, vacancies, and steps where the
thiolate binding energy is stronger than on terraces.”*’
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Figure 41. Quantitation of an analyte vapor (acetone) in the presence of multiple interferences (water and ethanol vapors) using a single RFID sensor
with multivariable signal transduction and Au:CgSH nanoparticle-based film. (a) Plot of PC, vs PC, illustrates sensor response to four concentrations of
acetone vapor (0.044, 0.089, 0.133, and 0.178 P/P,,) at two concentrations of water vapor (0.18 and 0.36 P/P,,) and two concentrations of ethanol vapor
(0.09 and 0.18 P/P,). (b) Multivariate calibration curves for acetone detection in the presence of two interferences (water and ethanol vapors).

The effects of reducing the size of the interdigitated electrode
have been demonstrated for applications with monolayer-pro-
tected clusters of metal nanoparticles.****** Under constant
operating voltage, the absolute sensitivity of the chemiresistor is
independent of geometric scaling; however, the effects of contact
resistance tend to increase in the smallest devices.>*® Although
reductions in sensor size may increase the noise floor when
performing measurements in the DC regime, operation of the
sensors under AC conditions with filtering reduced the noise.
Microdispensing thick sensing films onto interdigitated electro-
des, rather than monolayer films, decreased the noise by 5 orders
of magnitude.347 Although these films were nonuniform, their
low noise performance made them preferable over the uniform
monolayer films. It was also shown that 3-D layers of such
nanoparticles significantly enhanced the amount of sorptive
material on the surface as compared to 2-D monolayers, thus
further enhancing the sensor sensitivity.>*®

4.4, Other Sensing Materials

In addition to the sensing materials detailed above, there are
numerous other types of materials that are also applicable to
wireless sensing. These materials include semiconducting metal
oxides,?*'?* 3% zeolites,” > porphyrins,%’g4 cavitands,”*>*® jonic
liquids,*”**® liquid crystals,”® %' crown ethers,>*>3%*
enzymes,**>% polysilsesquioxanes,**”**® MOFs,””?® and others
that can operate at room temperature. Several types of these
materials are assessed below.

4.4.1. Semiconducting Metal Oxides. Semiconducting
metal oxide gas sensors are one of the most advanced sensor
types with pioneering reports on their gas sensitivity at elevated
temperatures going back to the 1950s.*”*”° With more than 50
years of research, numerous metal oxides have been studied
ranging from single-metal oxides (e.g., ZnO, CuO, CoO, SnO,,
TiO,, ZrO,, CeO,, W05, MoOs3, In,O3) to perovskite oxides
structures with two differently sized cations (e.g, SrTiOs,
CaTiOj3, BaTiO3, LaFeO3, LaCoO3, SmFeQ3) that respond to
reducing or oxidizing gases by their resistance change.”””**°
Depending on the type of metal oxide and employed dopants,
operating temperatures for these sensors typically range from
200 to 1100 °C, leading to different gas-response mechanisms
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including adsorption/desorption, reduction/reoxidation, and
bulk effects.*”*

The majority of semiconducting metal oxide sensors operate
by the measurement of resistance changes.”””**° However, there
are several examples of mixed metal oxide compositions (e.g,
CuO—BaTiO3, ZnO—WOj3) that exhibit changes in permittiv-
ity, providing the ability to perform capacitance measurements
using semiconducting metal oxides.®**7>737* A careful selection
of mixed metal oxide SnO,—TiO, compositions was recently
demonstrated to significantly reduce (but not eliminate) humid-
ity effects.’”®

Gas sensitivity in semiconducting metal oxide sensors is
enhanced by forming 0-D, 1-D, 2-D, and 3-D nanostructures
with high surface areas including nanoparticles, nanowires,
nanotubes, nanobelts, nanosheets, and nanocubes.*>> Micro-
and nanostructured sensing films have been fabricated using
numerous methods including self-assembly, templating, and
others.>**¥*6737% Several excellent reviews summarize develop-
ments in semiconducting metal oxide gas sensors.>>*>>°

Typical semiconducting metal oxide sensors do require a
considerable amount of power for the operation of their micro-
machined heaters (e.g,, 5—170 mW for operation at 450 °C*
and 0.3—15 mW for operation at 300 °C*”), making wireless
sensing using these transducers difficult even with an on-board
power supply. However, recently, the Joule self-heating effect for
semiconducting metal oxide nanowire gas sensors has been
demonstrated,”® enabling remotely powered wireless semicon-
ducting metal oxide sensors. The small thermal mass and small
thermal losses from the nanowire to its surroundings allow the
sensor to operate without a dedicated heater. One such sensor
based on the Joule self-heating effect employed SnO, nanowires
(70—90 nm diameter, S—15 um length) and consumed only 20
UW to operate at 300 °C.*'

For operation in high-temperature environments with semi-
conducting metal oxide sensors, instead of having a dedicated
heater, it is possible to utilize the high temperature of the
measured environment itself. This approach further permits
the design of passive wireless sensors based on semiconducting
metal oxides. Realization of this concept has been demonstrated
with two passive wireless chemical sensors where resistivity
changes in BaTiO3—La,03 at 675 °C were correlated with
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CO, concentrations and permittivity changes in ZnO—WO3 at
600 °C were correlated with NO concentrations.*®

A limited number of semiconducting metal oxide sensors have
also been reported operating at room temperature.'*">*"*** It was
recently shown that the room-temperature response mechanism
in semiconducting metal oxide gas sensors is mediated by a thin
layer of adsorbed water where the semiconductor materials act as
pH sensors.>®> Tt was suggested that, in this adsorbate-limited state,
the gas sensitivity should be limited to molecular species that can
easily dissolve in this thin layer of adsorbed water and subsequently
undergo electrolytic dissociation.

4.4.2. Zeolites. Zeolites are crystalline nano- and mesopor-
ous materials formed by the 3-D combination of tetrahedra TO,
(T = Si, Al, B, Ga, Ge, Fe, P, and Co) bonded by oxygen atoms.”"
The diversity of zeolites (more than 40 natural and 200 known
synthetic zeolites) is provided by the T—O—Si links that form
the framework of cages and channels of distinct constant sizes
unaffected by vapor interactions. These T—O—Si links are also
responsible for zeolites’ molecular discrimination by size and
shape and utility for molecular sieving.”" In sensing applications,
zeolites are employed either as sensing materials with capaci-
tance, mass, calorimetric, resistive, or impedance readouts>*+ 3%
or as membrane filters for selectivity improvement.’”' %
Recent reviews detail modern synthetic approaches,*****> mo-
lecular simulations of shape selectivity,**® and sensing abilities of
zeolites.”"”

The initial structure of zeolites can be controlled by tuning
the tetrahedral building units (TO,) and by the use of
structure-directing agents.397 Sensing properties can be
further modified in postsynthesis steps by cation exchange
and by incorporating catalytically active metal clusters, or-
ganic molecules, and polymers.”**’ Partition coefficients of
zeolites to VOCs were demonstrated to significantly exceed
those of amorphous polymers.*”®

Depending on the type of detected gases and the types of surface
modifications, zeolite-based sensors operate either at elevated
(300—600 °C)****° or at room temperature.*****>3%° Operation
of zeolites with a temperature-programmed desorption®”® and with
a high-temperature activation and room-temperature detection*”"
provides additional sensing selectivity.

4.4.3. Supramolecular Materials. The development of new
sensing materials with molecular-recognition abilities that exceed
the selectivity available by sorption into amorphous phases has
been under pursuit for several decades.”*** Sensing films based
on cavitands (e.g, cyclodextrins, calixarenes, resorcinarenes,
cucurbiturils, chorands, etc.) promise responses with improved
selectivity due to the presence of organic hosts with enforced
cavities whose rigid organization vastly enhances their ability to
selectively bind guests.****** However, selectivity response
patterns of cavitands to small molecules can be similar to
common amorphous polymers,*** indicating that cavitand sen-
sors can respond not only to molecules with an ideal fit in the
cavity but also to sorbed molecules occupying both intracavity
and intercavity sites.”***> "7 Nevertheless, the presence of a
preorganized cavity in cavitands does promise an advantage in
sensitivity compared to amorphous polymers, especially if ap-
plied to the sensor in multilayers.**®

In applications of molecular receptors for gas sensing, there are well-
known competing phenomena including specific (complexation)
interactions and nonspecific (dispersion) interactions in the sensing
layer.”® Phosphonate cavitands represent one class of molecular
receptors that have been studied in detail to understand the factors

that lead to selective binding using alcohols as model analyte vapors.
These factors include (1) simultaneous hydrogen bonding with a
P=O0 group and CH— interactions with the sr-basic cavity, (2) a
rigid cavity that provides a permanent free volume for the analyte
around the inward facing P=O groups, which is essential for effective
hydrogen bonding, and (3) a network of energetically equivalent
hydrogen-bonding sites available to the analyte.”> The nonspecific
dispersion interactions can be much stronger than the specific
interactions and can depend on the chain length of sensed alcohols
and their concentration."”® Recently, it was shown that vacuum-
evaporated phosphonate cavitands had a dominating intracavity
complexation at low concentrations of ethanol vapor.*” Quinoxaline
cavitands solution-deposited onto a Si surface as a monolayer
demonstrated a totally suppressed nonspecific extracavity adsorption
of VOCs as compared to thicker sensing films.*"

Clathrate materials that crystallize in phases with channels or
cavities containing solvent molecules can also be used as sensing
materials.*'' ~*'* Tt was shown that these materials were ~100
times more sensitive to VOCs than polymer-coated TSM devices
at low concentrations.*'

In metalloporphyrins, metallophthalocyanines, and related
macrocycles, gas sensing is accomplished either by s-stacking
of the gas into organized layers of the flat macrocycles or by gas
coordination to the metal center without the cavity inclusion.
Metalloporphyrins provide several mechanisms of gas response
including hydrogen bonding, polarization, polarity interactions,
metal center coordination interactions, and molecular
arrangements.”> Porphyrins molecules can be also assembled
into nanostructures using several methods.*'*~*'7 Several re-
views are available analyzing the performance of porphyrins and
Cyanines in gas sensing.%’9 A7

MOFs, also referred to as porous coordination polymers
(PCPs),***° are relatively new highly porous hybrid organic—
inorganic supramolecular materials composed of ordered net-
works formed from organic electron-donor linkers and metal
cations.””*%**! In these materials, the specific recognition of
gases is accomplished through several types of interactions that
include van der Waals interactions of the framework surface with
gases, coordination of the gas molecules to the central metal ion,
and hydrogen bonding of the framework surface with gases.*' ~**
The unusually high surface area (>3000—6000 m*/g)****** and
the ability for tuning pore size, chemical functionality, and post-
synthetic modifications make these materials attractive for gas
sensing using different transduction principles. Transducers ex-
plored with MOF sensin§ materials include impedometric**® to
gravimetric, **** optical,”***** and mechanical.**' Compared to
crystalline and microporous fully inorganic zeolites, MOFs have
much broader synthetic flexibility facilitated by the coordination
environment provided by the metal ion and the geometry of the
organic “linker” groups.”” Several recent reviews summarize the
gas adsorption isotherms and gas-sensing applications of
MOFs 2795420423

5. WIRELESS SENSOR NETWORKS

Wireless sensor networks could be considered as a next step of
the implementation of individual wireless sensors.”* In a WSN,
individual sensors are typically arranged into wireless sensing
nodes, also known as motes (see Figure 3), with the key hardware
(long-lifetime battery or energy-harvesting source, simple signal
conditioning components, low-power processor) and software
(small needed memory, computational capacity, high modularity)
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Table 8. Representative Results on the Long-Term Stability of Diverse Sensing Materials

summary of results reference

comparison between SAW vapor responses of hyperbranched hydrogen-bond acidic polymers: phenolic 442

hyperbranched polymers lost 70—80% of their response, whereas polymer with hexafluoro-2-propanol

evaluation of side-chain-modified polysiloxanes: the long-term stability without the need for calibration 83

demonstrated over 10 months with artificial neural networks and only over 6 months with partial

evaluation of silicone block polyimide polymer: X-ray photoelectron spectroscopy showed no detectable 443

differences in the amount and type of oxygen on the surface of fresh and old films, QCM measurements

evaluation of submicrometer particles of diethyl ester of p-phenylenediacrylic acid that were polymerized 444

directly onto SAW transducers: sensor vapor response decreased only 20% over 46 months

evaluation of UV-treated PANI-CSA films as changes in the bulk resistance and in the interface resistance 176

between the film and sensor substrate and the interface resistance between sensing film and air: no

comparison between Au:BC2 (17% reduction in vapor response, 15% decrease in baseline resistance) and 317
more stable Au:C8 (1% reduction in vapor response, $% decrease in baseline resistance) sensing films

comparison between monothiol-Au (50% reduction in vapor response) and more stable trithiol-Au 445

type of sensing duration of testing
material (months)
dielectric polymers 6.3
groups maintained a steady response
dielectric polymers 10
least-squares concentration prediction
dielectric polymers 36
showed negligible variation in film thickness
dielectric polymers 46
conjugated polymers 4
detectable change in relative resistance
monolayer-protected 6
metal nanoparticles
monolayer-protected 6
metal nanoparticles (10% reduction in vapor response) sensing films
monolayer-protected 12—-16

metal nanoparticles

comparison between unstable Au:C6S (60% reduction in vapor response, decrease in baseline current 326

from 4.5 to 2.0 nA) and more stable Au:TOABr (20% reduction in vapor response, insignificant

descrease in baseline current) sensing films

requirements for individual nodes.”>*** Sometimes, but not al-
ways, application-specific requirements for individual gas sensors
in a WSN may include high analyte selectivity and high sensitivity.

The arrangement of individual wireless sensors into a dis-
tributed network brings new opportunities as described in
section 5.2, but not without significant challenges to be solved
first. The general challenges of WSNs for gas and physical sensing
include power consumption of individual sensors and handling of
massive heterogeneous data from the WSN. The inadequate
long-term stability of many research prototypes of gas sensors
further prevents their reliable applications in WSNs. Thus,
examples of gas sensor applications in WSNs include commer-
cially available CO,, CO, NO,, SO,, and VOC sensors 47
that often consume significant amounts of power (30—50 mW
and up to 400 mW per sensor)***** and simple humidity
sensors with low power consumption,***3

5.1. Stability Issues of Individual Sensors

Understandably, numerous published results do not report
details on the long-term stability or instability of sensing materi-
als. This situation arises from the nature of projects that may
focus only on the initial discoveries of sensing materials such as
sensitivity,BS’299 response/recoverg times,*® or new transduc-
tion principles for gas sensors.'>**” Nevertheless, it is critical to
bring attention early to the possible challenges in materials
stability. Some researchers provide information about materials
instabilities,>!7-326:327412,440441 serving the sensing community
with important data and knowledge that truly facilitate decision-
making in the broad area of sensor research.

A summary of representative reported results on the long-term
stability of diverse sensing materials is provided in
Table 8.83176:317:326442=445 a ¢ shown in this table, often materi-
als stability is evaluated either as the change in the baseline
material property or the change in vapor sensitivity over time.

Unfortunately, analysis of the stability of the sensor response
pattern to several expected analyte and interference vapors is
reported only rarely®>?'7*#¢ because of the time and resource
requirements to generate such data and the needed detailed
knowledge about gas composition in an intended end-user
application. However, this information presents the most value
for the assessment of practical sensor implementations**"** and
for appropriate multivariate data analysis algorithms that are
most immune to long-term drift effects.*®

5.2. Opportunities for Wireless Sensor Networks

The opportunities for WSNs with gas sensing nodes originate
from the synergistic combination of new data-generation and
processing concepts with new sensor-integration concepts. Re-
presentative examples of recent developments in these areas are
illustrated in Table 9.*%#>#7447 =451

Sensors arranged as networks can significantly benefit from
novel data-generation and processing concepts currently unavail-
able for individual sensors. Three main aspects of these advan-
tages can be summarized as (1) ability for efficient sensors
communications, (2) improvement of detection accuracy through
data fusion, and (3) opportunities for automatic recalibration of
individual sensors on the network.

The broad opportunities for WSNs originate not only from
the diverse applications as previously summarized*>**> but also
from the capabilities based on concepts of integration of in-
dividual sensors to form sensing nodes in a WSN. Indeed, a
stationary or mobile origin of sensing nodes would dictate the
diversity of application scenarios for a WSN.**#*43! Sjonificant
advantages in the reliability and accuracy of a WSN performance
could be achieved upon an integration of sensing nodes into a
component or a system that already has a maintenance schedule

that could be matched to a maintenance schedule for sensing
435,448
nodes.””™
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Table 9. Attractive Features of Wireless Gas Sensing Networks

WHSN features reference
Novel Data-Generation and Processing Concepts
implementation of available infrastructure for communications of sensors 432,433
heterogeneous sensors coupled to multiparameter coincidence techniques to improve detection accuracy 447
fusion and processing strategies for massive and dynamic data from WSNs for time-critical decision- 448
making and for providing ability to identify spurious signals and malfunction of individual
sensors on the network
data acquisition algorithms for individual sensors to reduce power consumption and to extend 433, 449
operational lifetime before battery replacement
autocalibration methods for maintenance-free operation of individual gas sensors in WSN; responses of 434
sensors are calibrated against local reference monitoring stations
internet-enabled pollution monitoring server interfaced to Google Maps to display 43S
real-time pollutants levels and locations in large metropolitan areas
Novel Sensor-Integration Concepts
integration of sensors into mobile phones 448, 450, 451
autonomous sensor- and GPS-equipped mobile robotic devices for location and validation 437, 448
of pollution, homeland security threat, and other sources
integration of sensors into public or personal transportation vehicles for pollution and homeland 43S, 448

security threat monitoring with a significant benefit of matching vehicle/sensor maintenance schedules

As aresult of developments in the data-generation/processing
and sensing node-integration concepts, the application concepts
for WSNs can be broadly described as those that rely on
stationary sensing nodes for mapping of chemical sources,>**>
mobile sensing nodes for dynamic localization of chemical
sources,*>*7 real-time chemical condition monitoring of
high-value goods and their associated storage conditions, ~***°
and combination of sensing nodes with an intelligent inventory
management.456

6. SUMMARY AND PERSPECTIVE

Wireless and other gas sensors do not compete for resolution
and selectivity with sophisticated high-end laboratory instrumen-
tation that is designed to identify and quantify unknowns down
to ppb—ppt levels in complex mixtures containing hundreds or
thousands of volatiles. For example, detection of hundreds of
individual unknowns in their mixtures at trace concentrations is
the goal of the Panoptic Analysis of Chemical Traces program
that is based on orthogonal high-resolution analytical systems.*”
For comparison, a high-end laboratory instrument based on two-
dimensional gas chromatography (GC x GC) followed by high-
speed time-of-flight mass spectrometry (ToF-MS) detects
~1300 discrete volatiles in breath at a signal-to-noise of at least
100; a conventional GC system can detect ~200 peaks of
compounds or their unresolved mixtures; and a sensor array
can detect low-resolution signatures of biomarkers if water vapor
is partially removed.">'*

6.1. Competing With Other Fieldable Microanalytical
Instruments

Gas sensors compete with other fieldable microanalytical
instruments. Over the recent years, these instruments have
become more portable, more energy-efficient, and less
expensive.*® For example, advances in miniaturization and
ionization sources in mass spectrometry are bringing
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micromachined mass spectrometry (MS) devices to the point
of operating at ambient atmospheric pressure without vacuum
pumps.*** Advances in miniaturization in ion mobility spectro-
metry (IMS) are bringing these devices to form factors and
power requirements similar to conventional packaged sensor
systems.%o’%1 Advances in miniaturization in gas chromatog-
raphy are establishing the ability to detect and quantify 10 or
more volatiles in <1 min with ppb detection limits in cell-
phone-sized microgas analyzers (MGAs).**>*** Advances in
direct spectroscopic sensing that do not require a sensing
material to generate the signal are utilizing new physical
principles and engineering designs to dramatically reduce the
volume of analytical gas cells, improve detection sensitivity,
and reduce device size.**#*%

Although we and other proponents of gas sensor technolo-
gies continue to bring the old arguments of low sensor cost and
small size, these arguments, eventually, become less valid when
comparing sensors with state-of-the-art, fieldable microanaly-
tical instruments based on competing detection concepts.
However, newly developed sensors continue to successfully
compete with other types of microanalytical instrumentation
based on certain performance parameters. For example, a
significant advantage of sensors over IMS devices is in sensors’
abilities to make quantitative measurements versus the quali-
tative measurements done by IMS devices. An advantage of
sensors over MGA devices could be in the continuous nature of
measurements performed with a sensor versus periodic mea-
surements done with MGA devices. Yet another advantage of
wireless sensors is in their ability to protect the main readout/
display instrument from environmental exposures (e.g., gases,
temperature fluctuations) by exposing only a wireless transdu-
cer portion of the system to potentially dangerous or caustic
environments. Multivariable wireless sensors provide an oppor-
tunity for simultaneous measurements of chemical (e.g, gas
concentrations) and physical (e.g,, temperature) parameters.
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6.2. Reaching Beyond The “Valley Of Death”

To better understand the steps that are needed to bring a new
sensor idea from a laboratory to practical application where it
must outperform existing sensors and microanalytical instru-
ments, it is useful to describe the sensor development process
using technology readiness levels (TRLs) as shown in Figure 42.
The conceépt of TRLs is an accepted way to assess technology
maturity.* ® These TRLs provide a scale from TRL 1 (least
mature) to TRL 9 (most mature) that describes the maturity of a
technology with respect to a particular use. Sensor development
requires several phases including discovery with initial observa-
tions, feasibility experimentation, and laboratory-scale detailed
evaluation (TRLs 1—4), followed by validation of components
and the whole system prototype in the field (TRLs S and 6),
followed by testing of the system prototype in the operational
environment (TRL 7) and tests and end-use operation of the
actual system (TRLs 8 and 9).

Understandably, numerous publications from academic and
other teams do not go beyond laboratory testing with individual
gases diluted with a dry carrier gas and reporting short-term
detection limits. These initial experiments are critical because
they explore innovative ideas in sensing materials, transducer
designs, data analysis, sample handling, and packaging of sensor
systems, and bring new sensing concepts up to TRL 2-3.
Although initially very progressive and important, without
further laboratory testing, for at least selectivity toward individual
vapors, vapor mixtures with interfering gases, temperature
effects, long-term stability, and some others, these numerous
developments often rapidly pile up in the “valley of death”*%’
where they lack an additional driving force to advance into higher
TRL levels. The lack of follow-up with more detailed laboratory
and field tests after initial breakthrough results is clearly the basis
of most of research and development shortcomings and explains
why, in spite of so many excellent laboratory results, the choice of
sensors for real applications is still rather limited.**"**® Thus,
putting the sensor design phases into the broad perspective of
TRLs should provide important guidance for more efficient
sensor development. Over the years, representative examples
of sensors that have matured for practical applications include
those based on metal-oxide semiconductors,® dielectric polymers, *”°
colorimetric films,*”* chemiluminescent films,*’* and conducting
polymer composites.”*!

6.3. System Approach For Development Of Wireless Gas
Sensors

Using the system approach for wireless gas sensor develop-
ment, it is critical to identify and analyze all risks that could lead
to a failure in making a practical sensor. This analysis should be
followed by focusing on the most significant risk, identifying the
mitigation actions to reduce or eliminate this risk, and perform-
ing these actions. After this major risk has been reduced to an
acceptable level, the next biggest remaining risk is to be ad-
dressed, and so on. If a wireless gas sensor is to be designed to
operate in complex environments for a period of time without
manual maintenance, an initial list of development risks could
include: (1, 2) insufficient sensor sensitivity and selectivity, (3)
lack of routes to correct for uncontrolled variation of ambient
temperature, (4) lack of reliable power for operation, (S, 6) aging
of sensing material and transducer, (7, 8) sensor contamination
and poisoning, (9) poor dynamic range, (10, 11) slow response/
recovery times, (12, 13) initial cost of sensor and its installation,

[ TRL 6. Field demo of subsystem model/prototype |

[ TRL 5. Field validation of component or breadboard |

Time

‘ TRL 4. Laboratory validation of component or breadboard ‘

| TRL 3. Proof of concept of key { isti |

| TRL 2. concept or icati |

Technology maturity

Figure 42. Technology readiness levels in development of new gas
sensors.

(14) compatibility with available wireless communication pro-
tocols, and (15) others.

As shown in this review, all sensing materials that are attractive
for wireless sensing applications with limited available power suffer
from different levels of humidity effects. Whereas ambient humid-
ity in urban, industrial, environmental, battlefield, and other
settings can fluctuate over the 5—95% RH range, humidity in
breath (tracheal, expired, and alveolar air) reaches 100% RH.*"*#"*
In materials that rely on interactions between analyte molecules
and sensing surfaces (e.g, carbon nanotubes, graphene, metal
oxides, zeolites, and others), their response at room temperature is
mediated by a thin hydration layer of adsorbed water,??"*3475476
Although humidity effects may be less pronounced with catalytic
materials and some doped and mixed semiconducting metal oxides
at high operating temperatures,””>*”” operation of wireless sensors
at high temperatures often requires significantly more power,
which is typically unavailable. In materials that rely on partitioning
of analytes into the sensing film, humidity effects are pronounced
from the changes of the dielectric properties, mass, and dimen-
sional properties of the film.

As demonstrated in this review, the major risk for such a sensor
is its insufficient selectivity. Assuming that the sensor already can
meet the goals of sensitivity and response/recovery times (e.g.,
using nanostructured sensing materials), the mitigation plan for
the risk of insufficient selectivity could include (1) to obtain
quantitative details on the composition of gaseous samples to be
analyzed with the sensor, number of analytes needed for quanti-
tation, types and levels of expected interferences, chemical
similarity of these interferences to analytes, and temperature
range of measurements, and (2) to downselect the proper
combination of sensing material with a proper transducer and
proper signal generation and processing techniques.

6.4. Path Forward

Innovative approaches will continue to be developed to solve
the remaining problems of sensor selectivity in realistic condi-
tions. Although significant problems of sensor response in the
presence of uncontrolled humidity have been recently high-
lighted in several reviews, 7100239 the original literature re-
mains too limited in describing innovative approaches to cope
with or eliminate humidity effects. To solve this fundamental
selectivity problem, the system approach should involve the
downselection of the proper combination of the three key sensor
system components: (1) sensing material, (2) proper transducer,
and (3) proper signal generation and processing techniques.
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First, the development of sensing materials based on new
materials design concepts and new materials fabrication prin-
ciples will produce a large impact for new sensor systems.
Synthetic dielectric and conducting polymers will continue to
impress with the development of polymers with ultrahigh
partition coeficients,*** different response mechanisms to
different gases,'®® different polymer side-group functionalities,
and different polymer formulations."** Significant work will
continue with carbon nanotubes and graphene to meet the
challenge of finding a functionalization approach that will
suppress humidity effects. Computer simulations predicting
binding affinities of different gases to bare and functionalized
carbon nanotubes and graphene should be expanded to situa-
tions of nonzero ambient humidity and other gaseous inter-
terences. Networks of metal nanoparticles with hydrophobic
capping ligands have already been shown to be the sensing
material with the smallest humidity effect. Research on these
materials should expand into making these materials more
stable under realistic conditions. Selectivity between different
classes of gases has been demonstrated by using cavitands with
carefully selected deposition methods that provided a dom-
inating intracavity complexation*® and even a totaHly sup-
pressed nonspecific extracavity adsorption of VOCs.*'® The
work on these materials should continue with the emphasis of
operating of these materials in the presence of interferences.
Assembly of porphyrins and related molecules into polymers
and nanostructures*'¥*'® could bring new sensing capabilities
due to the possible surpamolecular nature of these assemblies
and charge distribution between individual molecules. Metal—
organic frameworks (MOFs) promise to expand the applicabil-
ity of mesoporous materials for sensing utilizing the tailored
approach that can be adopted for their synthesis and post-
synthesis modifications. In contrast to zeolites, where only
cation exchange is feasible because of the anionic nature of
zeolite frameworks, MOFs can undergo both anion and cation
exchange depending on their framework charges.*”®**° To
further improve selectivity of response, overcoating of sensing
films with auxiliary membrane filter films will continue to be
attractive. Among these, zeolite®”' %% and cavitand*®' filters
have been demonstrated, with other materials to be further
explored. The importance of studies on improvements of
stability of sensing materials will increase because of the need
for wireless sensing. Approaches for bioinspired sensing
materials''>***~*** will attract more significant attention
because of the opportunities for more sensitive, selective,
and stable sensing. Nanomaterials are becoming the focus of
increasinglg important health-risk studies**>**® and regulatory
attention.”” Thus, development of sensing nanomaterials
should proceed with caution.

Second, a proper selection of a transduction principle is
important not only for obtaining the best response of a sensing
material but also for the suppression® or elimination**® of
interference effects. Surface ionization gas detection was recently
shown to have better detection selectivity versus conventional
conductometric transducers.*® Transducers based on self-heating
of nanomaterials®*>**° could also improve response selectivity.
Development of new transduction principles should also produce
a significant impact for new sensor systems.

Third, new signal generation and processing techniques are
needed to provide more selective responses in sensors. Unfortu-
nately, it was shown that a simple addition of more sensors to
correct for interference effects (humidity, etc.) generated new

problems of cross-sensitivity to other interferences.”” Thus, the
enhanced selectivity can be achieved through the development of
multitransducer arrays®”"*® or multivariable response individual
sensors.”””> 7> Recently, to partially mimic biological olfaction,
a chemical sensor system has been designed with up to 65536
chemiresistors to be coated with organic conducting polymers.**
Water removal before analyte measurement'* and analyte gas
preconcentration'%* may be useful for some applications, but for
most wireless gas sensors new methods of interference rejection
will be needed.

The development of new wireless gas sensors will continue to
be a research area that benefits from contributions from numer-
ous disciplines including analytical, polymer, and organic chem-
istry, materials science and nanotechnology, electrical, RF, and
computer engineering, microfabrication and packaging, and
many other disciplines. However, to successfully move the
wireless sensor concepts from laboratory demonstrations to
end-use applications, this research area should involve more
system design and integration aspects, should engage more
collaboration between diverse disciplines, and should include
field tests of laboratory sensor prototypes as early as possible.
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