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The review describes the workflow of a high-throughput screening process for the rapid
identification of new and improved gas sensor materials. Multiple nanoparticulate metal oxides
were synthesized via the polyol method, and material diversity was achieved by volume and/or
surface doping. The resulting materials were applied as thick films on multielectrode substrates to
serve as chemiresistors. This high-throughput approach including automated preparation, complex
impedance measurements, and evaluation procedures enables reproducible measurements and their
visual representation. Selected examples demonstrate the state of the art for applying high-throughput
impedance spectroscopy in search of new sensitive and selective gas sensing materials as well as in

analyzing structure—property relations.

. INTRODUCTION

Gas sensors are widely used in different fields of applica-
tion, like in intelligent process management, environmental
protection, security, and medical diagnostics. To fulfill the
growing demands of these rapidly evolving fields, the fast
development of highly sensitive and selective gas sensor
materials is essential.

Most commonly applied gas sensors are metal oxide-
based conductometric or resistive sensors, so-called
chemiresistors. These sensors rely on a change in elec-
trical resistance upon surface reactions with reactive
analyte gas(es). That achievement goes back to Brattain
and Bardeen' for Ge and to Heiland*® for the semi-
conducting ceramic ZnO. Then, Seiyama et al.*> and
Taguchi6 further developed the concept toward the first
commercial product—a fire alarm sensor. The metal oxides,
which are in use today, are predominantly SnO,, ZnO,
TiO,, WO3, and In,O3.” More recent examples are mainly
based on ternary oxides, such as rare-earth perovskites,
LnBOs3 (Ln = lanthanide series; B = Cr and Fe), which are
also applied as materials in electrodes of fuel cells,® (photo)
catalysts,”'® and magneto-optics.'" In particular, several
orthoferrites of which LaFeO; and SmFeO; are the best
studied materials among this class of substances'>'> have
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been investigated with respect to CH;OH'* and NO, sen-
sitivity.15 Most recently, LaFeO3 has been the subject of
first-principles studies of the molecular oxygen adsorption
on Fe ion sites,'® and LnFey Mg, ;05 (Ln = Nd, Sm, Gd,
and Dy) has been tested for C,HsOH sensitivity. 7 Tlmenite
oxides, such as CoTiOs3, in combination with T212O318 have
been applied for humidity detection, while the p-type
semiconductor CoTiO5 was initially published as an ethanol
detecting material in 1999."

A way to overcome the limitations of such oxides in
terms of selectivity is the application of foreign elements
or oxides for surface and volume doping. The material
doping widens up the parameter space since, besides the
chemical composition and doping, processing parameters,
microstructure, electrode layout, etc. have to be taken into
account. However, so far, progress in this field has been
made mainly empirically, i.e., in a one-by-one approach,
since descriptors for such multicompound and multipa-
rameter systems are missing.

The development of structure—property relations and
finally descriptors for such complex systems would be
desirable, which rely on large data sets holding a high con-
fidence level. The application of high-throughput experi-
mentation (HTE) and combinatorial techniques may be an
appropriate way to cope with this challenge because they
allow for keeping most parameters constant while selec-
tively varying just one. Thus, these methods accelerate
both the sample preparation and characterization by en-
suring identical sample processing as well as the systematic
evaluation of reliable statistical data.*
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This review gives an overview about the advances
in the application of HTE for the development of novel
resistive gas sensor materials and for the analysis of
structure—property relations. It will acquaint the reader
with the important quality factors of chemiresistors and
their working principle together with the influence of micro-
structure and doping on the sensor performance (see Sec. I)
and will introduce a high-throughput approach developed
for accelerated impedimetric screening of resistive gas
sensor materials (see Sec. II). Selected examples for illus-
trating improved sensor performance as well as structure—
property relations will be given (see Sec. III), and finally,
the opportunities and limitations of the approach will be
discussed (see Sec. IV).

A. Quality factors

An ideal gas sensor responds precisely and immediately
to the prevailing ambient chemical or atmospheric condi-
tions. The four quality factors, which quantify the sensor
performance, are the sensitivity, selectivity, response time,
and stability.

The sensitivity S is defined as the ratio between output
signal and measured property. For chemiresistors, it is
described as the ratio of the change in output signal y, i.e.,
the change in electrical resistance, to the concentration x
of the analyte gas [Eq. (1)].%' Hence, the sensitivity de-
scribes the sensibility of a sensor material to detect a
certain analyte concentration from an ambient atmosphere.
Very often, the sensor response is given instead of the S to
express different calculated ratios of the analyte resistance
to the reference resistance (see Sec. II. D).

dy
S== . 1
dx (1)
The selectivity Q reflects the ability of a sensor to
differentiate between the specific gas x to be detected
and the other components of gaseous environment x" and
expresses the cross-sensitivity [Eq. (2)].

dy/dx'
dy/dx

0(%) = x 100 . (2)

The response time expresses numerically the attended
response or recovery time Afgge, of the output signal to
reach 90% of its saturation value after turning on or off
an analyte gas.21 It is determined by the chemical reaction
kinetics between material surface and analyte molecules
and, therefore, by diffusion processes and surface reactions.

The stability describes the long-term stability of a
sensor material in maintaining its output signal over a
longer period of time and in detecting systematically
varying concentrations of analyte gas. It reflects the rep-
roducibility of a measurement and can be affected by
(thermal) aging of the sensor layer as well as by poisoning

of the sensor’s surface comparable to the properties of
catalysts. The stability concerns both the structural and the
electrophysical properties of the sensor material during
long-term operation, which is an often neglected demand in
research but essential for commercial products.

B. Working principle

Since the first generation of chemiresistors was based on
unmodified binary metal oxides, e.g., SnO,, In;O5, ZnO,
Fe,03, WO;, etc., the present model of their working prin-
ciple was developed from their most abundant applied
examples.”** Thus, of these n-type semiconductors in which
charge transport results from mobile electrons, SnO, applied
in Taguchi sensors® (Figaro Engineering Inc., Osaka, Japan)
and In,Oj are the best investigated materials.”> > Nowadays,
p-type semiconductors, e.g., CoO and perovskite structures
such as LnBOs (Ln = lanthanide series, B = Cr and Fe) in
which charge transport occurs via holes, are also used.’

The active element of a gas sensor device basically
consists of an interdigital electrode structure coated with a
porous sensing layer composed of nanocrystalline particle
assemblies. Microscopically, the gas sensing is restricted
to the particle surface, which interacts with the ambient
atmosphere and serves as receptor for target molecules
(Fig. 1). Then, the polycrystalline sensing layer is electri-
cally conducting due to sintered grain contacts and acts as
transducer along percolation paths. Macroscopically, the
electrode structure provides the measurable signal in terms
of an electrical resistance, i.e., the sensor response, and
works as output of the entire sensing layer.?**’

Upon closer inspection, the sensing mechanism reveals
preliminary physisorption via van der Waals forces and
subsequent chemisorption via electron transfer of ambient
oxygen at the nanoparticle surface. Thereby, the nature of
the ionosorbed species ranging from molecular to atomic
strongly depends on the prevailing temperature before, fi-
nally, their incorporation into the oxide lattice occurs.***
During the exothermal oxidation process, i.e., ionosorption,
the oxygen species adsorbed at the surface become chem-
ically bound and, consequently, constrain as electron
acceptors the thereto required bonding electrons at the
particle surface causing an electron-depleted region near
the solid surface.”®*' Thereby, the surface coverage of

Composition Layer Sensor

FIG. 1. Layout of chemiresistors: receptor (chemical composition of
near sensing surface), transducer (idealized nanoparticle layer without
sintering necks), and output function (coated and uncoated front as well
as back of sensor element (from left to right)]. Adapted from Ref. 26.
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oxygen ions, which is determined by the Weisz limitation,
and their negative potential determine the depth of the
positively charged space charge layer.*>** According to the
energy band model, the surface potential causes a bending
of the valence and conducting band at the intergrain con-
tacts with a barrier height of surface potential in the range of
0.5-1.0 eV. Thus, the layer depth, i.e., the Debye length,
which is characteristic for every semiconductor and tem-
perature, as well as the barrier height, i.e., Schottky barrier,
are directly affected by the amount and nature of ionosorbed
oxygen. According to the thermodynamic equilibrium con-
dition of ionosorbed oxygen, the height of Schottky
barrier determines the electron flow along the percola-
tion paths leading to a specific total base resistance of the
entire layer.>*>>

A shift of that equilibrium state is provoked by reduc-
ing gases, e.g., H,, CO, hydrocarbons, etc., via adsorption,
intermediates, and consecutive reactions, which finally leads
to a desorption of CO, or a total oxidation to CO, and H,O
in case of CO or hydrocarbons, respectively.*® During the
desorption step of the reaction products, the previously lo-
calized electrons are released back to the bulk oxide, and
hence, the electron density is reduced and the Schottky
barrier is decreased. But on the contrary, oxidizing gases,
e.g., NO,, SO,, Os, etc., supply additional surface oxygen
via direct chemisorption and, thus, consume bulk electrons
via incorporation into the oxide lattice. Altogether, the var-
iable partial pressures of reducing and/or oxidizing analytes
determine the total resistance of the sensing material,
whereby in case of p-type semiconductors, the output occurs
in opposite direction.

This idealized model®’ is simplified by the presence of
adsorbable oxygen in (synthetic) air and can be extended
by taking into account the detected analyte and the formed
intermediates. Furthermore, depending on the prevalent
atmosphere, a real system’® suffers from water and other
molecules, e.g., hydroxyl groups, carbonates, etc., which
have a significant impact on the surface sites and chemical
reactions at the surface. Since the reaction rate of surface
chemistry generally depends on temperature, the working
temperature strongly influences the elementary chemical
processes at the surface and gas diffusion into the porous
sensing layer. Thus, the sensitivity toward a specific and
cross-sensitivity toward other analytes may reach a maximum
and minimum at different temperatures, respectively.?”"*
A more detailed description can be found elsewhere.*'

C. Microstructure

Besides the surface chemistry and working temperature,
the microstructure of the material strongly influences the
sensor performance. Thereby, the thickness and porosity
define the total surface area, which is accessible for inter-
penetrating gas molecules.>"** For spherical particles, their
size determines both the porosity of layer and, thus, the

accessibility of surface. In case of large and middle sizes,
ie., >20 nm and 10-20 nm particles, the conductivity is
dominated by the bulk as well as by both the particle size
and grain boundaries, and thus, the sensor response is in-
dependent (>20 nm) and dependent (10-20 nm) on the
average particle size, respectively. But in case of small
sizes, i.e., <10 nm, the electron-depleted zones extend over
the entire particle volume and lead to completely depleted
energy bands. At this special case, which is commonly
called “flat band condition,” the conductivity strongly de-
pends on the particle size and the sensitivity significantly
increases.”” >

Hence, an ideal sensor is composed of small nanoparticles
in terms of a thin layer featuring macropores™ to provide a
large surface for analyte detection and extended percolation
paths at the same time. Beyond that, various structural and
electronic defects on the sensing surface are stabilized by
the higher curvature of smaller particles**~° leading to an
increased reactivity of different crystallographic faces
and reaction kinetics.”'>

D. Doping

The performance of sensor material in terms of sen-
sitivity, selectivity, thermal aging, etc. can be modified via
doping at which surface and volume doping are applied
either to deposit doping elements as particles at the oxide
surface or to incorporate them as constituent or secondary
phase into the oxide lattice, respectively. In the present
context, the term doping refers to any modification of a
base material by addition of a foreign material and, thus,
does not equate to the bulk doping of ultrapure materials
by infinitesimally small amounts (ppm range) of highly
dispersed impurities known from the semiconductor
technology.

Volume dopants directly alter the material and sensor
properties of base material because the additives, i.e., 1-10
wt%, are already introduced during the synthesis step. The
resulting multicomponent materials exhibit new electrical,
chemical, and physical properties due to the incorporation of
inert, e.g., metal oxides, or catalytically active additives, e.g.,
transition metals. Thereby, even minor quantities of addi-
tives could lead to unpredictable new sensing properties, and
beyond, mayor quantities, which extend the mutual solubil-
ity limit of host and guest, could moreover result in the
segregation of layers or formation of phases, i.e., discrete
particles, solid solutions or foreign phases (Fig. 2).> The
main interacting factors influenced by volume doping are
related to the microstructure (e.g., network, morphology,
crystallography, etc.), composition (e.g., elemental compo-
sition, stoichiometry, thermal stability, etc.), electrical prop-
erty (e.g., electron exchange rate, free charge carriers, surface
potential, etc.), and catalysis (e.g., catalytic activity, active
phase, adsorption/desorption, etc.).** However, the unpre-
dictable impact on the sensing performance of a given base
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FIG. 2. Layer segregation and phase formation of volume dopants
above solubility limit of host and guest. Adapted from Ref. 53.

material still demands a basically empirical approach in
search of ideal sensor materials since enhancement of one
parameter might simultaneously degrade another.™

Active surface dopants improve the selective interac-
tion with the target analyte because they are deposited
subsequent to the preparation of sensing material or layer,
and thus, they are located as separate particles on top of
the surface. The modification of sensing surface enhances
both the sensitivity and selectivity by lowering reaction
time and working temperature, which also increases the
long-term stability. For the deposition by, for instance,
impregnation or spraying techniques, typically, noble
metals, e.g., Rh, Pd, Ag, Pt, Au, etc., transition metal
oxides, e.g., of Fe, Co, Cu, Zn, etc., or main group ele-
ments, e.g., B, Se, etc., are applied as catalytically active
dopants. Subsequent thermal treatment leads to a distribu-
tion of metallic or oxidic clusters at the sensing surface,
which catalytically promote or inhibit chemical reactions.
Besides the doping element, the sensing properties are
tunable by the cluster dimension and intercluster distance
whereby the sensitization can be achieved by using
superficial clusters as well as atomically distributed Pt
and Pd at (sub)surface sites.>*>>

Basically, two mechanistic models, i.e., the electronic
and chemical sensitization, explain the shift of maximum
sensitivity to lower working temperatures.>”>*~%>" In case
of electronic sensitization [Fig. 3(a)], the space charge area
is significantly enlarged by doping with strong electron
acceptors, e.g., AgO/Ag, PdO/Pd, and CuO/Cu, and thus,
the redox state and chemical potential are different toward
analytes. This kind of sensitization is also specified as
redox state changing.27 In case of chemical sensitization
[Fig. 3(b)], the surface reactions are catalyzed by doping
with catalyst clusters acting as adsorption sites, and thus,
activated fragments of the respective analyte are trans-
ferred to the sensing surface and the surface potential is
lowered. This process of analyte activation is described as

(a)

FIG. 3. (a) Electronic sensitization (i.e., redox state changing) and
(b) chemical sensitization (i.e., analyte activation) by surface doping of
base material. Adapted form Refs. 26 and 27.

“spillover” effect.”’ In both cases, the conductivity and
sensitivity of a sensor material are increased by applying
reducing gases, e.g., H,. But also, dopant diffusion into the
metal oxide lattice and (subsequent) alloy formation®>°
or synergetic effects of several dopants as in heterogeneous
catalysis are feasible.®*¢!

Since nanoparticles and dopants are employed to increase
the sensitivity and selectivity of a distinct base material,
the crystallite shape can be applied as well for that purpose
due to energetically different adsorption sites of crystal
facets.’'>> However, also, physical and chemical auxilia-
ries as porous or rather catalytic filters and oriented or
functionalized membranes, e.g., zeolites, catalytic sieves,
passive membranes, etc., are arranged in front of sensor
devices to block parasitic or poisoning interferants.®>¢’

The large number of variable parameters together with
the unpredictable but significant influence of preparation
history require novel methodologies for the rapid charac-
terization of potential gas sensor materials. HTE turns out
to be a promising step in this direction.

Il. HIGH-THROUGHPUT EXPERIMENTATION

The “multiple sample concept’ or rather the vision of HTE
goes back to 1970 enabling the simultaneous processing of
“expensive and time-consuming” steps in an integrated
material development workflow.®® Tt implements sample
plates, which facilitate the parallel processing and easy
handling of up to several dozen samples that are typically
distinguished by a composition spread (gradient library of
one palrameter).69 However, the large number of materials
or compositions produced on a short timescale requires
adequate rapid analysis and probing techniques at the
same time. With respect to chemiresistor development, the
impedimetric characterization, which is also applied in
material development including superconducting,70 di-
electric,”! magnetoresistive,72 photochemical active,”?
and catalytically active materials,”*’> has proven to be a
valuable tool for the search of novel gas sensing materials.”®

Combinatorial approaches have helped to advance the
conventional “empirical trial and error process” by intel-
ligent combination of different materials or components
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of the synthesis workflow.”” In a first step, an expanded
diverse parameter space is constituted by the discovery
strategy, i.e., primary screening, to find novel or alterna-
tive materials. To optimize hits of the primary screening
and to narrow the parameter space, secondary screening
follows, whereby a statistical and intelligent design of
experiments should minimize the experimental operating
expense and maximize the knowledge gained on the basis
of multidimensional parameter optimization by descriptors,
genetic algorithms, artificial neural networks, and, last but
not least, by expen’ence.78

The here presented approach to search for novel and
improved gas sensor materials is based on semiconducting
nanoparticulate metal oxides and utilizes high-throughput
impedance spectroscopy (HTIS). For the HTIS screening
of various materials, multielectrode array substrates were
designed, on which 64 different samples can be electrically
characterized independently.”™®' The advances by using
the high-throughput setup to gain information about the
complex interplay between base material, doping element,
and the gas phase are described to understand how this in-
terplay is affected by the different control parameters, such
as temperature and processing conditions. The gain in
knowledge will be demonstrated by selected examples
illustrating the effect of volume and surface dopants as well
as the effect of particle size on the sensing material.

A. Sensor fabrication

For the preparation of metal oxide nanoparticles, the
so-called polyol synthesis was applied. This method allows
an easy control of chemical composition on the molecular
(precursor) level, low processing temperatures, and appli-
cation to substrates of any size and shape.gz’87 Thus, this
procedure overcomes some drawbacks of conventional solid-
state reaction techniques, such as high calcination temper-
atures and formation of by-products. Thereby, “polyol”
stands for polyalcohols with high boiling temperatures pro-
viding sufficient solubility for inorganic salts or complexes.
The polyol acts as a chelating solvent widely suppressing
agglomeration of the particles formed. Hence, the method
allows for preparing a wide range of high-purity binary and
multinary oxides with high specific surface area and flex-
ible volume doping. A detailed description of the reaction
procedure applied in our works can be found elsewhere.®’ %

need to be optimized with respect to particle size, yield, and
purity. Figure 4 illustrates the workflow, which has been
applied, while Table I shows the different (volume-doped)
materials, which have been prepared by the polyol method.

For all materials synthesized, so far, the initial character-
ization was carried out by powder x-ray diffraction (XRD)
measurements on thin films in transmission. Powder mor-
phology was examined by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) anal-
ysis. X-ray fluorescence spectroscopy (XRF) was used to
image the element distribution in the samples. For SrTiOs,
Fig. 5 exemplary shows the material analysis by high
resolution TEM (HRTEM) and fast Fourier transformation
(FFT) as well as energy-filtered TEM (EfTEM).”*+%3

For deposition as thick films (Fig. 6), the powder material
was dispersed by mixing in a mortar or in a ball mill with
a solution of poly(iminoethylene) in water. The obtained
suspension was directly applied to the electrode structure by
using a coating station [Fig. 7(a)].”"® The station consists
of a Teflon block equipped with 8 x 8 array of holes, which
are sealed by an O ring fitting against the electrode substrate
[Fig. 7(b)], forming 64 wells (214 pL. volume each). The
base and top plate keep the configuration together whereby
arubber mat evenly distributes the pressure from the screws

Polyalcohol solvent
Metal salt precursors

T,

l Hydrolysis l

T,

Washing |< v

LS

A 4
[ Amorphous powder ] [

FIG. 4. Polyol-mediated synthesis to yield base and volume-doped
materials.

T,

Polycrystalline
nanoparticles

TABLE 1. Base and volume-doped materials prepared via polyol
method.

In brief, in a typical experiment, precursors are dis- A9 AO/AO;  A:05/As0s ABO;
persed in diethylene glycol and the resulting mixture is  Cu0* TiO,” 05" NiMnO;™*
heated up to T (80-140 °C) under vigorous stirring until Cdozz Sﬂozszl Nizoszz BiBaO;™ o
a clear solution is obtained. If necessary, a surplus of hy- 22891 WO, ;C;OO* 0 ;:;]?83 ((E _ PN;’ y;’éo’cia)sr)w
drolysis agent is added to cause precipitation of the e AC0033 (A = L;’ Né, S;n, dd, Ho)™
product. The emerging suspension is heated for several ASnO; (A = Sr, Ba, Cd)¥’
hours up to 7, (160-190 °C) and, subsequently, cooled to ACrO; (A = La, Pr, Sm, Eu,
room temperature. To obtain amorphous material, the Gd, Dy, Ho, Er, Tm, Yb, Lw)®
suspension is dried at T3 (<80 °C), and to yield crystal- AF:I%S(A ;Blc’}z’sr’ I\I—/I[n’ La, Pr,
line material, it is annealed at 74 (500-900 °C) for 2-12 h. Er. T Yb. L%
For each individual synthesis, the reaction parameters
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(c)

FIG. 5. Analysis of CoTiO3 volume doped by 2 at.% La (supposed
in A-position of ABO;) via HRTEM images and FFTs (insets) of
(a) amorphous (400 °C/1 h) and (b) crystalline (700 °C/1 h) material,
respectively, and (e) EfTEM images of single particle concerning com-

position elements (Co, Ti, O, and La; no gray scale available).%’95

Mortar/ Coating
Ball mill station

Powder Suspension Layer

FIG. 6. Sensing layer deposition via coating station: powder material,
material suspension, and sensing layer (thick film) on top of electrode
structure. Adapted from Ref. 94.

on the embedded multielectrode substrate (MES). For the
coating of an entire MES, multiple suspensions were
pipetted into the 64 wells of the coating station in such
a way that each material is statistically applied several
times. Finally, the sample materials are dried and calcinated
to give sensor layers.

This synthesis procedure and station design are well
suited for efficient and automated preparation and coating
through a pipetting robot.”!

B. High-throughput setup

For rapid impedimetric screening, screen-printed plati-
num leads form an 8 x 8 array of 64 interdigital capacitors
[IDCs, Fig. 8(a)] on an alumina substrate (side length of
105 mm). The corresponding circuit equivalent is needed
to describe the individual electrical properties of different
IDCs on a MES [Fig. 8(b)]. Each IDC of MES [Fig. 8(c)]
has a structure width of 110 pm and each well has a diam-
eter of 5 mm, being capable for resistive as well as for
capacitive measurements.’ 807

The HTIS working station consisting of gas supply,
measuring station, and instrumental equipment (Fig. 9)
enables the processing of time-consuming process steps
like heating up or sample conditioning in parallel. Thereto,
coated sample plates are inserted into the measuring head
[Fig. 10(b)] whereby the leads to each IDC are electrically
connected via Al,Oz-covered platinum wires in the mea-
suring head. Spring-loaded contact tips ensure constant
contact pressure and connect the IDCs via high frequency
capable relay matrices (multiplexers) to the measuring
instruments. The composition of the test gases is managed
via gas flow controllers and can be humidified by bub-
bling the carrier gas through a water reservoir at defined
temperature. A gas distributor with T-tree geometry”®
[Fig. 10(a)] equally splits the incoming gas stream and
provides an almost equal gas flow to the individual head-
spaces of each sample position.81’91’96

C. High-throughput screening

The sensor experiments are typically carried out within
an intended temperature range in 25 or 50 °C steps to
approach the best working temperature of respective
material setting. Starting at the highest temperature avoids
material sintering and aging during the subsequent elec-
trical measurements. Before each measurement, a prelim-
inary gas flow was held for 30 min to reach adsorption
equilibrium except for the highest and every subsequent
lower temperature at which the conditioning time is ex-
tended to 240 and 90 min, respectively. For the screening
of sensitivity and selectivity, a standardized gas sequence
consisting of alternating (humidified) synthetic air serving
as reference and certified test gases of different concen-
trations are applied with a constant gas flow of 100 sccm.
Thereby, all test gas measurements are followed by a
measurement in reference atmosphere to investigate the
reversibility of material response. At each temperature
and gas atmosphere, the impedimetric characterization is
carried out in a frequency range from 10 to 10’ Hz with
15 measuring points per frequency decade and an ampli-
tude of 0.1 Vrms. The electrical screening of all sample
positions of MES requires about 25 min at a particular
atmosphere and temperature.

D. Data evaluation and visualization

For data reduction and evaluation, the measured im-
pedance data are visualized in terms of Argand plots, i.e.,
the real part Z' versus the imaginary part —Z" of complex
impedance [Fig. 11(a)]. Automated data fitting is per-
formed by adapting impedance functions of a correspond-
ing circuit element, i.e., a resistor R and capacitor C in
parallel. This procedure reduces the electrical material
properties to one value each for the resistance R and
the capacitance C, respectively. After the enormous re-
duction of measurement data, the value C is related to
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Multi-electrode

(a) Base plate substrate

Rubber mat

(b)

FIG. 7. Coating station: (a) single parts (photograph; top view), adapted from Ref. 96, and (b) ready to use device (graph; lateral cut), adapted from

Ref. 91.
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(b) (c)

FIG. 8. Interdigital electrode structure: (a) IDC layout in detail (graph), (b) corresponding equivalent circuit, and (c) MES layout of uncoated (left;
graph) and coated (right; photograph) substrate whereby well 34 is highlighted. Adapted from Refs. 79 and 97.

the geometric capacitance of electrode structure and R to
the extrapolated DC resistance. Hence, a resistance
change compared to the initial reference condition is
used for the evaluation of material sensitivity at a partic-
ular test gas atmosphere. The fitting by a single RC circuit
equivalent was adequate concerning the examples reported
herein.

The sensor response represents the material response
toward the respective test gas and measurement condition
whereby Rt and Rgg stand for the resistance fit under test
gas and reference gas conditions, respectively [formula in

Fig. 11(b)]. If the resistance is decreasing or increasing
under test gassing, the values of sensor response will range
from O to 1 or 0 to —1, respectively. The application of the
mentioned formula for sensor response basing on the initial
reference state in contrast to the commonly used sensor
response = Rrg/Ryg and sensor response = Ryg/Rpg in
case of Rrg > Ryg and Rrg < Rrg, respectively, allows for
the simple discrimination of oxidizing and reducing analytes
or n-type and p-type semiconductors, respectively.

The changes in resistance are translated into a multicolor
code depending on the direction and extent of particular

580 J. Mater. Res., Vol. 28, No. 4, Feb 28, 2013


https://doi.org/10.1557/jmr.2012.344

https://doi.org/10.1557/jmr.2012.344 Published online by Cambridge University Press

C.J. Belle et al.: High-throughput experimentation in resistive gas sensor materials development

Gas flow controller

Inlet

RRER

Relais

Relais matrix

EEEREEEE S
IEEENERER

matrix

I EEN NN NN

e

-
Srmnmmm=—

Source meter

i

Impedance analyzer

Mass flow controller

' =
b oos o — =
Furnace

Measuring head

\ Thread bar for
up/down movement

i Temperature controller

A

H,O reservoir [

mim iy Personal computer

Gas pipe Measuring line

=— == = Analog cable
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well 11).

change [Fig. 11(b)]. Regarding a MES, the color changes
are visualized by means of Trellis plots [Fig. 11(c) left],
whereby the dot diameter scales down with the measuring
failure provoked by data scattering or measurement limits.
Hence, the 8 x 8 square matrix illustrates the sensor re-
sponse of a MES at a distinct temperature and test gas
atmosphere and, thus, reflects the changes toward the
initial state (reference). Moreover, further investigations
of a discrete material are achieved by means of fingerprints
[Fig. 11(c) right] regarding the total sequence of gases at a
single temperature. Plotting the fingerprints of all MES
positions as array enables the comparison of characteristic
patterns for materials of the same composition due to their
statistical distribution. Both kinds of data visualization,
the Trellis plot and fingerprint, help to easily identify the
materials with the best gas sensing performances.”

A Trellis plot for seven different temperatures (275, 300,
325, 350, 375, 400, and 425 °C) and the sequence of six test
gases (H,, CO, NO, NO,, C,HsOH, and C5Hg) are shown in
Fig. 12 belonging to a MES coated with various volume-
doped LnCrO; and LnFeO; materials.®® According to the
definition of sensor response [see formula in Fig. 11(b)], the
perovskite materials (LnMO3) show p-type semiconducting
behavior. Most of the tested samples possess a pronounced
sensitivity toward the applied hydrocarbons, while the sen-
sitivity toward C,HsOH is much higher than toward C;Hg
and a good reversibility on the timescale of the experiment.
Further, the samples exhibit less cross-sensitivities toward

the other test gases and, especially, NO,, which vanish at
higher temperatures.

In Sec. II1, selected examples will illustrate the material
screening by introducing results for surface and volume
doping representing the reproducibility of preparation and
measurements that finally lead to the discovery of new gas
sensing properties and structure—property relations.

lll. SELECTED EXAMPLES

The HTE approach exhibits good reproducibility of both
preparation and measurement, the rapid characterization
of sensor properties, and finally, the nontrivial finding of
structure—property relations. In the following three studies,
the surface and volume doping as well as the particle size
are the respective parameters under investigation.

In case of surface-doped In,O; at 250-400 °C
(see Sec. III. A)93 as well as of volume-doped LnCrO;3
and LnFeOs; (Ln = lanthanides) at 200-500 °C
(see Sec. III. B and IIL. C),*® the synthetic air was
humidified [relative humidity (RH) = 45% at 25 °C]
and used as reference. As certified test gases, 25 ppm
H,, 50 ppm CO, 5 ppm NO, 5 ppm NO,, 40 ppm C,HsOH
(not in the In,O; case), and 25 ppm C3Hg each in synthetic
air were applied. However, for NO tests, N, was chosen as
balance to avoid NO, formation. In case of different sized
Fe;_, 0, at 50-300 °C (see Sec. III. C),'*° 500 ppm CH.,
10 ppm NO, 500 ppm H,, and 100 ppm NH;3 were used as
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FIG. 10. Measuring head and furnace of HTIS station: (a) gas dis-
tributor with stream splitting by binary tree (top view) and (b) individual
gassing of sample positions on embedded MES (lateral cut; one path of
gas flow is exemplified by dotted arrow). Adapted from Refs. 91 and 96.

test gases, and dry N, was applied as balance (except of
argon in the H, case).

A. Surface doping

For n-type semiconductor In,O3, a material and data
library of corresponding preparation and experiment pa-
rameters was generated on the basis of previous works. !
Since the base metal oxide of all samples has been derived
from a single synthesis, the qualitative and quantitative
diversity of material was achieved by various surface dop-
ants and dopant concentrations. Thus, the respective study
dealing with three different MESs (as described in the
following three paragraphs) aimed at the reproducibility of
identical samples, diversity of doping elements, and sensor
performance of dopant concentration.”?

At 1st MES, the reproducibility of material preparation
and homogeneity of sensor behavior were proven by
comparison of the sensor responses of the undoped In,O;
and three doped samples (i.e., 0.1 at.% Pd, Rh, and Au)
resulting in 16 sample positions. The good homogeneity
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FIG. 11. Reduction and visualization of measurement data: (a) Argand
plot (left) with data fits of impedance functions by circuit equivalent
(right), adapted from Ref. 96, (b) calculation of sensor response (left) and
corresponding color code (right), (c) Trellis plot detail due to reference
and test gassing of MES at distinct temperature, and (d) fingerprint detail
concerning total sequence of reference and test gassing of discrete sample.
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FIG. 12. Trellis plot of MES coated with various LnFeO; and
LnCrO; materials visualizing the sensor response toward sequence
of alternating reference and test gassing (synthetic air and H,, CO,
NO, NO,, C,HsOH, and C5Hg, respectively) at several temperatures
(275-425 °C in 25 °C steps).

582 J. Mater. Res., Vol. 28, No. 4, Feb 28, 2013


https://doi.org/10.1557/jmr.2012.344

https://doi.org/10.1557/jmr.2012.344 Published online by Cambridge University Press

C.J. Belle et al.: High-throughput experimentation in resistive gas sensor materials development

of temperature-dependent sensor responses toward the
analytes H,, NO, NO, [Fig. 13(a)], and C3Hg [Fig. 13(b)]
was confirmed by minor standard deviations. In contrast,
significant deviations were found concerning the sensor
responses toward CO caused by the catalytic activity of
some materials, and thus, the conversion of CO with
ambient O, resulted in a concentration gradient of that
analyte along the MES. The undoped In,O; exhibited a
higher sensor response toward reducing (i.e., H, and
C5Hg) and oxidizing analytes (i.e., NO and NO,) due to
a resistance decrease and increase, respectively, at lower
temperatures. Among the surface dopants, Rh showed
the most pronounced effect on the sensor performance
because it nearly suppressed the cross-sensitivity toward
NO,, changed the NO character from oxidizing to reducing
at lower temperatures, and gave the highest sensor response
toward H, at 250 °C.

At 2nd MES, the influence of doping element on the
sensor properties was widely screened by the quantity of
doping elements at a single concentration (i.e., 0.1 at.%).
All the In,Os-based materials under investigation pos-
sessed a high sensitivity toward reducing analytes (i.e., H,
and C3Hg), but only noble metal-doped materials (i.e., Rh,
Pd, Pt, Ag, and Au) showed an increased CO sensitivity.
The oxidizing analytes (i.e., NO and NO,) typically caused
an increasing resistance leading to an irreversible and totally
reversible change under reference gassing at the lowest and
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FIG. 13. Sensor response of In,Oz-based samples (i.e., undoped and
surface doped by 0.1 at.% Ag, Rh, and Pd) toward (a) 5 ppm NO, and
(b) 25 ppm C;3Hg depending on temperature. Adapted from Ref. 93.

higher temperatures, respectively, on the timescale of the
respective experiment (15 min). Furthermore, Ir and Rh
doping of base material decreased the resistance toward
NO, whereby in case of Ir, the resistance increased during
the reference gassing, and further, Ru and Ce doping
decreased the sensitivity toward NO and NO,.

At 3rd MES, the influence of dopant concentration (i.e.,
0-0.8 at.% in 0.1 at.% steps) on the sensor performance was
further investigated selecting those elements that have
already exhibited a significant impact on In,O3 performance
(i.e., Cr, Ru, Rh, Pd, Ag, Pt, Ce, Ir, and Au). The surface
dopants Rh, Ir, Ru, and Ce are grouped and assorted
due to a similar and descending influence, respectively.
The doping by these elements inverted the impact of
oxidizing analytes (i.e., NO and NO, [Fig. 14(a)]) into
reducing analytes and simultaneously suppressed their
oxidizing influence with increasing element concentration.
Thereby, the impact of reducing analytes (i.e., H, and C3Hg
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FIG. 14. Sensor response of In,O5-based samples (i.e., surface doped by
Au, Ce, Ir, Pd, Pt, Rh, Ru, and Cr) toward (a) 5 ppm NO, and (b) 25 ppm
C;Hg depending on doping concentration (i.e., 0—0.8 at.%). Adapted from
Ref. 93.
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[Fig. 14(b)]) was depressed as well. The doping by Pt and
by Cr, Au, and Pd generally decreased and increased the
sensor response, respectively, except toward C;Hg at 250 °C
and toward CsHg.

Finally, the preparation of sensing layer and surface
doping of base material were reproduced using single
sensor substrates (SESs). The usage of SESs and cor-
responding working station is a vital intermediate step
from the HTE screening process to the commercial sensor
application since they are closer to a true application.
The SES layout is in accordance with the described
MES Ilayout but the SES is equipped with only one
IDC structure and an integrated heater on the front and
back of a naturally smaller substrate (25 x 4 x 0.75 mm),
respectively.”! The sensor characterizations under these more
realistic measurement conditions basically confirmed the
results derived from using MESs, which means the NO,
tolerance in NO sensing in the range of 200-300 °C.

In addition to the notified In,O3;, other materials
(based on, e.g., Zn0'? and CoTiO;”°) have been pre-
pared by surface doping with various elements, combi-
nations, and concentrations and characterized toward
their performance as gas sensors.

B. Volume doping

For further investigations of previous experiments,88
two LnFeO5 and LnCrO; base materials have been diver-
sified by series of volume doping (i.e., Ln = La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) and, then,
tested with respect to sensor response, selectivity, and
response time toward C3Hg and C,HsOH.'%* At this, the
incorporation of rare-earth metal oxides into the base
oxides generates new materials, which gradually differ in
their chemical and physical properties from each other.

Regarding the LnFeOs series, the sensor response toward
C;Hg [Fig. 15(a)] and C,HsOH [Fig. 15(b)] was investi-
gated by varying the working temperature (200-500 °C).
The variation of temperature affected all characterized
materials whereby SmFeO;, TmFeO;, and LuFeO; ex-
hibited the highest sensitivities toward both hydrocarbons
up to temperatures of 450 °C. In contrast, LaFeOj3 as the
material having the largest lanthanide radius gave the
smallest sensitivity. Since the high material resistance of
YbFeO; exceeded the detection limit, i.e., resistance of
20 MQ, the appropriate measurements could merely be
evaluated above 300 °C. Regarding the LnCrOj; series, the
temperature of maximum sensor response was lowered in
comparison to the LnFeOj series. In both material series,
the sensitivities toward C,Hs;OH were higher than toward
C;Hg presumably due to the influence of functional OH
group. The effect to discriminate between both hydro-
carbons was more pronounced in case of CrFeOj series,
whereby among these, LaCrO; and DyCrO; exhibited the
lowest and highest sensitivity, respectively.'®*
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FIG. 15. Sensor response of LnFeOj series (volume doped by Ln = La,

Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) toward (a) C3H¢ and
(b) C,H5sOH depending on temperature. Adapted from Ref. 103.

Additionally to the determination of the quality factors,
sensor response, and selectivity, the HTE approach allows
for the investigation of a third factor, which is the response
time. Hence, the response and recovery times of LnFeO;
materials toward C,HsOH were further investigated at
temperature of about 350 °C. Regarding, for instance,
TmFeO;, the response and recovery times amounted to
about 20 and 44 s, respectively, and remained unaffected
during several cycles toward 40 ppm C,HsOH at 325 °C.'%?

Subsequent to these studies, the SmFeOs, which has
turned out to be the most sensitive material, was again
volume doped by different elements (i.e., Co, K, Li, La, Pb,
Mn, etc.) and concentrations (i.e., 2-20 at.%). Compared
to the undoped base material showing just low sensitivity
in the range of 250-325 °C among the resulting materials,
the 10 at.% Co-doped SmFeOj; exhibited an improved sen-
sitivity toward CO up to 375 °C. Thus, the temperature-
dependent sensing performance of latter doped sample was
investigated concerning the temperature of maximum sen-
sitivity and influence of CO concentration (i.e., 15-50 ppm).
Thereby, this material possessed reversible response
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behavior as well as response and recovery times of up to
24 s, whereby naturally, the response time toward higher
CO concentrations was shorter. The observed increase in
sensitivity toward CO by Co doping is reported by
literature as well,*%-10%-106

C. Structure—property relation

The preparation and characterization of a quantity of
structurally and chemically closely related sensor materials
by varying a single or few parameters finally enable the
discovery of general correlations and systematic trends.
Thus, besides the development of new sensor materials,
structure—property relations can be revealed between the
respective sensor performance and material properties. In
the following, correlations between the sensitivity and
binding energy of rare-earth orthoferrites®® and the particle
size of spinel iron oxides'™ serve as selected examples.

For LnFeOj series, Fig. 16 demonstrates the correlation
between the sensitivity toward both C3Hg and C,HsOH
and the binding energy AH ,_o) of oxygen and lanthanide
ion, respectively, since the bond strength of oxygen at the
near surface sites was already proposed to be an important
factor influencing the sensor properties of different rare-
earth perovskites toward CH;0H."" The binding energy
is given by the following equation, whereby CN denotes
the coordination number of the metal ions, H; the molar
formation energy of the oxide M,,,O,, including the indices
m and n, H, the sublimation energy of the metal, and Do
the dissociation energy of 0,%®:

1 n

AH-0) = o (Hf —Hom =7 Do) )
Thus, the gas sensitivity depends on the binding energy
in such a way that the stronger the binding between oxygen
and metal ion, the smaller is the sensitivity. The transfer of
this result and model to the LnCrO; series as well as the
volume doped SmFeOQy; is stated as the proof of concept.*®*7
For Fe;_, 04 nanoparticles of different size, Fig. 17 reflects
an almost linearly increasing sensor response toward NH;
and H, at 300 °C depending on the nanopatrticle size from 12
to 60 nm. The plotted line just serves as a guide for the eye. 100
At this, the smaller particles gave higher values of sensor
response in the temperature range of 250-300 °C due to
their higher surface to volume ratio as already reported
concerning other materials.””*® Since the effect of mean
particle size on the sensor responses toward both analytes is
comparable at 300 °C, it completely vanishes for H, in
contrast to NH3 at 250 °C. The samples exhibit good sensor
responses toward NH3 with low cross-sensitivities toward
H; and NO at 250 °C but only slow recovery behavior after
NH; application. Thus, in addition to the selection of best
working temperature, the selection of most sensitive particle
size can be used to minimize or even eliminate the cross-

sensitivity of Fe;_,O, toward other analytes.'®
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FIG. 16. Structure—property correlation between binding energy
AHq w0y of Ln cations (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, and Yb) versus sensor response of LnFeOj series toward C3Hg

and C,HsOH at 300 °C (no fitting data but suggested subsidiary lines are
displayed). Adapted from Ref. 103.

1.0
300 °C
: II o NH,
0.8 OH,
o R
@
o 06 b O R
w ~~~
[} .
£~ e
5
2 04
c ~
[+
(/2]
0.2
0

15 20 25 30 35 40
Particle size [nm]
FIG. 17. Sensor response of Fe;_,0, toward H, and NH;3 depending

on the nanoparticle size at 300 °C (the dotted line just serves as guide for
the eye). Adapted from Ref. 100.

IV. CONCLUSIONS AND PERSPECTIVES

The HTIS system presented is a valuable tool for rapid
electrical characterization of different semiconducting gas
sensor materials. Using the MESs and the high-throughput
setup allows the impedimetric screening of a wide range of
materials in a short time. Meanwhile, the application of
that HTIS allowed preparing and screening of more than
1000 different materials under variable conditions.

Besides the described HTIS approach in search of new
gas sensing materials, meanwhile, HTE and combinatorial
methodologies are widely applied in the field of electro-
chemistry to enhance the development of new functional
materials. Since these methodologies have primarily been
successful in the pharmaceutical and medical domain,
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HT electrochemical methods are increasingly used by aca-
demia and industry for both synthesis and characterization.
The particular electrochemical domains include the research
and development of electrocatalytic (e.g., electrodes in fuel
cell and batteries), thermoelectric (e.g., devices for conver-
sion of heat back into electricity), dielectric (e.g., capacitors
and radio frequency devices in computers, telecommunica-
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