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Abstract. The aim of this article is to introduce the operation principles of conductometric solid-state
dosimeter-type gas sensors, which have found increased attention in the past few years, and to give &. literature
overview on promising materials for this purpose. Contrary to common gas sensors, gas dosimeters are suitable
for directly detecting the dose (also called amount or cumulated or integrated exposure of analyte gases) rather
than the actual analyte concentration. Therefore, gas dosimeters are especially suited for low level applications
with the main interest on mean values. The applied materials are able to change their electrical properties
by selective accumulation of analyte molecules in the sensitive layer. The accumulating or dosimeter-type
sensing principle is a promising method for reliable, fast, and long-term detection of low analyte levels. In
contrast to common gas sensors, few devices relying on the accumulation principle are described in the lit-
erature. Most of the dosimeter-type devices are optical, mass sensitive (quartz micrgkBiceurface

acoustic wavisAW), or field-dfect transistors. The prevalent focus of this article is, however, on solid-state
gas dosimeters that allow a direct readout by measuring the conductance or the impedance, which are both
based on materials that change (selectively in ideal materials) their conductivity or dielectric properties with
gas loading. This overview also includestdient operation modes for the accumulative sensing principle and

its unique features.

1 Introduction most sensors show poor selectivity, nonlinear characteristig
(Williams, 1999; Yamazoe et al., 2003), and according tg

) ) ) ) ) Padilla et al. (2010), the main drawback is their lack of sta-

In times of strict environmental requirements and an increasyjjiry over time, leading to recalibration costs. Another issuel
ing demand for mobility and energy, a growing need for j5 4t increased sensitivity is often accompanied by a sloy
reliable, low concentration level gas-sensing devices COMe§ansor kinetic. Even if the response time is fast enough fo

along. Especially the detection of toxic, harmful gases, "kespecial applications, in many cases the recovery time is not.

SO, NO andor NO;, (= NOy), HzS, CO, or NH, which can  rhis qoes not really jeopardize low-cost applications for de-

affect human health, particularly in workplaces and urban enyec(ing dangerous conditions or alarm concentration levels.

vironments, are important target gases for gas sensors. Inexs powever, maximum allowable concentrations in emission
pensive sensor devices based on semiconducting metal 0%; jmmission regulations are given in time-weighted aver-

ides manufactured in ceramic technology or in thin- or thick- 5 g concentrations or cumulated amounts, like the immissioh

film technology are installed in annual quantities of mil- g5ngards for air quality monitoring as annual or hourly mear
lions (Yamazoe, 2005). The measurand is the conductancg,es a mathematical integration of the linearized sensd

of metal oxides, as it depends on the analyte concentratiorjgng) is error-prone due to both slow sensor recovery time
For information on the physical background of such sen-,-q paseline drifts.

sors, the reader is referred to reviews in the literature (Gopel, ko instance N@ thresholds are given by the EU im-
1994; Williams, 1999; Kohl, 2001; Yamazoe et al., 2003; nissjon legislation Directive 2008 (Directive, 2008) or the
Barsan et al., 2007). Semiconducting solid-state gas senso{Serman air quality standards (BImSchV, 2010) as an annu

can be miniaturized and operated with low power consUMp+aan value of 40g M3, a one-hour value of 2q@y m3 that
tion (Simon et al., 2001; Semancik et al., 2001). However, '
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30 I. Marr et al.: Overview on conductometric solid-state gas dosimeters

should not be exceeded more than 18 times per calendar yeahermore, suitable or already applied materials are listed in
and an alert limit of 40Qg m™3 measured over three con- Sect. 5.

secutive periods of one hour each. For comparison, the one

hour limit of 200ug M2 NO, corresponds tg a concentration 2 Basic working principle of a solid-state gas

of 0.1 ppm. In order to detect such small integrated concen- dosimeter

tration values by conventional semiconducting gas sensors

with the required accuracy, complex procedures like contin—The pasic working principle of gas dosimeters relies on the
uous switching between clean air and analyte are required .., mylation of analyte gas molecules in the sensitive layer

(Schiitze et al., 1995). _ o _ of the detecting device and the concomitant accumulation

Solid-state dosimeter-type gas sensing principles comprisg.ye| dependent change of the electrical properties. The ir-
a promising method for overcoming the above-mentionedg ersiple, selective, and progressive analyte sorption result-
drawbacks. Like passive samplers, solid-state gas sensofgg in analyte accumulation can be caused by strong analyte
working in the accumulating mode are adequate devices fogqhtion or a chemical reaction between the analyte and the
the reliable detection of lowest pollution levels (Seethapathyreceptor_ Hence, gas dosimeters working in the accumula-

et al., 2008) because _the dosimeter principle eludes se\_/erzﬁlOn mode (Yamazoe and Shimanoe, 2007) are often also de-
problems of a conventional gas sensor (Yamazoe and Shimgssteq as “integrating” or “accumulating” sensors (Tanaka et
noe, 2007). _ o _ _ al., 1999; Maruo 2007; Shu et al., 2010; Geupel et al., 2010;
_ There are various publications on sensing devices mengyo et al., 2012b). For the explanation of the accumulating
tioning an “irreversible reaction” or a very slow recovery gensing principle, a planar setup consisting of an insulating
time, not recognizing the benefits of this sensor behaviorg,nhort with electrodes, e.g., interdigitated electrodes, cov-

that difers from conventional gas sensors. The intention ofg eq with a sensitive layer, was chosen. This setup makes it

this overview is to show exemplarily research papers that obygssiple to measure the conductance of the sensor layer.
served accumulating, integrating or irreversible gas-sensing
properties. Sensor responses that do not recover in the ab-

sence of analyte under sorption conditions are denoted a1 Directamountand indirect concentration detection

“irreversible” in the following, even if the samples can be The penefit of the dosimeter-type sensing behavior is the di-
regenerated under modified operation conditions. It is a furygct determination of the dose of the analyte gas species or
ther aim of this study to elucidate the sensing principle andine mean concentration in a defined period of time without
some special operation modes that allow a direct readout ofne need for a mathematical integration of the sensor signal.
the concentration as well as an accumulated concentratiofh the case of a constant gas flow rate, the analyte dose as the
value at the same time and a plausibility check during regenmeasurand can be given in a simplified manner as the ana-
eration. lyte amount or cumulated exposusg, calculated according
This overview lists the dierent dosimeter-type gas sens- o Eq. (1) as the time integral of the analyte concentration

ing principles using the change of the electrical propertiest) with the starting point of the sorption intervgl
of the gas-sensitive material as the measurand. The focus

of this overview is on conductometric integrating gas sen- t
sors but there are also optical (mostly organic dye-basedh. = | c(t)dt. (1)
coloration reactions) (Dasgupta et al., 1998; Tanaka et al.,
1998, 1999; Sasaki et al., 2001; Maruo, 2007; Maruo et al.,
2009; Small et al., 2009; Bhalla et al., 2010), SAW (Martin et A. is often given in the unit ppm s, which can be converted to
al., 1996; Nieuwenhuizen and Harteveld, 1997), fidtda uL or umol if accounting for the applied gas flow rate.
transistors (FET) (Andringa et al., 2012; Klug et al., 2013), The determination of the amouAt as the measurand of
guartz microbalance (QMB) (Matsuguchi et al., 2005; Jungthe gas dosimeter is in accordance with national or inter-
et al., 2009), and passive sampling (Roadman et al., 2003 ational environmental immission or emission regulations,
Varshney and Singh, 2003; Seethapathy et al., 2008) devicegiven, for instance, as mean time values, like the annual or
that are able to detect very low gas concentrations in the pph h limit.
range. Similar to passive samplers, the operation of dosimeter-
This article reviews the basic working principles of con- type gas sensors with an analyte sorbent as sensitive mate-
ductometric solid-state gas dosimeters (Sect. 2). It considrial can be divided into two alternating periods: the sensing
ers the direct amount determination and the indirect concener analyte sorption interval and the regeneration or analyte
tration determination, influencing factors, and compares gaselease step. The fundamental operation principle of an ac-
dosimeters with classical gas sensors. Certain basic examplesimulating gas sensor is depicted schematically in Fig. 1.
for sensing devices using the dosimeter-type sensing princiunder sorption conditions, the analyte gas is sorbed “irre-
ple are shown in Sect. 3. Section 4 describes modificationsersibly” by the sensitive sensor layer since the sorption rate
regarding the dosimeter setup and the operation modes. Fuis enhanced compared to the desorption rate, provoking the

to
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I. Marr et al.: Overview on conductometric solid-state gas dosimeters 31
sorption period: ahdivie al., 2009) and therefore the sensor response correlates with
a) analyte the cumulated exposure. Hence, the electrical detection of
saslys accumulation ?°ﬂ; the analyte might occur either during the sorption or dur-
J:L.Jl ing the release period (Kubinski and Visser, 2008; GroR et
adsorbent al., 2013a). In the literature, this change in the accumulation-
adsorbent DOS'METER level is detected mainly optically (Tanaka et al., 1999; Sasaki
SENSING - anetvee: et al., 2001; Maruo, 2007) or gravimetrically (Matsuguchi et
analyte o PRINCIPLE T o al., 2005). Recently impedimetric approaches have emerged
J:L J:L , ::::: (Varghese et al., 2001; Mattoli et al., 2007; Helwig et al.,
- ‘ 9/ adsorbent 2008; Geupel et al., 2010; Shu et al., 2010; Hennemann et
ads:)ent i al., 2012a; Grof3 et al., 2012c). Regeneration has to be initj-
peripdic ated if saturationfects limit the sorption rate of the sensitive
a"a'Vte regeneration: | : : g :
e . ayer or if the sensing characteristic is deteriorated.
@ analyte release . . .
;EL - The dosimeter-type sensing properties are often demon-
e '.. strateq in two dfgrent ways, .but always at a constar_lt gas
adsorbent flow: first, by looking at the signal change as a function of
b) atcumlztion regeneration the exposure dura_tion at a constant a_malyte concentrationg Dr
1 secondly, by plotting the concentration-related characteris-
e @ : ® e tic line of the measured data after specific exposure durg-
‘E’ ﬁ | ..‘n; e tion. However, more information on the accumulating sens
et [ S ing properties is obtained by a repeated exposure to pulses pf
! analyte gas with a defined concentration and duration.
= c : A more detailed analysis of the ideal sensor response of a
a I gas dosimeter with a linear sensing characteristic during the
I

t

analyte sorption at a constant gas velocity is shown in Fig. 2.

Like the cumulated amounf, being the time integral of
the concentration according to Eq. (1), the absolute value @

Figure 1. Scheme of the operation principle of a dosimeter-type 9aSthe sensor respong&R, in Fig. 2a increases in the presence

sensing device with a sensitive layer as an adsor@raiternation

of analyte accumulation in the sorption period (blue) and analyte re-
lease upon regeneration (greg(i), sensor respong8R during the
analyte accumulation (blue) and during the short-term regeneratio
period (green).

of the analyte gas. Thereby, the slope of the time-depende
sensor response reflects the sorption rate and correlates w
jhe actual analyte concentratia(t) (Dasgupta et al., 1998;
Sasaki et al., 2001; Reyes et al., 2006; Shu et al., 2010; Grg
et al., 2012a; Mukherjee et al., 2012). In the absence of th
analyte, i.e., it = 0 ppm, no signal recovery occurs, the sen-
sor response remains constant and the response change

change of at least one material property due to analyte acto the analyte is irreversible (Nieuwenhuizen and Harteveld
cumulation. In a short regeneration step under defined con1997). The course ofSR in Fig. 2a indicates progressive
ditions, the formerly sorbed analyte molecules are releasednalyte accumulation in the sensitive layer. Ideally, the sen
from the sorbent and the sorption capacity is recovered. Desor responsfSR depends linearly on the analyte amouky,
pendent on the interaction between the sorbent and the arfFig. 2b). When the characteristic line becomes nonlineat

alyte, diferent regeneration procedures affeeive to re-
cover the sorption capacity as well as the sensor signa

the sensitive layer needs to be regenerated. The amount se
Isitivity Sa is defined as the slope of the characteristic line in

They include thermal decomposition at elevated temperathe linear measurement range.

tures (Katayama et al., 2004; Helwig et al., 2008; Kubinski
and Visser, 2008; Brunet et al., 2008; Shu et al., 2010; Bran

In consequence of the concentration-dependent slope
the sensor response, the course of the current analyte conce

denburg et al., 2013; Grol3 et al., 2013a), chemical reactiondyation over time can be determined by the time derivative o
e.g., by a changed gas atmosphere (Helwig et al., 2007, 2008he sensor respon$#SR/ dt|, as shown on the timescale in
Grol3 etal., 2012a) or optical-induced desorption, e.g., by UVFig. 2c. The corresponding concentration-related characte

light (Li et al., 2003; Helwig et al., 2008).

As sketched in Fig. 1b, the absolute value of the
accumulation-level dependent physical property that is mon
itored and evaluated as sensor respoj&®, increases dur-
ing the sorption period and recovers during regeneration.

istic line with the concentration sensitivi§y; is depicted in
Fig. 2d. Instead of the equilibrated state, in the case of ga
dosimeters, the sensor response change is evaluated.
Figure 2 clarifies that with gas dosimeters two pieces of in-
formation can be obtained from just one sensitive device: th

nt
th

R
e

due

n_

!n_

[

n

D

the sensor is designed to provide an output that intrinsicallysensor response correlates directly and without mathemati
depends on the history of the input quantities” (Angelini et cal signal operations with the cumulated analyte exposurd
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32 I. Marr et al.: Overview on conductometric solid-state gas dosimeters

Direct detection the amount Like conventional sensors, gas dosimeters may show cross
sensitivities to other gases if those interact with the sensi-
tive layer. They might restrict or promote the analyte sorp-
tion process, which would®ect the analyte sensitivity. Addi-
/7 t tionally, the sensor response might change reversibly (Vargh-
o™ adsorbent ese et al., 2001) or irreversibly due to other gas components
electrodes Concentration detection via derivative dependent on the strength of interaction with the receptor.
\ 9 For instance, the dosimeter-type N€ensing properties of a
carbonate-based sensitive layer were found toffexied by
SO, in two ways: the competition between $é&nd NQ, for
the sorption sites lowers the NGensitivity as well as the
measurement range. Furthermore, the conductivity is irre-
Figure 2. Dual-mode functionality of gas dosimete(a) correla-  Versibly @fected by sulfate formation, enabling Sosime-
tion between the analyte amouf¢ and the sensor respon&R try (GroB et al., 2012d).
and(b) associated amount-related characteristic lioggorrelation The analyte sorption properties of the sensitive material
between the time-dependent analyte concentrafijrand the time  are also influenced by the operation temperature. Due to ki-
derivative of the signadSR/ dt| and(d) associated concentration- netic limitations, the sorption rate diminishes at lower tem-
related characteristic line. peratures; however, the strength of the analyte receptor inter-
action increases, resulting in accumulating properties due to

i a reduced desorption rate. With increasing temperature, an-
and the current course of the analyte concentration can bgy e sorption occurs faster and the sensitivity is enlarged.

determined indirectly from the signal derivative. For an ideal 5\vever. since the sorption capacity is reduced and the
dosimeter, the material acts as an integrator and the derivasyengih of interaction is weakened, the sensitive layer tends
tive reflects the actual concentration. This is in contrast to ang release formerly sorbed analyte molecules. Hence, higher
ideal classical gas sensor, which determines the actual cofgmperatures increase the sensitivity of gas dosimeters but
centration but the dose has to be obtained by integration.  roqyce the linear measurement range (GroR et al., 2012a).
The accumulating sensing principle is well suited for the  \yhjje the equilibrated sensor response is monitored with
long-term detection of very low analyte concentrations. By ¢qentional sensors as a measure of the analyte concen-
the chemical accumulation of the analyte molecules in theyation, the progressive change of the material properties of
sensitive sorbent, the qQS|meter counts” every gas molecul%Jas dosimeters during analyte sorption serves as the mea-
that reaches the sensitive layer and causes a change of thge of the cumulated amount. Hence, for the accumulating
physical properties of the material. This chemical '”tegra'properties of the gas dosimeter it is very important that the

tion increases the accuracy of the amount determination CoMspemical equilibrium is strongly shifted to the product side.
pared to conventional concentration detecting gas Sensorgince the chemical equilibrium is stronglffected by tem-

There, the determination of the average concentration valyeraure, it is possible that the same sensitive device can act

ues or the cumulated exposure by mathematical integratiofy o gas dosimeter at low temperatures, while at higher

of the concentration-related sensor response is error-prone if?emperatures it shows the typical concentration-related gas
the case of very low gas concentrations due to slow sensotansor behavior (Reyes et al., 2006; Shu et al., 2010; An-
kinetics, zero-point drifts and nonlinearities in the measure-qringa et al., 2012). Brandenburg et al., 2013 demonstrate
ment range (Corcoran and Shurmer, 1994). this temperature-dependent behavior for a sensitive layer of a
As described above, periodic regeneration recovers theamonate-based NGtorage material. The sensor shown in
sorption capacity of the sensitive layer as well as the SeNSOEjg. 3 acts as an accumulating-type gas sensor up t6@50
response. Concerning the observed saturation of gas dosimgiareas the enhanced N@esorption rate in the absence of
ters, e.g., in Geupel et al. (2010), it needs to be distinguished 5y te deteriorates the sensor response at®5at 650°C,
whether those féects originate from the limited number of response and recovery of the sensor signal to pulses gf NO

sorption sites in the analyte sensitive material or from a non-3,e very fast and the sensor behaves like a concentration de-

linear co_rrelation between the sensor response and the aNgscting device (Fig. 3c) (Brandenburg et al., 2013).

lyte loading level. Another influencing factor is the thickness of the sensitive
layer being related to the sorption capacity (Nieuwenhuizen
and Harteveld, 1997; Shu et al., 2011). Grol3 et al. demon-
strated the dependency of the dosimeter-typg, Nénsing
Similar to passive samplers, fifirent sensor setup parame- properties on the thickness of the carbonate-based sorbent.
ters and measurement conditions influencing the dosimeterSince nitrates form mainly at the surface of the sorbent, the
type gas sensing properties are reported in the literature angensitivity of the NQ accumulating sensor decreases with
will be summarized and discussed. a growing layer thickness as the linear measurement range

a)

ISR|
-

analyte
e 0 ®

d

c...
s,
3
P

|dSR/dt|
|dSR/dt|

c

2.2 Influencing factors
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10 Cvo gas dosimeter classic gas sensor
a) . c
g_ NO ﬂ\rect dose/amount detection of \ ﬂ)\rect measurement of the actual \
o 5 . analytes concentration
~  Evaluation of the signal change to the * Evaluation of the equilibrated signal due
5 irreversible analyte accumulation to reversible analyte adsorption
=z 60 « Indirect concentration information via * Indirect determination of the amount of
b) S} time derivative of the signal the analyte by mathematical integration
- * Suitable for low analyte levels as a result of the sensor signal
S of chemical accumulation * Importance of fast response and
~ 40 . * Fast sensing due to evaluation of signal recovery time for the accuracy of the
o change upon analyte accumulation concentration and mean value detection
g « Definition of zero level after * Low level inaccuracy due to
~u 20 | N regeneration avoids long-term drift - zero drift
m 350 OC * Measurement range and sensitivity - response kinetics
< : 8
—_ adjustable via temperature and - non-linear measurement range
[ thickness of the sensitive layer at low concentrations
e 0
9z 650 °C . : . .
N 0.6 Figure 4. Comparison of the main features of a gas dosimeter fo
= 03 the long-term low-level analyte detection with the properties of a
% conventional gas sensor.

0 100 200 300 400 500 600 700 800

tis 3 Examples for conductometric gas dosimeters

Figure 3. Temperature-dependence of the gas sensing behavior of

a carbonate-based N@torage material for NOsensing purposes: N the following, some work on conductometric or

(a) dosed NQ (NO or NO,) concentration(b) sensor response impedancemetric sensors working in the accumulation mod

|AR|/Ry = |SR for different temperatures ar{d) sensor response for different analytes and with various sensitive materials ar

at 650°C. Please note the fiierent scale of thg axes in(b) and discussed exemplarily.

(c). Reprinted from Brandenburg et al. (2013), with permission of  Shy and colleagues presented a resistive Sidisor based

Elsevier.
ture (Shu, 2010; Shu et al., 2010, 2011). Figure 5 depicts th

increases (Grol3 et al., 2012b). Additionally, the sensor reSourse of the measured resistaRmuring cyclic exposure to

sponse time concerning the concentration detecting propelJ>IOZ for 30 min in concentrations of 0.5, 1, and'2 ppm. The
ties was found to increase with the layer thickness. total flow rates were 0.95, 0.43, and 0.25L minrespec-

Similarly, it is expected that the analyte uptake can be in-
fluenced by the sensitive surface area and hence the porosi
of the sorbent.

As will be discussed in detail in Sect. 4, the setup-
dependent gas velocity across the sensitive material wa
found to dfect the analyte sorption (Beulertz et al., 2011,
2012).

The main characteristics of the classical and the dosimete
type sensing principle — particularly for low level detection —
are briefly compared in Fig. 4.

Some further advantages of the dosimeter-type sens
principle should be mentioned here. The long-term zero drift,

being a drawback of conventional gas sensors, is avoided b on effects increase. Re_gardmg the Iong—t.erm stability, an in
redefining the zero level at the end of each regeneration pe_rease of the conductivity during storage in air due to the ad
riod sorption of HO and Q, an dfect which is known for metal

While the sensors’ response and recovery times, defined agontaining phthalocyanlnes, can be ob_served (Shu, 2010).
the time span to reach the equilibrated states, are critical pa- HE?"W'g et al. reall_z ed a d05|meter-l|ke_ p-type conducto-
rameters for classical gas sensors, in the case of gas dosimBLetric gas sensor with a hydrogenated diamond (HD) as pk
ters the sensor signal change due to analyte accumulation Eensmve mgtenal for N@and_ NF as analytes (Beer e_t al,
analyzed. Since the actual concentration value is given by th 013; Helwig et al., 2013). Figure 6 compares the_ resistang
derivative, the sensor response is very fast. chgnges of the HD-sampIe FO those of a gon\{entlonal met:

It should also be mentioned that the measurement rang@xIde (MOX)-based device in dry synthetic air. Due to the

and the sensitivity of the gas dosimeter can be adjusted duﬁ:ectrol_yilc dlsstt)matlont of the ?asej in the sentsmve_ Iayer
ing operation by varying the working temperature. e resistance at room temperature decreases stepwise in

presence of N@pulses (Fig. 6a, red line) and increases in
the NH;-containing atmosphere (Fig. 6b, red line). For both
analytes, the sensitive hydrogenated diamond device work

a dosimeter-type gas sensor signal is observed. While do
ing NGO, in N, with a constant concentration, the resistance
decreases with a steady slope and remains at its level dy
@g the intermediate Nphases, resulting in plateaus in the
response course. Unfortunately, th@eet of NG, is rela-
tively low (R/Ry~ 1 to 0.88) and the characteristic line is
r[1ot linear. The regeneration of this NOGhemo-dosimeter is
achieved thermally. The influence of the temperature was in
vestigated in the range from46°C to 71°C. For the difer-
ofnee of~50°C the resistance decreases approximately on
order of magnitude. With increased temperature the desorf

WWW.j-sens-sens-syst.net/3/29/2014/ J. Sens. Sens. Syst., 3, 29-46, 2014
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108 . : . . ear measurement range of the presented sensor was found to
> N be dfected by temperature (Geupel et al., 2011) as well as

: by the thickness (GroR et al., 2012b) of the sensitive layer.
The linear range always ends at a sensor response change of
about 30 to 40 %. Regeneration is achieved by increasing the
temperature to 650 (Grol3 et al., 2013a) or switching to
reducing gas atmospheres (Geupel et al., 2010).

_ Further examples for resistive-type gas dosimeters will be
L yomemt P Tupmmes given in the next sections with the focus on modifications
S of the gas dosimeter setup and with special respect to the
108 2ppm operation mode as well as to suitable sorbent materials.
0 30 60 90 120 150
t/ min 4 Modifications of the dosimeter principle

Figure 5. Course of the resistande of iron(ll)phthalocyanine in ~ Several conductometric sensors relying on the accumulating
the presence of fierent NQ concentrations at room temperature. detection principle are reported. In this section, examples for
Adapted from Shu et al. (2010); reprinted with permission from EI- modifications of the above-described dosimeter-type sens-
sevier. ing principle are summarized. First of all,fidirent config-
urations of the sensor setup and the associated influencing

) ) ) ] factors are described before discussing alternative operation
like an integrator-like gas sensor, whereas the signal of thggges.

metal oxide-based gas sensor (black line) shows the expected
behavior of a conventional concentration related gas sensor.
The recovery times of the dosimeter can be enhanced by é
temperature increase, or by ozone or UV light. Figure 6cThe access of the analyte molecules to the sensitive layer,
shows the reset of the sensor response after exposureso Nhmpacting the sensing properties particularly in the case of
in different concentrations by a shors ulse after each am-  gas velocity fluctuations, can be varied by the gas dosimeter
monia phase, causing the oxidation of &t the sensor sur-  setup. Equation (1) defines the concentration-related amount
face at room temperature (Helwig et al., 2008). of analyteA. in the gas phase as the time integral of the con-
In another example, a lean N@ap material known from  centration. However, for fluctuating flow rates, the analyte
automotive NQ storage catalysts was applied as thexNO dose is better reflected by the volume-related am@ynas
sensitive layer (Geupel et al., 2010, 2011). At 380the  the time integral of the concentration and the gas flow rate

.1 Dosimeter setup configurations

carbonate-based material accumulates NO and &f@mi- V(t) according to Eq. (2):

cally by forming nitrates. Due to nitrate formation, the re-

sistance decreases, enabling total,Nlosimetry. Figure 7 ! _

demonstrates the suitability of the carbonate-based dosimeAy = f c(t) - V(t)dt. 2
ter for the long-term detection of NGeven in the sub-ppm 5

range. The sensor respon$&R = |[AR/Ry in Fig. 7a fol- _ _

lows the characteristic behavior of an accumulating gas seni V(t) denotes a volume flow\{(t)] = m® s™1), the unit ofAy

sor during cyclic exposure to 0.2 to 2ppm M@ steps is m? (or hereuL). If, however,V(t) is a molar flow (V(t)] =

of 75s over 50 minJAR|/ Ry completely overlaps with the mols™), then the unit oA, is mol, i.e., [Av] = mol. Hence,
normalized time integral of the concentratioficno, (t)dt the sensor signal of real amount-integrating gas dosimeters is
(with cno,(t) calculated from mass flow controller output expected to depend on the gas velocity. Otherwise the sensi-
data), which is shown in green as a reference for the courséive device works as a concentration integrator, allowing for
of the cumulated amount. The corresponding characteristiconcentration information by analyzing the signal derivative
line gives a linear correlation between the sensor responséSect. 2.1).

AR/ Ry and the analyte amouiiyo, (Fig. 7b). Due to this Beulertz et al. (2011) investigated the influence of the
linearity, the time derivative of the resistand®/ dt| reflects  flow rate on the sensor response of a carbonate-basgd NO
the course of the N@concentration, as shown in Fig. 7c. dosimeter. Figure 8a depicts the time course of the sen-
In accordance with the European air quality standards limitsor responséSR = |AR|/Ry of the NQ, dosimeter in the

of 200ug m~3 NO, (= 0.1 ppm) and the applied flow rate of planar sensor setup at various flow rates. Exposed to the
2 L min~%, this hourly threshold of about 360 ppm's could be same analyte concentration profile, the sensor response of
monitored for at least 3.7 h with the sensitivity of the NO the planar sensor with a sensitive area of 42nphaced in
dosimeter shown in Fig. 7b, whereas it is even 18.5 h for thea quartz tube with an inner diameter of 9.2 mm increases
annual value of 40gm3. Besides the sensitivity, the lin- — but independently of the gas flow rate, ranging from 200
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Figure 6. Dosimeter-like response of a hydrogenated diamond (HD) sensor at room temperature acting as pH sensor towards a sequence of

(a) NO, and(b) NH3 pulses in dry synthetic air and thffect of humidity. Adapted from Helwig et al. (2013); reprinted with permission from
Elsevier.(c) Response of a hydrogenated diamond sample in synthetic air (85/206 Q) towards pulses of Niland the @-induced
reset of the sensor surface by Nekidation. Modified after Helwig et al. (2008); reprinted with permission from Elsevier.

sensor 30 30 centration near the sensitive layer is always constant and un-
20 (a) response o (b) affected by the sorption capability of the sensitive material
2_1,5 / 20 i 20 resulting in same sensor responses independent of the gas
2. I~ velocity.

8 ’_;q 10 % 10 For further investigations on the NQlosimeter, a flow-
G085 D |'lf'| / | MH-H\ < through channel-type sensor, as sketched in Fig. 9a, was de-
0.0 0 0 veloped in order to obtain full analyte storage (Beulertz et

0 1000 2000 3000 0 1000 al., 2012; Moos et al., 2012). Due to the use of two sen
€20 () t/s Anoz [ ppPm's sitive layers with bigger sensitive areas of 126 fn(three-
210 Mrw fold longer Compare_d to planar set_up) with a small spacing

0.0 in between, the diusion of the passing analyte molecules to

the sorption sites should be enhanced. The applied gas flg

gas velocities across the sensitive layers were the same

Cno2
: s
|dRIdt] | kQ/s

0 1000 2000 3000 out at flow rates of 30 to 60 mL mifh. All these modifica-

ti's tions yielded a residence time of 151 ms, a value which is in
the same order of magnitude as in the small channels of &

Figure 7. Suitability for the long-term low-level N@detection of ve | N | . hich b
a planar sensor with a carbonate-based LNT-material in lean atmo@utomotive lean Qcatalyst, in which one can observe a

sphere at 350C: (a) sensor respons8R = |AR/R,in 0.2to 2ppm  full storage without NQ slip. A second channel-type sensor
NO, for 75 s each(b) linear correlation ofSR = |AR//R, and the ~ Was located downstream of the first dosimeter to detect th

total NO, amountAyo,, and (c) time derivative of the resistance NOx slip. The sensor respons@&R of the two channel-type
|dR/ dt| follows the course of the N{xoncentration. Adapted from  sensors upon various NO concentrations and for therdi
Grol3 et al. (2012a), with permission of the authors. ent flow rates are summarized in Fig. 8c. The response ¢
the downstream sensor (“second sensor”) remains zero fq
all runs. This indicates that for all applied flow rates, NO is

completely sorbed by the sensitive layer of the first channel:

to 400 mLmirr?. The corresponding characteristic lines in type dosimeter. Comparing the sensor responses of the fir
Fig. 8b, correlating the sensor response with the V0|Ume'sensor, a clear dependence of the sensor response on the
related amoungy (here denoted 2&o), reveal that forthe g6y rate for this channel-type setup appears. The higher th
same total amount of NO in the gas stream, the sensor regas flow rate and, consequently, the higher the total expose
sponsdSR = |AR|/ Ry differs for the applied gas flow rates. No gose is, the higher is the sensor response. The charact
This implies that a planar gas dosimeter measures the integralic jines demonstrate that in fact the same volume-relate
of the goncentratiorl\c independently of the gas flow rate, amount of analyte gas in the gas stream causes the same s
according to Eq. (1), and not the real, gas velocity-dependengy response change. The sensitivity is independent of the g
amount of the analyte gady,, according to Eq. (2). This be- velocity (in Fig. 8d Ay denoted agwo). Hence, the channel-
havior_can be explained by the fact that the gas velocity istype sensor setup can be used to establish a real amount
very high and that only a small fraction of the gas streaMiegrating gas sensor, whereas the simple planar setup ser

passing the setup reaches the sensitive layer to be accumys concentration integrator with the benefit of a correlation
lated. In the investigated flow rate range, the analyte con-
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Figure 8. (a) and(b) Sensor respong8R = |AR|/ R, of a planar NQ accumulating sensor at various gas flow rate¥|SR does not
depend on the flow rates upon exposure towards 0 to 10 ppm(ily@prresponding characteristic lines related to the flow rate-dependent
total amountAy, here denoted a&yo. (c) and(d) Sensor respong8R = |AR|/ Ry of a channel-type NQaccumulating senor at various
gas flow rates(c) course ofiSRin 0 to 20 ppm NO for the dierent flow rates(d) corresponding characteristic lines related to the flow
rate-dependent total amoufsg, here denoted a&yo. Slightly modified after Beulertz et al. (2012); reprinted with permission from Elsevier.
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Figure 9. Scheme of setups of resistive gas dosimeters to obtain a flow rate-dependent analyte ¢ay@lmmnel-type sensor setup with
coated interdigital electrodes (IDE). Reprinted from Beulertz et al. (2011), with permission from Elég)ViEube-type LTCC transducer
with a buried heater and coated inner interdigital electrodes (IIDE). Reprinted from Brandenburg et al. (2013), with permission from Elsevier.
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between the sensor response derivative and the actual corg) b) Heg
centration. A typical application of a concentration integrat- Airtight ) Concentration
ing dosimeter might be in the field of health protection for gluing™, S;’mptl)mg
working people or air quality monitoring where the sensing Sensor . chamber
device must be independent of the gas flow rate, while the ~
amount integrating dosimeter is an appropriate tool in ex- >
haust lines where the gas flow rate changes rapidly. Active _
In a further development, a tubular, low temperature co- surface
fired (LTCC)-based NQsensor setup with a buried heater " Filter
structure was established (Fig. 9b) (Kita et al., 2012). Due e

to this rotational symmetric setup, the analyte can be sorbec
uniformly by a sensitive layer deposited onto the inner sur-
face of the tube. The enhanced interface between the ga:c)
phase and the sorbent also enables integrating sensing prof
erties with linear characteristics concerning the volume-
related amount. The buried heater structure allows a uniform
and adjustable temperature distribution in the sensitive layer
as well as periodic switching between the sorption and the
regeneration temperature (Brandenburg et al., 2013).

Another design of a gas dosimeter, similar to the setup of
passive sampling devices, was introduced by Mattoli et al.rigure 10. Gas dosimeter setup for affiision-controlled analyte
(2007) for a mercury sensor with a gold layer as sorbentsorption:(a) cross-section of the dosimeter sampling chamber with
As shown in Fig. 10a, the sensitive layer is located insidea filter acting as dfusion layer(b) profile of the resulting Hg con-

a sampling chamber closed by a filter material functioningcentration, andc) top view of the sampling chamber. Reprinted
as difusion barrier. To reach the sensitive sorbent layer, thefrom Mattoli et al. (2007), with permission from Elsevier.

gas needs to ffuse through the filter, resulting in a gradi-

ent of the analyte concentration (here Hg) between zero at

the sorbent (acting as analyte sink) and the surrounding gasxamples are described in the following. A summary con
concentration (Fig. 10b). Hence, the uptake of the analytecludes this section.

in the sorbent is diusion controlled, leading to an analyte  As described above and depicted in Fig. 1b, the analyt

current that depends linearly on the analyte concentration irmccumulation level of the sorbent is reflected by the elect

the ambience. The independency of the analyte uptake on thigical properties during the sorption period as well as dur
velocity of the passing gas stream results in concentration ining the subsequent analyte release in the regeneration i
tegrating properties of the sensing device. Upon exposure tterval. Hence, the analysis of the sensor signal change du

gaseous elemental Hg, the dosimeter changes its sensor sigrg the regeneration interval is another method for operatt

nal irreversibly. With growing number of mercury injections, ing gas dosimeters. It was demonstrated on a potassium a
the total amount of adsorbed Hg is concomitantly increasedmanganese containing NGensor that, after the sorption

which is reflected by the sensor signal. With this sensor deperiod under sorption conditions, the change of the electrit

sign, real-time monitoring of low levels of gaseous analyte cal conductance during thermal decomposition of the for-
is possible with a small size, low weight and low cost device merly formed nitrates correlates with the preceding sorbe

applicable for personal safety. analyte amount (Grol3 et al., 2013a). A schematic drawing

Different options for the arrangement of gas dosimeters irof this novel method is given in Fig. 11. Since it combines
gas pipes are possible to decrease the gas velocity across thectrical characterization of the sorbent witbmperature
sensitive layer, for instance to place the sensing device in @rogrammedlesorption of the analyte, it is also denoted as

bypass with or without a gas pump to ensure a constant gasTPD. Due to the heating from the sorption to the desorpt

stream (Moos et al., 2010). tion temperature, the thermal activated conduct&oéthe
sensitive layer increases as well (Fig. 11b). Thereby, the con
ductance of the material in the N@baded state(3, exceeds
those of the unloaded sampl(g;. The thermal release of the
As discussed, the proportionality between sensor signal anfbrmerly sorbed analyte is indicated by a desorption peal
cumulated analyte amount of linear gas dosimeters allowsvith the concentratiorteeaseq(measurable by an NOan-
for time-continuous direct dose detection during the sorp-alyzer downstream of the sensor). Upon this thermal releas

4.2 Operation modes of gas dosimeters

tion period and, depending on the setup, for concentratiorthe curve of the conductance of the sensitive layer in the

information by analyzing the signal derivative. However, gasanalyte-loaded stat€, converges to those in the unloaded
dosimeters might also be operated iffelient modes. Some state Gy (Fig. 11a). The monitored desorption peak and the
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Figure 11. Scheme of the electrical evaluation during thermal re- A cleased | PPMS

generation (denoted as eTPg) time dependence of the conduc-
tanceG and the outlet analyte concentratiogeaseaUpon heating  Figure 12. eTPD results of the potassium and manganese contain-
from the sorption to the regeneration temperat(iog,determina- ing NO, dosimeter after exposure to 8 ppm NO or Nor different
tion of the released amoumeieaseafrom the desorption peak and  NO, exposure duratiorte, up to 1000 s(a) linear increase of the
the electrical responsEc as deviation ofG from the course of  desorbed amoumeieasedWith tno,; (b) course of the conductance,
the unloaded state, arfd) analysis ofFg as a function ofyeeases G, in different loading states upon heating; dojilinear correla-
Reprinted from Grol3 et al. (2013a), with permission of the authors.tion betweenAeeaseqand the electrical responség (deviation of

G from Gy), during desorption. Reprinted from Grof3 et al. (2013a),

with permission of the authors.
course of the conductance can be analyzed, as sketched in

Fig. 11b. The desorption peak gives information on the for-

merly sorbed analyte amqunt, being equ_al t_o the releaseghieased amoUuMyeieasedMeasured by a chemiluminescence
amountAreleased= J Creleasedlt if the regeneration is complete.  yetector), increases proportionally to the N&xposure time,
The devigtion of the thermally a(_:tivated conductance aftertN o,.in, at the fixed NQ concentration of 8 ppm, indicating a
NOx loading,G, from the course in the unloaded staB,  time-constant sorption rate (Fig. 12a). In Fig. 12b, the curves
(Fig. 11b), was evaluated as sensor signal during the regenst g G during heating after dierent NQ exposure intervals
eration interval (Fig. 11c) and is definedlag according t0  f.om 250 to 1000's are compared to those without,NiOs-

Eq. (3). Figure 11c depicts the dependency of the resultingng (log Gy, after 0s NQ). The temperature at which all the
sensor signal-, and the released analyte amoURticased curves meet, here about 62D, represents the end of the ni-

tend trate decomposition. Figure 12c clarifies that for NO or,NO
Fo= f[")g G(t) - logGo(t)]dt. ©) dosage,_ the electrical responEg,(Eq. 3), during thermal re-
generation serves as an electrical measure for the formgr NO

tstart

loading level, sincég correlates withArgjeased Figure 12 re-
Figure 12 summarizes the results of an eTPD analysisreals that, besides of the real-time and time-continuous de-
of the potassium and manganese containing, M@simeter  tection of the analyte dose during the sorption period, the
operated at a sorption temperature of 380and heated to NOy loading state as well as the cumulated,N@posure can
650°C for thermal regeneration. During both intervals, the also be determined electrically during the short-term thermal
sensor was applied to a lean gas mixture of 2 LhiTo release. In this operation mode, the gas dosimeter can be seen
achieve diterent NQ loading levels, the sensor sample was as passive sampler with an internal sensor function to deter-
exposed to 8 ppm NO or 8 ppm N@r a duratiortyo, in be- mine the sampled analyte dose electrically instead of apply-
tween 0s and 1000 s. The N®ading level, evaluated as the ing an external subsequent gas analysis in the laboratory. By
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combining these two operation modes (measurement during 60 ———————T———T——— |
sorption and desorption), it is expected that the redundant ;
information enables a plausibility consideration of the time- 50 |

resolved sensor signal (Grof3 et al., 2013a). [ |
Similarly, the NH; loading level of zeolites being applied A Tt '

for the selective catalytic reduction (SCR) of N@as elec- <é 40
trically investigated during thermal NHelease by Kubinski ~ [
et al. (2008) and the Simon group (Rodriguez-Gonzélez et % 30
al., 2008; Rodriguez-Gonzalez and Simon, 2010; Simons and 2 o o NH. level
Simon, 2011, 2012). Kubinski et al. (2008) described a linear ~ 20 / /,/ ' .
correlation between the average alternating cutiggtgeat [ / .// j:f 288 222
a constant applied AC voltage Y&_p) at a frequency of 4 Hz 10 | 7 — @ 200 ppm
during the thermal Nklrelease and the duration of the pre- ' --@-- 100 ppm
vious NH; exposure of an SCR catalyst-based conductivity 0l
sensor (Fig. 13). For reaching a lowly loaded state, the sensor 0 10 20 30 40
was exposed to a constant Nlebncentration, as indicated in ta3 loading / MIN

oading

a base gas atmosphere of 5% &d~ 1% H,O in N, for

time durations from 0 to 40 min. Measuriigerage dUriNG  Figure 13. Average currentayerageduring heating up to 520C for
thermal NH release enables the in situ monitoring of the thermal regeneration of a zeolite-based N\g¢nsor depending on
former NH; loading level with a higher sensitivity compared the NH; loading time,tyi,0ading The SCR catalyst material was
to those in the sorption mode. loaded at a temperature f267°C in a gas stream composed of
A similar example for the investigation of the electrical 5% O, and~1% H,O in N, containing NH, as indicated for O to
properties during release of a chemisorbed gas species w8 min. Adapted from Kubinski and Visser (2008); reprinted with
the work of Rossé et al, 1984. They found that a CdSe thinP€rmission from Elsevier.
film irreversibly sorbs oxygen and can be thermally regener-

ated, causing a measurable change in the resistance. . ] )
The diferent operation modes of gas dosimeters are Sumicn)éoh}lggg dZOOf;)al'.l',hzeorlet,is?;r?ézdb::wegénzﬁti,ei?étcst(r:gc?: is
marized in Fig. 14. As discussed in detail, the cumulated an- k ' )
. analyzed. It serves as a measure for accumulated soot pari
alyte exposure as well as the analyte loading level of the Senc':les on an insulating support. Figure 15 schematically depict
sitive material can be electrically detected either during sorp- g support. 79 ydep

tion (including concentration information from the deriva- :jhe?/i]:garri?\aittlsr:jgrgg?gtjaig\geo[f)ztcml?gz dfi(r)1r tq_ehgosztof%rés'gg
tive) (Fig. 14a) or regeneration (Fig. 14b). Due to the corre- ition is driven by electrophoresis due to tr?é applied voltrf e
lation between the analyte amount and the sensor signal, it i y P PP 9

possible to determine the mean analyte concentration also by Soot paths start to grow atthe electrodes. From Fig. 15a t:

e medtyedal & necded o reacha cened oaing s, 18 3T (ePested Sonceie oot partces o 1
of the sensor, indicated by a specific signal chajSf®spec )

. . . . unloaded and lowly soot loaded state, almost no curient,
(Fig. 14c). For instance, the frequency of regeneration m'ghtflows and the resis}[/ance between the electrddgs, almogt

serve as a measure for the analyte concentration. Due to %finite (R— o). The sensor remains blind until the percola
.. . . ©0). -
limited linear measurement range, the regeneration needs [i P

N = =
= =

be initiated at a predefined sensor signal before the sign on threshold is rea<_:hed after an exposure timgef Then,
e formed conducting paths cause a fast decrease of the fe-

saturates. Further, the time to reach a percolation threshol istance R < o0). Further saot accumulation leads to an addi-
tpero indicated by a steep increase or decrease in the conduﬁ— ’

tivity of the percolation dominated dosimeter, may serve as ig::: |Col</\r/tigtnI(;]S(r:(;ﬁselsrerresﬁﬁn(:; ?ﬁ:g?ﬁéﬁgﬁg‘:&e o
the measure for the mean concentration (Fig. 14d). For bot L glay P N :

. . . . . resistive paste may reduce the sensor blind time. Owing to
time-measuring modes, no instantaneous information on th%1

cumulated exposure or the actual concentration is obtained. & low Condl.JCt'V'ty b addgd layer, the. soot amount cai
be detected in the accumulation mode without percolation

effects (Bartscherer and Moos, 2013). The actual soot cor
4.3 Gas dosimeters based on percolation effects centration can be determined from the percolation tigag
: . . _ (time to reach a certain value Bf(Ochs et al., 2010) or from
Percolation &ects (Ulrich et al., 2004) may modify the sens ébe slope dl/dt (Weigl et al., 2010). As soon as a predefined

ing characteristics of gas dosimeters, as investigated and d current is reached, the sensor device is heated, the soot buins
scribed in detail for soot sensors being similar to gas sensors; ! . '
ff, and after cooling to operation temperature, the regenera

Several soot sensors for diesel particulate filters consistin on is completed and a new accumulation period starts
of an insulating substrate with electrodes on top have bee P P '
reported (Ochs et al., 2010; Weigl et al., 2010; Hagen et al.,
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Different operation modes of the dosimeter principle

loading-level dependent sensor signal time to reach a defined loading state
a) during analyte b) during analyte C) d) percolation threshold
sorption " desorption
o / —
X [ x
5 sl - s
. — /4
IAISR, [+

released
>

Figure 14. Scheme of the dlierent operation modes of gas dosimeters: consideration of the loading level-dependent sensor sigifa) during
analyte sorption antb) analyte desorption and of the period of time to reach a defined loading state indicgt@a lspecific sensor signal
like the end of the linear measurement range, or, &ythe percolation threshold.

a) b) ciprocal value of the percolation timige.c (defined as the

1 I time when the percolation threshold is reached, denoted as
AR A “switching time” in the work of Hennemann et al., 2012a) as
a function of the HS concentration, Fig. 16b implies a linear
dependency, demonstrating clearly thgt:. decreases with
unloaded < tpere increased KS concentration. Hence, a direct measurement

ul O ul O

R & ) Lo o

I20,R e ID0,R> e of the actual concentration and dose af3Hs not possible;
however, by the evaluation of the switching time the average

c) d) concentration and the total amount of$lin a certain pe-
£ N riod of time can be determined indirectly (Hennemann et al.,

U ud © 2012&)
¥ Yiers refedbade v ’JI £34nf; ”!& Similarly, the electrical properties of a Ni-based catalyst
P o1 pellets were examined by impedgncg spectroscopy during.the

/>0, frg oo Izy ;\L exposure to BS. Before sulfur poisoning, the conductance is

very low due to the high dispersion of the Ni particles in the
Figure 15. Scheme of percolation-dominated resistive soot detec-catalyst, i.e., the impedance is dominated by the permittiv-
tion with planar electrodes on an insulating substréagregener- ity of the pellet material. With the addition of43, nickel

ated soot sensor with an infinite resistaigb) sensor covered sulfide forms. Due to the enhanced volume of the nickel
by a few soot particles below the percolation thresh@isensor  sulfides compared to the Ni particles, the distance between
at point in time when the percolation thresh¢lel. is reached due  the conductive particles diminishes. Reaching the percola-
to a suficient number of deposited particles forming a conductive tjon threshold, the conductance increases immediately due to
pathway with gspeuflc resistance, gdymore soot particles at the the formation of conductive pathways of nickel sulfides, al-
surface, causing a further decreas&of lowing also dosimeter-type 4% detection (Fremerey et al.,
2012).

Another example for dosimeter type gas sensors using per- It should be clear, howeve_r, that accu_mulatlng percol_atlon-

: A type gas sensors cannot display the instant value directly.
colation dfects is given by Hennemann et al. (2012b, c) and 2. . X . . .

. . Since they act like switches if a certain accumulation level
Sauerwald et al. (2013). Applying CuO nanofibers aSH :

. : . __has been reached, however, the time span between two per-
sensitive materials, the change of conductance of the ﬂbergolation events can be seen as an indicator for the average
upon pulsed KHS dosing is measured. When adsorbingH oncentration between the two events 9
the conductance of the fibers increases due to their transitioft '
from CuO to CuS. However, as shown in Fig. 16a, the con-
ductanceG does not change during the firsp®l pulses, but
after reaching the percolation threshold, a conductive path® Suitable materials for accumulating gas sensors
way of CuS in the CuO layer is formed and the conduc-
tance increases promptly. Beyond the percolation thresholdJo find adequate materials in gas dosimeter application, it is
the sensor behaves like g $lintegrating gas sensor. Never- necessary to define the required properties of these materi-
theless, saturationffects deteriorate the sensor signal soonals. In general, the following five main criteria were found
after reaching the percolation threshold. If one plots the re-to be crucial for the proper selection of materials as sensitive
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Figure 16. Percolation-dominated$ detection with CuO nanofibers at 18D (a) conductance during consecutive 1 ppatHpulses for
1 min each with a sudden increase of the conductance as the percolation threshold is reached, denoted as swit¢hjngpthelation
between the reciprocal switching time and theSHtoncentration. Modified after Hennemann et al. (2012a); reprinted with permission frgm
John Wiley and Sons.

components of gas dosimeters with a linear sensing charamxides, zeolites and carbon nanotubes. In the following an
teristic (Grof3 et al., 2012a). overview on the materials is given.
) ) o Suitable materials for the accumulation sensing mode are
1. Selective sorption of the analyte: only one distinct gas materials that have been successfully applied as storage coin-
species should accumulate in the sensitive layer, €.9., Phonents, for instance in filters or catalysts, e.g., leary NO
chemisorption, including the chemical transformation 555 or selective catalytic reduction (SCR) materials stor

of the material. To obtain linear sensing characterlstlcs,ing NHs. Geupel et al. (2011) applied NGtorage catalysts
the sorption rate s_hou_ld be proportional to the currentyqced on alkaline (earth) carbonates as coatings fo NG
analyte concentration in the gas phase. dosimeter operated at temperatures in the range of 300 fo

2. Strength of sorption: the analyte sorption rate has to ex—4000c' However, BaC@ serves also as a sulfur oxide ad-

ceed largely the desorption rate to ensure accumulatior?orl[_’Ing Iaye_r on a gas sensor to .prOteCt.'t frqm Sum." pol
of analyte molecules in the sensitive material without soning (Rettig et al., 2003). The irreversible interaction of

releasing formerly sorbed molecules in the absence 01802 with the NQ, storage catalyst material causes a cross

the analyte in the gas atmosphere (i.e., holding ca ab-l_sensitivity of the NQ dosimeter but enables $@osimetry
ity). et g P ( ng capabl (GroR3 et al., 2012d). Zeolites, being a common class of ma

terials in SCR catalysis due to their Nidtorage capability,
3. Atleast one measurable electrical property must chang@re also viable materials as sensitive layers working in thg
with analyte accumulation, e.g., the impedance or theaccumulation mode. The gas sorption capacity of zeolite
conductivity. The relation between the analyte loading is very high and, due to their special framework structure
level and the change of the electrical measurand has tghey hold a certain shape-selectivity. Upon gas sorption, zeg
be linear. lite materials are able to change their conductivity (Stamires,
1962; Eigenmann et al., 2000; Sahner et al., 2008), making
4. The sorption rate must be independent of the presenthem potential candidates for dosimeter-type sensors. An e
analyte loading level of the sensitive layer so that noample for the dosimeter-type conductivity change is protor]
deterioration of the sorptiorfieciency with time occurs.  conducting H-ZSM-5 adsorbing NH(Simon et al., 1998;
5. Ability to actively initiate a regeneration: the sensitive Franke et al., 2003; Ku_blnsk| and Visser, 2008.)' Sm_ular fo
' material must be able to release the flormerly sorbe those_mlcroporous zeolites, mesoporous materials _rmght algo
analyte molecules from the storage sites under define(%e of interest, as they have been successfully apph_e_d as pre-
oncentrators in gas sensors to enhance the sensitivity by an-

c_ondmons that are dlierent from the sorption (.:Fmd" alyte accumulation in the porous material via sorption (Wag-
tions (e.g., diterent temperature or gas composition). If ner et al., 2013)

mgfelzsnc?r ?Sozsé?r:l'%fgsrg%ir\]/?ggte the storage material, Metal oxides also show potential as sensitive layers o
9 ' gas dosimeters. Hennemann et al. (2012a) showed that CYO

Conductometric gas sensors using the accumulating sensiriﬁ an appropriate material for the accumulative detection of
principle have been reported by several working groups forH2S being dominated by percolatioffects. The conductiv-
various analytes and sensitive materials (Sect. 3). The aply of NiO shows a similar behavior in # containing gas
plied materials range from organic semiconductors to metaftmosphere (Fremerey et al., 2012). Other (transition) meta

o
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oxides, yet to be applied as sensitive material in conven{2001, 2008) reported a NGsensitivity of copper phthalo-
tional gas sensors, should be investigated concerning theityanine. The Saltzmann reagent was applied in optical sen-
suitability as gas dosimeter under modified sensing condisors for the detection of £and NQ (Tanaka et al., 1998,
tions that allow for irreversible analyte sorption, e.g., WO 1999; Maruo, 2007; Maruo et al., 2009), morpholines for
and Al-activated W@as HS dosimeter at room temperature NO, sensing (Matsuguchi et al., 2005), eosin Y for Nde-
(Reyes et al., 2006) and Sp@s Q, H,O, and B dosime-  tection via the slope of the drain current of a based OFET
ter (Yamazoe et al., 1979). Mathieu et al., 2013, for exam-(Klug et al., 2013), and naphthyl polyenes to detect organic

ple, give a broad overview on the sorption of Sy vari- vapors electrically (Sircar et al., 1983). Their suitability for
ous oxides, e.g., CaO, TiIoCeQ, MnO, and mixed oxides, resistive gas dosimeters should be investigated.
meaning metal oxides in association with, e.ga@y. They Even metals can be applied as sensitive materials for gas

also describe the regeneration of the metal oxides by thermalosimeters: Mattoli et al. (2007) realized a sensing device
decomposition of the metal sulfates (Mathieu et al., 2013).based on a Au layer for the resistive, cumulative detection of
With regard to the accumulating sensor principle, these magaseous Hg. Ag was found to be a suitable material for the
terials hold a certain storage capacity, but it has to be clarifiedletection of HS in the accumulation mode by Angelini et
whether the S@accumulation causes measurably changingal. (2009) and Chen et al. (2013).
electrical properties. Additionally, Mukherjee et al. (2012) summarizes gas sen-
Another class of materials, providing a gas storage capacsor materials interacting reversibly or partly irreversibly with
ity that can be monitored by the resistance, are metal oxidevarious gases.
coated carbon nanotubes (Mangu et al., 2010). Varghese et As already mentioned in Sect. 2, the temperature strongly
al. (2001) reported impedimetric gas sensors based op SiOnfluences the gas sensing behavior (Reyes et al., 2006; An-
coated multi-wall carbon nanotubes as sensitive layer, showdringa et al., 2012; Shu et al., 2012; Brandenburg et al.,
ing the behavior of a conventional gas sensor towargld H 2013; GroR et al., 2013a). Since conventional gas sensors are
(Varghese et al., 2001),,Cand CQ (Ong et al., 2002), but mostly based on metal oxides as sensitive layer and these
acting as a dosimeter in presence of Nf¥arghese et al., materials are known to be able to adsorb gases, e.g., SO
2001; Ong et al., 2002). Single-walled carbon nanotubes with(Mathieu et al., 2013), they might be suitable for applications
SnQ, coatings were applied by Mubeen et al. (2013) as re-in a gas dosimeter under modified operation conditions. The
sistive gas sensors. Their tests with several gases reveal thieesorption of the analyte gas predominates at elevated tem-
classical gas sensor response; however the behavior towargeratures if the analyte concentration in the gas phase de-
NO, is dosimeter-like. creases. The sensor signal changes reversibly, according to
As already shown, hydrogenated diamond is a well-suitedhe established chemical equilibrium. Hence, the operation
material for the accumulating sensing method to detect NO of the sensitive materials of conventional gas sensors at lower
and NH; due to a pH change upon electrolytic analyte dis-temperatures might reveal dosimeter-type sensing properties
sociation in the surface electrolyte layer (Beer et al., 2013;with analyte accumulation due to a reduced desorption rate.
Helwig et al., 2013). The hydrogenated diamond-based senSimilarly, BaCQ acts as N@ dosimeter at low temperatures
sor can be regenerated thermally by @ UV light (Helwig (GroR et al., 2013b) but the recovery time after,Ng0rption
et al., 2007, 2008). can be reduced by increasing the temperature, resulting in a
Conductive polymers have already been applied for gageversible sensing characteristic (Tamaki et al., 1995).
sensing applications. Bai and Shi show an overview fiedi
ent polymers for gas detection. They described that some of
the conductive polymers show an irreversible reaction to cer6 Conclusion and outlook
tain gases, making them a notable class of materials for gas
dosimeters. However, it has to be kept in mind that polymersThe accumulating sensing principle of solid-state gas
often show a poor long-term stability (Bai and Shi, 2007; Liu dosimeters is a promising method in order to elude certain
et al., 2012). The conductive polymeric system PEDOT:PSSdrawbacks of classical metal oxide gas sensors. Dosimeter-
was applied as a gas sensitive layer by Liu et al. (2012), acttype gas sensors are well suited for the detection of harm-
ing as a classical gas sensor in the presence gf. INOw- ful, toxic gases. This is in accordance with the growing de-
ever, initial tests of Marr et al. (2013) have shown that themand for sensing devices that are able to detect lowest an-
conductive copolymer PEDOT:PSS is also a promising ma-alyte concentrations reliably, fast and over a long period of
terial for an accumulating gas sensing device. Their first meatime, particularly in the field of air quality monitoring in
surements at room temperature with N& test gas show a workplaces and urban environments. Acting similar to pas-
dosimeter-type change of the resistance in presence of NO sive samplers, gas dosimeters are able to detect very low con-
Organic compounds also might be suitable materials forcentration levels of gaseous pollutants. However, the dosime-
the integrating sensing principle. A resistive low-level NO ter ofers a real-time detection of the analyte dose, accord-
dosimeter based on iron (ll) phthalocyanine was presenteéhg to mean time values in emission and immission legis-
by Shu et al. (2010). Padma et al. (2009) and Brunet et allations. Due to the chemical accumulation of the analyte in
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the sensing material, the error-prone mathematical integra- in the accumulating gas sensor principle, Sensor. Actuator. Bf

tion of the concentration-related sensor signal, as is neces- Chemical, 175, 157-162, daD.1016j.snb.2012.02.01,2012.

sary in cases of conventional gas sensors to measure dosd®)alla, V., Singh, H., and Kumar, M.: Facile Cyclization of Ter-

is not needed. phenyl to Triphenylene: A New Chemodosimeter for Fluoride
Being dfected by several influencing factors, the accumu- | 'Ogsp,\c,)rgfgi%Let,\t," 12, 653‘52,1' ?m.\l/ozltggozselb 20}30- o

lating sensing principle might be adapted to common gag®'M>¢ » _NeununddreiBigste - verordnung zur burch-
nsing materials under modified measurement conditions fuhrung des Bundes-Immissionsschutzgesetzes (Verordnun

s€ S. 9 a? als unae . " Uber Luftqualititsstandards und Emissionshéchstmengen-3
This overview shows a number of works applying and de-

- . . X . BImSchV). Bundesgesetzblatt Jahrgang 2010, ausgegeben zu
scribing accumulating sensing behavior, but further inves- pggnn am 5 August 2010, Nr. 40, 1065, 2010.

tigations regarding the long-term stability of gas dosimetergrandenburg, A., Kita, J., GroR, A., and Moos, R.: Novel tube-
have to be conducted, especially when the regeneration step type LTCC transducers with buried heaters and inner inter]
is a thermal one. A comparison between classical gas sensors digitated electrodes as a platform for gas sensing at variou
and gas dosimeters lists the advantages and disadvantageshigh temperatures, Sensor. Actuator. B: Chemical, 189, 80-88,
of both sensing principle. Neverthelessffiient principles 0d0i:10.1016j.snb.2012.12.112013.

have to be tested under same conditions to compare them dirunet, J., Talazac, L., Battut, V., Pauly, A., Blanc, J. P., Germain
rectly. J. P, Pellier, S., and Soulier, C.: Evaluation of atmospheric pol

lution by two semiconductor gas sensors, Thin Solid Films, 391
308-313, doit0.1016S0040-6090(01)01001,>X001.
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