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ABSTRACT: We prepared PdO nanoﬂake thin ﬁlms by reactive
sputter deposition and studied their gas-sensing response to CO at
temperatures below 250 °C. The PdO thin ﬁlm, which has a large
open surface area allowing for rapid and extensive CO adsorption,
exhibits a complicated CO sensing behavior. At temperatures below
150 °C, the electrical conductance of the thin ﬁlm drops upon the
exposure of the CO/dry air gas mixture. The CO sensing mechanism
in this temperature range is described by the oxygen ionosorption
model. At 150 °C, oscillatory response occurs when the CO
concentration is larger than 2000 ppm. The oscillatory response is
due to the reactivity switching between the PdO reduction and
reoxidation reactions. In addition, the PdO thin ﬁlm shows a rapid
increase in the conductance before and after the oscillatory response
regime. The conductance increase is ascribed to the positive charge accumulation at the interface between the PdO thin ﬁlm and
metal Pd nanoislands, which are formed during the PdO reduction. At temperatures higher than 150 °C, the conductance drops
when the PdO thin ﬁlm is exposed to CO. Besides the ionosorption model, the oxygen vacancy model is used to account for the
CO sensing response of the thin ﬁlm in the high-temperature range. On the basis of the inverse change in the CO sensing
sensitivity at 150 °C, a CO sensor of high selectivity, which integrates two PdO sensing elements operating independently at 150
°C and a lower temperature, is proposed.

1. INTRODUCTION
Carbon monoxide (CO) is a colorless, odorless, tasteless, toxic
gas. CO emission typically results from incomplete combustion
of hydrocarbons and is one of the major gases released at the
initial stage of ﬁre incidents.1 Because CO molecules have a
higher aﬃnity for human blood hemoglobin than oxygen
molecules, unintentional inhalation of a trace amount of CO
may lead to lethal accidents. Therefore, eﬀective and reliable
monitoring of trace CO gas is important to avoid such
unfortunate accidents due to the CO poisoning. Many kinds of
CO gas sensors have been developed for this purpose, including
aqueous and nonaqueous electrolyte gas sensors,2 optical gas
sensors,3−5 and oxide semiconductor gas sensors.6−18 Among
these sensors, oxide semiconductor sensors have been the most
widely studied because of their higher sensitivity, faster
response, better stability, and lower maintenance costs.19
Both n- and p-type oxide semiconductors have been explored
for gas sensor applications. However, n-type oxide semiconductors, such as TiO2,6,7 ZnO,8−11 and SnO2,12−15 receive
much more attention than p-type oxide semiconductors, such
as CuO16 and Co3O4.17,18
The gas-sensing behavior of oxide semiconductors is
generally described by the oxygen ionosorption model and
the oxygen vacancy model.20,21 The former model is based on
the charge transfer between adsorbed oxygen molecules and
oxide semiconductors, which results in the formation of anionic
oxygen adspecies, such as superoxide (O2−) and peroxide
(O22‑) ions. The charge transfer eﬀect leads to the development
© 2013 American Chemical Society

of a space charge region on the oxide surface and thus the
change in the electrical conductivity of the semiconductors.22,23
When an oxide semiconductor is exposed to a reducing gas,
such as CO and H2, the depletion of oxygen adspecies due to
interactions with the reducing gas can restore the conductivity
of the oxide semiconductor. In the oxygen vacancy model,
reducing gases directly interact with the oxide lattice at high
temperatures, producing oxygen vacancies and thus increasing
the free electron concentration in the oxide semiconductor.24,25
As far as low-temperature gas sensing is concerned, the
ionosorption model is more appropriate for the description of
the gas-sensing behavior of oxide semiconductors. Because ptype oxide semiconductors are apt to adsorb oxygen,26−28 they
should be a sensitive sensor for the detection of reducing gases
at low temperatures.
In the study, we prepared PdO nanoﬂake thin ﬁlms on a
SiO2/Si substrate and studied its gas-sensing response to CO at
temperatures below 250 °C. PdO is a p-type oxide semiconductor with a band gap around 2.2 eV29 and has stable
chemical properties and high thermal stability. Molecular
oxygen can form relatively strong binding states on PdO.30
Hence, the gas-sensing behavior of PdO at low temperatures
can be properly described by the ionosorption model. We
believe that PdO must have a sensitive response to CO
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adsorption because of its active role in the Pd oxidation
reaction with reducing gases. Palladium has been widely used as
the catalyst for low-temperature oxidation of CO and
hydrocarbons. Although a conclusive reaction mechanism is
still not available for the catalytic CO oxidation using Pd as the
catalyst, many studies suggest that PdO is the active phase in
the catalytic reaction.31,32 According to this study, the PdO thin
ﬁlm exhibits diﬀerent sensing behaviors toward CO in diﬀerent
temperature ranges. Most interestingly, an oscillatory sensing
response was observed to occur at 150 °C in the CO/dry air
gas mixture; the oscillatory response is related to the
occurrence of the alternating PdO reduction and reoxidation
reactions.

3. RESULTS AND DISCUSSION
The as-deposited PdO thin ﬁlm has a morphology of
interconnecting nanoﬂakes, and the thin ﬁlm sustains its
nanoﬂake feature after thermal annealing at temperatures up to
500 °C. Figure 1 shows SEM images of a PdO nanoﬂake thin

2. EXPERIMENTAL SECTION

Figure 1. SEM images of the PdO nanoﬂake thin ﬁlm thermally
annealed at 400 °C for 2 h: (a) the tiled-view and (b) the crosssectional images.

2.1. Preparation of PdO Nanoﬂake Thin Films. PdO
nanoﬂake thin ﬁlms were deposited on the SiO2/Si substrate by
reactive sputter deposition at room temperature. The palladium
target with a purity of 99.99% was 2 in. in diameter. The PdO
deposition was performed with a gas mixture of argon (20
sccm) and oxygen (20 sccm) at a working pressure of 9 × 10−3
Torr and the rf power of 50 W. The as-deposited thin ﬁlm was
annealed in an atmospheric furnace at 400 °C for 2 h. The
surface morphology of the PdO nanoﬂake thin ﬁlm was
examined by scanning electron microscopy (SEM) (JEOL JSM6500F), and the chemical composition was characterized by Xray photoelectron spectroscopy (XPS) (thermo VG 350) with
the Mg Kα X-ray source. The XPS spectra presented in the
study have been calibrated with the Pt 4f7/2 binding energy.
The XPS spectrum curve ﬁtting was performed using the
Shirley background subtraction method and assuming a
Gaussian and Lorentzian peak shape. The microstructure of
the thin ﬁlm was analyzed by transmission electron microscopy
(TEM) (JEOL JEM-3000F) and an X-ray diﬀractometer
(XRD) (Bruker AXS D8) using the Cu Kα radiation.
2.2. CO Gas Sensing Measurement of PdO Nanoﬂake
Thin Films. For gas-sensing experiments, the PdO thin ﬁlm
specimen was cut into a size of 2 × 1 cm2. Both ends of the
specimen were coated with conductive silver paste as the
electrodes, leaving an open area of 1.5 × 1 cm2 for the gassensing test. The specimen was then dried in an oven at 60 °C
for 2 h to remove volatile impurities in the paste. The CO-gassensing experiment was conducted at the atmospheric pressure
in a stainless steel chamber. Because PdO absorbs visible light,
the test chamber was shielded from light to avoid the
generation of photocurrent. The dry air was used as the
reference gas and the CO source was a gas mixture of 1% CO
and 99% dry air. The CO concentration for the sensing
experiment was adjusted by varying the volume ratio of the dry
air and the CO gas mixture using mass ﬂow controllers. The
CO gas mixture was conducted into a mixer to enhance the gas
uniformity before it was introduced into the test chamber.
During the gas-sensing test, the total ﬂow rate of the CO gas
mixture and the reference gas was maintained at 200 sccm. The
change in the conductance of the PdO thin ﬁlm upon the CO
exposure was monitored by a Keithley 237 source-measure unit.
The samples were biased at 1 V during the sensing test. A
pristine PdO specimen was used for each separate sensing test
so that the sensor specimens had similar surface properties for
every test.

ﬁlm thermally annealed at 400 °C. The nanoﬂakes have a
height of approximately 140 nm and a length smaller than 150
nm. From the tilting SEM image, PdO nanoﬂakes on the thin
ﬁlm are partially transparent, indicating an extremely small
thickness. A rough estimation from the SEM image gives a
thickness of 15−20 nm for the nanoﬂakes. XPS spectra reveal
that PdO is the only chemical state on the surface of the PdO
thin ﬁlm. X-ray diﬀraction analysis shows that the nanoﬂake
thin ﬁlm is well-crystalline after thermal annealing at 400 °C, as
indicated by characteristic peaks of the PdO tetragonal lattice
structure (not shown). Because of the ultrathin thickness of the
nanoﬂake, the space charge region induced by O2 adsorption
can occupy most volume of the nanoﬂake, resulting in a very
sensitive change in the electrical conductivity of the ﬁlm.
Moreover, the PdO nanoﬂake thin ﬁlm has an open surface
with a large area, and gas adsorption on the thin ﬁlm should be
extensive and rapid, thereby enhancing the gas-sensing
performance. In the following discussion about gas-sensing
experiments, a PdO thin ﬁlm annealed at 400 °C was used as
the test sample.
Figure 2 shows the gas-sensing response of the PdO thin ﬁlm
at 50 °C as a function of the measurement time for diﬀerent
CO concentrations. Each current−time proﬁle was obtained by
periodically exposing an as-prepared PdO sample to the CO/
dry air gas mixture. From Figure 2, the PdO thin ﬁlm shows
little sensing response at 50 °C to the gas mixture with a CO
concentration smaller than 250 ppm. However, when the CO
concentration reaches 500 ppm and higher, the sensing current
rapidly drops upon the introduction of the CO gas mixture.
The current decrease suggests a reduction in the majority
carrier concentration of the p-type PdO thin ﬁlm. The PdO
thin ﬁlm had little change in the chemical state after the
exposure of the CO/dry air mixture according to XPS analysis
(not shown). In other XPS experiments to be discussed later,
Pd maintained its oxidation state after the PdO thin ﬁlm was
annealed in a gas mixture of 1% CO and N2 at 90 °C. We thus
believe that the drop in the sensing current must result from
interactions of CO adspecies with adsorbed oxygen, but not
with the PdO surface lattice. It has been reported that
molecularly chemisorbed O2 on the PdO(101) surface plays an
active role in the oxidation of adsorbed CO.30 In a study on CO
adsorption on the PdO(100) surface based on density
functional calculations, Hirvi et al. suggested that adsorbed
oxygen molecules may react with CO adspecies at relatively low
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the CO exposure, and most of the adspecies, including CO and
oxygen, are likely to retain their adsorption structure on the
surface of the PdO thin ﬁlm at 50 °C. However, weakly
adsorbed CO molecules may eventually be desorbed from the
PdO surface, leaving free sites for oxygen readsorption, which
in turn increases the majority carrier concentration of the ptype oxide thin ﬁlm. Thus, the observed slow increase in the
recovery current can be ascribed to the desorption of weakly
adsorbed CO molecules. CO exhibits diﬀerent adsorption
strength on various PdO planes. For example, CO has a very
weak adsorption energy on the PdO(100) surface (−0.03 eV),
while it is strongly bound on the PdO(101) surface with an
adsorption energy of −1.46 eV.33 Because of the irregular
shape, the PdO nanoﬂake must have various orientations and
defects on the surface, and hence, there should be many
diﬀerent CO adsorption states on the PdO thin ﬁlm with
diﬀerent adsorption strengths. In the case of the low CO
exposure, most CO adspecies should be strongly bound on
PdO adsorption sites, but some may still be weakly adsorbed on
the surface. When thermally annealing the 500 ppm COexposed PdO thin ﬁlm in air at 100 °C for 15 min, we found
that the conductance of the thin ﬁlm was nearly restored to the
initial value, implying that strongly bound CO adspecies can
also be desorbed from the PdO thin ﬁlm at high temperatures.
This observation is consistent with the experimental result for
CO gas sensing at 100 °C, which will be discussed later. On the
basis of the successive reduction in the conductance at each
exposure cycle, we believe that CO adsorption on the PdO thin
ﬁlm is more favorable than oxygen adsorption in the lowtemperature regime. Without a faster adsorption kinetics, CO
adsorption on the PdO thin ﬁlm can hardly compete with O2
adsorption because CO in the gas mixture has a much smaller
concentration than oxygen.
For samples exposed to a gas mixture with the CO
concentration larger than 500 ppm, the sensing behavior is
similar to that with the 500 ppm CO gas. However, they have a
larger and more rapid conductance drop when CO gas is
introduced and show a higher increase rate of the recovery
current. At higher CO concentrations, more PdO surface sites
can be occupied by CO adspecies because of the concentration
equilibrium established between the CO gas phase and the
adsorption phase. As a consequence, the high CO exposure
results in a rapid drop in the conductance of the thin ﬁlm.
When the CO gas is switched oﬀ, a signiﬁcant amount of
weakly adsorbed CO molecules leave from the oxide surface
because of their small adsorption energy, leading to the
observation of the large increase rate of the recovery current.
However, the recovery current never returns to the initial
current level; the saturation current at the ﬁrst exposure cycle is
87% and 79% of the initial value for the 1000 and 2000 ppm
CO exposures, respectively. The reduced conductance indicates
that the majority of PdO surface sites are steadily occupied by
CO adspecies at 50 °C after the CO gas ﬂow stopped.
Figure 3 shows the CO sensing response of the PdO thin
ﬁlm at diﬀerent temperatures using the 2000 ppm CO gas
mixture. In the temperature range between 25 and 100 °C, the
PdO thin ﬁlm has a steeper conductance drop at higher
temperatures in response to the CO exposure. The current
drop at 100 °C exhibits an exponential decay behavior, which is
not obvious at lower temperatures. It is likely that a surface
reaction similar to that occurring at 25 and 50 °C is kinetically
favored at 100 °C; the reaction can quickly consume O2−
adspecies and thus lead to the rapid drop in the conductance.

Figure 2. The CO sensing current of the PdO thin ﬁlm as a function
of the test time, which was exposed to the gas mixture of diﬀerent CO
concentrations at 50 °C: (a) 250 and 500 ppm, (b) 1000 ppm, (c)
2000 ppm, and (d) 4000 ppm. The downward and upward arrows
indicate the times when the ﬂow of the CO gas mixture is opened and
closed, respectively.

temperatures, leading to the formation of stable carbonate
species.33 According to the oxygen ionosorption model, oxygen
adsorption on an oxide semiconductor at temperatures below
150 °C results in charge transfer between adsorbed oxygen
molecules and the semiconductor, forming O2− anionic
adspecies and creating an electron-depleted zone in the surface
layer of the semiconductor. The electron-depleted zone
decreases the majority carrier concentration of n-type oxide
semiconductors. In contrast, oxygen adsorption on p-type
oxides creates an accumulation zone, thereby increasing the
electrical conductance of the oxide. If the ionosorption model
holds for the PdO thin ﬁlm, the developed accumulation zone
should occupy a large volume portion of the thin ﬁlm because
the PdO nanoﬂake is extremely thin. In consequence, the O2−
adsorption should greatly increase the conductance of the PdO
thin ﬁlm. On the other hand, CO oxidation with O2− can
decrease the coverage of the anionic adspecies on the PdO thin
ﬁlm, resulting in the diminution of the accumulation zone and
thus an obvious drop in the sensing current. Moreover, CO is
generally regarded as an electron donor on metal oxides.34
Negative charge transfer from adsorbed CO molecules to the
PdO thin ﬁlm can reduce the hole concentration of the oxide,
further decreasing the conductance.
The PdO thin ﬁlm exhibits a stepwise drop in the
conductance at each exposure cycle of the 500 ppm CO gas
mixture according to Figure 2. The stepwise conductance drop
implies that the coverage of CO-related adspecies on the PdO
surface increases by each CO exposure cycle, resulting in the
successive decrease in the conductance. When the 500 ppm CO
gas ﬂow is closed, the measured current increases at a very slow
rate to a saturation level that is lower than the initial value of
each corresponding CO exposure cycle. We shall thereafter
refer to the measured current after the stop of the CO gas ﬂow
as the “recovery current”. In another experiment that
monitored the recovery current for more than 1 h after the
500 ppm CO exposure of 15 min, the saturation current was
about 92% of the initial value before the exposure. For a longer
CO exposure, the saturation value becomes lower. The lower
conductance than the initial value suggests that the original
surface condition of the PdO sensor cannot be restored after
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Figure 4. The relative CO sensing current of the PdO thin ﬁlm at 150
°C for diﬀerent CO concentrations of (a) 1000 ppm, (b) 2000 ppm,
and (c) 4000 ppm and (d) an enlarged time zone for the 4000 ppm
CO gas mixture. Each CO sensing test comprises three CO exposure
cycles, but only the ﬁrst cycle is shown. The enlarge time zone shown
in part d is in the second exposure cycle for the 4000 ppm CO gas
mixture.

consumed. Because the metal Pd phase can be quickly
reoxidized in the dry air at 150 °C, ex situ XPS analysis cannot
reveal the presence of the metal state after the CO-gas-sensing
experiment. To investigate if metal Pd can be formed at 150 °C
as a result of PdO reduction by CO, we performed temperature
programmed desorption (TPD) for a CO-adsorbed PdO thin
ﬁlm in a vacuum system with the base pressure of 1 × 10−6
Torr. The PdO nanoﬂake thin ﬁlm was exposed to a gas
mixture of 1% CO and N2 at 5 × 10−4 Torr at room
temperature. The TPD spectrum in Figure 5 shows an
asymmetric CO2 desorption peak spanning a temperature
range between 110 and 150 °C, suggesting that PdO reduction
by CO is likely to occur at temperatures higher than 110 °C. In
addition, both XPS and TEM analyses show the formation of
metal Pd on the PdO thin ﬁlm that was thermally annealed at
110 °C in a gas mixture of 1% CO and N2 at 10 Torr. Figure 6a

Figure 3. The CO sensing current of the PdO thin ﬁlm exposed to the
2000 ppm CO gas mixture at diﬀerent temperatures: (a) 25 °C, (b) 50
°C, (c) 100 °C, (d) 150 °C, (e) 200 °C, and (f) 250 °C. The
downward and upward arrows indicate the times when the ﬂow of the
CO gas mixture is opened and closed, respectively.

The increase in the recovery current at 100 °C is much more
rapid than at 25 and 50 °C, and the conductance almost returns
to the initial level of the as-prepared PdO thin ﬁlm, indicating
that the chemical modiﬁcation on the PdO surface by the CO
exposure is insigniﬁcant. As discussed previously for the CO
sensing at 50 °C, the conductance increase of the PdO thin ﬁlm
after the stop of the CO gas ﬂow is due to the desorption of
weakly adsorbed CO from the PdO surface. At higher
temperatures, both weakly and strongly bound CO adspecies
can be desorbed eﬀectively from the PdO thin ﬁlm, leaving a
CO-free surface. Oxygen readsorption can then take place on
the entire surface of the PdO thin ﬁlm in the dry air, thus
restoring the conductance of the thin ﬁlm nearly to the initial
level.
At temperatures around 150 °C, the PdO thin ﬁlm exhibits
an oscillatory sensing response to CO, but the response is
perceptible only when the CO concentration is larger than
1500 ppm. Figure 4 shows the sensing response of the PdO
thin ﬁlm at 150 °C for diﬀerent CO concentrations. Although
the oscillatory response does not show a regular oscillation
pattern, a rough estimation gives the average oscillation period
of 13 s, as shown in Figure 4d, which shows an enlarged time
zone in the second exposure cycle for the 4000 ppm CO gas
mixture. Kinetic oscillation is well-known to occur in catalytic
CO oxidation on Pt-group metals and is generally ascribed to
the switching in the reactivity of CO oxidation due to the
alternating oxidation and reduction of the metal.35−38 The
oscillatory CO sensing response of the PdO thin ﬁlm must also
result from a similar mechanism, namely, alternating PdO
reduction and Pd oxidation occur on the PdO nanoﬂakes
during the exposure of the CO/dry air gas mixture. Under the
oxygen-rich reaction condition, the metal Pd phase produced as
a result of the PdO reduction is continually formed and

Figure 5. The TPD spectrum of CO2 produced from the PdO thin
ﬁlm which was exposed to the gas mixture of 1% CO and N2 at 5 ×
10−4 Torr at room temperature. TPD spectrum of a PdO thin ﬁlm
without the CO exposure is also shown in the ﬁgure for comparison.
The sample was heated at a linear rate of 2 °C/s.
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Figure 6. Pd 3d5/2 XPS spectra (a) and the HRTEM image (b) of the
PdO nanoﬂake thin ﬁlm thermally annealed in a gas mixture of 1% CO
and N2 at 10 Torr. The annealing temperature of the XPS samples is
labeled above each corresponding spectrum. The TEM specimen was
annealed at 110 °C.

Figure 7. Pd 3d5/2 XPS spectra of Pd thin ﬁlms thermally annealed in
the dry air at diﬀerent temperatures. The arrows indicate the binding
energies corresponding to the surface chemical states of the thermally
annealed PdO thin ﬁlm. The labels, PdS’ and PdS”, represent two
diﬀerent Pd surface sites that adsorb oxygen molecules.

shows the Pd 3d5/2 XPS spectra of the PdO thin ﬁlm annealed
at diﬀerent temperatures. The two chemical states, metal Pd
and PdO, were used for the XPS curve ﬁtting. As shown in
Figure 6a, the Pd 3d5/2 XPS signal of the metal Pd state
becomes obvious at 110 °C and is overwhelming over that of
the PdO state at 125 °C. The Pd metal state is in the form of
nanocrystals according to the high-resolution TEM (HRTEM)
image shown in Figure 6b. Combining the above-discussed
characterization results, we believe that nanosized Pd islands
are also produced on the PdO thin ﬁlm under the CO-gassensing condition at temperatures higher than 110 °C.
However, the amount of metal Pd formed on the PdO thin
ﬁlm must be much smaller than that produced in the CO/N2
gas mixture because Pd reoxidation should be vigorous under
the oxygen-rich catalytic condition. As a result, the geometric
shape and size of Pd nanoislands are greatly modiﬁed by the
reoxidation reaction, leading to a smaller size of the Pd
nanoislands compared with the nanocrystals shown in the
HRTEM image.
Besides the PdO reduction, Pd reoxidation is also a key
reaction step for the oscillatory CO response. The temperature
at which Pd oxidation takes place in air is crucial for the
understanding of the oscillatory response of the PdO thin ﬁlm
at 150 °C. To study the temperature range in which Pd
oxidation occurs, we prepared a Pd thin ﬁlm on the SiO2
substrate by sputter deposition, and thermally annealed the thin
ﬁlm at diﬀerent temperatures in the dry air for 20 min. Figure 7

presents Pd 3d5/2 XPS spectra of the Pd thin ﬁlm as a function
of the annealing temperature. Four-component peaks are
necessary for the best curve ﬁtting. The peak at 335.1 eV
corresponds to metal Pd and the peak at 336.9 eV is due to the
PdO state. The two peaks at 335.6 and 336.5 eV are associated
with surface Pd atoms that adsorbs oxygen.39,40 The Pd 3d5/2
peak due to the PdO component ﬁrst becomes obvious when
the sample is annealed at 150 °C, indicating that Pd oxidation
reaction must begin in the temperature range between 100 and
150 °C. Because both the PdO reduction and the Pd oxidation
reactions occur in the temperature range between 100 and 150
°C, the oscillatory sensing response of the PdO thin ﬁlm at 150
°C can be related to the reactivity switching between the PdO
reduction by the CO gas mixture and the reoxidation of the
metal Pd, which is formed as a result of the PdO reduction.
In addition to the oscillatory response, the PdO thin ﬁlm
exhibits other CO-sensing behaviors at 150 °C dramatically
diﬀerent from that at lower temperatures. The conductance of
the PdO thin ﬁlm slightly drops right after the CO introduction
and then rapidly increases before entering the oscillatory
response regime. Because the two opposite changes in the
conductance are both due to the introduction of the CO gas
mixture, there must be two diﬀerent reaction mechanisms in
which CO molecules modify the surface of the PdO thin ﬁlm. It
is very likely that CO oxidation with anionic oxygen adspecies
and CO-induced PdO reduction take place sequentially at 150
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°C; the former causes the slight drop in the conductance, and
the latter results in the rapid increase. The PdO reduction
reaction is preceded by the CO oxidation reaction because
oxygen adspecies must be depleted before CO molecules can
directly interact with the PdO surface lattice. Metal Pd phases
formed as a result of the PdO reduction by CO have the ability
to dissociatively adsorb oxygen molecules from the gas mixture.
For example, two types of oxygen adatoms have been identiﬁed
to be present on the Pd(110) and -(111) surfaces at
temperatures higher than 100 °C; they are the surface atomic
state and the subsurface atomic state.41,42 The metal Pd phases
are likely present on the PdO nanoﬂake in the form of
nanosized islands as suggested previously. Negative charges can
transfer from Pd nanoislands to electrophilic oxygen adatoms
on the islands and can thus modify the electronic structure of
the nearby region of the underlying PdO substrate. Figure 8

conductivity must be due to an irreversible modiﬁcation on the
surface properties of the PdO thin ﬁlm. Due to the surface
modiﬁcation, fewer surface sites are available for CO-activated
reactions on the thin ﬁlm after each sensing cycle, thus resulting
in the decrease in the response sensitivity of the thin ﬁlm
toward CO. It is worth mentioning that, on the basis of the
observation of delicate changes in the PdO conductance upon
the CO exposure, we believe that the electrical measurement
may be a useful method providing valuable clues to a better
understanding of the reaction kinetics of the CO oxidation on
Pd catalysts.
At temperatures higher than 150 °C, the sensing current of
the PdO thin ﬁlm drops exponentially upon the CO exposure.
The quick drop of the conductance indicates that the CO
sensing mechanism at 200 and 250 °C is distinctly diﬀerent
from that at 150 °C. The metal Pd phase must not be
extensively formed on the PdO surface at the high temperatures, and therefore, the charge transfer mechanism that
occurs at 150 °C is inactive at these temperatures. It is likely
that CO adsorption on the PdO surface is kinetically
unfavorable at the high temperatures, and therefore, the PdO
reduction by CO via the Langmuir−Hinshelwood (L-H)
mechanism is unimportant. The primary reaction channel for
the PdO reduction thus follows the Eley−Rideal (E-R)
mechanism, which may be active only for speciﬁc surface
lattice orientations, such as the (100) plane.33 As a result, the
coverage of the metal Pd phase is too trivial to signiﬁcantly
aﬀect the conductance of the PdO thin ﬁlm via the charge
transfer mechanism. The conductance drop upon the CO
exposure at 200 and 250 °C may be explained as follows. It has
been widely believed that peroxide ions (O22‑) are adsorbed on
semiconductor oxides at temperatures above 150 °C,43,44
although the direct evidence of its presence is lacking.45 If the
peroxide ion is a stable adspecies on the PdO thin ﬁlm, the CO
oxidation by O22‑ ions can induce a conductance drop via the
similar ionosorption mechanism as the CO oxidation by O2−
ions at low temperatures. Moreover, the reduction−reoxidation
mechanism, which is described by the oxygen-vacancy model, is
also a likely cause responsible for the change in the
conductance of the PdO thin ﬁlm at high temperatures.20,46
The PdO reduction by CO at high temperatures can proceed
via the E-R kinetics, producing surface oxygen vacancies on the
PdO thin ﬁlm. The surface oxygen vacancies can further diﬀuse
into the thin ﬁlm, thereby increasing the density of free
electrons in the thin ﬁlm and thus decreasing the conductivity
of the p-type oxide. On the other hand, after the switch-oﬀ of
the CO gas ﬂow, reoxidation of the PdO thin ﬁlm in the dry air
reduces the density of oxygen vacancies, thereby restoring the
conductivity of the thin ﬁlm.
Pd is often doped in SnO2 to improve the gas-sensing
response and selectivity of the n-type oxide toward reducing
gases, such as H2 and CO.47−49 It is worthwhile to examine if
any similarity exists between Pd-doped SnO2 sensors and the
PdO thin ﬁlm in the enhancement eﬀect of Pd on the gassensing response. However, most reported Pd-doped SnO2
sensors have a much smaller Pd content than the PdO thin ﬁlm
and were operated at a higher sensing temperature. Moreover,
the gas-sensing response of Pd-doped SnO2 sensors greatly
depends on the Pd loading method49 and the dispersion state
of Pd additives, such as particle size and uniformity.50 In a study
on the Pd-doped SnO2 gas sensor by operando X-ray
absorption spectroscopy, Koziej et al. observed that the sensor
doped with 0.2 wt % Pd showed little change in the oxidation

Figure 8. Schematic illustration of the removal of electrons from Pd
nanoislands to oxygen adatoms resulting in the positive charge
accumulation at the interface between Pd nanoislands and the PdO
substrate. Oxygen molecules from the gas mixture are dissociatively
adsorbed on the metal Pd islands.

schematically illustrates the charge transfer model, which
describes how the dissociative adsorption of oxygen on Pd
nanoislands increases the majority carrier concentration in the
PdO thin ﬁlm. The removal of electrons from Pd nanoislands
leads to positive charge accumulation at the interface between
Pd nanoislands and the PdO substrate, thus increasing the
conductivity of the p-type PdO thin ﬁlm. As described below,
the charge transfer model can also be used to explain the
observation of the conductance increase of the PdO thin ﬁlm
after the stop of the CO gas mixture ﬂow.
When the CO gas is switched oﬀ, the recovery current at 150
°C quickly increases to a maximum before a deep drop.
Without the CO gas, the PdO reduction reaction can no longer
occur on the PdO thin ﬁlm in the dry air. The immediate
increase in the recovery current is likely to be related with the
dissociative oxygen adsorption on residual Pd nanoislands,
which have taken part in the oscillatory response reaction. At
the initial stage of the oxidation reaction of residual Pd
nanoislands in the dry air, dissociative oxygen adsorption on the
Pd nanoislands will increase the conductivity of the PdO thin
ﬁlm via the above proposed charge transfer mechanism, which
causes the conductivity rise before the oscillation regime.
However, the coverage of metal Pd nanoislands and oxygen
adatoms gradually diminishes with the oxidation time and
ﬁnally reaches a critical value at which the density of positive
charge accumulated at the interface between the PdO substrate
and the Pd nanoislands begins to decrease, leading to the
observation of the inverse change in the conductance of the
PdO thin ﬁlm. Note that the conductance and the sensing
current drop of the PdO thin ﬁlm becomes lower by each
sensing cycle (see Figure 3). The successive decreases in the
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sensing behavior occurs. The PdO thin ﬁlm exhibits a sensor
signal smaller than 1 at 150 °C except for the CO exposure at
4000 ppm. The sensor signal is even as low as 0.65 for the CO
exposure at 500 ppm. The large inverse change in the sensor
signal is rarely reported in the literature and may provide a
potential application for CO sensors of high selectivity. In order
to investigate the selectivity of the PdO sensor, we have also
studied the sensing response of the PdO thin ﬁlm toward H2,
CH4, and CO2 gases. Exposure of these gases at temperatures
below 250 °C results in a decrease in the conductance of the
PdO thin ﬁlm as well. Compared with the CO gas mixture, the
PdO sensor has a higher sensing sensitivity toward H2, with a
lower sensitivity toward CH4 and CO2. For instance, the PdO
thin ﬁlm shows a sensor signal of 1.28 and 1.88 upon the
exposure of 250 ppm of H2 at 50 and 100 °C, respectively.
However, H2 does not show the oscillatory sensing response at
150 °C, and PdO always exhibits a sensor signal larger than 1
for H2 at tempeatures below 250 °C. On the basis of the inverse
change in the sensor signal of the PdO thin ﬁlm toward CO at
150 °C, we can design a CO gas sensor of high selectivity.
When two PdO sensing elements, which operate independently
at 150 °C and at a lower temperature, e.g., 50 °C, are integrated
into a sensor system with separate sensing readouts, the two
elements can produce opposite electrical responses to the gas
mixture with a CO concentration as low as 500 ppm. One can
thus distinguish the sensing response due to the CO exposure
from that due to the exposure of other gases, such as H2 and
CH4, to which PdO always has a sensor signal larger than 1.

state of Pd when exposed to 50 ppm CO in dry air at 300 °C
but had a high sensor signal.51 On the other hand, the 3 wt %
Pd sensor had a slight change toward more reduced Pd particles
in the presence of CO/air at 300 °C. They concluded that Pd
was dispersed at an atomic level or as very small clusters at the
low Pd content under real CO sensing conditions and
suggested that the local/surface Pd site eﬀect on the enhanced
CO sensing response was much more important than the two
conventional models used to explain the role of Pd additives in
gas sensing, i.e., the electronic eﬀect mechanism and the
spillover mechanism. Because the Pd atomic content of the
PdO thin ﬁlm is as large as 50%, the Pd eﬀect on the CO
sensing kinetics of the PdO sensor is likely diﬀerent from SnO2
sensors slightly doped with Pd. As discussed above, metal Pd
must be formed on the PdO thin ﬁlm at 150 °C in the CO/dry
air gas mixture, as revealed by the oscillatory response and the
abnormal conductance increase, which is ascribed to the
formation of nanosized Pd particles. However, at the present
time, we are unable to provide operando evidence of the
formation of Pd nanoparticles at 150 °C under the CO-gassensing condition, although the ex-situ TEM analysis showed
that Pd nanoparticles were formed on the PdO thin ﬁlm below
150 °C in the reducing CO/N2 gas mixture. To investigate if
Pd nanoparticles are formed in the CO/dry air gas mixture at
150 °C, we are undertaking rapid quench experiments for the
PdO sensor using a fast N2 ﬂow instead of the dry air. We
expect that the rapid quench treatment may prevent nanosized
Pd domains from quick reoxidation after the gas-sensing
measurement and allows us to study these Pd domains by TEM
and XPS.
Figure 9 shows the CO sensor signal of the PdO thin ﬁlm as
a function of the sensing temperature for diﬀerent CO

4. CONCLUSIONS
PdO nanoﬂake thin ﬁlms were prepared by reactive sputter
deposition for the study of CO gas sensing at temperatures
below 250 °C. The ﬂakelike PdO nanostructures provide a
large open surface area allowing for rapid and extensive CO
adsorption on the thin ﬁlm. The PdO thin ﬁlm exhibits a
complicated CO sensing behavior within the studied temperature range. At temperatures at 100 °C and below, the electrical
conductance of the thin ﬁlm drops upon the exposure of the
CO/dry air gas mixture. The CO sensing behavior can be
described simply by the oxygen ionosorption model. At 150 °C,
the PdO thin ﬁlm shows a rapid increase in the conductance
upon the CO exposure before entering the oscillatory response
regime. The oscillatory response occurs only when the CO
concentration is larger than 1500 ppm and is due to the
reactivity switching between the PdO reduction and reoxidation
reactions. The conductance increase before and after the
oscillatory response is ascribed to the positive charge
accumulation at the interface between the PdO substrate and
metal Pd nanoislands, which are formed in the PdO reduction
reaction. The charge accumulation is a result of the charge
transfer between the Pd nanoislands and oxygen adatoms on
them. At temperatures higher than 150 °C, the conductance
drops when the PdO thin ﬁlm is exposed to CO. In addition to
the ionosorption model, the oxygen vacancy model can be used
to account for the CO sensing response of the PdO thin ﬁlm in
the high-temperature regime. On the basis of the observation
that the PdO thin ﬁlm has an opposite change in the sensing
sensitivity at 150 °C, a CO sensor system of high selectivity,
which integrates two PdO sensing elements operating
independently at 150 °C and a lower temperature, is proposed.
Because the gas-sensing test demonstrated delicate changes in
the PdO conductance upon the CO exposure, we think that the
electrical measurement method may provide valuable informa-

Figure 9. The plot of the sensor signal as a function of the sensing
temperature for diﬀerent CO concentrations.

concentrations. The sensor signal (R/Ro) is herein deﬁned
for the p-type PdO semiconductor by the ratio of the resistance
of the PdO thin ﬁlm under the CO exposure (R) to that in the
dry air (Ro). From the sensor signal−temperature (S−T)
curves, the PdO thin ﬁlm has a sensor signal increasing with the
CO concentration, and the sensor exhibits the best CO sensing
response at 100 °C. Most interestingly, the S−T curves show a
large dip at 150 °C for all the CO concentrations under test.
The observation of the dip is certainly related to the complex
surface kinetics on the PdO thin ﬁlm at 150 °C, at which the
conductance of the oxide increases before the oscillatory
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