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Abstract

The change in resistance of semiconducting metal oxides upon exposure to gases is the basis for many gas sensors. Additives to the me
oxide provide a route to control selectivity and sensitivity for gas detection. Additives are often added to modify the chemical reactivity on
the metal oxide surface. However, as the temperatures at which the sensing reactions are carried out increases, there is the possibility tl
the additive can also interact with the metal oxide and alter its electrical properties. In this paper, using Pt on titania as the model system, w
examine how direct incorporation of Pt into Ti@lters the chemical and electrical properties upon CO and propane exposure as compared
to Ptin a microporous zeolite dispersed in Fid@hese results have allowed us to develop a novel Pt-zeolite filtersi@sor that responds
selectively to hydrocarbons in the presence of CO. We propose that the response to propane is from the water that is liberated as a result
the oxidation reaction, and this hypothesis is based on the observation that the resistangebferieratures of 500—60C decreases
upon exposure to water vapor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oped in which LaOs and CuO were incorporated into the
titania to fabricate a device which was selective to CO in
There can be health and environmental damages due tahe presence of CH
the presence of carbon monoxide and hydrocarbons in the In fact, when additives are included on metal oxide sen-
atmosphere. These gases are formed as a result of combussors, two major effects are like[y]. First, the additive can
tion processes emerging from automobiles and power plants.alter the chemical reactivity of the gas on the oxide surface.
Accurate techniques exist for measurement of these gasesSecond, an electronic interaction can occur as the additives
including optical spectroscopy and mass spectrometry, butchange the conductive properties of the oxide. Frequently,
these measurements usually employ bulky equipment whichadditives are employed to alter the chemical reactivity of
is fragile and expensivil—3]. Metal oxide gas sensors of- the surface, however, these electronic interactions can also
fer the advantages of simple fabrication, low cost, and small influence the sensor response. In the current work, platinum
size, but are often limited by their inherent lack of selectivity on titania was used as a model system to understand the
for determining a single component in a complex mixture influence of the chemical and electrical effects. The oxida-
of gased4]. tion chemistry of hydrocarbons and CO and the change in
Our research group has examined titania-based sensorglectrical properties of the titania was examined. Undoped
to detect gases at temperatures over SD®y correlating anatase was studied and compared to other titania samples
changes in resistance of titania to the interactions of the gasthat employed platinum. Several titania samples were fab-
with the metal oxidg5,6]. It was shown that both CO and ricated with varying levels of platinum added in colloidal
hydrocarbons cause changes in the sensor response due form. This set of samples is designed to show the effects that
oxidation on the oxide surface. A methodology was devel- dopants can possess when incorporated into the metal oxide.
In an alternate system, platinum within microporous zeolites
* Corresponding author. Teks1-614-2924532; fax:t 1-614-6885402. was mixed With_the_ titania, thereby isolating the metal par-
E-mail address: dutta.1@osu.edu (P.K. Dutta). ticles from the titania. In the second set of samples, the cat-
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leaving the electrical properties of the titania relatively un- 2.1.3. Pt-Y

changed. Finally, based on the above results, a design for a Platinum loaded zeolite—Y (abbreviated Pt-Y) synthesis

selective hydrocarbon sensor that measures hydrocarbons ifnas been described previously in the literature, and an adap-

the presence of CO is proposed. tation of this techniqgue was usg#,10]. One gram of Na
zeolite-Y (LZY-52) was added to a solution of NaCl and the
suspension centrifuged and washed repeatedly. A platinum

2. Experimental concentration of 0.005M was made by dissolving 0.1759g
[Pt(NH3)4Cl2] in 100 ml water and added to the dried zeo-
2.1. Materials preparation lite and stirred well at room temperature for 24 h. The prod-
uct was washed, centrifuged, and allowed to dry overnight.
2.1.1. Anatase The dried product was then placed in a ceramic boat and
Commercially obtained anatase (Aldrich, 99-8%urity) subjected to calcination at 30Q for 2h in flowing air at

was milled with zirconia balls in isopropanol for 4 h. After ~50 ml/min. The material was then reduced at 500n 5%
the solvent was removed by evaporation, the resultant pow-hydrogen for 7 h in a flow of~60 ml/min.

der was heated at 80C for 6 h with a temperature ramping

of 6°C/min from room temperature. To prepare this pow- 2.2. Materials characterization

der for further use, it was combined with a glue (V-801

Heraeus), a solvent (5V-507 Heraeus), and dispersant (BYK Powder diffraction data were taken with a Rigaku Geiger-
Chemie) to make a thick paste which was then sonicatedflex X-ray powder diffractometer using CucKradiation.

for an hour. A portion of this paste was then screen printed SEM was performed with a XL-30 ESEM FEG using a
onto a 1.5 crA alumina substrate which had gold interdigi- pure sample of Pt-Y and also titania treated with colloidal
tated electrodes. The substrate with paste was subsequentlplatinum. Additional microscopy was conducted on a sam-
heated at 200C for 2 h to remove the organic binders and ple of Pt-Y mixed with titania with a Quanta 200 SEM.

then heated at 80 for 6 h. TEM was also performed using a Philips Tecnai TF20 with
HAADF detector on the same samples.
2.1.2. Colloidal platinunvtitania Surface area measurements were taken with a Micromerit-

Colloidal platinum stabilized with PVA was prepared by ics instrument, Pulse Chemisorb 2700.
using a technique first described by Rampino and Nord Additional surface studies were performed with an AXIS
[8] with slight modifications. Twenty-three milligrams of Ultra X-ray photoelectron spectrometer. A Mg source was
dipotassium tetrachloroplatinate was added to 2 ml of deion- used for all measurements made.
ized water. A separate 2% PVA solution was made by adding
500 mg of polyvinyl alcohol in small amounts to 25ml of 2.3. Electrical measurements
stirred deionized water kept at 8Q. Stirring and heat-
ing was maintained for 2—3 h until the solution was clear. =~ Our group and collaborators have previously described
Once the solution was cooled, it was filtered through glass the physical setup used to measure electrical resistance, so
wool. 12.5 ml of the 2% PVA solution was placed in a flask, only a brief summary will be presented hdtg6,11]} All
stirred, and 11 ml of water added to it. To this new solu- measurements were performed at 6G0in a background
tion, 1 ml of the aqueous 0.5% Pt solution was added slowly of 5% O/N2. The sample was placed in a quartz cylinder
in a dropwise manner under fast stirring. 0.4ml of a 4% housed within a tube furnace and attached via gold leads
NaOH solution was added in a dropwise manner, and theto either a 34401A HP multimeter or a 34970A HP multi-
solution heated to boiling for 5min then cooled to room plexer. The flow of gases was determined with digital mass
temperature. To this dark solution, 4 mg of sodium borohy- flow controllers. Prior to the measurements, the mass flow
dride was added to reduce the dissolved platinum speciescontrollers kept the atmosphere at 5%/, for 2 h.
to colloidal platinum and stirred overnight. A sample of ti-
tania with colloidal platinum was made by taking 0.8g of 2.4. Chemical reactivity
titania and combining it with 4.2ml of the PVA-Pt solu-
tion (resulting in 0.1 wt.% overall Pt). This suspension was To better understand the ability of the platinum loaded
then sonicated for an hour with periodic shaking in order species to oxidize CO and propane, analysis of product gases
to combine the layers thoroughly. After this was accom- were performed with a GC-17A Shimadzu gas chromato-
plished, the suspension was transferred to a flask, stirred,graph with TCD detector. A Carboxen PLOT column from
and heated briefly. Portions of this suspension were thenSupleco was used for separation of the gases. Using tem-
added dropwise to the conventional 1.5celumina sub- perature programming, CG@&volved at approximately 5 min
strate, and underwent the same heating conditions as theand propane eluted at 13 min. Once this was established, a
anatase sample. Three samples with platinum loading of calibration curve for C@ was constructed by performing
0.006, 0.01 and 0.1wt.% were synthesized using colloidal separate injections with fixed amounts of Ar,@nd CQ
platinum. in each.
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Three powders were examined for their reactivity to CO conducting oxides can influence both the chemical and elec-
and propane, heat-treated anatase, 5% Pt—Y in 95% anataserical properties of the oxide. Two systems involving plat-
and titania powder with 0.01 wt.% colloidal platinum. Sam- inum on anatase were examined in the present study so that
ples were sieved with a poly-propelene mesh (360holes) the chemical and electrical effects of each variant could be
and placed in a quartz tube flow reactor (i.d. 1/8in.) housed more thoroughly understood. The first set of samples had
in a furnace. Each sample was preheated to its lowest tem-intimate contact between the platinum and anatase and was
perature for testing (typically 40@) in a flow of 20%GQ/Ar prepared by mixing anatase with platinum colloids followed
and allowed to equilibrate for 20 min. After this occurred, by thermal treatment. To provide a contrast for the experi-
1.0% CO or propane was introduced (or 0.5% in the case ments in which platinum is directly mixed with the titania,
of titania with colloidal Pt), and the £level was changed  microporous zeolites loaded with Pt were examined. In this
to 5% in Ar. An injection was made when 10 min elapsed, design, the platinum was in and on the zeolite, thus mostly
and the gases present were analyzed by the gas chromatdsolated from titania, while still maintaining its chemical re-
graph. Once this process was complete, the flow of CO or activity. The properties of both these systems are compared
propane was stopped, the temperature increased to the nexb anatase as reference.
level, and the @ changed back to 20%. The entire process
was then repeated as described before. The total flow rate ok 1 gqructural characterization
the test gases used for every step of these experiments was
50 ml/min. Calit_)ration curves over a period pf time indicate 311 Titania samples with platinum
that the errors in our estimation of conversion is of the or-
der of 10% and primarily arises from the flowmeters used
to mix the gases.

The diffraction pattern of all colloidal platinum loaded
samples on titania was identical to pure anatdsg.(1).
The microstructure as examined by SEM and TEM also re-
. sembled the starting anatase, with grains in the range of
2.5. Sensor design 100—200 nm Fig. 2a—3. Although no distinct Pt particles

o were observed, energy dispersive analysis did show the pres-
Each sensor used in this study employed the same typegnce of platinum. Surface area (BET) of the 0.01wt.% col-

of supstratg, pamely a 1.5 émquare piece of alumina with loidal Pt-TiQ, sample was found to be 7.4%fg. Elemental
gold, interdigitated electrodes spaced 0.25mm apart. Goldy5)ysis showed that the colloidal platinum sample synthe-
leads were attached to these electrodes via gold paste whichi,oq to have a 0.1wt.% Pt loading contained 0.094% Pt.

was fired at 850C. . XPS analysis did not show a signal due to the Pt even for
For sensor preparation, Pt—Y was added to the titania in yye 0 1 wt.% Pt loaded sample.

one of three ways. In the first method, the zeolite powder
was first suspended in a few drops of 1-heptanol and soni-3 1 5 7egjite samples

cated thoroughly and added as a surface layer on the anatase 1, powder diffraction pattern of Na ion-exchanged zeo-
substrate/interdigitated electrode assembly. In the second alfite Y (Na-Y) and Pt-loaded zeolite Y (Pt-Y) are compared
rangement, the Pt-Y was used as a plug before the anatasg, ki 3 The platinum loaded sample shows two new peaks
substrate/interdigitated electrode assembly (plugs were ei-5; 39 g and 461(26), which are typical of platinum. SEM
ther 20mg or 100mg). In the final system, samples were \ a5 performed to examine the size and dispersion of the
created by mixing appropriate amounts of Pt-Y and titania a4 clusters and shown Fig. 4a Platinum agglomerates
and adding isopropanol. This suspension was then sonicated oo nm) on the zeolite surface are clearly visible. TEM ex-
for 20 min, after which the liquid was placed in a round bot- periments show particles in the 5-10 nm rangeég ( 4.

tom flask and evaporated to remove the solvent. The result-gjomental analysis showed that Pt—Y contained 10.3wt.%

ing powder was fairly homogeneous to visual inspection and platinum. Surface area (BET) of Pt—Y was 44%g) indi-
35 mg of it was added to seven drops of 1-heptanol and SON-cating the microporous nature of the zeolite.

icated. This solution was then placed dropwise on a 1% cm
interdigitated alumina substrate.

4000 -
3. Results 3000 -

Gases such as COpHand hydrocarbons can be oxidized
by reaction with a metal oxide surface. If the oxygen equiv-
alents in this reduction process arise due to chemisorbed
O, species on the oxide, then the electrons released upon
oxidation can alter the resistance of the oxide. This is the
basis for gas sensing using semiconducting oxides, such as
SnQ and TiG. Metal particles added as dopants to semi- Fig. 1. X-ray diffraction pattern of titania with 0.1 wt.% colloidal platinum.

Intensity
N
o
o
(=]

o

o

o

o
1

N
o

30 40 50 60 70 80
2 theta



J. Trimboli, PK. Dutta/ Sensors and Actuators B 102 (2004) 132-141 135

Fig. 2. (a) SEM and (b) TEM of titania with 0.01wt.% colloidal platinum and (c) TEM of titania with 0.1 wt.% colloidal platinum.
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Fig. 3. X-ray diffraction pattern of zeolite (a) with and (b) without
platinum. Triangles mark the peaks due to platinum.

3.1.3. Titania—zeolite mixtures

Table 1

Catalytic ability of various materials to oxidize CO

Sample and gas concentration Temperature CO oxidized
Q) (%)

Anatase and 1% CO 400 62
500 91
600 92

0.01wt.% PY/TIiQ and 0.5% CO 400 97
500 95
600 97

Anatase/Pt-Y and 1% CO 400 87
500 87
600 88

Errors in estimation of percent gas oxidized~40%.

was anatase. The other materials were anatase doped with

SEM was performed on a mixture of 20 wt.% Pt-Y/80 wt.% 0.01 wt.% platinum, and Pt-Y combined with TQPt—Y
TiO2 sample. This was done in order to examine the mixing 5wt.%/TiO, 95wt.%). Tables 1and Zompare how effec-

between the two different particles. &83. 5shows, the ze-
olites appear as large particles amidst the smalte®0 nm
sized anatase.

3.2. Chemical reactivity

tively these solids oxidized a given amount of CO and
propane, respectively. The data analysis was based on the
amount of CQ that evolved. In addition, a sample GC trace
for the oxidation of propane on Pt—Y/titania is provided in
Fig. 6to show that the only detected reaction products were
water and CQ.

Gas chromatography experiments were performed with At temperatures above 50Q, CO oxidation proceeds
the intention of studying the extent of CO and propane readily (=90%) on all three samples. Introduction of Pt into
oxidation on the anatase surface. The first substance testethe system either directly doped or indirectly via the zeolite

AccV  Det '—( 500 nm

25.0 kv SE_ Platinum Zeolite Y

Fig. 4. (a) SEM and (b) TEM of Pt-Y.
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Fig. 5. SEM of a sample comprised of 20% Pt-Y and 80% anatase. Fig. 7. Change in anatase resistance to (a) propane and (b) CO &t 600
Arrows indicate the position of some zeolite particles. in a balance of 5% @IN>.

Table 2

Catalytic ability various materials to oxidize propane 3.3. Electrical behavior

Sample and gas concentration (OC;I'emperature E)r(?dpi):;lg ) 33.1. Titania sampl@with platinum

Anatase and 1% propane 200 15 The change in resistance of an anatase sar_nple as yvell as
500 24 those doped with increasing amounts of colloidal platinum
600 33 was examined in the presence of CO and propé&ig. 7

0.01wt.% PYTiQ and 0.5% propane 400 12 shows typical resistance traces for anatase exposed to CO
288 ;g and propaneTable 3displays the relative resistance changes

Anatase/Pt—Y and 1% propane 400 70 for each of_these samples (definedrRiRy v_vhereR andRp
500 77 are the resistances in the presence of either CO or propane
600 80 and background gas, respectively). If the magnitude/Bf

is 1, then no change in resistance has occurred upon expo-
sure to the reducing gas and from a sensor point of view,
would be a poor sensor. ThuB/Ry is also considered to
be an indication of the sensitivity. In addition, the recovery
times after exposure to 1000 ppm of each gas are also listed
(defined adgp which refers to the duration required for the
sample to return to 90% of its baseline resistance).

Trends become apparent when reviewing the data in
Table 3 The resistance changes observed for anatase are

Errors in estimation of percent gas oxidized~40%.

lowers the barrier to CO oxidation such that efficient ox-
idation is observed even at 400. The extent of propane
oxidation was considerably lower than CO for all samples.
However, for the sample in which Pt-Y is combined with
anatase, propane oxidation is increased, e.g. atGpthe
percent conversion increased from 24 to 77%, on changing
from anatase to Pt-Y/anatase.

co Table 3
2 The normalized resistance changes and recovery time of Pt-titania samples
1.50E+05 Propane in varying concentrations of CO and propane
1.40E+05 Water -
- 1.30E405 Gas mixture R/Ry
g Anatase 0.006  0.01 0.1
E 1.00E+05 Pt-TiO, Pt-TiO, Pt-TiO&,
9.00E+04 L CO (250 ppm) 0.41 0.41 0.48 0.96
8.00E+04 CO (1000 ppm) 0.26 0.26 0.34 0.88
HRHELG ' ' j ’ : ; Propane (250 ppm)  0.71 0.7 0.83 0.95
. . 7 # W L w Propane (1000ppm)  0.50 0.54 0.68 0.87
time (min) Ro (MQ) 15 0.4 1 0.3
. ) .. teo CO (min) >30 >30 >30 6
Fig. 6. Gas chromatogram showing the products of propane oxidation tgo propane (min) >30 >30 13 75

from exposure to anatase at 6@
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Table 4 but increases markedly in Pt—Y/Ti@80%). The normalized
The normalized resistance change and recovery times of Pt-Y mixed with ragistance changes increase for propane on Pt/Vibereas
anatase to varying concentrations of CO and propane it remains relatively unchanged for Pt-Y/TiOrl'he discus-

Gas mixture RRy sion below focuses on explanation of the trends of sensitiv-
Anatase  10% PLY/TiQ  20% PtY/TiG ity versus reactivity and concludes with a proposed design

and demonstration of a hydrocarbon (propane) sensor that

€O (250 ppm) 0.41 0.7 0.99 shows minimal interference from CO

CO (1000 ppm) 0.26 0.43 0.91 '

Propane (250 ppm) 0.71 0.68 0.77 ] o

Propane (1000 ppm)  0.50 0.49 0.65 4.1. Platinum on titania

Ry (M) 1.5 35 3

too CO (min) >30 8 8 Compared to anatase, Pt/Ti®hows a decrease in base-

too propane (min) >30 7 6

line resistance. Microstructure studies show no evidence of
colloidal Pt in the platinum doped samples, though elemen-

] ] tal analysis clearly demonstrates the presence of Pt.

!ower w!t_h propane as compared to CO. There is a decrease girner et al.[12], found that upon heating PU/THCL 1 0)

in sensitivity to both CO and propane as the amount of gjnge crystals to 1170K in air, the peak for platinum in the
platinum is increased. In addition, there are variations in ypg spectrum broadened and decreased. It was proposed
the baseline resistance among the different samples. For thgn; these lines reflected the formation of platinum oxides
anatase sample, the baseline resistance is aroundSL.5M \\hich were entering into the Tibulk. Under these con-
When platinum is introduced, however, a decrease in resis-gjtions, the diffusion of Pt into the interstitial sites a€¥Pt
tance to<1 Mg is observed. With regards to recovery time, anq p¢+ results in donation of electrons to the conduction

the increase in metal loading leads to faster recovery. band[12]. We observe a decrease in resistance of the anatase
o sample upon heating with Pt colloiddble 3, consistent
3.3.2. Pt-Y/titania mixtures with the electron donation model. This would also clarify

Table 4compares the change in resistance of films made {h¢ gecrease in sensitivity observed in these samples as well
by directly mixing Pt-Y into anatase (the first with 10% (apje 3, because charge injection due to gas oxidation (e.g.
Pt-Y, the second having 20% Pt-Y). The sample which con- ¢ would not cause the same net change in electrons in
tained 10% Pt-Y exhibited a reduced sensitivity with CO, {he anatase had the platinum been absent.
but the propane sensitivity was similar to anatase. Increasing Thus, for the PUTI@ samples, the controlling feature is
the Pt-Y levels to 20% only facilitated this process by nearly e incorporation of Pt into the Ti) which influences the
eliminating any resistance change with CO, while lowering c4rier density and thereby modifies the sensitivity of the re-
the propane response only slightly. In addition, all of the gc(ing gases, although the chemical reactivity of the oxide
samples that used Pt-Y had th.eir recovery times diminishedgrface remains high. Clearly, addition of dopants to con-
for both CO and propane relative to anatase. trol chemical reactivity can have electrical effects and unin-

tended consequences.

4. Discussion 4.2. Systems with Pt—Y and titania

Resistance changes occur in titania when the amount of The microporous Pt-loaded zeolite sample was an alter-
O~ (adg Vvaries. If CO or hydrocarbons react with the ad- nate route to get high levels of Pt into the BiGample,
sorbed surface oxygen species and the products depart, thereith minimal incorporation of Pt into the TiPlattice. As
is a subsequent release of electrons into the bulk material.compared to the anatase samples with baseline resistances
Thus, it would be reasonable to predict that increasing re- of around 1.5 M2, the Pt-Y/TiQ samples had resistance of
activity of CO and propane should lead to greater resis- 3 M€, indicating that Pt incorporation into the TiGrame-
tance changes and increase in sensitivity. In the case ofwork is not occurring. The Pt loading in the zeolite samples
CO oxidation at 600C (Table J), the temperature of resis- was 10wt.%, so the overall Pt in the 20wt.% Pt-Y/7iO
tance measurements, the percent conversion tor€@ains sample is of the order of 2wt.%, considerably higher than
high (~90%) and relatively unchanged between anatase,the 0.1 wt.% Pt/TiQ@ sample. The microporous nature of the
Pt/anatase, and Pt-Y/anatase. However, the normalized rezeolite makes it possible to carry out the high Pt loading.
sistance change®&Rp) approach the value of 1 upon intro-  AlthoughFig. 4 shows that there is Pt on the zeolite surface,
duction of Pt, leading almost to complete loss of sensitivity it is known that significant fraction of the of the Pt is inside
for 0.1wt.% Pt/TiQ and 20 wt.% Pt-Y/Ti@ for 250 ppm the zeolite pore§l3].

CO. Note that closeR/Ry is equal to 1, it is an indication The Pt—Y was mixed directly into the titania at different
that the resistance is unaltered upon exposure to the reducingmounts. The sample which contained 10% Pt-Y in titania
gas. For propane, on the other hand, at8D0the extent of  showed a decrease for CO sensitivities by about a factor of 2
oxidation decreases from anatase (33%) to PYTED%), compared to the anatase sample. The sensitivity to propane;
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Gold Leads Pt-Y Zegolite sensor
Gold leads
zeolite |
=l g | [
—_—
x I k T meter
Ti0, Alumina Quartz it T

(@) Layer Substrate (b) Quartz tube

Fig. 8. Sensor designs incorporating Pt-Y with a titania sensing layer. (a) One device has the Pt-Y layer directly on the titania; and (b) the second has
the Pt=Y as a plug in front of the titania.

however, was not affected much after this addition. When  Final confirmation of the hypothesis is provided by exam-
adding a greater amount of Pt-Y into the titania (i.e. the ining resistance changes of anatase upon direct introduction
20% mix), the sensitivity to CO was virtually eliminated, of H,O vapor as shown ifrig. 9. This system was created
and the propane response was slightly reduced. Thus, it isby exposing the anatase sensor to a dry environment of 5%
evident that in the presence of Pt-Y, a resistance change i90/N, for several hours in order to establish a stable base-
observed in anatase upon introduction of propane, but notline. After this was accomplished, the dry gas was passed
so in case of CO. Chemical studies show that propane isthrough a plug of hydrated zeolite-Y which was heated to
converted to C@and water when Pt-Y is present while CO facilitate the liberation of water. Upon this change, the re-
is oxidized to CQ. The gas molecules can react with Pt on sistance of the sensor dropped significantly and remained
the zeolite surface, but, considering the high internal surfaceat that level for the duration of the water exposure. When
area (~450 nt/g), it is more likely that most of the chemical  the system was reverted to the dry 5%/K, the resistance
reactivity resides within the zeolite. Thus, in the reaction of rose to the original baseline. These resistance changes are
propane, C@and HO formed in/on the zeolite is released consistent with that observed with the propane experiments
and can contact the surrounding anatase. In the case of COwith the devices utilizing Pt-Y.
it is only CQ,. Our previous studies have shown that CO In fact, examples exist in the literature which describe the
does not influence the resistance of titania, and thus it is phenomena associated with water adsorption on metal ox-
not surprising that presence of Pt-Y leads to a total loss of ides and subsequent change in electrical properties. Water
sensitivity for CO. vapor has been noted for its ability to alter sample resistance
We propose that in the Pt—Y/titania system, the resistancein the presence of other gases such as CO angl[C415]
change in the presence of propane is due to the interactionas well as causing a decrease in resistance when introduced
of the reaction product water with the anatase surface. In or-alone[16]. During one study in particular by Giber et al.
der to establish the validity of this hypothesis, we removed [17], GaOs was heated to 923K in a nitrogen atmosphere
the Pt-Y from the anatase and employed it as a plug isolatedand its response to water vapor was studied. It was proposed
spatially from the anatase, as showrFig. 8 The amount that an initial sharp decrease in resistance accompanied the
of zeolite used was 100 mg, resulting in a plug of several adsorption of water on the sample surface due to the follow-
centimetersTable 5compares the sensitivity. There is no ing reaction (1):
sensitivity to CO, but with propane, the signal remained un- o _
changed. From gas chromatography experiments, we knowHZO(gas = H2Oads = H20%@as + € @)
that increasing the amount of catalyst increases propane ox- Other postulates concerning the changes in surface con-
idation. We expect that all the propane is oxidized which duction due to water come from Heiland and K@t8]. The
confirms that the anatase is interacting with the water vapor first mechanism proposes that the liberation of an electron

rather then hydrocarbon gas. occurs when gaseous water adsorbs and causes the forma-
1.60E+07 |

Table 5
The normalized resistance changes of Pt-Y-based sensors to varying,u? 1.40E+07 +
concentrations of CO and propane _g 1 20E+07
Gas mixture R/IRy § 1.00E+07

Pt-Y film on TiQ, 100mg Pt-Y plug b 8.00E+06

2 8.

CO (250 ppm) 1 0.99 2 §.00E+06
CO (1000 ppm) 0.83 0.94
Propane (250 ppm) 0.72 0.66 4.00E+06 y - - T y y \
Propane (1000 ppm) 0.6 0.63 0 500 1000 1500 2000 2500 3000 3500
Ry (MQ) 6 13 time (sec)
tgo CO >20 16.5 ) o
tgo propane 75 9 Fig. 9. Response of anatase titania sensor at°60@ water evolved

from zeolite.
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tion of a hydroxyl group with oxygen coming from the lat- Table 6

tice as in reaction (2) shown for SpO 'I_'he_normalized resist_ance changes_ and recovery times of Pt-Y-based
titania sensors to varying concentrations of CO and propane
Hzo(gag + Sn(|at) + O(|a0 — (HO-SI’Uat)) + O(|at)H+ + e Gas Mixture RRy
(2) Anatase Pt-Y film 100mg  20%
on TiO, Pt-Y Pt-Y/TiO,
In this scenario (HO-SRy) represents a hydroxyl group plug
that is isolated through a linkage to lattice tin, whilgsH™ CO (250 ppm) 0.41 1 0.99 0.99
is group that is made with lattice oxygen. CO (1000 ppm) 0.26 0.83 0.94 0.91
The second mechanism states that the hydrogen atom fronﬁ")p‘"‘”e (250ppm) 071 0.72 066 0.77
. . . ropane (1000ppm ) 0.50 0.6 0.63 0.65
water reacts with the lattice oxygen, and the resulting hy- M) 15 6 13 3
droxyl group binds to tin. The oxygen vacancy produced in t, co (min) >30 >20 16.5 8
this reaction will ionize and produce electrons as shown in tgo propane (min) >30 7.5 9 6

the following Eq. (3)

H20(gas +2SNiay+Oqay — 2(HO-Snjay) + Vo' ' + 2e~ water. This idea can be used to design a selective hydrocar-
3) bon sensor that discriminates against CO. Several designs
are possible. Two of these have already been discussed, the
The mechanism by which the resistance of Fihanges Pt-Y can be mixed into the zeolitEif. 5), it can be applied
upon exposure to water is not yet determined. However, as a filter plug ahead of the sensBig. 8b), and a third de-
spectroscopic studies of the variations in the anatase sursign where Pt-Y is applied directly onto a layer of titania
face during hydration has been studied. Morterra investi- (Fig. 83. Although each of these designs exhibited signif-
gated the changes of a hydrated titania sample during heaicant selectivity of propane over CO, there are differences
treatment under reduced press{i8]. It was reported that  in the sensitivity as is evident from the data summarized in
after a brief evacuation at ambient temperature, nonspecificTable 6
hydrogen bonded species present around 3300 chad Pt-Y as a filter directly onto an anatase surface has a mea-
been mostly removed, while the OH stretching region con- surable effect on the CO response. When examining the CO
tained two distinct regions. The first of these regions, the sensitivity, the response to 250 ppm is almost entirely elimi-
3600-3800 cm! range, was attributed to surface hydroxyl nated by addition of the zeolite layer directly to the substrate.
groups, and the second, between 3350 and 3500 amas The Pt-Y/titania mixture and the isolated plug experiments
assigned to the; andus stretching modes of un-dissociated showed equal efficiency in this process. When increasing the
water. The initial stages of heatin@ (= 420K) caused a  CO content to 1000 ppm; however, we observe a difference.
decrease in the intensity of the 3350-3500¢megion, but When the surface film method is used, the response to CO
no changes were seen in the 3600-3800tseries, which is still present (with a relative resistance change of 0.83),
experienced a complex change of relative intensities. Furtherwhereas in the other two devices, the resistance change is
heating causes the hydroxyl region to develop as many asconsiderably lower (0.91 and 0.94). For propane, all three
seven different peaks, which the author attributes to the het-sensors give comparable results.
erogeneous nature of the polydispersed oxide species. The The isolated zeolite plug eliminates the possibility of the
correlation of spectroscopic properties with sensing behav- interfacial effects from the Pt—Y on the sample surface or

ior needs to be elucidated. mixed into the titania. Another advantage is that by making
the holder holding the Pt-Y narrow, longer pathlengths can
4.2.1. Development of a hydrocarbon sensor be obtained. Thus, for example, with Pt-Y as a plug, the

Based on the above discussion, it is clear that in the pres-CO sensitivity was reduced to 0.94. Comparable amount of
ence of Pt-Y, a resistance change is observed in the case oPt-Y as a filter on the top of the anatase film had a sensitivity
propane, but not so in case of CO, and can be the basis ofof 0.83. The diffusion length of the gas is important. For
a selective hydrocarbon sensor. Upon incomplete combus-example, the CO needed to penetratt00um of Pt-Y in
tion, both hydrocarbons and CO are present, and considerthe samples which had a zeolite layer directly on the sample
able interest exists in detecting hydrocarbons without inter- surface. In comparison, when using the plug configuration,
ference from CO. Most of the strategies in creating selective the filter layer was over 1 cm long.
sensors are to add catalysts to the sensing material that se- FurthermoreFig. 10 shows the transient plots upon ex-
lectively oxidizes interfering gases while leaving the gas of posure of a Pt-Y plug desigrfig. 8b to mixtures of CO
interest relatively unchangg#0,21] From the experiments  and propane. The sensor begins in a background of 5% O
described in this paper, it is obvious that the addition of in a balance of nitrogen. After equilibration was allowed to
platinum to titania while encapsulated in a zeolite enhancesoccur, 250 ppm propane was introduced, and a subsequent
selectivity to hydrocarbons over CO, but not because the drop in resistance followed. CO (250 ppm) was then flowed
hydrocarbon is left unreacted, but due to its conversion to into the reaction vessel in addition to the propane, but the
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2 A0E407 platinum into the metal oxide lattice at high temperatures,
= 220E+07 | resulting in lower baseline resistances and decreased sensi-
;:: 2.00E+07 1 a f tivities. To prevent this electrical effect from occurring in
> 1.80E+07 | the anatase sensor while still utilizing the catalytic abilities
E 1.60E+07 - b ¢ d e of platinum metal, platinum was introduced into zeolite-Y
% 1.40E407 4 in considerably larger amounts and added to the anatase.
4 20E07 | The Pt-Y powder converts CO into G@nd hydrocarbons

1.00E+07 , i i , i ‘ i into CO, and water. Because the anatase sensor is not sensi-

4000 5000 6000 7000 8000 9000 10000 11000 tive to CQ, the devices only showed an electrical response
time (sec) to the water from hydrocarbon oxidation. Thus, a selec-

Fig. 10. The response of a device having a titania sensing layer with a V€ hydrocarbon sensor can be designed with a Pt-zeolite

20mg plug of Pt-Y held before it. The initial conditions were (a) 5% filter.
0,/N3 at 600°C, but then (b) 250 ppm propane was introduced, followed
by (c) the addition of 250 ppm CO, then (d) 1000 ppm CO. Finally (e)
the CO was removed and only the propane remained, then (f) the propane y
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