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Electrochemical gas sensors can be divided into three main
classes according to the operating principle: amperometric,
. potentiometric, and conductometric sensors. Many sensor
1. Introduction types exist within each class. We will not cover potentio-

The amperometric gas sensor, or AGS, belongs to a largemetric techniques or conductometric techniques for gas
and important class of electrochemical gas sensors, and theyensors but restrict discussions to amperometric sensors for
play an ever-increasing role in environmental monitoring, the gas-phase analytes. In the AGS, the current generated
medical and health applications, industrial safety, security, by reaction of an analyte at an electrode is measured as the
surveillance, and the automotive industry. The fundamental sensor signal and can be measured at a fixed or variable
electrode potential, although it is very common at a fixed

* To whom correspondence should be addressed. E-mail: joseph.stetter@app"ed pote_ntial. The reaction rate, reflected by the cu_rrent
sri.com. at the sensing electrode, occurs at a thermodynamically
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determined potential for any given reaction and, when ~5y erometric, AGS i = kP
operated under appropriate diffusion-limited conditions, is  potentiometric
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Table 1. Comparison of Amperometric and Potentiometric
Sensors

electrochemical sensor signal vs

class [analyte] principle

kinetic, Faraday law
thermodynamic,
Nernst law

E=Ec+kInP

simply proportional to the concentration of the analyte. The
relationship between current and concentration is linear,

typically over 3 orders of magnitude, and measurements with  |n a potentiometric electrochemical class of sensor, the
high sensitivity (ppm and ppb) are possible with excellent open-circuit potential between two electrodes is monitored,
measurement accuracy under constant potential conditionsand this potential is typically proportional to the logarithm
Faraday’s Law is often applied to the observed currents, andof the concentration of analyte. The relationship is often
the design of the sensor is chosen to control many kinetic expressed by the Nernst equation, as shown in Table 1. A
factors including mass transfer of the analyte to the electrode potentiometric sensor can measure analyte concentrations
as well as the electrocatalytic activity of the electrode over a very wide range, often more than 10 decades, and
material. The geometry and dimensions of the sensor devicethe sensing principle is thermodynamic, i.e., it assumes that
have a profound effect on the AGS analytical performance, all reactions relating to the sensing are at equilibrium. In
including the observed sensitivity, selectivity, response time, potentiometry, the chemical and diffusion processes must
and signal stability. be at equilibrium conditions in the sensor for a thermody-
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m electrode and a counterelectrode, and the electrolyte solution
/IM A in which the two electrodes are immersed. Missing from this

| U for the moment is an interface to enable a gaseous analyte

to contact the working electrode, but this is discussed later.
. When applying a proper potential between the two

Counter WOI’kII‘Ig electrodes, electroactive species in the electrolyte solution
will participate in electrochemical reactions on the surfaces

of each of the electrodes. A reduction reaction occurs at the
3 cathode and can be expressed as shown in eq 1, and at the
7 A o same time, an oxidation reaction takes place at the anode
03, 3 and can be written generally as shown in eq 2:
ST T
paEe 248 _
e 4 : Ol1+ne=R1 1)
.gﬁh ,“ )
::';. t" e, R2=02+ me (2)
P .
T AN )
AR (s — P The cathode reaction takes electrons from the cathode and
ALY 30 8 R g ol 0% combines them with an oxidized species, O1, to produce a
SOTE » AR R N reduced species, R1. At the anode, a reduced species, R2,

Figure 1. lllustration of amperometric sensor with two-electrode reacts to produce an oxidized species, O2, and electrons are
configuration for liquids. given to the anode. The electrons on the anode or lack of
electrons on the cathode would build up a charge on the
namically accurate signal to be observed, while the ampero-electrode surface, except that the electrodes are conductors
metric sensors rely on Faraday’s law and a dynamic reactionand are connected in an external circuit in which the electrons
achieving a stready-state condition in the sensor. As may beflow. This is an illustration of Faraday’s Law in that an exact
implied, the amperometric sensor signal will get smaller with number of electrons are generated or used per each analyte
the size of the electrode and the rate of analyte reacting atmolecule and so the charge (the number of electrons or
the electrode surface, while the potentiometric sensor as-Coulombs of charge) is exactly related to the number of
sumes a thermodynamic potential independent of size of theanalyte molecules reacting in the system and the current
electrode. This situation becomes interesting in light of (electron flow) at the electrode is exactly related to the rate
nanostructures wherein the thermodynamic potential is of the electrochemical reactions (current is Coulombs/s). In
characteristic of aggregates of atoms, while the amperometricthe AGS, typically the current under diffusion-limited
sensor reation rate is typically enhanced by the high surfacereaction conditions is directly related to the rate of electrode

areas afforded by nanostructured electrode materials. reaction taking place on the electrode surface and, hence, as
discussed in more detail below, the rate of the electrode
2.2. Amperometry reaction is proportional to the concentration of reactant, i.e.,

Amperometry is a conventional electroanalytical technique g;i allanealggee. dcfsnzeggﬁggry’stihﬁa?lZﬁg'ﬁ|CQ§r?§a?er dClth?r?:z
that encompasses coulometry, voltammetry, and ConStant'concentration of the analyte ?n an AGS
potential techniques and is widely used to identify and The common characteristic of all AGés is that measure-
quantify electroactive species in the liquid or gas phase. Forments are made by recording the current in the electrochemi-

Iqu|d-phgse analytes, the electrodes anc_j analytes are 'M-cal cell between the working electrodes and counterelectrodes
mersed in a common electrolyte solution. In contrast,

applcation of amperomety 0 g2 phase anaes mvlves ' 1 5. L1elln of 1 anane concentiaton, When
a unique gas/liquid/solid boundary (analyi&ectrolyte- P P P

electrode) and an interfacial transport process that frequentlygc}i/""’le g?ég?}g?:rti“%fe' ;ﬁilglt’;r?]e é?gmggu% .?.Eglﬂgsge %%ﬂirez
controls the response characteristics and analytical perfor- P P . ¥

mance of the AGS. A major consideration in the specific d:Iei:ltjrrcr)ircl:iivvt\a/h:r?alst);pgseigutsoe &eggi/g@?:r di?fﬁgteasmilr?t% S\Z
design of the sensor device is to choose a geometry an . ;

porsiylcomposion of malerils o enable the gaseousoic o oTio% C21, 0 e MO0 secose Siece o
analyte to effectively and efficiently transport to the interface . .

of the electrode/electrolyte where a fast, reversible, redox produces or consumes electrons (i.e., a redox reaction).

reaction can occur. This interfacial redox reaction provides coﬁgilo?g:xig/n tfcc))rcseerrgzliﬂ gssﬁic:::?io?\galzct)ersthles :gs'rgg?erﬁct
the charge-transfer reaction of the analyte and the analyte’s g app ' '

e . ity can be realized by optimizing the electrode material to
characteristic sensor signal. facilitate or catalyze only selected reactions or by control of
; the sensing electrode potential to select an applied bias that
2.3. Amperometric Gas Sensors thermodynamically favors either the oxidation reaction or
Amperometric gas sensors are sometimes called voltam-the reduction reaction for a particular analyte. Noble metals
metric, microfuel cell, polarographic, amperostatic, poten- such as gold and platinum, mostly in porous or high surface
tiostat, limiting current, or other sensor namés he most area designs, have been used for the working or sensing
descriptive name is “amperometric”, and this refers to either electrode in the AGS because of their excellent chemical
constant-potential amperometry or variable-potential amper- stability in electrolyte solutions and high electrocatalytic
ometry. A simple amperometric cell with two-electrode activity toward analytes like CO, 13, O,, Cl,, and NO. The
configuration is illustrated in Figure 1 wherein the electro- applied potential between working and reference electrodes
chemical system consists of two electrodes, i.e., a working set by the potentiostat fixes the thermodynamic operating
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potential for the working electrode reaction and is critical ijim = KICOlgas 4)

for both the observed sensitivity and the selectivity of the

sensor. The selection of operating potential provides anwhere the current is directly proportional to the gaseous
effective way to change or optimize the performance of the concentration in some convenient units like ppmv (parts per

sensor. million by volume). The current can also be limited by the
rate of diffusion across the diffusion layer in solution, and
2.4. Theory of the Limiting Current an expression similar to eq 4 is also obtained.

] Figure 2 illustrates the two limiting conditions described

The observed current in the AGS can depend on many ahove wherein the concentration of the analyte is plotted vs
factors, and the resultant mathematical expression relatingthe distance from the electrode surface. When the current is
the current, potential, and concentration can be complex.|imited by the rate of the electrode reaction, the analyte
There are two special operating conditions, called limiting supply is much faster than its consumption and the analyte
conditions, that can be used to simplify the resulting concentration is almost the same in the bulk and at the
expression for relating the rate of an electrode reactign ( electrode surface. For a mass transport (diffusion) limited
and the rate of mass transport, e.g., by diffusia)y 6f the  electrode reaction, the analyte supply is much slower than
reactant to the electrode surface. These' con_dltlons includejtg consumption by reaction at electrode surface, the analyte
the situation where: < rq (eq 1) and the situation where  concentration falls to zero at electrode surface, and the
> 14 (eq 2). Both cases are important for sensor applications, current is now limited by the supply of analyte. This
and in both these cases, the electrode process can be easiypndition is often preferred by the designer of the AGS since
undeI’StOOd and the I’eSU|tIng eXpI’eSSIon can be S|mp||f|ed.the physica| Control Of the ana'yte Supp|y by diffusion a”ows
The current obtained at the two I’ate-limiting conditions is one to bu||d a more Stab'e sensor W|th the Square root
called the limiting current. temperature dependence of the signal.

In the first case, wherg < ry, i.e., the rate of reaction at When operating the AGS using a potentiostat, the sensor
the electrode surface is the rate-limiting step, the limiting can be operated at an electrochemical potential where the
current is controlled by the rate of the electrode kinetics. In reaction is facilitated, and in this case, the magnitude of the
this case, the analyte reaches the surface much faster than gensor signal is practically independent of the electrode
is reacted, and so the concentration at the electrode surfacgotential. In theory, the limiting current region can be
is the same as in the bulk of the solution and the gas achieved in any case when the rate-limiting step is a step
surrounding the electrode and the expression for the currentprior to electron transfer. Typically, an electrode with
will take the form of eq 3, relatively high electrocatalytic activity is sought, and the

benefits of a stable long-lasting sensor are realized.

iim = NFKACexp(nFE/RT) 3

2.5. Structure and Geometry of an AGS
wherek represents the standard rate constaig,the faraday Figure 3 illustrates the design of a typical three-electrode
constantR is the gas constant, is the Kelvin temperature, AGS for CO sensing having a working electrode (WE)
A is the area of the electrod€ is the concentrationn reaction [CO+ H,O = CO, + 2H" + 2e7] and counter-
represent the number of electrons per molecule reacting, ancelectrode (CE) reaction/pO, + 2H" + 2e- = H,0] and
o andE are the transfer coefficient and overvoltage of the reference electrode (RE) embedded within the cell. The WE,
electrode reaction, respectively. If all conditions are held CE, and RE are in electrolytic contact (all touch the
constant, the limiting current is proportional to the concentra- electrolyte), and the overall cell reaction is COY,0, =
tion (C) of analyte with an exponential temperature coef- CO.. The common feature of the typical gas sensor is an
ficient, and the derivation of this expression can be found interface at the working electrode that facilitates transport
in many textbooks:* The limiting current that is obtained  of the gas to the WE/electrolyte interface. This inlet can be
in this kinetically controlled electrochemical region, however, simple diffusion or aided by a small air pump that transports
is not always stable because of the degradation of thethe sample to the backside of a gas porous membrane through
electrode’s catalytic activity and can be problematic for a which the analyte diffuses/permeates. The gas membrane can
practical AGS. be used to control the gas flow into the sensor and it can aid

This drawback can be overcome by operating the AGS in Selectivity, allowing only the analyte gas to pass as well as
the region of diffusion control rather than the electrode’s Providing a barrier to prevent the leakage of the electrolyte
kinetic control. Under this condition, where> rq, the rate  from the interior of the sensor. The design and materials
of diffusion of the reactant toward the electrode surface is chosen for each part of the sensor are critical and determined,
much slower than the rate of reaction and now the limiting t0 & large part, by the application and the desired analytical
current is controlled by the diffusion of analyte. In this case, Performance. In the following paragraphs, we discuss
the concentration of the analyte at the electrode surface is@lternative materials and designs that are used to provide
virtually zero and every molecule of analyte that reaches the different performance capabilities.
surface is immediately reacted. Under these conditions, the2 51 Gas Membrane
rate of electrode reaction may be limited by the rate of =¥~
diffusion through a gas membrane or a capillary that is placed Several types of porous and gas-permeable membranes
somewhere between the bulk analyte sample (e.g., the airexist and can be made of polymeric or inorganic materials.
containing the anayte) and the catalyst layer of the electrode.Most of them are commercially available very thin solid
On the basis of Fick’s diffusion law, the limiting current, Teflon films, microporous Teflon films, or silicone mem-
iim, should now be governed by the rate at which the analyte branes. Issues concerning the choice of membrane include
transports to the surface, and this can usually be written aspermeability to the analyte of interest, ability to prevent
shown by eq 4, electrolyte leakage, manufacturability, and the thickness and
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A+ne=B p-alumina, and NASICON. For AGS applications, the
electrolyte solution needs to support both counterelectrode
and sensing electrode reactions, form a stable reference
potential with the reference electrode, be compatible with
the materials of construction, and be stable over long periods
of time under various operating conditions. In some cases,
hydrogels or an electrolyte inside a porous matrix are used
to replace free liquid electrolytes to raise viscosity, lower
evaporation rates, and resist leakage of the electrolyte from
sensor devices. The polymers or hydrogels can prevent the
Kinetic limit evaporation of electrolyte during sensor fabrication, espe-
diffusion limit cially for microsensor devices where very small amounts of
electrolyte are used. Solid electrolytes (polymers and high-
temperature ionic materials) allow fabrication of a solid-state
sensor, which avoids the danger of leakage of liquid
electrolytes entirely. In order to get sufficient ionic conduc-
tivity, elevated operating temperatures may be required.

conc A

Distance from electrode

Figure 2. Concentration distribution of analyte (A) for different
current limit conditions.

cO High-temperature operation can be an advantage for opera-
tion in harsh environments, in an internal combustion engine
control system, or for exhaust gas monitoring.
Gas membrane trol syst for exhaust g toring
e

f 2.5.3. Electrodes

The electrode reaction, i.e., electron-transfer reaction at
the WE, involves several steps,including adsorption of
Working the analyte onto the surface, electroreaction, and desorption
of products from the electrode surface. Typically, the working
electrode is made from a noble metal, such as platinum or
gold, which is capable of making a defined interface with
the electrolyte in the cell and is porous to allow efficient
diffusion of the gas phase to a large and reactive electrode/
electrolyte interface. The noble metals generally exhibit
excellent stability under polarized potentials that may be
corrosive to other metals. The noble metals are also excellent
catalysts for many analyte reactions. Carbons, including
Figure 3. lllustration of amprometric gas sensor for CO with three- graphite and glassy carbon, are also popular materials for
electrode configuration. working electrodes, especially for sensing bioanalytes since
many forms of carbon are biocompatible. The selection of
durability of the membrane. For example, a semipermeablethe WE material is, therefore, based on the electrochemical
membrane composed of an acrylonitrile butadiene copolymerand electrocatalytic properties as well as its stability and
can be used to selectively detect the partial pressure ofmanufacturability.
oxygen in blood samples by allowing oxygen transport and e counterelectrode must also be stable in the electrolyte
effectively preventing the transport of the other species yn efficiently perform the complementary half-cell reaction
present in the sample. In a number of cases, the rate of masg, 4t is opposite of the analyte reactib’ Pt electrode is
transport through the me_mbrane controls the_ limiting current very often used as the CE in an AGS. In addition to the
and, hence, the sensitivity of the AGS. An ideal gas mem- ,ying electrodes and counterelectrodes, a reference elec-
brane will haveaconstant permeab|l|ty to thg target gaseousi,q e is also present when a potentiostat is Usdtie
analyte during sensor operation over a wide temperature otorence electrode must form a stable potential with the

range and possess mechanical, chemical, and enV'ronmemaélectrolyte, be compatible with the sensor manufacture, and,

stability. generally, not be sensitive to temperaturg pressurel),
relative humidity (RH), or other contaminants or reactants
2.5.2. Electrolyte in the sensor system. The RE must be able to maintain the

The role of the electrolyte is to transport charge within WE at a constant electrochemical potential during the sensing
the sensor, contact all electrodes effectively, solubilize the application. An Ag/AgCl reference electrode, which shows
reactants and products for efficient transport, and be stablegood reversibility, is commonly used for this purpose. The
chemically and physically under all conditions of sensor other popular reference electrode is a Pt/air electrode, which
operation. The electrolyte is an ionically conducting medium is not a classical refernce electrode but is sometimes called
that ionically transports charge within the cell. Examples of a pseudo-reference electrode because, while it forms a stable
commonly used electrolytes include the following: aqueous potential, the potential is not that of a well-defined thermo-
electrolytes, such as sulfuric acid, sodium hydroxide, and dynamic reaction and the electrode must be calibrated with
potassium chloride; nonaqueous electrolytes, such as pro-an electrode of known potential. In a two-electrode system,
pylene carbonate with lithium perchlorate; and solid elec- a single electrode, called the auxiliary electrode, can function
trolytes, such as the polymer Nafion when wet and, for high- as both the RE and the CE for the purposes of a given
temperature sensors, yttria-stabilized zirconia or YSZ, analytical experiment.

Reference

Counter
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Table 2. Example Electrode Reactions for Aqueous Electrolyte branes, electrolytes, and electrodes in order to take advantage
Amperometric Gas Sensors of chemical properties of a specific target analyte and survive
target gas electrode reaction under various operating conditions. This use of a variety of

H, H, + 20H = 2H,0 + 2¢ materials, unique geometries or structures, and different
co CO+ H,0=CO, + 2H" + 2e methods is what gives the sensors their analytical properties
O, O+ 4H" + 4e = 2H,0 and allows them to serve diverse applications. It is because
NO, NO, + 2H" + 2e” = NO + H;0 of the discovery of unique combinations of materials,
NO NO+ 2H,0 = NO2" + 4H" + 3¢~ geometries, and methods that the AGS keeps improving and
H,S H,S + 4H,0 = SO2 + 10H" + 8¢ ; ) . |
SO, SO, + 2H,0 = SO~ + 4H* + 26 the widespread use of the AGS for industrial safety, bio-

chemistry, clinical chemistry, health and medicine, agricul-
. ture, food safety, environmental protection, automotive
2.6. Electrode Reactions technology, space exploration, military threat detection, and

For an example of electrode electrochemical reactions, theProcess control continues to grow. The next section presents
typical room-temperature liquid electrolyte CO sensor is & historical perspective on the development of AGS technol-
considered. The CO sensor has as56, electrolyte and 09y and its path to becoming one of the most widely used
three Pt electrodes, typically made with high-surface-area gas-sensing devices.

Pt powder. The fundamental process for the electrochemical

reaction is the transfer of electrons from the reacting CO 3, Survey of Old and New Amperometric Gas

and HO to the WE surface and the formation of somé H  Sensors

to transport the charge in the cell and the formation of one

additional oxygercarbon chemical bond changing the  In general, the AGS technology results from the basic

valence of the carbon atom: understanding of electrochemistry arising from the works of
Nernst, Faraday, and Heyrovsky as well as the understanding
CO+H,0—CO, + 2H + 2e” (5) of mass transport and electrochemical reactions provided by

Fick, Cottrell, Buttle-Volmer, and Levich. Their funda-

In order to maintain charge neutrality in the electrochemi- mental scientific advances allow us to make sensors and
cal cell, a second reaction, the reduction of oxygen to water, u.nderstzind the many dynamic aspects of the observed AGS
will occur at the CE that uses the acid and electrons to form signals®
water:

3.1. Working Electrode and Sensor Design

3.1.1. Clark Sensor

The WE current generated in the electrochemical cell is  The earliest successful AGS was developed by Clark et
related to the rate of CO oxidation at the working electrode ga|. in 1953 for oxygen determinatiénThe original Clark
and is directly proportional to the rate of CO arriving at the sensor was first introduced to measure the oxygen content
working electrode. in blood samples, and the major innovation was to cover
Upon completion of the electrochemical reaction, the the shiny platinum button WE cathode with cellophane.
products must desorb from the electrode surface. Following Unlike previously designed £sensors, which employed a
desorption, reaction products (gQiffuse away from the  pare platinum electrode, the Clark sensor showed enhanced
electrode area. If the products of the reaction are sensorselectivity for oxygen due to the presence of the cellophane
poisons, the sensor lifetime or response characteristics maymembrane, which allowed £to penetrate but prevented
be severely limited. Thus, the choice of materials and interferences from red blood cells and some other gases. The
methods for the electroanalytical processes are critical in thesuccess of the Clark sensor eventually resulted in the use of
sensor design. Table 2 lists electrochemical reactions for gascellophane-covered platinum electrodes to regulate the
analysis. However, the actual electrode reaction at the oxygen tension in the arterial line of the dispersion oxygen-
electrode surface is dependent on the nature of the electrodetor during total bypass of the heart and lufgs.
materia!, the electrolyte solution, the thermodynamic poten-  A¢ demonstrated by Clark, a membrane diffusion barrier
tial, the interface of the electrogelectrolyte, and, of course,  for the working electrode offers several advantages over a
the analyte. o qbare electrode. For instance, the membrane eliminates
_To be complete, each of these analyte reactions is balancegerferences from ions and other substances to which it is
with a second half-cell reaction that occurs at the CE, and j,nermeable, thus improving the selectivity for the analyte
this was discussed in the electrolyte section. The counter- ¢ interest. Also, the membrane serves as a diffusion layer
reaction is important to consider_ because it can Iimlit the for gaseous analytes. By appropriate selection of the mem-
overall performance of the_resultlng sensor. It is typ|ca!ly brane material and size, one can control the analytical
chosen to be a fast, reversible, and noninterfering reaction. .y racteristics of a sensor, permitting the analysis of several
This is not always easily achieved and has limited some yna)vtes over a wide range of concentrations. The earliest
successful commercialization of amperometric sensors. Teflon-bonded diffusion electrodes were prepared by Nie-
drach and Alforé for use in fuel cells. Later, we will also
2.7. Analytes show a method to use bare electrodes with a polymer
Many gases can be measured with an appropriately €lectrolyte and thereby eliminate the membrane to improve
designed AGS, such asHD,, CO, NG, NO, G;, SO, HS, response times.
and organic vapors with electroactive functional groups likes  In 1958, Sawyer et al. investigated sensing of several gases
alcohols or aldehydes. Each sensor can have a unique desigauch as oxygen, nitrogen, chlorine, bromine, sulfur dioxide,
and a different set of materials and geometries for mem- nitrogen dioxide, nitrous oxide, hydrogen, carbon monoxide,

1,0, + 2H" + 26 — H,0 (6)
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Limiting Cuarrent (j1A)

(d)

Figure 4. SEM micrographs of KrF laser patterned PTFE membrane electrodes: (a) PTFE-bonded platinum black layer irradiated with a
fluence of 500 mJ/cA (b) gold film irradiated with a fluence of 60 mJ/&n{c) the edge of the electrode as shown in (a); and (d) time-
dependent limiting currents of the $@ensors with different pattern sizes compared to the unpatterned sensor. The concentration of the
SO, gas is 998 ppm: (a) unpatterned sensor, (b) patterned sensor with the pattern sizaof, 50@ (c) patterned sensor with the pattern

size of 60um. Reprinted with permission from Qin, Z.; Wang, P. N.; Wandsdns. Actuators, B005 107, 805. Copyright 2005 Elsevier
Science.

hydrogen sulfide, and hydrogen cyanide with a membrane- adopted. PTFE membranes can be coated with vacuum-
covered platinum electrodeThe best performance charac- evaporated metals for improved sensitivity.

teristics were achieved using polyethylene, as opposed t0  The potential drop across any given sensor cell includes
saran, Mylar, and natural rubber, as the membrane materialihe potentials of the working electrodes and counterelectrodes
As shown by their results, the incorporation of the membrane g the potential over the galvanic cell’s internal resistance.
into the sensor system greatly enhanced the overall practicalor a given material of working electrode, the sensitivity of
ity of the sensor, leading to many new applications. However, the galvanic cell depends on the surface area on which the
it. remained difficult to construct practical gas sensors at that gjectrochemical reaction takes pld&es The assembly must
time because there was no convenient way to package theyrovide as large a surface area as possible for the three-
electrodes for field use. phase boundary (TPB= interface between the gas, the
Modern Clark electrodes are fitted with a porous poly- electrode, and the electrolyte), because the electrode reaction
(tetrafluoroethylene) (PTFE) membrane. Because of theis assumed to take place primarily in this region. The
hydrophobicity of the material, the pores (typical diameter particular “hair morphology” of a catalyst surface, e.g.,
10 um) are not wetted by the agueous solution but allow nanostructures, can dramatically increase the three-phase
the transport of dissolved gases to the electreglectrolyte boundary area, followed by an enhancement of the sensor’s
interface? As the mass-transfer rate of the analyte is slow sensitivity. A further improvement of the sensitivity from
compared to electron transfer, the Faradaic current isppm to ppb gas concentration levels can be obtained using
controlled by diffusion rather than the kinetics of the the new membraneelectrode assembly composed of a PTFE
electrode reaction, and this assures a linear dependence aiembrane and a nanocomposite material of carbon nanotubes
the current on concentration of the dissolved oxygen. The and PTFE. Carbon nanotubes can greatly increase the surface
arrangement can be used for the measurement of otherarea of the TPB because the carbon nanotubes have very
dissolved electroactive gases, most notably for the determi-high surface area, e.g., single-walled carbon nanotubes can
nation of chlorine in swimming pools. The layer of electro- achieve 1600 ffg Brunauer-Emmett-Teller (BET) valug®’
lyte solution between membrane and electrode is kept thin The catalyst is deposited electrochemically on the membrane
in order not to compromise sensitivity and response time. in order to get a nanostructured surface and to increase the
This design is, in principle, suitable for measurements in the TPB area® 2% Wang’s group developed a method to pattern
gas phase, but in practice it is found that the cell is not stablethe PTFE membrane electrodes by KrF laser ablatimee
because of variations in the thickness of the thin liquid film Figure 4). Patterning of the sensing electrode can be well-
used in the Clark design, most likely because of evaporation controlled and is expected to increase the sensitivity of the
of the water used as a solvent for the electrolyte. For the sensor because the sidewall of the patterned catalyst layer
measurement of electroactive species in the gas phasecan be considered as the effective TPB. Compared with the
designs derived more from fuel cell technology have been unpatterned sensor, the sensitivity of the sensor with a pattern
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size of 60um was improved by 14 times, and the response Porous Porous

time is reduced half. membrane working
The dramatic increase of the limiting current and the electrode

shortening of the response time were obtained from the

increase of the TPB area and the rapid gas diffusion through Diffusion

the membrane electrode. Other nanostructures are used for barrier

this purpose as well, such as composites of ey 0055

and Ceg ¢Gd, 201 g that have potential applications as oxygen-

permeable membranes in an amperometric sensor far NO Sample
detection in exhaust gas&sln addition, a series of man- gas
ganites was investigated for membranes with the composition
Ap7EqaMNO; (A = Gd, Y, and Pr ancE = Ca and Srf?

The presence of slow diffusion-coupled redox processes

could be detected in all manganites at low and high oxygen Counter/reference

activities vs an air reference electrode. The oxygen ion electrode

conductivity was considerably lower than"205 cnT*in  Figyre 5. Schematic of a cell based on a gas-diffusion electrode
all investigated manganites. Nevertheless, the comparison(GDE) composed of a porous PTFE-membrane and a porous
of results for glass-encapsulated and nonencapsulated mielectrode. Reprinted with permission from Knake etAhalytica
crocontacts showed that P€a sMnOs and, in particular, ~ Chimica Acta 2005 549, 1. Copyright 2005 Elsevier Science.
Pro.7S1hsMnO; are quite active as catalysts for the oxygen ) ) L

electrode reactionqat the three-phase goundary air/zi?lc%nia/and higher currents that lead to higher sensitivity. Also, the
manganite, whereas o¥SihaMnO; does not catalyze the real s_urface area of the _electrode_ can be seve_ral orders of
oxygen electrode reaction significantly at the surface. StudiesMagnitude higher, allowing species with relatively poor

have been carried out on the selectivity, mass transfer rates&lectroactivity to produce measurable currents. Therefore,
and effects of temperature on PTFE films as diffusion they are especially valuable in those cases when the kinetics

barriers2* The advent of using nanostructures has made a Of the electrochemical reaction are very slow, such as the
significant impact on the design of the modern AGS as it oxidation of hydrocarbons and CO. Examples of the earliest

Internal
electrolyte
solution

has on other sensofs. of these sensors reveal excellent practical sensor charac-
teristics?>-28 A kinetic study of NO gas at the Pt/Nafion
3.1.2. Diffusion Electrodes electrode with application to the amperometric NO anc,NO

sensing has been carried out by Ho's gréufy. Sensors

A major achievement in the evolution of the modern AGS pased on metallized porous membranes and porous catalytic
occurred in 1965 with the development of the gas-diffusion electrodes have been produced from several manufacturers
electrode by Niedrach.The original Niedrach electrode  that are widely used in industrial applicatiofsOn the other
consisted of a sintered TeflerPt catalyst covered with a  hand, relatively few publications on this specific structure
porous Teflon film. Its performance was evaluated in of electrode have appeared in the scientific literature in the
hydrogenr-oxygen and hydrogerair fuel cells at ambient  past decad&t 32 indicating the maturity of this type device.
temperature in 6N KOH and 5N A80;. In both cases, it The fuel-cell type electrode was never utilized in an AGS
was shown that water was efficiently retained in the until, in 1969, a breakthrough in design combined it with a
electrolytic solutions and did not leak into the gas fuel feed pvair reference electrode to achieve the practical ethanol and
stream. The Niedrach electrode provided a model for the CO sensor design introduced by Oswin, Blurton, and co-
contemporary gas-diffusion electrode, being “semihydro- workers2¢ This new design was used to detect various toxic
phobic” and allowing an open porous electrode of the finely gases, such as ethanol, CQSHNG,, and NO. The sample
dispersed metal catalyst yet not allowing complete penetra- (an electrochemically oxidizable or reducable species) enters
tion by the electrolyte. These electrodes are prepared bythe cell through porous electrodes similar to those used in a
mixing Teflon emulsion with a high-surface-area noble metal fye| cell (see Figure 63‘} hence, the device has been
catalyst powder and then depositing the slurry on a metal incorrectly called a fuel-cell sensor, although its purpose is
wire screen or on the surface of a totally hydrophobic porous not the conversion of chemical to electrical energy. The
Teflon film. The electrochemical cell that is based on a gas- relationship between the cell current and the concentration
diffusion electrode composed of a porous PTFE membranceof chemical species of interest present in a more or less
and a porous electrode is shown in Figure 5. The resulting constant matrix can be established empirically and optimized
gas-diffusing electrode consists of highly interlocked matrices to be linear in most cases over a fairly broad range of
of gas pores, electrolyte channels, electronically conducting concentrations. In the electrochemical cell that becomes the
paths, and electrocatalytic surfaces. It is porous enough tosensor of Oswin and Blurtofs,the gas was detected from
affect efficient gas permeation, has sufficient metal catalyst the current generated by the electrochemical reaction at a
to be a good electronic conductor, and is hydrophilic enough fixed potential of 0.9-1.5 V vs SHE. This avoided the
to make intimate contact with the electrolyte for ionic generation of undesired current from reactions involving the
_condu_ction and facilitation of electrochemical reactions oxygen-water redox couple within the cell. The original
involving gases. Oswin/Blurton cell significantly simplified sensor design and

In contrast to the Clark electrode, gas-diffusion electrodes provided a model for several two- and three-electrode sensors
based on back-side metallized porous membranes are nothat were eventually introduced in the 1970s including
affected by evaporation of water because the porous electrodesthanok® CO, and other gasé8.
is directly in contact with the bulk of the electrolyte solution. Recently, a high-temperature solid electrolyte ampero-
The mass transfer of analyte from the sample to the working metric CQ sensor was fabricated using a PNASICON {Na
electrode can be faster, resulting in shorter response timesonductor, NgZr,Si;PO,,)/Pt cell and a porous N&O;—
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A" lithium or sodium perchlorate as supporting electrolyte
dissolved in an organic solvent selected from the group
_{ | consisting ofy-butyrolactone, sulfolan, or propylene carbon-
E’) ate. All these solvents have a high boiling poirt200 °C)
and possess a high anodic limit with the Pt electrode. This
sensor was superior to previously designed chlorine sensors,
: which frequently failed because the electrode materials
L Ptair reference selective to chlorine often dissolved in the aqueous electrolyte
T — medium. The new sensor was effective in detecting chlorine
— v down to the ppm range, had a fast response timelomin,
@j and had an extended useful life efl year. A word of
— caution must be added that the use of perchlorates in organic
solvents always represents an explosion hazard, particularly
when the assembly is, inadvertently, allowed to dry up or
be exposed to high temperatures. Similarly, Venkatasetty
described the invention of a carbon monoxide sensor
incorporating a nonaqueous electrol§A&his sensor, based
Ag/AgCl on an aprotic electrolyte system, was also used to ampero-
Pt working reference metrically detect toxic gases such as nitrogen oxides, SO
and HS. Other electrochemical cells employing nonagueous
electrolytes were also introduced during the same time
period. These systems were used to fabricate amperometric

sensors for several gases such as metffamglrazine, and
carbon dioxide’

Figure 6. Fuel-cell-type amperometric sensor.

BaCQ; auxiliary layer?® A platinum-loaded zeolite electrode
was developed for high-temperature measurement of total
NOy in combustion environmerit.A Pt-loaded Y (PtY) is a
catalyst electrode for NCequilibration with electrochemical
oxidation of NO on a yttria-stablized zirconia (YSZ)
electrolyte. By applying a low anodic potential of 80 mV, Solid polymer electrolytes became important during the
the NO in the NQ equilibrated mixture can be oxidized at mid-1970s because of the inefficiencies and maintenance
a Pt working electrode on the YSZ electrolyte at 3G A requirements of liquid electrolytes. Originally, a solid
novel reference electrode for a N®ensor was developed polymer electrolyte (SPE) was described as a solid plastic
that did not require air, and this makes the design simpler sheet of perfluorinated sulfuric acid polymer that, when
and more robust With the advent of nanotechnology, the saturated with water, became an excellent ionic conductor.
use of nanostructured materials in fuel-cell sensors to enhanceNafion, a typical solid polymer electrolyte, is a hydrated
the sensor performance becomes ever more popular. Thecopolymer of poly(tetrafluoroethylene) (PTFE) and polysul-

3.2.2. Solid Polymer Electrolytes

details will be discussed in the following section. fonyl fluoride vinyl ether containing pendant sulfonic acid
groups (Dupont). Nafion has good proton conductivity, high
3.2. Electrolytes gas permeability, and chemical stability, and it has been

. . widely used in chloralkalai, fuel-cell, and sensor applications.

In addition to the progress made in the development of | the Nafion-based AGS design, Nafion film is used both
electrodes and sensor geometries, the 1970s witnesseds the electrolyte and as a support for the electrode structure.
improvements in the use of different electrolytes. Prior to The jonic conductivity results from the mobility of the
1970, electrolyte solutmns for amperometric sensors were hydrated hydrogen ions that move through the polymer sheet
mainly aqueous in nature. Even nowadays the aqueouspy passing from one sulfuric acid group to anotHeAn
solutions are still used as the electrolytes for gas sensing,early amperometric gas sensor incorporating a solid polymer
e.g., acid or halidehalate electrolytic solutions are used for electrolyte was described by LaConti and later improved by
acidic ga$ and for other gas-detection applicatiGhiss Sedlak et al. The sensor, originally used to detect carbon
illustrated in the preceding examples, agueous electrolytesygnoxides employed Nafion. Being a cation-exchange
are effective in many amperometric gas sensors. However,memprane, Nafion permitted the passage of cations and
they are also limited in their specificity, service life, operating pjocked the passage of anions. Thus, the hydrogen ions
temperature range, and electrical potential range. As a resuliyoquced at the working electrode through oxidation of
of the problems and limitations associated with aqueous carhon monoxide were transported through the ion-exchange
electrolytes, sensor research began to focus on the desiginemprane to the counterelectrode, where they reduced
and development of alterna'glve electrolytes. By the middle oxygen with the addition of electrons to produce molecular
1970s, nonaqueous and solid polymer electrolytes emergedyater. In addition to its excellent ion-exchange capacity, the
for the AGS> As nanotechnology becomes more Nafion electrolyte exhibited other positive features, such as
prevalent and many nanostructures are developed for use apjgh structural stability, resistance to acids and strong
working electrodes, parallel studies of nanosturctures for usegyjdants, and good thermal stability. As a result of its useful

as the electrolyte are also being conducted. characteristics, Nafion has been used to detect gases other
than carbon monoxid®;>°such as C@and NH;,3! NO,,5253
3.2.1. Nonaqueous Electrolyte hydrogerf*56 H,S57 S0,,% 0,596 056162 and alcohol

One of the earliest amperometric sensors employing aVvapors®® The only limitation for field use was the issue of
nonaqueous electrolyte was described by Schneider in4/978. the water in the Nafion freezing at low temperatures.
The novel electrochemical cell, used for the detection of In addition, Kuwata et al. illustrated two different am-
chlorine, contained a nonaqueous electrolyte composed ofperometric oxygen sensors using a Nafion membrane opera-
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tive at room temperatur®:5® Also, Alberti and Casicola  technologies have increasingly been employed to fabricate
presented an amperometric three-electrode sensor for CQOmicroelectrode structures. The microelectrodes have shown
operating at room temperature and using thin layers of several advantages of high sensitivities, fast response speeds,
a-zirconium phosphate as a solid electrolfite. small sample amounts, and well-defined and reproducible

] ) geometries.
3.2.3. Ceramic Solid Electrolytes at Elevated Temperature In contrast to the development of sensor parts, such as

The use of ceramic solid electrolytes in amperometric gas membranes, electrodes, and electrolytes, which occurred
sensors at elevated temperatures allows for the detection ofduring the 1960s and 1970s, amperometric gas sensor
different gases under harsh conditions. There is an increasingesearch of the 1980s focused on the production of novel
need for rugged and reliable gas sensors capable of monitorsensor designs. One of the highlights of the 1980s in relation
ing carbon monoxide, nitric oxides, sulfur oxides, and to analytical chemistry was the introduction of microsensors.
hydrocarbons from automotive exhausts. Because of suchMicrofabrication of electrochemical devices has numerous
harsh environments, e.g., high temperature and high pressuregdvantages over standard fabrication procedures. These
aqueous electrolytes, liquids, or polymeric materials cannot advantages include precise reduced sensor size, reduced cost,
be used in sensor designs. Ceramic solid electrolyte sensorsmaller sample size, faster response time, higher concentra-
are typically designed for high-temperature applications suchtion sensitivity, well-defined geometrical features, and
as stack gas, combustion process, and automotive engingootential for mass production. These advantages, however,
exhaust. The solid electrolyte provides ionic conduction and must be obtained without degradation of the signal-to-noise
also supports the electrodes. The interface between the solidatio as the sensor size is reduced.
electrolyte and the electrode plays an important role in the  Progress in the development of microamperometric sensors
resulting gas sensor’s analytical characteristics. was slow when compared to the production of micropoten-

Liu and Weppner described amperometric gas sensorstiometric sensors. Microamperometric sensors of the early
using solid electrolytes such as NASICON, cubic stabilized 1980s consisted only of microfabricated electrodes on a
zirconium oxide, and polycrystals of tetragonal zirconium suitable substrate. These electrodes were then coated with
oxide to selectively detect the partial pressures of severalthe liquid electrolyte solution that also carried the sample to
gases$® An AGS incorporating solid electrolytes made from the electrode area for analysis. An example of an early
rare earth elements was also designed for high temperaturemicroamperometric sensor was presented by Sleszynski and
and Stetter and C&bdescribed an amperometric sensor for Osteryoung in 1984 The given sensor, which used very
the detection of halogenated compounds such as chloropensmall electrodes constructed from nonconductive epoxy and
tafluorobenzene, chlorobenzene, bromobenzene, and iodoreticulated vitreous carbon (RVC), was shown to yield
benzene. This sensor, which used a bead of sodium lanthadesirable results as compared to standard fabricated sensors.
num fluoride silicate as the solid electrolyte, was shown to However, the goal of constructing complete, practical, and
operate around 55T %7 Similarly, Coillard et al. discussed ~ commercially successful amperometric gas sensors using the
a sensor employing commercial zirconia lambda gauge for microfabrication approach has still not been achieved.
the amperometric detection of NO in automobile exhausts  pyring the late 1980s, microfabrication technology for the
at high temperatur® As a result of their versatility, solid  construction of amperometric sensors was investigated with
electrolytes have become important components of ampero+he introduction of novel sensor electrode designs. In 1988,

metric gas sensors. _ ) Maclay and co-workef873 introduced a series of Nafion-

An amperometric NO sensor using a LaGa6blid based microfabricated amperometric gas sensors using gold
electrolyte was investigated, and the response was base@densing electrodes in the shape of a square grid. The newly
on the difference of catalytic activity of the electrod@st designed sensors were evaluated by comparing their analyti-
was found that the oxygen pumping current increased cal characteristics with those of conventional sensors. The
upon exposure to NO when ¢3tao.Mno.gNioOs and response time of the miniaturized sensors wdasorder of

Lao sSiosMnO; (LSM-55) were used as active and inactive  magnitude faster than conventional sensors, although they
electrodes for NO oxidation, respectively. Compared with had a lower sensitivity. This work also elucidated the fact
various common electrolytes such as YSZ or Sm-doped that the sensitivity of the device depended not only on the
CeQ, it was clearly demonstrated that much higher sen- chemical nature of the electrode surface but also on the
sitivity in the amperometric mode is achieved by using specific structure of the electrocatalytic surface and the
LaGaQ-based fast oxide-ion conductors. The fuel-cell interface created by gas/electrode/electrolyte.

configuration was used for the investigation of three types |, a1 effort to improve the sensitivity of microampero-
of metallic electrodes for NO detection in the exhaust gé&ses. metric sensors, Buttner et &lconstructed devices with an
Their results show that the cell defined as RhPIAU/YSZ/ jnieqrated design in which the working electrodes, counter-

RhPtAu gives a relatively high NO sensitivity of14 electrodes, and reference electrodes were photolithographi-

nA/ppm and a low @ sensitivity of 0.02 nA/ppm. The .1y etched onto a gold-coated silicon oxide surface of a
availability of electrode materials with selectivity opens up  gjjicon wafer and spin-coated with a thin film of a solution

possibilities for the development of highly sensitive am- ¢ Nafion. The working electrode of the sensor was an
perometric NO gas sensors W'th asingle Worklr_lg_electrode, ultrafine square grid with evenly spaced regions of gold and
.e., the NO concentration in Land NO containing gas  gjes every 50um. The signal observed for the sensor
mixtures can be directly measured without oxygen pumping. following exposure to gases such asSHand NO greatly
exceeded the response that would be expected on the basis
3.3. MEMS and Nanotechnology of simple geometPic considerations of mic?roelectro'd‘es.
Microelectrodes (MEMS), especially micro-working elec- The analytical characteristics of microamperometric sen-
trodes, with a very small electrode surface area, have beensors can also be improved by varying the sensor components,
used for amperometric gas sensors. In recent years, MEMSsuch as electrolyte composition. For example, Hauser3t al.
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recently described the preparation of a carbon dioxide sensorelectrodes being vacuum-deposited as nonporous Au layers
using mixed organic solvents as the electrolyte. As shown on the same face of a Nafion electrolyte and in contact with
by the results of this study, a mixed acetonitrile/dimethyl the gas sample. Potential advantages of this design include
sulfoxide solvent enhanced the overall performance of the faster response times and higher sensitivities per useful
sensor by producing a large potential window over which electrode area due to the high mass transport rates of the
the CQ reduction currents can be measuféds illustrated gas to the sensing electrode since no membrane or significant
by these examples, advances in microtechnology during theliquid film barrier is present. Also, smaller quantities of
1980s have resulted in the production of newly designed precious metal catalyst could be used for the working
amperometric gas sensors with characteristics superior toelectrode, and the labor-intensive stacking steps required for
those of conventional sensors. the fabrication of conventional-type designs are avoided. As

More recently, gold microelectrodes are used with and shown by the results of this research, oxygen reduction leads
without membranes in nonaqueous media for oxygen, carbont©® an exponential current rise over a wide potential range,
dioxide, and nitrous oxide detection simultaneously over a indicating very high mass transport rates and implying that
wide concentration rangé’s It is believed that, by using  the electroactive gas reacts at the line formed by the gas/
sufficiently small microelectrodes, it should be possible to solid electrolyte/metal layer interfaééHowever, the prac-
effectively “outrun” the reaction kinetics by the much faster ticality of the design may be questioned because, in practice,
loss of species from the electrode/electrolyte interface by if the water content of the membrane changes, so do the
diffusion, thereby giving rise to independent oxygen and dimensions, and this can lead to stresses that will fracture
carbon dioxide signals. Hahn and co-workers also conductedthe electrodes and alter the response.
the microelectrode studies of isoflourane vapor, an inhalation ~Berger and Edelman also described the production of a
anesthetic agent, and oxygen mixtures in dimethyl sulfox- planar sensor used to detect the partial pressure of oxygen
ide’® However, such sensors never demonstrated the longin blood sample? In this sensor, a semipermeable mem-
lifetimes required by field applications nor the low cost and, brane, comprising an acrylonitrile butadiene copolymer or
thus, have not been commercialized for popular use. Very an acrylate-based copolymer, was provided to act as an
recently, nanosize working electrodes using carbon nanotubedsmpermeable barrier for ions and blood constituents other
have been reported. than oxyger¥®

The advantages of such microsensors are small in size, N 2004, Meyerhoff and co-workers reported a planar
low cost, low power, high signal-to-noise ratio, and low @mperometric nitric oxide sensor based on platinized plati-
detecting limit. For the discussion of using the nanostructures UM anodé?® A microporous poly(tetrafluoroethylene) gas-
for making the microsensors, a sensor array consisted ofP€rmeable membrane was used. Platinization of the working
various highly sensitive carbon nanotube-based sensordllatinum electrode surface dramatlcally improves th_e analyti-
developed by Li's group are described here, such as sensor§2l performance of the sensor by providirg0-fold higher
using pristine carbon nanotub®s;arbon nanotubes loaded ~ Sensitivity (0.8-1.3 pA/nM), ~10-fold lower detection limit
with metal clusterg® and carbon nanotubes coated with (=1 nM), and extended (at least 3-fold) stability3 d)
polymers8® An interdigitated electrode (IDE) was utilized cor_npared to sensors prepared with bare Pt electrodes. In this
as a transducer, with many of them on a chip that was article, both experimental results and theory of NO measure-
fabricated on a silicon wafét. This electrochemical sensor Ments as a function of sensor diameter and distance from a
depends on the transfer of charge from one electrode toPoINnt source were discussed in the context of an investigation
another electrode. The gases and vapors introduced to thi®f monitoring NO release from diazeniumdiolate-doped
sensor array are NOHCN, HCI, Cb, acetone, and benzene polymeric f||_ms. By modlfy_mg t_he above-_d_lscussed NO
in parts per million (ppm) concentration levels in dry air. @mperometric gas sensor with thin hydrophilic polyurethane
These are toxic gases and vapors that are of interest to botffilms containing catalytic Cu(ll)/(1) sites, the direct ampero-
military and civilian personnel in defense applications, as Metric detection o-nitrosothiol species (RSNOs) is real-
well as in industry process and environmental monitoring. ized?’ Catalytic Cu(ll)/()-mediated decomposition &fni-

The detection limit of carbon nanotube sensors can achievetrosothiols generates NO(g) in the thin polymeric film at the
the ppb concentration levé.Carbon nanotubes can be distal tip of the NO sensor.

coated with metals to prepare hydrogen serf8ars with Another type of planar thick-film sensor with centrosym-
Nafion to make RH sensofe. metric diffusion geometry for detection of hydrocarbons in

oxygen, nitrogen, and hydrocarbon gas mixtures has been

For many years, it was generally reported that potemo-élleveloped for monitoring in exhaust gas&sn this work,

metric sensors were more easily microfabricated because th is ch f test del
signal size did not depend at all on the electrode size while ﬁr%pene b(@'|6}|_hls c I%Se? t or lsetnsorr] es SI as”a;) mode
amperometric sensor currents were directly proportional to yadrocarbon. the solid-state electrochemical cell based on

electrode size. An ideal use of nanostructures to create Iargeyt'[ri"’l'St""biIized _zirconia (YSZ) operates in the amperometric
surface area in small-sized devices is found here. With the Mode- Oxygen is pumped out at the Au/YSZ electrode, and

use of nanostructures, the electrode area of the amperometri¢a s 1S oxidized at the PUYSZ electrode (see Figure 7). At
sensor can be reduced by orders of magnitude while 2 9aS temperature of 60, the sensitivity is 2 nA/ppm

preserving the sensor signal magnitude, and this is a perfectc3H6 for this high-temperature amperometric gas sensor

example of the importance of nanostructures in the design€Sign:
and construction of the AGS.
e3.4. Sensor Array

Several other designs for amperometric gas sensors wer
also introduced during the 1990s. For example, Wallgren The 1980s also witnessed the microcomputer revolution,
and Sotiropoulos reporté&tdthe construction of an oxygen which, coupled with the advent of chemometrics and
sensor based on the planar sensor design. The desigmvailable AGSs, encouraged the introduction of arrays of gas
consisted of both the working electrodes and the counter-sensor systent8: % While the earlier research occurred in
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Figure 7. Schematic of the sensor design: (A) one side of the sensor showing the counterelectrodes upon the YSZ substrate, (1) Au/YSZ
ring electrode (RE) and (2) P/YSZ point electrode (PE); (B) back side of the sensor, showing the diffusion barrier covering the working
electrodes; and (C) propene characteristics of the Pt/YSZ point electrode at various oxygen concentrations. Reprinted with permission from
Schmidt-Zhang, P.; Guth, Bens. Actuators, B004 99, 258. Copyright 2004 Elsevier Science.

the early 1980%°4in conjunction with a K-nearest neighbor method in order to gain widespread analytical acceptance
or KNN algorithm for pattern recognition, a very recent for routine analytical determinations. What the sensor array
development features an amperometric sensor array for a gakas always been good at is the comparison of two complex
mixture of NQ, CO, @, and SQ detection using Nafion/Pt  mixtures, one a standard and one sample or a mixture of
(or Au)/ceramic plate microelectrodes prepared by micro- standard and a sample to the standard. In analysis, the sensor
fabrication technologies as the sensing electrodes and aarray can be a highly valuable tool for determination or
backpropagation neural network (BPN) as the pattern- comparison of complex nonmolecular endpoints like taste,
recognition algorithn?>°The limiting current potentials for ~ odor, or flavor, and the AGS was one of the earliest
anodic oxidation of NO on Au, anodic oxidation of Sé&nd contributors’4 More comparisons of different analytical
CO on Pt, and cathodic reduction of NOn Au and Q on myths and operational aspects of the electronic nose can be
Pt were applied to each of the sensors in the array, found® for practical applications.

respectively. The system was optimized for identifying these

gases with their concentrations in the mixture. Sensor array 4. AGSs For Practical Applications

technology has been utilized in chemical detection of gases

and is sometimes known as an electronic A6¥&and, when The modern AGS can be considered one of the primary
used in liquids, is sometimes know as the electronic toffjue. methods for field detection of CO in air for industrial hygiene
However, the instrument using a sensor array as a detecto@pplications since the 1970s, when it was introduced to
has not been fast to get into the commercial analytical marketreplace the hopcalite catalyst methi8The 1970s through
and remains in the stage of a new technology in various the 1990s also brought about many additional applications
application areas. One of the main reasons for the slow of amperometric sensors in field analytical 4$The AGS
introduction of arrays into the market is the difficulty in provides ppm level sensitivity, stability, low cost, low power,
calibration and in the isolation of the analyte response from good selectivity, and fast response all at the same time, and
the matrix response. Recent conferences, reviews, and bookghis makes for a powerful and versatile sensor. Also, because
have chronicled progress in sensor arrays incorporating allthe analysis is “on the spot”, samples do not have to be
types of sensor¥, preserved or returned to a lab for a slow and costly analysis.

A recent renaissance has occurred and provided new By manipulating the standard three-electrode potentiostat
interest in sensor-array-based analysis. Much of this interestarrangement of amperometric gas sensors, one can design
has to do with important applications like the detection of an amperometric detector for various target analytes and
lung cancer, recently shown to be possible with a gas sensorconditions in field analysis. Hauser et al. recently described
array% While the relationship of the sensor array signals a simplified amperometric detector for capillary electro-
to lung cancer is undisputed, there is something unsettling phoresis. This system employed only two electrodes in total
about an analytical technique for which the molecular basis to analyze catecholamines, ascorbic acid, carbohydrates, and
for the response is clearly not well-understood if understood heavy metals. Detection was carried out with a single
at all. Statistically, while we expect the analysis to be working electrode by using an electrophoretic counterelec-
somewhat robust and to apply to unknowns, the statistical trode as a polarized pseudo-reference electrode with an
basis for this can be calculated and the molecular basis isappropriate electronic circuitry. As shown by the results of
only implied. Thus, the sensor array work often blurs the this study, the amperometric detector achieved similar
line between functional dependence and association of aperformance characteristics as compared to the traditional
signal and complex endpoint. It will take progress in multi- amperometric gas sensor.
variate calibration, the construction of multivariate models ~ The amperometric gas sensor has a long history of
like the net analytical signal recently used for NIR deter- development and some of them have produced mature for
mination of glucose, or the development of another robust field applications. With the advent of microfabrication
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Figure 8. (A) Schematic cross section of a typical amperometric oxygen sensor with a channel-type diffusion barrier and (B) principle of
an amperometric two-electrode cell for the simultaneous detection of oxygen and NO. Reprinted with permission from Reinhardt, G.;
Mayer, R.; Rosch, MSolid State lonic2002 150, 79. Copyright 2002 Elsevier.

technology, computational power in a PC, and nanotechnol- multielectrode cell is illustrated in Figure 8. The basic idea
ogy, improved sensors with better working electrodes, is to adjust geometric and working parameters in such a way
different types of electrolytes, and miniature design have that, at each electrode, essentially one-electrode reaction takes
evolved, and this has expanded the spectrum of real-worldplace. Selectively reacting electrodes are desired to improve
applicationgt®® The challenges are common to all applica- sensor performance. Recently, Srereys0s—s (STF-35)

tions including the following: inexpensive fabrication steps, has received considerable attention for use as a resistive
sensor robustness, reliability, reproducibility, low power oxygen sensor because of its unusual temperature-indepen-

consumption, and easy system integration. dent conductivity above 700C and pQ > 1 Pal® This
material has the potential for automotive oxygen sensor
4.1. Industry applications. Combined with physical sensors for tempera-

ture, anemometry, pressure, and humidity monitoring, an
AGS system can be built to get comprehensive information
for an environment simultaneously.

AGSs possess high sensitivity, small size, and low power
consumption, which can be used to quickly verify incoming

raw materials at the delivery point. The AGS technolo . . L L
Y g9y The Indoor air quality application is just now beginning

can significantly reduce the amount of time and money spentt ¢ , tal pollutants in the ai
analyzing materials in a lab, as well as reduce the amount'© €MErge as exposure to environmental poiiutants in the air

of material handling. Most changes in chemical processes!S P€ing suspected for many human health issues. The

can be reflected in the changing composition of the vapor EXPosure Biology program at the National Institutes of

phase surrounding or contained within the process. Thus’HeaIth addresses many of these concerns. The z_ippllcatmn

vapor-phase sensors can enable the quick assessment 6ﬁ measure trace levels of pollutant exposure of children and
d

the chemical status of most industrial processes. Exampled€ Population at large will require new sensors for measure-
are found across many sectors including food processingMents as well as new modeling tools (http://www.gei.nih.gov/

(coffee roasting and fermentation), petrochemical (plas- €XPosurebiology/index.asp). This need for personal mea-

tics manufacture and gasoline blending), and consumerSUreément sensors at ppb levels for specific pollutants
products (detergents and deodorants). Much like vision represents a new challenge that is ideally met with the AGS

inspection is used to assess the visual integrity (color, shape SiNce it has all of the important logistical features of low
and size) of products, olfactory inspection assesses thePOWer, light weight, small size, and low cost. However, the

chemical integrity (consistency and presence of contami- challenge is obtainin_g increases in. sensitivity and selectivity
nants) of product&289.91109.110111 and often response time and stability in the AGS for analytes

such as ozone, CO, NQOand others.

4.2. Environment .
_ _ 4.3. Defense and Homeland Security
Increasing awareness of new regulations for safety and

emission control makes environmental monitoring one of the  Chemical sensors like the AGS are suitable for security
most important applications for reliable gas sensors. Currentand defense applications because of their portability and low
methods for air quality analysis typically require the use of power consumption. AGS potentially can offer higher
very costly and bulky analytical equipment. For applications sensitivity, specificity, and lower power consumption for
in environmental monitoring or indoor air quality measure- toxic gas detection. Some examples include monitoring filter
ment, sensors that are able to selectively detect various gasebreakthrough (e.g., toluene concentration inside the mask),
at concentration levels ranging from a few ppb to hundreds personnel badge detectors (e.g., toxins accumulation), em-
of ppm are valuable. New developments in MEMS sensors bedded suit leak-detection sensors (e.g., soldiers’ suits for
are trying to address these difficult measurement t&#8ks. upcoming warfare agents), and other applications. Addition-
With unique combined advantages of high sensitivity, small ally, a wireless capability with the sensor can be used for
size, and low power consumption, the amperometric gas networked mobile and fixed-site detection and early warning
sensor is uniquely suited for environmental applications, but systems for military bases, work facilities, and battlefield
it is often challenged with sensitivity or selectivity demands areas. Explosives detection at the airport is recently a priority
not encountered in other applications. For example, the application for Department of Homeland Security (DHS),
amperometric sensors based on stabilized zirconia have beeland sensors or detectors will require quick detection and a
developed for the detection of oxygen-containing gases like low false-alarm rate. One type of the liquid explosive hazard
NOy or combustible gases such as CQ, Hnd hydrocar-  thatis easily detected by amperometry is hydrogen peroxide.
bonsi®* for NO, detectiont®® for lean combustion gas The challenges will be to obtain the stability, reproducibility,
control% and for selective detection of propatté Multi- and low maintenance of the fielded sensors to achieve quick
electrode amperometric sensors are able to dete@nd screening and early warning at the airport. The detection of
NO or O, and combustibles at the same time, and such amustard gas and HCN are two specific agents that can be
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addressed with the AGS, as well as TNT, when the elec- good mechanical strength, and better thermal stability,
trochemical sensors are used in arr&yst'é leading to new catalysts for selectivity, new electrolytes for
higher-temperature operation, multiple working electrodes
4.4, Medical/Biomedical for self-amplifying sensors, and combinations with bioana-
) i , . , i lytical approaches for biosensors and enzyme-based sensors.
Chemical sensors will provide physicians with a quicker ~ \jepms technology and nanotechnology combined with
and more accurate diagnostic tool. Applications will include e computational power brighten the future of the AGS
breath analysis that can provide objective information on the a4 its use within analytical chemistry and especially in field
identity of certain chemical compounds such as in exhaled analytical measurements. We now begin a new era of AGS
air and in the excreted urine or other body fluids that are development using new materials, new time-resolved and
directly related to specific metabolic conditions, certain skin spatially resolved sensor array approaches, and smaller sensor
diseases, or bacterial infections, such as those common tQqyeyices. It is clear that the utility of amperometry will
burn wounds. Additionally, the chemical sensors may also continye and will preserve its place in gas-sensor applications
provide more accurate, real-time patient monitoring during now and in the futuf® and will continue to serve for the
anesthesia administration. betterment of human health, safety, and the environment.
An amperometric enzyme/gas-diffusion electrode is de-
veloped that combines a porous air-breathing gas-diffusion 6. Acknowledgment
electrode with an enzyme immobilized on its catalytic layer.
The oxygen needed for the enzymatic reaction is supplied The authors would like to thank Sheng Yao for help with
to the reaction zone of the electrode in the gas phase througlsome of the illustrations used herein and to thank our
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5. Summary

Amperometric gas sensors have a long and rich history.
The present review shows that AGSs are an important

member of the electrochemical class of chemical sensors.

Many research and development efforts have resulted in
practical life-saving sensors, such as the AGS sfor CS, H
NO,, O,, or other electrochemically active gases that are now
routinely used in industrial hygiene and safety monitoring
of people and workplaces. There is an ever-expanding list
of analyte targets for the AGS, and its use for electroactive
materials like TNT will challenge the sensitivity of the
amperometric approach. With the advent of arrays, the AGS
is contributing to the detection of a diverse set of complex
endpoints including toxicity, cancer detection, and off-odor
of materials. New applications such as homeland security

and defense against threats have arisen and will challenge

the sensitivity and selectivity of the electrochemical technique
in general and the amperometric approach specifically. As
we demand ever-lower detection levels and since the senso
signal in amperometry is directly proportional to the electrode
area, the challenge is to maintain and improve the signal/
noise ratio for the analyte. However, the challenge of

amperometry is to utilize the ability provided by electronics

to detect smaller and smaller amounts of charge/current and
to use nanostructures to continue to increase the electrode

fraction of the work in this field.
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