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Chemisorption of H, and O, and resulting changes in electrical conductance of a typical gas
sensing material, PtPd /TiO,, and thin Pt films on glass are studied and compared. The activation
energy of conduction increases as Pt film thickness decreases. Chemisorption of H, on thin Pt
films causes an increase in conductance and activation energy of conduction. O, chemisorption
results in a decrease in conductance and increase in activation energy of conduction. Alteration in
the number of charge carriers and reduction in charge carrier mobility are the mechanisms
proposed for the observed changes. Compared to thin Pt films, relatively large changes in
electrical conductance are observed upon chemisorption of gases on TiO, supported PtPd. The
role of the oxide substrate in the observed chemical interaction and electronic response is
discussed. The electronic changes upon adsorption/desorption of gases are reversible for thin Pt
films but only partially reversible for TiO, supported PtPd.

1. Introduction

Considerable research efforts have been directed towards the development
of semiconductors as gas sensors for various applications. Titania has been
studied as an oxygen sensor for use in nonequilibrium gas mixtures composed
of combustible gas, O, and N,. Sensors of this type are applied for controlling
the air/fuel ratio in automobile catalytic converters [1,2]. Catalytic additives
such as Pt and Pd are often used to obtain a higher sensitivity in gas sensing
[3,16,17). These metals are generally deposited in form of small particles on
the surface of the TiO, substrate. Typical TiO, substrates consist of sintered
oxide grains connected by thin necks which represent the conductance control-
ling features of the oxide [4]. The correlation between the microstructure of
such sensor materials and their electronic response to gas adsorption is still an
active area of research. Changes of activation energy and/or Fermi energy
level due to chemisorption of gases need to be carefully examined to arrive at
a better understanding of gas sensing materials. The interaction between
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sensor surface and adsorbate gas can lead to changes in electron density, and
an optimum Fermi energy level is necessary to facilitate such electronic effects.
Information about the Fermi energy level can be obtained by in situ electrical
conductivity studies.

Charge carrier transport through discrete, small metal particles has been the
subject of numerous investigations. The electrical conduction mechanism in
thin, discontinuous metal films has been explained on the basis of thermionic
emission and /or activated tunneling [5,6]. For particles separated by less than
8 nm, thermionic emission dominates the electrical conductivity at tempera-
tures exceeding 300 K [5]. Activated tunneling has been proposed as the main
mechanism of conduction at temperatures lower than 300 K [8). It has also
been suggested that a certain number of microparticles must be charged (or
ionized) before tunneling can take place, with tunneling occurring between the
charged and uncharged microparticles. Metal films (<10 nm) are generally
discontinuous and display greatly reduced electrical conductivity [6-8]. Due to
the high surface to volume ratio of such thin films, chemisorption of gases can
strongly influence the electrical conduction. For example, it has been reported
that oxygen chemisorption on thin copper [9] and silver [10] films leads to an
increase in the electrical resistance. Three possible mechanisms for the in-
fluence of oxygen chemisorption on thin copper and silver films have been
considered, namely, (a) decrease in the effective thickness of the film due to
formation of a surface complex, (b) variation in the number of conduction
electrons of the metal, (c) reduction in charge carrier mobility due to increased
scattering at the surface by the presence of adsorbed species [11]. Various
models have been proposed for the interaction between adsorbed species and
conduction electrons of thin metal films with major emphasis on scattering of
electrons by adatoms [12,13]. The concept of chemisorption-induced demetalli-
zation has been of considerable debate between various research groups
[14,15]). Demetallization is the effective decrease in metal thickness due to
localized bonding at the surface. It is conceivable that the demetallization
effect is manifested to a different extent on different properties such as
conductivity. Hall effect and magnetic coupling [15].

Our objectives of this study were to investigate adsorption induced conduc-
tivity changes on glass supported Pt thin films of varying thickness, blank
TiO,, PtPd/TiO,, and to critically evaluate the differences between the three
systems. PtPd /TiO, is studied here as a typical gas sensor and was prepared
so that the metal is in the form of isolated metal islands distributed on the
surface of TiO, powder particles. The results obtained on this gas sensor,
PtPd /TiO,, are then compared with those obtained on discontinuous thin Pt
films on glass substrates. It is important to note that the metal in both systems
is in the form of discrete islands on the underlying substrate material. Due to
the low Pd content in PtPd/TiO, and the similarity of these two metals in
terms of their electronic response to gas adsorption, it is justified to compare
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PtPd/TiO, with monometallic Pt films on glass. The thin film study provides
an understanding of the role of film thickness and metal particle size on
changes in electronic response caused by chemisorption of gases. Comparison
of the adsorption induced electronic response of thin metal films on glass,
which is an insulator, with that of metal supported on TiO, which is an n-type
semiconductor permits an evaluation of the role of the substrate.

2. Experimental
2.1. Sample preparation

Thin Pt films on glass substrates (15 mm X 15 mm) were prepared by using
an Energet electron beam deposition system. Prior to metal deposition, the
glass substrates were carefully cleaned and outgassed. An ultrahigh purity
metal source and high system-vacuum was used to avoid sample contamina-
tion. An average deposition rate of 1 nm/s was used and the film thickness
was continuously monitored. The substrate temperature during deposition was
310 K. Three Pt films with nominal thicknesses of 5, 10, and 20 nm,
respectively, were prepared. In all three cases, the metal was deposited in
forms of discrete islands with increasing average particle size as the film
thickness increased.

PtPd/TiO, was prepared by wet impregnation of blank TiO, powder with
appropriate aqueous precursor metal salt (H,PtCl,, (NH,),PdCl,) solutions
followed by washing, drying and hydrogen reduction steps. The metal content
of the sample was determined by neutron activation analysis as 1.31 wt% Pt
and 0.16 wt% Pd. The BET surface area of blank TiO, and the PtPd/TiO,
sample was measured to be 0.25 + 0.05 m?/g. For conductance measurements,
the TiO, and the PtPd/TiO, powders were pressed into the form of chips, 3
mm X 1 mm.

2.2. Experimental set-up

The samples were mounted in a custom built high vacuum, pyrex glass
chamber. This high vacuum chamber was equipped with quartz-shielded
heating cartridges controlled by an Omega PID temperature programmer with
linear heating ramp and soak programs. This heating method provided radia-
tive heating of the sample without introducing any noise in the electrical
conductivity measurements. The temperature of the film was monitored by a
glass-shielded thermocouple which was located immediately below the sample.
The high vacuum chamber was connected to a static, volumetric chemisorption
system equipped with ion gauge, thermocouple gauge, and solid-state pressure
transducer for monitoring the pressure.
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The samples were connected on all four corners with high conducting silver
epoxy to four Au wires of 0.5 mm diameter which were connected to the
external circuit via high vacuum feed-throughs. Conductivity measurements
were carried out using two diagonally opposite Au contacts and then repeated
with the other two diagonally opposite contacts in order to check for contact
artifacts. A phase-sensitive external circuit consisting of a variable frequency
function generator (Krohn-Hite Model 1600) and lock-in amplifier (Ithaco
Model 393) with high precision resistors was employed. A block diagram of
the external circuit is given in fig. 1. The output from the function generator
and lock-in amplifier, temperature and pressure were continuously monitored
using a computer-controlled eight channel data acquisition system. The lock-in
amplifier monitored the voltage across the sample which was in phase with
that from the function generator and standard resistor. Any out of phase
signal due to capacitance, thermal EMF’s or DC component was thus effec-
tively eliminated. A sine wave of 100 Hz frequency and 10 V amplitude from
the function generator and suitable precision resistors between 10* and 10% Q
were used in the experiments.

After loading the sample, the vacuum chamber was evacuated at room
temperature for four hours. The sample temperature was linearly ramped up
to 523 K with a heating rate of 1.5 K /min under dynamic vacuum and kept at
523 K for an additional four hours. Then, the sample was cooled down to 298
K under vacuum. Following this outgassing treatment, the conductivity mea-
surements were carried out using different combinations of Au contacts. First,
the electrical conductance of the outgassed sample was monitored as a
function of temperature while the sample was kept under dynamic vacuum.
The sample was then exposed to a dose of H, gas at 298 K, so that an
equilibrium pressure of about 800 Pa resulted after 0.5 h. Electrical conduc-

FUNCTION PRECISION l» CONDUCTIVITY

GENERATOR g RESISTOR r* CELL
RAMP MAJ!_

LOCK}IN AMPLIFIER

REF. INPUT  F.P.OUTPUT B. P. OUTPUT
FREQUENCY DATA AMPLITUDE PHASE
OUTPUT ACQUISITION ouTPUT OUTPUT
SYSTEM

Fig. 1. Block diagram showing various components of external circuit for electrical conductivity
measurements.
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tance was then measured as a function of temperature, after allowing 0.5 h for
equilibrium in 800 Pa of H, at each temperature. For each temperature,
conductance was also measured after evacuation of H, for 2 h. Following a
similar procedure, the adsorption of oxygen at a pressure of 800 Pa was
studied on blank TiO,, PtPd/TiO,, and 20 nm Pt film/glass. The pressure
dependence of electrical conductance was not studied in view of the small
surface areas of the samples and the small amounts of gas adsorption on the
samples investigated.

In order to understand the microstructure of the PtPd/TiO, gas sensor,
electron microscopy studies were carried out in a JEOL-100CX TEM /STEM
instrument equipped with a side-entry goniometer stage, an ASID-4D scan-
ning attachment and a lithium-drifted solid-state X-ray detector for elemental
analysis. For data acquisition and analysis, a multichannel analyzer connected
to a ND6620 computer was used. Specimen preparation was done by placing a
droplet of powder suspension in isopropanol onto a copper grid covered with
a porous carbon film. A suitable sampling area was first identified and
photographed in the transmission made and then the microscope was switched
over to the scanning transmission mode for energy dispersive X-ray spec-
troscopy (EDS). A 10 nm electron probe and X-ray counting time of 200 s was
used for EDS. Microdiffraction patterns were obtained by using a condenser
aperture of 20 upm. Camera length calibration was carried out for specific
values of lens current and specimen position using a polycrystalline Au
standard. X-ray diffraction studies were performed in a Philips X-ray dif-
fractometer with monochromatic CuKa as radiation source to gain informa-
tion about the crystal phases and metal particle sizes.

3. Results and discussion
3.1. Electrical conductance of thin Pt films on glass

Fig. 2 shows the conductance of Pt films of varying thickness as a function
of reciprocal temperature in vacuum and upon exposure to H, gas. Also
shown are data concerning O, adsorption on 20 nm Pt/glass. Activation
energies of conductance can be obtained from Arrhenius plots and the
expression

G, = G, exp(—E/kT;) 6y

following the analysis of Hartman [6]. G; is the sample conductance at
temperature 7;, E represents the activation energy and k is Boltzmann’s
constant. For better accuracy in the computation of activation energies, the
data presented in fig. 2 have been normalized with respect to a reference
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Fig. 2. Arrhenius plots representing normalized data of electrical conductance as a function of

reciprocal temperature for thin Pt films on glass. G, and G, are the sample and reference

conductance for a given film corresponding to temperatures 7, and 7, respectively. 5 nm Pt/glass:

T,=351 K, G,=00192 €71 10 nm Pt/glass: T, =347 K, G, = 0.0521 Q~'; 20 nm Pt/glass;
7.=303K, G,=0.1354 Q7.

conductance, G,, of the thin film samples in vacuum, at temperature 7,
following the relations

G, = G, exp(—E/kT,), (2)
G, — 1 1
&-oo| {77 ®

A plot of In (G,/G,) versus (1/7,—1/T;) as shown in fig. 2 permits a
determination of the activation energy of conductance. The results are sum-
marized in table 1. For the vacuum treated Pt films, the activation energy of
conductance decreased with increasing film thickness in agreement with theo-
retical predictions that the conductance of thin discontinuous metal films
should depend exponentially on the reciprocal temperature over a reasonably
large temperature range and that there should be a marked dependence of the
activation energy on film thickness and particle size [8]. The lower conduc-
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Table 1
Activation energies of conductance and temperature coefficients of resistance of thin Pt films on
glass after treatment in vacuum, H,, and O,

Film Activation energy of conductance Temperature coefficient of resistance
thickness  (eV) (£0.001 eV) K H(£05%x107%

(nm) Vacuum H, 0, Vacuum H, 0,

5 0.020 0.031 - 6.6x10~* 13.5x10°* -

10 0.015 0022 - 8.7%x107*  172x107* -

20 0.012 0.029 0.017 10.9%10°* 28.1x107* 15.1x107*

tance and higher activation energy of thin films as compared to bulk metal can
be attributed to the shortened mean free path of electrons due to the limited
thickness and restricted geometry of the metal islands. The activation energy
of conductance in such thin films can be assumed to be independent of
applied electric fields, at least in the limit of small fields of about 10 V/cm.

The temperature coefficients of resistance, a

R—-R, 1
a= R, T-T,’ (4)
of the three Pt films for a temperature range of 373-623 K are also listed in
table 1. The temperature coefficients of resistance are positive, and with
increasing film thickness the value of a increases. However, for all three films
the values of a are significantly lower than the bulk value for Pt of 39.27 x 10™4
K™ [23]

On all three films, adsorption of H, caused an increase in conductance. The
increase can be attributed to charge transfer from chemisorbed hydrogen
atoms to the conduction band of Pt. Hydrogen chemisorption on Pt is known
to decrease the work function of the metal [19] and increase the charge carrier
concentration. Additional evidence for the increase in charge carrier con-
centration due to hydrogen adsorption is provided by the large increase in the
temperature coefficients of resistance, a (see table 1).

However, in spite of an increase in charge carrier concentration, the
activation energy of conductance increased upon H, adsorption on the three
Pt films.For the 5 and 10 nm Pt film, the activation energies increased by a
factor of 1.5, as compared to much larger increase by a factor of about 2.5 for
the 20 nm Pt film. The relative changes in the activation energy of conduc-
tance on each of the three Pt films seem to depend not simply on film
thickness, but in a more complex manner on the details of sample morphology
and surface concentration of adsorbed hydrogen. The increase in activation
energy indicates that reduced charge carrier mobility plays a major role in
influencing the conduction in hydrogen covered thin Pt films.

Thus, two counteracting mechanisms appear to influence the conductance
change induced by hydrogen adsorption: (a) an increase in charge carrier
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concentration due to the donor gas nature of H, and (b) a reduction in charge
carrier mobility due to increased scattering of electrons by adsorbed species.

Adsorption of oxygen, which is an acceptor gas capable of capturing
conduction band electrons and injecting holes into the conduction band of
metals, significantly reduced the conductance of the 20 nm Pt film and
increased the activation energy of conductance (fig. 2, table 1). As in the case
of hydrogen adsorption the increase in activation energy can be attributed to
increased electron scattering by adsorbed oxygen atoms resulting in decreased
charge carrier mobility. The temperature coefficient of resistance, a, increased
by about 50% upon oxygen adsorption.

The gas adsorption induced conductance changes were completely reversi-
ble, and the original conductance and activation energy values of the vacuum
treated films could be restored upon removal of the adsorbed hydrogen or
oxygen species through evacuation at high temperatures.

3.2. Electrical conductance of TiO, and PtPd / TiO,

Prior to investigating the effect of H, and O, adsorption on the electrical
conductance of TiO,, the powders were characterized by X-ray diffraction and
electron microscopy to gain insight into their morphology, particle size distri-
bution, and microstructure. The TiO, support consisted of the rutile phase of
titania, as shown by X-ray diffraction. The PtPd /TiO, sample also contained
the rutile phase of TiO,, and X-ray diffraction gave characteristic peaks for Pt.
No X-ray peaks attributable to Pd were observed which is not surprising in
view of the low Pd metal loading. From Scherrer’s equation for X-ray line
broadening of the Pt(111) peak, corrected for instrumental contributions, an
average Pt metal particle size of 29.8 nm was calculated. This metal particle
size is in qualitative agreement with the volumetric average metal particle size,
d, = 38.2 nm obtained from transmission electron microscopy according to the
equation

4
- Zn,d,3 ’ (5)
Xn,d;
where d; represents the diameter of a given metal particle, and n; the number
of particles within a given size range d,. A representative bright field transmis-
sion electron micrograph of PtPd/TiO, is shown in fig. 3 and the metal
particle size distribution obtained from several such micrographs is given in
fig. 4. Fig. 4 also indicates the number average particle size, d,,, and surface
average particle size, d,, calculated by using
2n;d;
do= (6)
Tn,d}
Tnd?’

d, (7
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14 nm

Fig. 3. Bright field transmission electron micrograph of PtPd/TiO,.

The elemental composition of small sample regions was determined by
energy dispersive spectroscopy (EDS) where the electron beam is focused onto
a region of interest, and the energy of the emitted X-rays is analyzed. This
technique allows to distinguish between sample regions containing metal and
metal-free regions containing only the TiO, substrate. It is also possible to
focus the beam onto an individual metal particle and to qualitatively de-
termine the elemental composition. The low X-ray counts achieved from
individual, small metal particles preclude a statistically significant quantitative
analysis.

Scanning the electron beam over regions of low contrast in PtPd/TiO,
resulted in strong X-ray signals for titanium. Focusing the beam on regions of
high contrast, about 10 nm in diameter, showed the presence of Pt and Pd.
Most of the metal particles examined by EDS contained both Pt and Pd. Figs.
5 and 6 show two typical EDS spectra from the sample PtPd /TiO,. Microdif-
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Fig. 5. EDS spectra of PtPd /TiO, showing the presence of Pt and Pd in a single particle (size = 8
nm). Cu peaks in the spectra arise from the grids used to support the specimen.

fraction patterns of individual metal particles were obtained in order to gain
structural information. Ring patterns were observed from metal particle free
regions and were attributable to the rutile phase of TiO, (fig. 7a). Microdif-
fraction patterns from metal particles showed the presence of Pt—Pd (fig. 7c)
and Pt particles (figs. 7b, d and e). The metal particles were randomly aligned
on the oxide substrate with different planes exposed on the surface. Some
particles showed multiple twinning (fig. 7f). The structural details of PtPd /TiO,
show that the metal is present in the form of discrete islands.

The electrical conductance of oxide samples with and without surface
additives has been investigated by a number of researchers for example,
Morrison [18,20], and Herrmann {21,22]. The measurement of relative conduc-
tance changes of a pressed pellet as a function of temperature permits the
determination of the Fermi energy of the metal-containing sample relative to
the conduction band minimum of blank TiO,. Following previous work by
Morrison [20], the conductance in such systems can be analyzed by the
expression,

G=M‘f(A)g(d)eNcexp[_(Ecs_EF)/kT]’ (8)
where p is the electron mobility, f(A) and g(d) are geometric factors
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Fig. 6. EDS spectra of a metal free region showing Ti signals only. This is an indication for the
presence of metal in the form of discrete islands.

determined by the mean contact area between the grains, 4, and the grain
diameter, d, e represents the electronic charge, N, is the effective density of
states in the conduction band, E_ represents the conduction band minimum
of TiO,, and E is the Fermi energy of the oxide or surface additives. The
geometric factors f(A) and g(d) are assumed to be temperature insensitive
and are lumped together with other terms in a preexponential factor G,. Thus,

G, = G, exp[ —(E, — Eg)/kT;]. (9)

Energetic quantities can be determined on powders in good agreement with
single crystal results and do not appear to be controlled by grain boundary
effects [21].

For TiO, the band gap is reported to be 3.02 eV {22]. An Arrhenius-type
plot of conductance G versus inverse temperature was used to determine the
difference between E_. and Eg for both the blank TiO, chip and the
PtPd/TiO, sample. For blank TiO,, the Fermi energy level, E¢, was found to
be 0.3763 eV below the conduction band minimum of TiO,, while the presence
of Pt and Pd as surface additives narrowed the difference between the
conduction band minimum of TiO, and the Fermi energy level to 0.0457 eV.



A.G. Shastri, J. Schwank / Adsorption-induced conductance changes of Pt films 353

Fig. 7. Electron microdiffraction patterns obtained from different regions of PtPd/TiO, sample:

(a) metal free region, showing ring pattern of rutile, (b) 16 nm particle showing Pt fcc [100]

pattern, (c) 10 nm particle showing Pt—Pd alloy formation, fcc zone axis [111], (d) 12 nm particle

showing Pt [111] zone axis pattern, (¢) 14 nm particle showing Pt [112] zone axis pattern, (f) 8 nm
Pt particle showing multiple twinning, Pt zone axis (111].
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Fig. 8. Arrhenius plots representing normalized data of electrical conductance as a function of

reciprocal temperature for PtPd/TiO, and blank TiO,. G; and G, are the sample and reference

conductance for a given film corresponding to temperatures 7, and 7,, respectively. For

PtPd/TiO,: T,=373 K, G,=1.585x10"> £~ 1. For blank TiO,: T,=373 K, G, = 6.46x10~°
Q-1

The addition of metal results in more pronounced n-type behavior of TiO,.

In this analysis, the absolute conductance is not an important parameter,
and the Fermi energy level shifts are obtained simply from changes in the
slopes of the Arrhenius plots. This treatment effectively eliminates the prob-
lems associated with grain boundaries and variable contact areas in pressed
powders. The analysis is only valid, however, if the powders have sufficient
bulk conductance, and if the surface state density is not a strong function of
temperature. The latter condition precludes the use of this method for the
study of adsorbed species.

To investigate the effect of gas adsorption on conductance as a function of
temperature, Arrhenius plots of conductance versus reciprocal temperature
were plotted (fig. 8). As in the case of the thin Pt films, the conductance data
were normalized with respect to a reference sample conductance, G,, measured
under vacuum at a reference temperature, 7,.

From the slopes of the Arrhenius plots, apparent activation energies of
conductance were determined. Temperature coefficients of resistance, were
obtained according to eq. (4). The results are summarized in table 2.

While exposure to H, increased the conductance of blank TiO,, it did not
significantly change the apparent activation energy. The effect of H, seemed
to be completely reversible, as the conductance of the blank TiO, could be
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reproduced following evacuation. The increase in conductance might be re-
lated to the formation of surface hydroxyl groups resulting in a release of
electrons to the conduction band [21,22]). The temperature coefficient of
resistance was negative for both the vacuum treated as well as for H, treated
TiO,.

Exposure of blank TiO, to O, resulted in a drastic decrease in conductance,
approaching that of insulators. The temperature coefficient of resistance
changed sign and became positive. The overall decrease in conductance can be
attributed to a filling of anionic vacancies in the TiO, by slowly diffusing
oxygen. This process is activated, and the diffusion of oxygen will be faster at
elevated temperatures. Thus, at higher temperatures, a more efficient filling of
vacancies takes place, and the insulator-like behavior of TiO, is emphasized.
The apparent “positive temperature coefficient of resistance” is the result of
the temperature dependence of the diffusion coefficient of oxygen in the solid.

Impregnation of TiO, with Pt and Pd led to an increase in conductance by
several orders of magnitude. At 373 K, the reference conductance, G,, of blank
TiO, was 6.46 X 107 @1, while the PtPd /TiO, chip had a reference conduc-
tance of 1.585x107% Q1. Since both chips were pressed under identical
conditions, starting from powder with identical grain size, it is highly unlikely
that differences in contact area and grain boundary effects alone could
account for such large differences in the reference conductance. However, it
needs to be emphasized that the objective of this study was to measure relative
changes in conductance due to gas adsorption, rather than determining
absolute values of sample conductance.

Percolation of charge carriers through metal particles on the TiO, surface
does not seem to be the dominant cause of the observed increase in conduc-
tance.

The metal was present on the semiconductor in the form of discrete islands
rather than of a coherent layer completely wetting the support via
Stranski-Krastanov growth mechanism. The evidence for this comes from
electron microscopy and microdiffraction. Transmission electron microscopy
(fig. 3) showed the presence of metal particles as regions of high contrast, and
X-ray energy dispersive spectroscopy (EDS) indicated patches of TiO, which
were metal free (fig. 6). Microdiffraction from different regions also indicated
the presence of metal free areas (fig. 7a).

The electronic equilibrium at the metal /semiconductor interface is depen-
dent on the relative work function differences between discrete metal islands
and the underlying support. Whereas for reduced TiO, (x <2) with a work
function ¢ = 4.6 eV [25] the direction of electron transfer is from the semicon-
ductor to the metal (¢pp, = 5.36 eV) [26], (¢py = 4.8 eV) [23], oxidized TiO,
(¢ = 5.5 eV) [22] tends to inject holes into the metal conduction band. Thus, it
is possible to have localized regions with opposite charge transfer characteris-
tic depending on the nature of the metal /semiconductor interface. Chemisorp-
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tion on metallic sites would lead to a disruption of the localized equilibrium as
it affects the metal work function. In this study, the dissociative chemisorption
of H, on the metallic sites of PtPd/TiO, caused a drastic increase in the
conductance (fig. 8). This large increase in conductance as compared to thin Pt
films on glass (fig. 2) cannot be accounted for by just a charge transfer from
hydrogen adatoms to the metal conduction band. The most probable mecha-
nism for this large change in conductance is the spillover of atomic hydrogen
from metal sites to the semiconductor and formation of hydroxyl groups with
release of free electrons to the conduction band of TiO,. Such a mechanism
has been postulated by Herrmann and Pichat in their study of strong metal
support interaction in the Pt/TiO, system [21,22]. Desorption of hydroxyl
groups as H,O by combination with atomic hydrogen leaves an anionic-
vacancy-rich surface. Consequently, the conductance change during the H,
adsorption—desorption cycle was not completely reversible for the PtPd /TiO,
catalyst in contrast to thin Pt films on glass where the conductance change was
completely reversible in H, adsorption/desorption cycles.

The temperature coefficients of conductance, a, of vacuum treated and
hydrogen exposed PtPd/TiO, were negative (table 2), characteristic for an
activated process of charge carrier conduction and a further argument against
percolation of charge carriers through the metal particles. The latter process,
as seen for thin, discontinuous Pt films on glass (table 1) would lead to
positive values of a. After adsorption of H, on PtPd/TiO,, the value of «
became more negative and did not return to its original value upon evacuation
(table 2). This behavior was in marked contrast to that of blank TiO, where
the opposite trend was observed after exposure to H, and where evacuation
restored the initial value of a.

Exposure of PtPd /TiO, to O, caused a large decrease in conductance which
can be attributed to the filling of anionic vacancies in the semiconductor and
hole injection in the metal bands (fig. 8, table 2). Particularly noteworthy is the
massive change in the temperature coefficient of conductance, a, from a value
of —13.6 X107 K™! for vacuum treated PtPd /TiO, to a positive value of
103.5 X 10™* K~ upon exposure to oxygen. As in the case of blank TiO,, this
phenomenon can be explained by the temperature dependence of oxygen
diffusion, and the filling of anionic vacancies.

Fig. 9 shows the time response of conductance change observed on vacuum
treated PtPd/TiO, upon exposure to either H, or O, at a temperature of 523
K. Exposure to 800 Pa of H, caused a rapid increase in conductance within
the first minute. Keeping the chip exposed to H, for an additional period of
11 min did not result in any further change in conductance. Removal of H, by
evacuation decreased the conductance slowly, without reaching the original
value of conductance prior to exposure to H, gas. At lower temperature
(<423 K) the conductance change was found to be reversible. The fast initial
response to H, exposure and the lack of complete reversibility of the conduc-
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Fig. 9. Time response of conductance change for PtPd /TiO, sample at 523 K for H, and O,
chemisorption and desorption.

tance change in adsorption /desorption cycles at higher temperatures indicates
that not only the metal, but also the TiO, substrate must be involved in the
adsorption process. It is well known that metals such as Pt adsorb hydrogen
dissociatively. At higher temperatures, atomic hydrogen generated on the
metal sites becomes mobile and spills over onto the oxide substrate, where it
can form hydroxyl groups at the metal /oxide interface. These hydroxyl
groups, once formed, are difficult to remove by evacuation, in contrast to
chemisorbed hydrogen which can easily be desorbed from metal sites by
evacuation at elevated temperatures.

The time response of vacuum treated PtPd/TiO, to oxygen adsorption was
comparatively slow. In contrast to hydrogen exposure, where the conductance
quickly reached a final value, the conductance decreased steadily for more
than ten minutes and recovered slowly upon evacuation. The slower response
to O, exposure can be explained in terms of slow diffusion of oxygen into the
TiO, lattice resulting in the filling of anionic vacancies. Evacuation reverses
the process and slowly recreates these anionic vacancies.

In comparison to the Pt films on glass substrates, much larger changes in
conductance upon gas chemisorption were found in the PtPd/Tio, sample.
Both systems contain discrete metal islands, and the much more pronounced
response to gas adsorption of the PtPd/TiO, system indicates that the TiO,
semiconductor participates in chemisorption, thereby contributing to signifi-
cant changes in charge carrier transport.
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4. Conclusions

Thin Pt films supported on glass substrates and PtPd/TiO, were investi-
gated for the influence of chemisorption on charge carrier transport. Under
vacuum, the activation energy for conduction was found to increase as the Pt
film thickness decreased and the temperature coefficients of resistance of these
thin films were less than that of bulk metal [23]. The low temperature
coefficient of resistance of these thin Pt films is due to the small size of Pt
particles resulting in shortened mean free path of electrons. H, chemisorption
on thin Pt films caused an increase in the electrical conductance due to
injection of electrons into the metal conduction band. The activation energy
for conduction was found to increase as a result of H, chemisorption via
reduced charge carrier mobility by scattering of conduction band electrons due
to adsorbed species. The increase in activation energy for conduction upon
chemisorption of H, was found to be more pronounced for thicker (> 10 nm)
films. This indicates that a higher concentration of adsorbed atoms on thicker
films leads to a higher charge carrier scattering, and consequently to more
severe reduction in the mobility.

In contrast to the relatively small changes in the conductance of thin Pt
films upon H, chemisorption, large variations in the conductance were found
for PtPd/TiO,. This large change in conductance is believed to be due to the
spillover of atomic hydrogen from metal to the semiconductor. The metal
Fermi energy level was found to be close to the conduction band minimum of
TiO, (0.046 V) permitting a rapid exchange of electrons on the metal /semi-
conductor interface. Thus, any surface reactivity on the metal had an influence
on the surface state energy levels of the semiconductor and vice versa. The
long-range percolation of charge carriers through discrete metal islands was
not a dominant factor.

The conductance change of PtPd/TiO, upon chemisorption of H, was
found to be reversible at lower temperatures (<423 K). At higher tempera-
tures (> 423 K) the conductance change due to chemisorption became increas-
ingly irreversible during adsorption/desorption cycles as spill-over hydrogen
formed hydroxyl groups on the TiO, surface which desorbed as water leaving
behind a vacancy-rich surface. Oxygen adsorption led to a filling of vacancies
in TiO, resulting in an insulator-like behavior.
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