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Sensors, Chemical Sensors, Electrochemical Sensors, and ECS
Joseph R. Stetter,* ,z William R. Penrose,* and Sheng Yao*

BCPS Department, Illinois Institute of Technology, Chicago, Illinois 60616, USA

The growing branch of science and technology known as sensors has permeated virtually all professional science and engineering
organizations. Sensor science generates thousands of new publications each year, in publications ranging from magazines such as
Popular MechanicsandDiscoverto learned journals like theJournal of The Electrochemical Society (JES). The Electrochemical
Society~ECS!, which has declared itself the society for solid state and electrochemical science and technology, and its worldwide
membership, have been vitally instrumental in contributions to both the science and technology underlying sensors. This article is
about a few of the chemical sensors that have evolved, those still now evolving, and the continuing role of ECS in advancement
of sensor science and engineering.
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Chemical sensors have been widely used in such application
critical care, safety, industrial hygiene, process controls, prod
quality controls, human comfort controls, emissions monitoring,
tomotive, clinical diagnostics, home safety alarms, and, more
cently, homeland security. In these applications, chemical sen
have resulted in both economic and social benefits. Some exam
of market areas are summarized in Table I. Indoor air quality~IAQ!,
volatile organic compounds~VOCs!, and the lower explosive limit
of combustible hydrocarbons~HCs! have all become targets for ne
sensor developments that seek to monitor and help improve
quality of the air we breathe. The range of detection for sensors
be percent levels in process streams with O2 sensors to single mol
ecule or unique organism detection with carbon nanotubes.

ECS Sensor Related Symposia and Publications

The Electrochemical Society formally recognized its role
chemical sensor technology and the importance of sensors with
formation of the Sensor Group in 1987. This grew into the Sen
Division founded in 1993 by Dennis Turner and co-organizers. T
new Group organized a successful Chemical Sensors symposiu
the 1987 ECS Fall meeting in Honolulu, a joint international me
ing with the Electrochemical Society of Japan~ECSJ!. Subse-
quently, the symposium was continued as a series in the 1993
1999 Fall meetings in Honolulu. Norboru Yamazoe, a founder of
International Meeting on Chemical Sensors~IMCS!, was co-
chairman and contributed significantly to obtaining many pap
from Japan and the East for these symposia.

Sensor research takes place in virtually every ECS division~see
Table II!, and these listed 80 or so symposia represent about 7%
all ECS symposia. A series of state of the art conferences have
organized by the Sensor Division over the past 10 years
progress in this field can be found in ECS publications, includ
proceedings volumes.1-11 The ECS sensor symposia span dive
topics, including biosensors, luminescent materials, ion-selec
electrodes, and high-temperature ceramic sensors. General
coverage symposia on chemical sensors provide opportunity fo
terdisciplinary discussions on both fundamental and applied asp
of all kinds of chemical sensors, while most symposia have d
cated topics that focus on solving special problems of significanc
that time. Table III provides a classification of the ECS sensor s
posia according to topics, and most topical symposia were launc
to discuss special applications like industrial, medical, or envir
mental sensors. This focus supports the strong connection bet
sensors and practical problems in technology, industry, and soc
The second largest category of symposia concerns materials. S
technology is dependent on progress in materials science and
nology, and whenever a new material is discovered it is soon in
tigated for applications to sensors. Conducting polymers, solid io
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materials, and nano-materials~nano-particles, nano-wires, nano
tubes! are all examples.

The Society has proven to be an ideal organization for sen
research because of its long tradition of providing a home for
ence and technology at the interface of many disciplines. Thro
the pages of its respected journals,JES and Electrochemical and
Solid-State Letters~ESL!, ECS has chronicled developments f
many types of sensors including amperometric sensors, potentio
ric sensors, and chemiresistors. JES has published more than
papers on chemical sensors since 1990~Vol. 137-149!, and ESL has
reached 26 chemical sensor papers since its inception in 1998
the 26 sensor-related papers in ESL, more than 60% discuss
electrolyte sensors. The interest in this type of sensor is growing
is the topic of a joint meeting of the ECS Sensor Division and
American Ceramic Society~ACerS! to be held in the Fall of 2003 in
Orlando.

More and more ECS members are interested in microfluid
microsystems, and nanodevices, many of which are consid
physical sensors as well as being part of chemical and biochem
devices. The physical sensors which detect physical propertie
mass, force, pressure, strain, temperature, flow, position, dista
and acceleration have been directly enabled by advances in
tronic fabrication processes. Hybrid physical-chemical systems o
new areas for sensor design and bring the promise of adva
analytical systems capability on a single chip.

Sensors, Chemical Sensors, and Electrochemical Sensors

The world seems to have a natural division between chem
and physical sensors. However, there are those that do not cla
easily, like relative humidity sensors, a chemical sensor tradition
lumped with physical sensors. Also, sensors are often discu
along with the topic of actuators. Chemical sensors have a chem
or molecular target to be measured. Biosensors are defined as
sors that use biomolecules and/or structures to measure some
with biological significance or bioactivity. More appropriately, bio
sensors target a biomolecule of interest for measurement. The
sensor can usually be considered a subset of chemical sensor
cause the transduction methods, sometimes referred to as the s
platforms, are the same as those for chemical sensors. Chem
sensor arrays with instrumentation, having popular names like
electronic nose or electronic tongue,5 have been constructed to ad
dress chemically complex analytes like taste, odor, toxicity, or fre
ness.

A useful definition for a chemical sensor is ‘‘a small device th
as the result of a chemical interaction or process between the an
gas and the sensor device, transforms chemical or biochemica
formation of a quantitative or qualitative type into an analytica
useful signal.’’ The definition is illustrated in Fig. 1a and compar
to two other sensor devices, specifically, the microinstrument~Fig.
1b! and the ‘‘lab-on-a-chip’’ sensor concept~Fig. 1c!. The microin-
strument using the physical sensor for light or heat would hav
similar definition to the chemical sensor except there is no inte
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Table I. Exemplary Applications and Markets for Chemical Sensors.

Market/application Examples of detected chemical compounds and classes

Automotive O2 , H2 , CO, NOx , HCs,
IAQ CO, CH4 , humidity, CO2 , VOCs,
Food Bactreria, biologicals, chemicals, fungal toxins, humidity, pH, CO2 ,
Agriculture NH3 , amines, humidity, CO2 , pesticides, herbicides,
Medical O2 , glucose, urea, CO2 , pH, Na1, K1, Ca21, Cl2, bio-molecules, H2S,

Infectious disease, ketones, anesthesia gases,
Water treatment pH, Cl2 , CO2 , O2 , O3 , H2S,
Environmental SOx , CO2 , NOx , HCs, NH3 , H2S, pH, heavy metal ions
Industrial safety Indoor air quality, toxic gases, combustible gases, O2 ,
Utilities @gas, electric# O2 , CO, HCs, NOx , SOx , CO2 ,
Petrochemical HCx , conventional pollutants,
Steel O2 , H2 , CO, conventional pollutants,
Military Agents, explosives, propellants,
Aerospace H2 , O2 , CO2 , humidity,
aly
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tion of the analyte gas with the sensor device, but rather the an
modulates the energy absorbed or emitted by the physical se
The lab-on-a-chip orm-TAS ~micro-Total Analytical System! is con-
sidered a sensor in only the broadest of definitions and is rea
complete analytical system.

The signal from a sensor is typically electronic in nature, bein
current, voltage, or impedance/conductance change cause
changing analyte composition or quality. While chemical sens
contain a physical transducer and a chemically sensitive laye
recognition layer, the microinstrument or spectrometer~Fig. 1b!
sends out an energy signal, be it thermal, electrical, or optical,
reads the change in this same property caused by the interve
chemical and this is akin to molecular spectroscopy in the ab
example. Inm-TAS, the system, Fig. 1c, can include sampling s
tem, separation or fluidic instrumentation system, as well as a
tector. The users of sensors, of course, do not care about this
sion, but this paradigm is helpful in explaining the types of syste
that exist and understanding how they work, why they have cer
properties and analytical performance, and how new developm
are made. ECS has had conferences that have included all of
types of sensors. A few types of electrochemical sensors are
cluded in the following discussions.

While the topic of sensors of interest to the Society is too bro
to cover here, we can discuss a few electrochemical sensor
conventional definition, assigned to three categories: potentiome
te
or.
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amperometric, and impedance or admittance based devices. Bio
sors, while directed toward analysis for a specific or significant b
logical material or bio-endpoint3 will utilize one or more of these
principles. Optical and acoustic or similar approaches are also
cluded in electrochemical sensors if a broad definition of these te
is used. Electrochemical sensors can be applied for solid, liquid
gaseous analytes with the latter two most common. High temp
tures can be accommodated using solid electrolytes and h
temperature materials for sensor device construction. In the foll
ing brief discussion, we outline some common electrochem
sensors~see Table IV!, and, by illustration, the continued ECS in
terest in sensors.

Semiconducting oxide sensors.—The heated metal oxide senso
is probably the most investigated and widely produced chem
sensor and has always been a very popular topic for ECS symp
The working principle of this type of sensor is that the resistance
the metal oxide semiconductor changes when it is exposed to
target gas because the target gas reacts with the metal oxide su
and changes its electronic properties. Such devices are now s
times called chemiresistors. The sensor usually can be prod
simply by coating a metal oxide layer on a substrate with two el
trodes pre-embedded on it. Two typical designs with tubular a
planar structures are shown in Fig. 2a and b. For the tubular des
the sensor comprises an alumina support tube containing a Pt he
n
-

r

Figure 1. Three types of sensor desig
and operating principle. CI: chemical in
terface, TI: transducer interface.~a!
Chemical or biochemical sensor~analyte
reacts at interface!; ~b! Physical sensor
for chemical analysis, e.g., molecular o
atomic spectroscopy;~c! Micro-Total
Analytical System, m-TAS ~lab-on-a-
chip technologies!.



er rg
y

n

Journal of The Electrochemical Society, 150 ~2! S11-S16~2003! S13

Ta

bl
e

II.
C

he
m

ic
al

S
en

so
r

R
el

at
ed

S
ym

po
si

a
S

up
po

rt
ed

by
th

e
S

en
so

r
an

d
O

th
er

E
C

S
D

iv
is

io
ns

.

Y
ea

ra
D

iv
is

io
nb

S
ym

po
si

um
c

Y
ea

ra
M

ee
tin

ga /D
iv

is
io

nb
S

ym
po

si
um

c

20
02

/F
H

T
/S

S
/B

A
S

ol
id

-S
ta

te
Io

ni
c

D
ev

ic
es

IIId
19

96
/F

H
T

C
er

am
ic

S
en

so
rs

IIId

20
02

/F
S

S
A

co
us

tic
W

av
e

B
as

ed
S

en
so

rs
19

96
/S

S
S

A
ut

om
ot

iv
e

S
en

so
rs

20
02

/S
S

S
/D

S
/E

N
M

ic
ro

fa
br

ic
at

ed
S

ys
te

m
s

&
M

E
M

S
V

I
d

19
96

/S
S

S
S

ur
fa

ce
&

F
ilm

s
fo

r
S

en
si

ng
20

02
/S

S
S

/IE
S

en
si

ng
in

In
du

st
ria

l&
E

xt
re

m
e

A
pp

lic
at

io
ns

19
95

/F
S

S
/N

T
E

nv
iro

nm
en

ta
lS

en
so

rs
20

02
/S

P
E

/O
B

/S
S

C
he

m
ic

al
ly

M
od

ifi
ed

E
le

ct
ro

de
s

19
95

/F
S

S
/D

S
/E

N
M

ic
ro

st
ru

ct
ur

es
&

M
ic

ro
fa

br
ic

at
ed

S
ys

te
m

s
II

d

20
02

/S
P

E
/O

B
/S

S
M

ic
ro

an
al

yt
ic

al
D

ev
ic

es
&

In
st

ru
m

en
ta

tio
n

19
95

/F
E

T
T

hi
n-

F
ilm

S
ol

id
Io

ni
c

D
ev

ic
es

&
M

at
er

ia
ls

d

20
02

/S
E

N
/S

S
W

id
e

B
an

dg
ap

S
em

ic
on

du
ct

or
s

fo
r

P
ho

to
ni

c
&

E
le

ct
ro

ni
c

D
ev

ic
es

&
S

en
so

rs
IId

19
95

/F
E

N
W

id
e

B
an

dg
ap

S
em

ic
on

du
ct

or
an

d
D

ev
ic

es
I

19
95

/S
S

S
S

en
so

rs
fo

r
In

du
st

ria
lP

ro
ce

ss
es

M
on

ito
rin

g
&

C
on

tr
ol

20
02

/S
H

T
H

ig
h

Te
m

pe
ra

tu
re

M
at

er
ia

ls
S

ym
po

si
um

in
H

on
or

of
th

e
65

th
B

irt
hd

ay
of

P
ro

f.
W

.
L.

W
or

re
lld

19
94

/F
S

S
A

co
us

tic
W

av
e-

ba
se

d
S

en
so

rs
19

94
/F

S
S

B
io

se
ns

or
s

&
T

he
ir

A
pp

lic
at

io
ns

in
M

ed
ic

al
S

ci
en

ce
20

01
/F

S
S

/P
E

/O
B

C
he

m
ic

al
&

B
io

lo
gi

ca
lS

en
so

rs
&

A
na

ly
tic

al
M

et
ho

ds
II

d
19

94
/F

H
T

S
ol

id
E

le
ct

ro
ly

te
S

en
so

rs
20

01
/S

S
S

/O
B

/N
T

D
N

A
S

en
so

rs
19

94
/S

S
S

M
ic

ro
st

ru
ct

ur
es

&
M

ic
ro

fa
br

ic
at

ed
S

ys
te

m
s

I
d

20
01

/S
S

S
8t

h
In

te
rn

at
io

na
lS

ym
po

si
um

on
O

lfa
ct

io
n

&
th

e
E

le
ct

ro
ni

c
N

os
e

~I
S

O
E

N
8!

d
19

93
/F

S
S

F
un

da
m

en
ta

lP
ro

ce
ss

es
in

Io
n-

S
el

ec
tiv

e
E

le
ct

ro
de

s
&

O
th

Io
n-

S
en

so
rs

20
01

/S
C

R
/S

S
C

or
ro

si
on

S
en

so
rs

19
93

/S
S

S
C

he
m

ic
al

S
en

so
rs

II
d

20
00

/F
S

S
/IE

M
ic

ro
se

ns
or

S
ys

te
m

s
fo

r
G

as
&

Va
po

r
A

na
ly

si
s

19
92

/F
S

S
P

ie
zo

el
ec

tr
ic

S
en

so
rs

20
00

/F
S

S
/D

S
/E

N
M

ic
ro

fa
br

ic
at

ed
S

ys
te

m
s

&
M

E
M

S
V

d
19

92
/S

S
S

E
le

ct
ro

ch
em

ic
al

S
en

so
rs

in
M

ed
ic

al
S

ci
en

ce
20

00
/F

S
S

A
co

us
tic

W
av

e-
B

as
ed

S
en

so
rs

19
92

/S
H

T
H

ig
h

Te
m

pe
ra

tu
re

S
en

so
rs

20
00

/F
H

T
/S

S
/B

A
S

ol
id

S
ta

te
Io

ni
c

D
ev

ic
es

II-
C

er
am

ic
S

en
so

rs
d

19
92

/S
B

A
D

ev
el

op
m

en
t

of
A

pp
lic

at
io

ns
of

S
en

so
rs

fo
r

E
m

er
gi

ng
E

ne
Te

ch
no

lo
gy

C
on

ve
rs

io
n

20
00

/S
S

S
A

dv
an

ce
s

in
S

en
so

rs
fo

r
D

ia
be

te
s

M
on

ito
rin

g
20

00
/S

S
S

P
ol

ym
er

M
an

uf
ac

tu
rin

g
P

ro
ce

ss
S

en
so

rs
II

19
91

/F
C

R
A

co
us

tic
W

av
e

S
en

so
rs

fo
r

C
or

ro
si

on
S

tu
di

es
20

00
/S

S
S

/P
E

E
le

ct
ro

ch
em

ic
al

Im
pe

da
nc

e
fo

r
A

na
ly

si
s

of
C

he
m

ic
al

&
E

le
ct

ro
ch

em
ic

al
P

ro
ce

ss
es

&
M

ec
ha

ni
sm

s
19

91
/S

S
S

E
nv

iro
nm

en
ta

lS
en

so
rs

19
91

/S
S

S
S

en
so

rs
B

as
ed

on
O

rg
an

ic
E

le
ct

ro
ac

tiv
e

M
at

er
ia

ls
19

99
/F

S
S

C
he

m
ic

al
S

en
so

rs
IVd

19
90

/F
S

S
O

pt
ic

al
&

P
ie

zo
el

ec
tr

ic
S

en
so

rs
19

99
/F

O
B

/S
S

B
io

se
ns

or
s

&
B

io
m

ol
ec

ul
ar

E
le

ct
ro

ni
cs

19
90

/F
S

S
S

en
so

rs
fo

r
th

e
T

ra
ns

po
rt

at
io

n
In

du
st

ry
19

99
/S

S
S

T
ra

ns
po

rt
at

io
n

S
en

so
rs

19
90

/S
S

S
H

ig
h

Te
m

pe
ra

tu
re

S
en

so
rs

19
99

/S
P

E
/S

S
/O

B
N

ew
D

ire
ct

io
ns

in
E

le
ct

ro
an

al
yt

ic
al

C
he

m
is

tr
y

19
90

/S
S

S
S

en
so

rs
fo

r
C

he
m

ic
al

In
du

st
ry

19
99

/S
H

T
/S

S
/B

A
S

ol
id

S
ta

te
Io

ni
c

D
ev

ic
es

I
d

19
90

/S
O

B
In

V
iv

o
E

le
ct

ro
an

al
yt

ic
al

C
he

m
is

tr
y

&
B

io
se

ns
or

s
19

98
/F

S
S

/P
E

A
co

us
tic

W
av

e-
ba

se
d

S
en

so
rs

19
89

/F
S

S
F

un
da

m
en

ta
lP

ro
ce

ss
es

in
E

le
ct

ro
ch

em
ic

al
S

en
so

rs
19

98
/F

S
S

/D
S

/E
N

M
ic

ro
st

ru
ct

ur
es

&
M

ic
ro

fa
br

ic
at

ed
S

ys
te

m
s

IV
d

19
89

/F
S

S
M

at
er

ia
ls

&
N

ew
P

ro
ce

ss
in

g
Te

ch
no

lo
gi

es
fo

r
S

en
so

rs
19

98
/F

S
S

S
en

so
rs

fo
r

P
ol

ym
er

M
an

uf
ac

tu
rin

g
P

ro
ce

ss
M

on
ito

rin
g

I
19

89
/S

S
S

E
le

ct
ro

ni
c

B
io

m
ed

ic
al

S
en

so
rs

19
98

/S
S

S
S

en
so

rs
fo

r
E

nv
iro

nm
en

ta
lM

on
ito

rin
g

&
O

cc
up

at
io

na
lS

af
et

y
19

88
/F

LD
O

pt
ic

al
S

en
so

rs
19

98
/S

H
T

C
er

am
ic

S
en

so
rs

19
87

/F
H

T
E

le
ct

ro
-C

er
am

ic
s

&
S

ol
id

-S
ta

te
Io

ni
cs

19
98

/S
H

T
H

ig
h

Te
m

pe
ra

tu
re

C
or

ro
si

on
&

M
at

er
ia

ls
C

he
m

is
tr

y
C

er
am

ic
S

en
so

rs
19

87
/F

S
S

C
he

m
ic

al
S

en
so

r
I

19
86

/F
P

E
S

ol
id

E
le

ct
ro

ly
te

s
19

98
/S

E
T

A
pp

lic
at

io
ns

of
E

le
ct

ro
ni

ca
lly

&
Io

ni
ca

lly
C

on
du

ct
in

g
M

em
br

an
es

19
86

/F
LD

S
en

so
rs

fo
r

R
ob

ot
A

pp
lic

at
io

ns
19

86
/F

E
N

M
ic

ro
st

ru
ct

ur
ed

S
en

so
rs

19
97

/F
S

S
C

he
m

ic
al

&
B

io
lo

gi
ca

lS
en

so
rs

&
A

na
ly

tic
al

E
le

ct
ro

ch
em

ic
al

M
et

ho
ds

Id
19

86
/S

E
N

E
le

ct
ro

ch
em

ic
al

S
en

so
rs

fo
r

B
io

m
ed

ic
al

A
pp

lic
at

io
ns

d

19
85

/F
E

N
F

ib
er

O
pt

ic
s

S
en

so
rs

19
97

/S
S

S
Im

m
un

o
&

B
io

-S
en

so
rs

19
85

/S
E

N
O

n-
lin

e
S

ol
id

-S
ta

te
S

en
so

rs
fo

r
P

ro
ce

ss
M

on
ito

rin
g

19
97

/S
S

S
M

ic
ro

st
ru

ct
ur

es
&

M
ic

ro
fa

br
ic

at
ed

S
ys

te
m

s
III

d
19

84
/F

LD
S

en
so

rs
fo

r
R

ob
ot

A
pp

lic
at

io
ns

19
97

/S
LD

S
en

so
rs

B
as

ed
on

O
pt

ic
al

S
pe

ct
ro

sc
op

y
19

84
/F

E
N

E
le

ct
ro

ch
em

ic
al

,
O

pt
ic

al
,

&
S

ol
id

-S
ta

te
S

en
so

rs
19

97
/S

IE
S

en
si

ng
,

C
on

tr
ol

&
T

re
at

m
en

t
fo

r
P

ol
lu

tio
n

P
re

ve
nt

io
n

19
84

/F
B

A
S

ol
id

E
le

ct
ro

ly
te

s:
F

un
da

m
en

ta
ls

&
A

pp
lic

at
io

ns
19

97
/S

E
T

A
pp

lic
at

io
n

of
S

en
so

rs
in

E
ne

rg
y

Te
ch

no
lo

gy
19

79
/F

N
T

Io
n

S
el

ec
tiv

e
E

le
ct

ro
de

s
19

96
/F

S
S

A
co

us
tic

W
av

e-
B

as
ed

S
en

so
rs

a
E

C
S

se
m

ia
nn

ua
lm

ee
tin

gs
ar

e
he

ld
in

M
ay

an
d

O
ct

ob
er

~w
ith

fe
w

ex
ce

pt
io

ns!
w

ith
od

d
an

d
ev

en
m

ee
tin

g
nu

m
be

rs
,

re
sp

ec
tiv

el
y.

b
S

om
e

sy
m

po
si

a
w

er
e

sp
on

so
re

d
by

m
ul

tip
le

E
C

S
di

vi
si

on
s.

A
bo

ve
ar

e
of

te
n

ju
st

gi
ve

n
th

e
fir

st
sp

on
so

r.
E

C
S

cu
rr

en
tly

ha
s

14
di

vi
si

on
s

or
gr

ou
p:

B
at

te
ry

D
iv

is
io

n
~B

T
!;

C
or

ro
si

on
D

iv
is

io
n~

C
R

!;
D

ie
le

ct
ric

S
ci

en
ce

&
Te

ch
no

lo
gy

D
iv

is
io

n
~D

S!
;

E
le

ct
ro

de
po

si
tio

n
D

iv
is

io
n~E

D
!;

E
le

ct
ro

ni
cs

D
iv

is
io

n~
E

N
!;

E
ne

rg
y

Te
ch

no
lo

gy
D

iv
is

io
n~E

T!
;

F
ul

le
re

ne
s

G
ro

up
~F

U
!;

H
ig

h
Te

m
pe

ra
tu

re
M

at
er

ia
ls

D
iv

is
io

n~H
T

!;
In

du
st

ria
lE

le
ct

ro
ly

si
s

&
E

le
ct

ro
ch

em
ic

al
E

ng
in

ee
rin

g
D

iv
is

io
~I

E
!;

Lu
m

in
es

ce
nc

e
an

d
D

is
pl

ay
M

at
er

ia
ls

D
iv

is
io

n~L
D

!;
O

rg
an

ic
an

d
B

io
lo

gi
ca

lE
le

ct
ro

ch
em

is
tr

y
D

iv
is

io
n~O

B
!;

P
hy

si
ca

lE
le

ct
ro

ch
em

is
tr

y
D

iv
is

io
n~P

E!
;

S
en

so
r

D
iv

is
io

n~
S

S!
;

N
ew

Te
ch

no
lo

gy
S

ub
co

m
m

itt
ee~

N
T

!.
c

C
he

m
ic

al
se

ns
or

re
la

te
d

sy
m

po
si

a
an

d
d

In
di

ca
te

s
sy

m
po

si
a

pr
od

uc
in

g
pr

oc
ee

di
ng

s
vo

lu
m

es
.



ety,

erials,

Journal of The Electrochemical Society, 150 ~2! S11-S16~2003!S14
Table III. Classification of ECS Sensor-Related Symposia.

Application Automotive, transportation, polymer manufacturing process, process control,
energy technology, pollution prevention, environmental monitoring, occupational saf
industrial & extreme applications, gas & vapor analysis, chemical industry, robot
applications, diabetes monitoring, medical science, biomedical application,

Materials Semiconductor, ceramic, solid-state ionic or solid electrolyte, high temperature mat
fiber optics, organic electroactive materials,

Principle Acoustic wave, piezoelectric, optical, electrochemical impedance,
Fabrication MEMS, chemical modification,
Analytical target Ion, gas, bio, immuno, DNA,
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The sintered SnO2 powder is painted on the outside surface of t
tube. For the planar design, a substrate, such as alumina or s
can be used. An advantage of planar design is that the SnO2 film can
be prepared by many techniques, such as silk-screen printing,
coating, sputtering, or chemical vapor deposition~CVD!. Planar de-
signs are especially promising in the design of a microsensor, a m
production approach, or a sensor array device. As listed in Table
many metal oxides have been investigated for gas sensing, how
the most widely used is SnO2 or doped SnO2 for the active layer.
New materials such as the rare earth oxides or gallium oxide
being used as the active sensor elements. Recent reviews12,13include
many examples of this type of gas sensors.

A new set of devices using conductive polymers, either th
with intrinsic conductivity14,15 or those that are insulating that hav
conductive particles inside a matrix that is nonconductive.16-18

Again these sensors depend upon the interaction between the
ing and the analyte and as such will age, clear~reverse!, selectively
respond, and obtain their analytical characteristics largely fr
those of the polymer used for the coating. Some polymers are m
stable than others and some will change more or less when c
lenged with a vapor. Novel materials include chiral compounds
calixarenes to gain specific and unique sensing behavior.

Electrochemical sensors (liquid electrolyte).—There are two ma-
jor sensor classes that use liquid electrolytes: amperometric and
tentiometric sensors. The earliest example of an amperometric
sensor, the Clark oxygen sensor used for the measurement of ox
in the blood is more than 40 years old. The amperometric se
produces current signal, which is related to the concentration of
analyte by Faraday’s law and the laws of mass transport. The s
matic structure of an amperometric sensor is shown in Fig. 2d.
operated in a region where mass transport is limiting and there
has a linear response with concentration of analyte. This type
sensor has now been developed in many different geometries an
a broad range of analytes, such as CO, nitrogen oxides, H2S, O2 ,
glucose, unique gases like hydrazine, and many other vapors.19 The
amperometric gas sensor has an advantage over many other kin
sensors because it combines small size, low power, high sensit
as well as relatively low price, making it idea for portable toxic a
explosive gas instrumentation. With microfabrication techniques,
entire sensor can be assembled on a chip or be part of am-TAS
~microfabricated total analytical system!.

Ion-selective electrodes.—Ion-selective electrodes~ISEs! belong
to potentiometric chemical sensor group and are most often base
the measurement of the interfacial potential at an electrode sur
caused by a selective ion exchange reaction. The well-known g
pH electrode is a typical ISE and an illustration is provided in F
2c. This type of sensor has a long history20 and was the topic of the
earliest sensor related ECS symposium~see Table II, 1979!. The
design of ion selective membrane is the key to the developmen
this type of sensor. Much has been written concerning ionoph
based potentiometric sensors and other improvements21 to these
kinds of devices. As opposed to the amperometric sensor, pote
metric sensors use the voltage at zero current that is typically
resentative of an equilibrium electrochemical process. These v
ages arise because an electrochemical reaction can occur at wir
a,

p-

ss
,
er,

e

e

at-

re
l-

d

o-
as
en
r
e
e-
s
e
f

for

of
y,

e

on
ce
ss

f
-

o-
-

t-
, or

at membranes in solid, liquid, or condensed phases. Because
signal is taken for a process at equilibrium, the ultimate signal is
influenced by mass transport characteristics or sensor dimension
provides a reading reflecting the local equilibrium conditions. T
generated signal is an electromotive force that is dependent on
activity of the analyte, and is described by Nernst’s equation.
sponse time seems to depend mostly upon how fast equilibrium
be established at the sensor interface.

Solid electrolyte sensors.—Using a solid electrolyte to replac
the liquid electrolyte in an electrochemical sensor, one can cons
a solid electrolyte electrochemical sensor. Solid electrolyte sen
are typically designed to operate at high temperature and can op
in either a potentiometric or amperometric mode as shown in Fig
and f. An example of a potentiometric sensor is the well-kno
yttria-stabilized zirconia~YSZ! based oxygen sensors that have be
widely used for air/fuel ratio control in internal combustion engine
The sensor response is described by the Nernst equation at eq
rium.

Over the past ten years, two potentiometric designs h
evolved: surface-modified solid electrolyte gas sensors22-24 and
mixed potential gas sensors.25,26 In the former, the surface of a solid
electrolyte is coated with an auxiliary phase which will react ele
trochemically and reversibly with the analyte and generate an in
facial potential. Sensitivity and selectivity to the analyte are p
vided by the auxiliary phase,e.g., the Na2CO3 /NASICON system
can be used for CO2 sensing because the carbonate can introduce
electrochemical reaction: CO3

22 5 CO2 1 1/2O2 1 2e2. This ap-
proach allows the use of several conventional ceramic solid elec
lytes, including YSZ,b-alumina, or NASICON to construct senso
for many gases27-29 especially the environmental gaseous polluta
such as CO2 , CO, NOx , SOx , H2 , Cl2 , and NH3, etc. An important
advantage of this approach is the development of detection met
that survive harsh conditions where typical liquid electrochemi
sensors would be inappropriate.

In a mixed potential sensor design25,26 more than one electro
chemical reaction takes place at the electrodes so that a mixed
tential is established by competing reactions. The catalytic acti
of the electrode material is particularly important,e.g., the Pt/
YSZ/Au sensor can measure CO and hydrocarbons due to the
ference in catalytic activities between the Pt and Au electrodes.

Piezoelectric sensors and optical sensors.—The Sensor Division
has held special symposium on Acoustic Wave-Based Sensor
times ~Table II!. The acoustic measurement is made by finding
resonant frequency of the piezoelectric solid,i.e., looking for the
point of maximum admittance between the two electrodes. The r
nant frequency is a function of many variables, including the m
loading, temperature, density, viscosity, and pressure. The chall
is to keep all of these constant while measuring only the m
change that is proportional to the analyte concentration. Acou
gas sensing typically requires the crystal to be coated with an ac
layer, often a polymer or other nonvolatile coating, which perfor
a function similar to the stationary phase in a gas chromatogra
The gases absorb into the layer and change the mass or viscoe
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Figure 2. Typical chemical sensors:~a! tubular type SnO2 gas sensor;~b! planar semiconductor sensor;~c! ion selective electrode~potentiometric!; ~d!
amperometric gas sensor with liquid electrolyte;~e! potentiometric solid electrolyte O2 sensor~concentration cell!; ~f! amperometric solid electrolyte O2 sensor
~current-limit type!.
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properties of the coating and cause a change in attenuation in
acoustic wave. A recent review30 discusses many examples of th
type of gas sensors.

The acoustic wave in many ways parallels the electromagn
light wave. Attenuation of light waves can be used to construct so
of the most effective chemical sensors and articles are publishe
ECS proceedings and journals on this topic. The sensor design
quently uses a waveguide or optical fiber for convenient const
tion. If the analyte is placed at the interface of the fiber and
coating, it will have the opportunity to interact with the light. If th
he

ic
e
in
e-
-

conditions are appropriate for either absorption or emission, the
tensity and wavelength of the characteristic light provide the opp
tunity to obtain an analytical signal for quantitative and/or quali
tive analysis. Optical techniques may often depend upon a coa
and therefore derive many analytical properties, such as sensit
selectivity, and stability, from the choice of coating. Optical pla
forms are frequent choices for biosensors because of the sensi
that can accompany fluorescence measurements.

Sensor arrays and artificial senses.—Sensor arrays have als
Table IV. Examples of common chemical sensors.

Sensor type Principle materials Analyte
Semiconducting oxide sensor Conductivity

impedance
SnO2 , TiO2 , ZnO2 , WO3 ,
polymers

O2 , H2 , CO, SOx , NOx , HCs, alcohol, H2S, NH3 ,

Electrochemical sensor
~liquid electrolyte!

Amperiometric composite Pt, Au catalyst H2 , O2 , O3 , CO, H2S, SO2 , NOx , NH3 , glucose,
hydrazine,

Ion-selective electrode~ISE! Potentiometric glass, LaF3 , CaF2 , pH, K1, Na1, Cl2, Ca21, Mg21, F2, Ag1

Solid electrolyte sensor Amperiometric YSZ, H1-conductor O2 , H2 , CO, HCs
Potentiometric YSZ,b-alumina, Nasicon,

Nafion
O2 , H2 , CO2 , CO, NOx , SOx , H2S, Cl2 ,
H2O, HCs

Piezoelectric sensor Mechanical w/
polymer film

quartz HCs, VOCs

Catalytic combustion sensor Calorimetric Pt/Al2O3 , Pt-wire, H2 , CO, CHs,
Pyroelectric sensor Calorimetric Pyroelectric1 film Vapors
Optical sensors Colorimteric

fluorescence
optical fiber/indicator dye Acids, bases, HCs, biologicals
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been a part of the ECS sensor journey.5 When combined with a
sampling system and a means of pattern classification, sensor a
are often called electronic noses or electronic tongues, becau
their remarkable ability to mimic the mammalian senses.31 Elec-
tronic noses offer the capability for analyte recognition rather th
mere concentration measurement and can operate in very chem
complex matrices with nonspecific or unknown molecular e
points, like the quality of wine. The Eighth International Symposiu
on Olfaction and the Electronic Nose~ISOEN 8! was held at the
2001 Spring ECS meeting and resulted in the proceedings vol
Artificial Chemical Sensing.5 Sensing with arrays is now being ap
plied to the diagnosis of disease, the quality of meats and fru
smart fire detection, homeland security, as well as wine, perfu
and coffee analysis. The continued use of sensors as parts of sy
will insure that the field will grow and be active for many years
come.

Conclusions

Sensors are practical devices and, as such, activities are
fundamental and applied. Also, understanding sensor devices
quires some knowledge of a variety of academic areas. This lea
a very interdisciplinary field populated by physicists, chemists,
gineers, biologists and biochemists, materials scientists, ele
chemists, and others. The interdisciplinary nature of sensor rese
combined with the ability of the Society to transcend singular d
ciplines and bring scientists and engineers together to work on c
plex goals like sensor systems will insure a contining role for E
in the development of physical and chemical/biochemical sens
One finds sensor symposia at all ECS meetings these days, as
as the meetings of other groups including Pittcon, FACSS, A
AICHE, IEEE, and the MRS in Europe, Japan, and the USA. T
impact of advances in electrochemical sensors on all three c
nents is substantial, and detection has been recognized as a
target for technology development in the new USA Homeland
curity initiative.

Of course there are many other sensors that could be include
our brief discussion. Apologies are extended to any of our c
leagues who may not see coverage for their favorite chemica
physical sensor. A consequence of the rapid expansion of the
has been the inability to cover all of it, even superficially, in a sh
article. Additional information on sensors can be found in books32,33

and recent reviews.34-36

Finally, excitement in the world of sensors comes from th
ability to provide immediate feedback on the world around us j
like our own five senses of taste, sight, hearing, touch, and sm
Also, sensors include the most up to date science and techno
and new sensors are emerging made from biomolecules, nanos
tures, and nanodevices. Single molecule detection is at hand.
sors are marching toward the day that they can smell out disea
see danger, cook our food, spot terrorists, help catch fugitives,
prove environmental pollution control, and enable clean and e
cient climate controls for human safety and comfort in our ca
workplaces, and homes. All in all, the world should be a better pl
because of the advances in sensors and there is no better pla
promote sensor science and technology than The Electrochem
Society and its Sensor Division.
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