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Abstract: In the present contribution, three methods for pineparation of nanoscaled
SrTiixFes;5 sensor films for hydrocarbon sensing were invettmjaBesides screen-
printed thick films based on sol-precipitated nanegers, two novel synthesis methods,
electrospinning and electrospraying, were testedessfully. All of these sensor devices
showed improved sensor functionality in comparisonconventional microscaled thick
films. In order to explain the impact of the enh@hsurface-to-volume ratio on sensor
properties in a quantitative way, a mechanistic eh@chs applied to micro- and nanoscaled
devices. In contrast to the conventional diffusieaction model that has been proposed for
n-type semiconducting sensors, it contained novgbragches with respect to the
microscopic mechanism. With very few fit variabléese present model was found to
represent well sensor functionality pitype conducting SrjiFe; 2035 films. In addition

to the temperature dependency of the sensor respireseffect of the specific surface area
on the sensor response was predicted.
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1. Introduction

Due to their unique properties that are often déifieé from bulk behavior, nanoscaled materials have
received much attention in many research areasudimg optical, biochemical, and electrical
applications. As a high surface-to-volume ratio da@ achieved using nanosized precursors,
nanotechnology is of considerable interest in ib&l fof semiconductor-based resistive gas sensing,
where the underlying sensing mechanism is relaetitface processes. A high surface area might lead
to enhanced sensitivity, which helps to meet ther-@wcreasing demand for inexpensive, accurate, and
reliable gas sensor devices [1-4]. In this conteahotechnology involves the preparation of thimgi
with a thickness of several nanometers or the tisamosized materials, e.g. nanopowders, nanowires,
or nanobelts. Examples where nanotechnology hasessitlly been employed for gas sensor
improvement include Snd5], TiO, [6], WOs, and MoQ [7] for the detection of various harmful or
explosive gases such as CO, nitrous oxides, ammmamibhydrogen.

While n-type semiconductors dominate gas sensor technologly a few p-type conducting
materials have been studied so far in spite ofr theod catalytic properties. Thetype conducting
perovskite family SrTisFeOss with x = 0.1..0.5 are promising materials for hydrocarensing in
the temperature range from 350 °C to 450 °C. Wateen-printed thick films, a fast, stable, and
reversible response to hydrocarbons is observedpahticular, the SrtisFeQOszs members with
moderate iron content (10-20 %) show best perfoom48, 9].

In this contribution, the use of nanosized matsrifdr SrTiFeOs;s film manufacturing is
investigated. Besides screen-printed thick filmseoaon sol-precipitated nanopowders, two novel
synthesis methods, electrospinning and electrosayare tested. Sensor functionality of the
corresponding devices is compared to conventidmak tfilm sensors prepared from micro-scaled
powders.

As a unique feature of this study, each nanoscef@sition method was based on the same
precursor sol in order to assure a perfect compayabf the data. In addition, identical electrode
structures, i.e. interdigitated Pt electrodes, wesed.

2. Experimental

For the conventional screen-printed sensor deviggstoscaled powders were prepared by the
mixed-oxide route as described elsewhere [8]. Tpesalers yielded a grain size in the range of 1 um
and a specific surface areafyzt = 4 m2/g determined from BET measurements.

The synthesis of sol-precipitated Sgdre2)Os5 nanopowders followed the preparation route
described in [10] with a slight modification. Asegursors, Sr(Ng). (purum,Fluka), Fe(NQ)s3-9H,0
(puriss. p.a.,Fluka), and titanium isopropoxide (puruntluka) were used in stoichiometric
proportions. The precipitation reaction was conddéh continuously stirred aqueous solution. The pH
value was adjusted using glacial acetic atigdinge). In contrast to the original method, no 4 M
NaOH was added at this point of the synthesis. 3diation was heated to 80 °C and kept at this
temperature for 3.5 h. Only afterwards, powder ipi&tion was started by introducing 4 M NaOH
prepared by dissolving NaOH pellets (pMercK in deionized water. The reaction product, whigh i
denoted as nanoscaled powder in the followinguisssquently calcined at 850 °C for 3 h. The sol-
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precipated powders consisted of fine nano-sizethgnaith grain diameters of approximately 70 nm.
BET measurementsvijicromeritics Asap2010) yieldedAger = 19 m?/g for the nano-scaled powders.
As reported in detail in [9], this was an improvernig comparison to the original recipe, which ted
grain sizes of 150 nm to 200 nm with a BET surfa@aAger = 8 m2/g.

Screen-printable pastes were prepared from bothdemvand deposited on alumina substrates
equipped with a SrAD, underlayer as described in [11] and two platinumerdigitated electrodes
(IDE, 150 pum line / 150 um spacing). After sintgrex 850 °C (nanoscaled) or 1100 °C (microscaled)
for one hour in air, the film thickness was detered by a profilometer (MFW-250ahr GmbH
Germany) and was found to be between 10 and 20 pum.

The precursor sol (without NaOH) is also used ftacteospinning and electrospraying. The
operation principle of both electric-field assistéeposition techniques is similar. A high voltage i
applied between a substrate and the needle ofirgeymwhich contains the precursor solution and is
operated at a constant rate by a programmablegeypnmp. When the electric field is sufficient to
overcome the surface tension of the fluid, a jenfy and a thin film is deposited on the substrigde.
morphology is governed by several parameters ssateposition rate, voltage, and distance between
substrate and needle [7]. In the case of electagsmy, the liquid precursor only contains solvated
components of the metal oxide film. For electroepig, however, an appropriate polymer solution is
added. Under the action of the electric field, &mper fiber network forms, which encapsulates the
metal oxide precursor. This polymer matrix is reemgubsequently during a thermal treatment.

In the case of electrospraying, the precursor &8 uwsed as prepared. For electrospinning, one part
of the sol was mixed with four parts of a poly Jpyollidone solution (poly vinylpyrollidone,
Aldrich, 437190) in ethanol, 130 g/l).

In both cases, the films were deposited directlyidentical alumina substrates with Pt-IDE (cf.
above), which were placed at a distance of 55 nom fihe needle. By means of an automatic syringe
pump kc Scientifi¢, deposition rate (0.6 to 1.3 mi/h) and volumel (@ for electrospinning, 2 ml for
electrospraying) were adjusted. Subsequently, filraee heat-treated at 750 °C in air for'l h

For gas sensing, the annealed films were mountexdtirbe furnace and heated to 400 °C. In an
earlier study, this temperature had been identitisdpresenting the best tradeoff between high
sensitivity and fast response [12]. For modelingopees, the temperature range from 350 °C to 500
°C was covered. To a reference gas mixture of 20xygen in nitrogen (flow rate: 1000 sccm/min),
the different analyte gases were added in the sporading concentrations using mass fow controllers.
The sensor resistance was recorded with a digisétimeter @gilent 34401A or Keithley 2700

! Preliminary tests with the present sol indicateat phase-pure perovskite is obtained after heatrtrent at temperatures
as low as 700 °C. For thermal treatment of theteddeposited films, a very low sintering temperatof 750 °C was
chosen in order to maintain the nanosized featufes.the screen-printed thick films, a higher giimig temperature of
850 °C was needed to assure a good adhesion seriser substrates.
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3. Results and Discussion
3.1. Screen-printed films

In Fig. 1, SrTysFe 035 sensors prepared from conventional, coarse-gragmoeeders and wet-
chemically prepared sol precipitated powders wittle fparticle sizes are compared. Pt-IDE structures
served as transducers. For comparing the sensoacatbastics of the sensor films, the resulting
resistance change resporkéR, are plottedR denotes the resistance in presence of the argagi&
is the base resistance in air.

As analyte gases, propane, propene, hydrogen, NDC® were tested. The base resistaioeas
264 KQ for the nanoscaled sensor and XBfkr the microscaled mixed-oxide based sensor @t°@)
This resistance difference is attributed to theedgnained microstructure of the nanoscaled sensor
films, where the firing temperatures are very lanwgd consequently almost no sintering occurs. Hence,
charge-carrier pathways are passing through mampwainterparticle contacts or “necks”, which
contribute to total resistivity, and high resistamalues are observed.

Figure 1. Impact of the particle size on sensor respd®$®: SrTip sFe 2035thick films
prepared from microscaled mixed-oxide powders éibtline) and nanoscaled sol-
precipitated precursors (solid line). Test gasemdisated in the bottom part, operating
temperature: 400 °C, balance: dry air.
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Based on these results, which have been reprodncetther test series, the following conclusions
were drawn. Both sensors show a fast, reversilnd, raproducible response towards propane and
propene. Under identical operating conditions ahd properties, nanoscaled sensors yielded higher
base resistances. In dry air, the sensor baselaswe stable, and these sensors responded very fast.
Whereas the conventional microscaled powder reaahemximum chang®/R, of only 3.5 when
exposed to 500 ppm propene, the nano-scaled sehsars a more pronounced response for both
hydrocarbons. In this case, a maxim@R, value of 11.2 is observed during propene exposure.
Compared to the high resistance increase in presantydrocarbons, only minor cross interference of
NO, CO, and His observed. The conventional device only presantsoss sensitivity towards NO.
Neither CO nor K exposure led to an increase in resistance. Botltee are thus of high interest for
the envisioned application as selective hydrocademsors.

3.2. Electrodeposited films

Figure 2 presents FEG-SEM (LEO Gemini 1550) micapbs of the electrodeposited films. In the
case of the electrospun film (Fig. 2 (left)), adamly distributed net of nanowires with diameters
below 100 nm is observed. Although no vacuum dnstep had been included in the process, the
network morphology was satisfying, and addition@XEstudies confirmed that the polymer was
burned completely. The electrosprayed sample preden Fig. 2 (right) presents large microscaled
particles (>1 um) with surface features of dimensitess than 100 nm that could not be resolved
further by FEG-SEM.

Figure 2. FEG-SEM micrographs of SrldFey0Os5 sensor films prepared by
electrospinning (left) and by electrospraying (t)gh
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Typical response curves of an electrospun sampleaanelectrosprayed film measured at 400 °C
are shown in Fig. 3 and in Fig. 4. The base resistR, in air was found to be 36X (electrospun)
and 49 K (electrosprayed), respectively. When exposed tluagieg gases, the sensor resistance
increases as expected fop&ype sensor film. Very good sensor characterisiagsh as short response
and recovery time, and a stable baseline can benada$ for both films. At 10 ppm methanol, sensor
responseR/Ry, was observed to be 5.5 (electrospun) and 2.9 t{etgwayed). In the case of the
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electrospun film, the signal for methanol with centrations ranging from 5 to 50 ppm in dry air was
found to be reproducible.

Compared to the hydrocarbon species, the crossdritey gas ammonia caused a smaller resistance
change even if added in higher concentrations@g90 ppm).

Figure 3. Sensor response of a Sydfey 2035 electrospun film towards different analyte
gases at 400 °C (concentration as indicated, balalng air).
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Figure 4. Sensor response of a Sdfey O35 electrosprayed film towards different
analyte gases at 400 °C (concentration as indichtddnce: dry air).
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4. Discussion
4.1. Comparison of the different sensor devices

In Table 1, the results of gas sensor tests towandgiety of test gases at 400 °C as well as &ypic
base resistance valuBs are summarized for the different films. For conmgam, the response values
obtained with a conventional thick film preparedniomicroscaled powders (grain size approx. 1.2
pnm) have been included.

Table 1. Comparison of SrjigFey 2035 samples prepared by conventional means and by
nanotechnologyR/R, values towards different analyte gases (concéotrais indicated)

obtained at 400 °C in dry air.

microscaled electrosprayed electrospun nanoscaled
thick film film film thick film
Ro / kQ? 1.7 16 1690 620
R/IR
Propane (500 ppm) 1.4 1.6 1.9 4.5
Propene (500 ppm) 1.7 2.2 5.1 12.0
Ammonia (500 ppm) 1.8 3.7 4.0 4.2
NO (500 ppm) 1.5 2.4 1.9 2.4
CO (500 ppm) =1 1.2 1.4 2.4
H, (1000 ppm) =1 1.05 1.05 1.6

Of the three nanostructured sensors, the elecagsgrfilm enhanced HC response ledR{ at
500 ppm propene: 2.2), but still presented a bpeiormance than the conventional microscaledthic
film. A possible explanation for the reduced sewisyt of the electrosprayed sample compared to the
other nanosized films was revealed by XRD studteg. (5, Philipps X'Pert, monochromated Cu-K
radiation), where diffraction patterns showed tBe€Q; was present as a second phase in the sensor
film (V, reference: JCPDS 01-071-2393). Hence, the elkmiaged sample was not single phase
perovskite, and the impurities were probably resfma for decreased gas sensing functionality. On
the electrospun films, only the main perovskitdrddtion peak was observed by XR®, (eference:
JCPDS 35-0734). To prevent the formation of impesit optimization of the electrospraying
parameters is necessary. In addition, an increafigei sintering temperature might improve the phase
purity of the electrosprayed sample. Keeping indnihat thermal treatment at higher temperatures
might also induce excessive grain growth, thus miGhy destroying the nanosized features of the
film, this effect will be investigated in a futuséudy.

2The data sets included in Table 1 were obtained ineasurement series on different samples. Vamiiin the base
resistance (in comparison to Fig. 1 and 2) arébatied to the conventional scattering observedditferent samples. In
particular the electrodeposited films present aabirvariation of the base resistance due to thengntr statistical
characteristics of the deposition process. In otdecompare the sensor responses, the normaRZBgl values were
therefore used.
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Figure 5. XRD data of a SrhigFey O35 electrospun film (top) and a SgkFe 2035
electrosprayed film (middle); the complex XRD spewt of the bare transducer (alumina
substrate/ SrAD, underlayer /platinum electrodes) has been added asference
(bottom). The peaks attributed to the cubic peritgsghase are denoted wi#) the
strontium carbonate phase peaks are marked With
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In each case, the use of nanosized materials seglesensitivity towards reducing gases with best
results for the sol precipitated nanopowder, fokdwy the electrospun film. At the same time, the
sensor response and recovery time are found toebefast. The following section focuses on the
comparison between conventional mixed oxide samples the most promising sol precipitated
nanoscaled powders.

4.2. Mechanistic model

Thorough characterization of thetype SrTi.xFeOs5 sensor fiims showed that the use of
nanoscaled precursor powders significantly enharsegbor selectivity and sensor response. In the
following, a mechanistic model is proposed to expthese observations. It is fundamentally based on
the conventional diffusion-reaction model as knofom n-type semiconductors [13-15], but it
contains a new approach taking into account thedytat properties and the surface reaction constant
of the presenp-type conducting oxides [9].

Sensor modeling consists of a macroscopic and aostopic part. The first describes the
macroscopic gas transport through the porous gastise film. In analogy tan-type devices, it is
governed by competitive diffusion of the reducimglgte (here denoted aRé&d) into the sensor layer
and macroscopic oxidation reaction. The correspundoncentration profile was calculated for the
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simplified 1-dimensional geometry depicted in F&g) and the corresponding electrical equivalent
circuit (Fig. 6b).

Figure 6. a) Simplified 1-dimensional approach for modelsween-printed thick film
sensors. b) Simplified electrical equivalent citcused for the calculation of total

conductance. The sensor film was considered asrallgdaconnection of elementary
conductances influenced by local gas concentratigfz).
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If the analyte oxidation follows a first order réaa law, the analyte concentration profdgqin
steady-state is determined by the following diffei@ equation as discussed for example in [13]

2Cre -
Dred,ef‘f daid - kred |]:red =0
022

(2)

with  Dyeq eff effective diffusion coefficient, depending on gasl microstructure
keg: reaction constant
Empirical equations reported in the literature wesed to derive the diffusion constants for the
micro- and nanoscaled SgkFe) 035 sensor films [16]. In order to determine redoxctea kinetics,
catalytic tests were conducted on microscaled powdelples following the “differential analysis”
method described in [17, 18]. The correspondingltesume summarized in Table 2 (from [9]). Solving
Eq. 2 with the parameter sets for reaction constadtdiffusion coefficient, the concentration prefil
Cred(z) Was determined.
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Table 2. Reaction constants for analyte oxidation over ascaled SrhigFe) O35
powders determined by additional catalytic teskggimed from [9]).

gas reaction ordery Ko.redox! M/Kg-s' Ex act/ kJ/mol
propane 1 575 57
propene 1 2.4 - 10 32

NO 1 1.59 75

In a second step, the microscopic dependency betwamal conductivityo(z) and local gas
concentratiorte4(z) needs to be derived. In contrast to the standadehforn-type semiconductors,
where reaction involves charged oxygen adsorbatels gas sensitivity is related to near-surface
depletion layers, another reaction pathway of geslaton was considered in the case pafype
SrTipxFe035 sensor films. This approach assumes that a redugagyRed reacts with the
semiconducting lattice by consuming near-surfadcéa oxygen,0J This would lead to the

surf *

consumption of holese and the formation of near-surface oxygen vacangigs; . For all defects, the
Kroger-Vink defect notation is used [19]

Red + 04, +2h" O[T - V., + products 3)

with K’.eq: reaction constant
In the temperature range of interest, in- and epa@tion of gas phase oxygen are slow, i.e.,

1/20, +V3,, O30 - O, +2h"
and (4)
O s + 20" OIPIF - 1/20, +V',,

o,surf

with Ksurr.ox K'surfred: Kinetic constants of oxygen in- and ex-corporati@spectively.

Hence, the additiondl,; are not restored immediately by ambient @ssuming that bulk

diffusion of vacancies is fast, material surfacd bolk can equilibrate. As a consequence, surfade a
bulk defect concentrations are equal, so that th#ex “surf’ can be omitted. Bulk defect
concentrations in the presence of a reducing gasdtifer from their equilibrium values in pure.dm
particular, hole concentratiop changes, which immediately affects conductivilyand sensor
resistancd of the material.

" From kinetic measurements, is obtained in m3/(kg-s). For conversion of umitsl/s, ko values are
multiplied by the apparent density of the gas samslayer, i.€. papparent =pouik(1-¢) in kg/ m3 withe:
film porosity determined from SEM micrographs.

* estimated value
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Each of the reactions contributes to the change xyfjen vacancy concentration with time
according to

dbd/;:;. ] = klsun‘,red [[I);(] [pz - ksurf,ox [b‘/o ] Q/p_()z + k‘red [[:()g] [pz m:red
= ksurf,red [p? - ksurf,ox [b‘/o ] ul p02 +kred (p2 m:red (5)

Lattice oxygen @ is considered as constant throughout the reduptiocess, i.e., its concentration
Is included in the modified reaction constakts req@ndkeg.

The first and second term on the right-hand sideespond to the oxygen ex- and incorporation
kinetics, respectively. Lattice reduction is inadad in the third term. An expression fof’

concentration was derived using electroneutralityation and the bulk defect equilibriums. Detaits o
the mechanism are reported elsewhere in detail. [EQpation 5 was then solved for steady-state
conditions, i.e.d[V o ]/dt =0, yielding an expression for the hole conaaiun p.

An Arrhenius-type temperature dependency was assdionghe kinetic constantg s ox andksyrs red
[20]. In an initial approximation, they were cdated by the oxygen exchange equilibrium constant
Ksurf @s described in Eq. 6:

_k
surf _k

surf,ox

surf,red (6)

An Arrhenius-type equation for the equilibrium ctarg KIS reported in the literature for low
iron contents (x < 0.01) [21], but in this init@bproach, they served as an estimation for sampths
an iron content x 0.2".

Substituting the analyte concentration proéilg(z) determined from Eq. 2, total conductarigef
the film, which corresponds to a parallel connaethetwork of elementary conductances as depicted in
Fig. 6b, was calculated in an 1-dimensional apgroac

ts te
) film wv film
G - l - Wfllm O.(Z)dz — eO glp film '[ p(Z)dZ
0

R I I 0 (7)

with | denoting the electrode spacingn, the film width, e, the unit charge, angl, hole mobility.

" In the cited publication, low Fe concentrationgavesed. According to one of the authors, however,
the results could also be expanded to high ironngdpj22].
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The conductance in aiGy was obtained by settingeq(z) =0. As fit variable,ksyrfreq With the
corresponding Arrhenius parametésSurt req aNd Ereq act WAaS used in the expression 10z) Ksurt.ox
being fixed by the oxygen exchange equilibrium t¢ansKg,;. Thus, temperature dependent sensor
responsér/R) = Go/G was calculated and compared to the experimentéddst-squares fit. The film
thicknesstsm was determined separately. Details of the modgdirmgedure are described elsewhere
[9].

Figure 7 shows the fit results for propane, prepeand NO response of screen-printed thick
films prepared from micro-scaled Sr{#re))Os5 powders. The experimental data points were fitted
well by the appropriate choice of just two fit paetersko surfred @nd Eregacs and a very good
correlation between the model and the experimeagallts was obtained, in particular for propane and
NO. R? values, commonly used as a measure for the gosdfefit, are included in Table 3. The
model was found to be a useful and easily manageabl to predict sensor characteristics. Having
thus explained the behavior of microscaled films, inodel is expanded to nanoscaled devices.

Figure 7. Calculated and measured propane, propene, and @&8pomse of a
SrTip gFey 2035 microscaled sensor thick film as a function of pemature, film thickness
tiim = 16.7 pm.

microscaled

1 300 350 400 450 500

T /°C
Catalytic activity of nanoscaled powders is expedtebe higher due to the higher specific surface
area. Consequently, the pre-exponential faktqssox Which is related to the amount of collisions
between the gas phase reactants and the catalytaces sites, should increase while the activation
energyEa redgoxshould remain unaffected. Hence, to estimate kirgdita for nanoscaled powders, the
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Ko redox Values in m3/kg/mol used for microscaled powdeeseamultiplied by a “surface factodger,

the ratio of the corresponding measured BET surfeegsaof the powders.
K =k (& ger =K H—A‘a”‘)
Oredoxnano — “Oredoxmicro BET — ™Oredoxmicro
A‘ﬂiCl’O (8)
with K redox.nano @Nd K redox micre Pre-exponential factors for nano- and microscagledders,

respectively

Anano Amicro: Specific surface area (BET) of nano- and microscptavders, respectively.

In Fig. 8, the fitting results of propane and progpeesponse are presented. The cross-interfering gas

NO was considered as well. The corresponding fiupaters foko surfreq @Nd Ereq actare included in
Table 3. The correspondir®’ values (cf. Table 3) were 0.996 for propane and Bi@ 0.983 for
propene.

Figure 8. Dependency of the sensor response towards propaogene, and NO on
operating temperature. Gas sensitive film: &gf& O35 nanoscaled thick film,
thickness: 10 um. Solid line: calculated, symbeigerimental data.
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Table 3. Parameters used for fitting the temperature-depenpi®pane, propene, and
NO response of different Sglgre O35 sensor films.R? values are included as a
measure for the goodness of fit.

analyte microscaled nanoscaled
Ered, ac / kJ/mol 91 100
propane Ko,surfreal S™ 43 183
R 0.989 0.996
Ered.act/ kJ/mol 108 121
propene Kosurfred/ S™ 154.16 113-16
R 0.854 0.983
Ered,act/ kJ/mol 106 131
NO Kosurfred/ S™ 771 244.1%
R 0.954 0.996

5. Conclusions

Perovskitep-type conducting SrTikFeOs.5 was investigated as a model material for appbcatn
conductometric hydrocarbon sensing in the temperatange from 350 °C to 450 °C. Using
nanoscaled sol-precipitates, the surface-to-voluatie of the devices was enhanced. These sensors
presented an increased selectivity towards propene.

In addition, the first successful preparation ofs-gansitive SriisFeOss films by novel
electrodeposition techniques was shown during thask. Electrospun nanowires in particular
presented excellent gas-sensing properties.

A guantitative model was proposed to explain thessemechanism. Although it was based on the
model that has been applied previoushnitype semiconductors, i.e., sensors of the Taguygd, tit
contained novel approaches with respect to theasoopic mechanism. With very few fit variables,
the present model was found to represent well s¢nsotionality ofp-type conducting SrjigFe 2035
films. In addition to temperature dependency ossemesponse, dependency of sensor response on the
specific surface area was predicted.
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