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Single CeO, Nanowire Gas Sensor Supported with Pt Nanocrystals: Gas Sensitivity,
Surface Bond States, and Chemical Mechanism
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We present a new type of CeO, nanodevice in which a single CeO, nanowire was used as the sensing unit.
It was found that incorporation of Pt nanocrystals on CeO, nanowire could significantly increase the sensor
response. A possible mechanism was discussed based on the study of morphology and surface bond states of
the nanowire using local electron energy loss spectroscopy and X-ray photoemission spectroscopy. The results
provide a pathway to improve the performance of gas sensors with a good understanding of the nanowire’s

surface physics and chemistry.

Introduction

Rare earth oxides have been extensively explored for several
advanced applications, such as in electronics, optics, and hetero-
geneous catalysis, thanks to their peculiar properties arising from
the availability of the 4f shell.

As a well-known functional rare earth material, ceria has been
widely applied in fields such as catalysts, gas sensors, and optics
due to its unique properties.'”!! For instance, CeO, is adopted
in three-way catalysts for reducing the emission of the toxic
pollutants (CO, NO,, and hydrocarbons, etc.) from automobile
exhaust, owing to its high oxygen storage capacity, associated
with its rich oxygen vacancies and low redox potential
between Ce?" and Ce*".!=* CeO, doped with other rare earth
ions exhibits high oxide ion conductivity at a relatively low
temperature (about 600 °C) and thus has been applied in solid
oxide fuel cells.>% Moreover, CeO, also has strong absorption
in the ultraviolet (UV) region and is hence used as a UV
blocking and shielding material.”® In the above-mentioned
applications, CeO; nanostructures show much better perfor-
mance in wide areas compared to their microsized or bulk
materials, owing to their considerably small sizes and large
surface specific areas, as well as improved materials proper-
ties.

In this paper, we report a gas sensor using a single CeO,
nanowire (NW) as a sensing unit. To enhance the gas sensitivity,
Pt nanocrystals (NCs) were incorporated on the surfaces of CeO,
NWs by a chemical method since the noble metal elements (Pt,
Pd, Au, etc.) on the surface of a metal oxide can enhance the
interaction of a reducing gas and absorbed oxygen on the
surfaces.!>'4 To understand the essence of the improvement of
the gas sensitivity, the bond states of CeO, NWs and Pt NCs
were detected by electron energy loss spectroscopy (EELS) and
X-ray photoemission spectroscopy (XPS). Furthermore, the gas-
sensing tests show that the sensors because the Pt NCs/CeO;
NWs have excellent potential application in the selected
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Figure 1. (a) SEM image of the CeO, NWs; (b) XRD pattern of the
CeO, NWs.

detection of CO. This work is one of the series of studies of
our ongoing efforts toward the gas-sensing properties and
applications of one-dimensional (1D) nanostructures.!>-10

Experimental Section

The CeO, NWs were prepared by a hydrothermal method.!”
The Pt NCs supported on the CeO, NWs were produced by the
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Figure 2. (a) TEM image of a bundle of CeO, NWs, (b) HRTEM image of a single CeO, NW, inset showing the FFT pattern, (c) TEM image
of Pt NCs/CeO, NW on the carbon film of the grid, and (d) the size distribution of Pt NCs on CeO, NWs.

method reported in refs 18 and 19 as follows. An amount of
100 mg of poly(N-vinyl-2-pyrrolidone) (PVP, MW = 30 000)
was dissolved in a mixture of 5 mL of 6.0 mM H,PtCls+6H,O
aqueous solution, 40 mL of methanol, and 5 mL of water. The
mixture was refluxed for 3 h, and then the residue was
redispersed in water after the solvent was evaporated. The CeO,
NWs (0.2 g) were added to Pt colloidal aqueous solution, and
the slurry was then sonicated for 3 h at room temperature. The
precipitates were separated by centrifugation, washed with water
and ethanol, and dried in an oven at 100 °C in succession, and
then were calcined at 300 °C for 2 h in air.

For the preparation of nanodevices, the CeO, NWs were
dispersed on SiO,/Si substrate which had Au contact pads (200
nm in thickness) predeposited by UV lithography and thermal
evaporation. The patterns were made by using a focused ion
beam (FIB) system with SEM capability. Pt contacts were
directly written by FIB to bridge the CeO, NWs (or Pt NCs/
CeO, NWs) to the Au pads. Finally, two Au pads were con-
nected with a support chip by a Au wire binding technique. In
order to obtain the information from the same CeO, NW before
and after supporting Pt NCs, the CeO, NW nanodevice was
dipped into the Pt colloidal aqueous solution and sonicated for
3 h. And then, the nanodevice was washed with water and
ethanol, and then was calcined at 300 °C for 2 h in air.

The microstructures and morphology of CeO, NWs were
characterized by X-ray diffraction (XRD, D8 Advanced) and
scanning electron microscopy (SEM, Sirion FEG). Transmission
electron microscopy (TEM) and EELS measurements were
performed at a 200 kV JEOL 20I0F field emission TEM
equipped with a Gatan electron energy loss spectrometer. The
XPS measurements were carried out on a VG ESCA-LAB210
instrument using Al Ka irradiation. The ABM/350/6 UV
lithography system and FEI Strata DB235 FIB system have been
used to fabricate the Pt electrodes.

Gas-sensing properties of the samples were examined at room
temperature. The testing gases employed in this work were pure
air and 50—200 ppm CO in air. The gas-sensing response of
the nanodevice was defined as the ratio of the electrical
resistance in air (R,) to that in testing gas (R,). The sample
resistance as a function of time was measured by using a
Keithley 4200 SCS semiconductor characterization system.

Results and Discussion

A low-magnification SEM image (Figure 1a) shows that the
CeO, NWs are several micrometers in length and about 50 nm
in diameter. Figure 1b displays the XRD pattern of the sample.
As can be seen from this figure, all diffraction peaks conform
to a pure CeO, phase (fluorite structure, JCPDS 34-0394, space
group Fm3m).

Figure 2a exhibits a TEM image of a bundle of pure CeO,
NWs, with clear surface and uniform length and diameter. Figure
2b shows a high-resolution TEM (HRTEM) image of one CeO,
NW together with a fast Fourier transform (FFT) analysis (inset).
According to the FFT analysis, three kinds of lattice fringe
directions attributed to [111], [002], and [220] are obtained. The
corresponding planes have interplanar spacings of 0.32, 0.28,
and 0.19 nm, respectively, as measured from the HRTEM image.
The NWs show a 1D growth along [110].!7 Figure 2¢ shows
the TEM analysis of the as-prepared Pt NCs/CeO, NWs. It is
clear that Pt NCs (dark dots in the Figure 2c) were highly
dispersed on the CeO, NW with the mean diameter 3.5 £+ 1.5
nm (Figure 2d). Moreover, the appearance of few Pt NCs on
the carbon film of the TEM grid (Figure 2c) indicates a strong
cohesion between Pt NCs and CeO, NWs. This implies that
some interaction may happen between Pt NCs and CeO, NWs.

To understand the reactions and chemical information on the
interface between Pt NCs and CeO, NWs, EELS analysis was
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Figure 3. (a) TEM image of a single CeO, NW, (b) TEM image of a
single Pt NC/CeO, NW, and (c) EELS spectra taken from sections 1
and 2, respectively.
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performed. The EELS data were routinely obtained from the
edge of an individual NW using the typical electron probe of a
diameter of ~2 nm (full width at half-maximum) and a ca. 2
nA probe current. Parts a and b of Figure 3 exhibit the mor-
phology comparison between a CeO, NW and a Pt NCs/CeO,
NW. The HRTEM image of Pt NCs is shown in the bottom
inset of Figure 3b. Figure 3¢ shows the EELS data taken from
two regions: the clean edge of CeO, NWs (region 1) and the
edge of CeO, NWs with Pt NCs (region 2), shown in Figure 3
parts a and b, respectively. The EELS Ce L; edge spectrum of
region 1 is close to that of Ce**, whereas the spectrum of region
2 is close to that of Ce3* based on the intensity ratios of Ms/My
(0.93 for region 1 and 1.10 for region 2). From these two ratios,
the fractions of Ce3" in the two regions were estimated to be
5% and 42%, respectively.?%?! The O K edge spectra of CeO,
NW and Pt NCs/CeO, NW also show different shapes. For pure
CeO, NW, the edge has sharp peaks a, b, and ¢ at 529.3, 532.0,
and 536.2 eV, respectively. However, the relative intensities of
the peaks a and b decrease as shown in the spectrum of the Pt
NCs/CeO; NW O K edge. The Ce L3 edge and O K edge peaks
in the Pt NCs/CeO, NWs indicate that a certain amount of Ce**
turns into Ce3* and some oxygen vacancies might be produced
because of the interaction of Pt NCs on CeO, NWs.22:23
Figure 4a depicts typical XPS spectra of the as-synthesized
CeO,; NWs and Pt NCs/CeO, NWs. The peak at 284.6 eV was
attributed to ethanol and/or CO adsorbed on the surface of the
CeO, NWs. In Figure 4b, we can find six Ce(3d) binding energy
peaks of CeO, NWs which is consistent with the previous report
of Ce**,* indicating that the main valence of cerium in these
samples was +4. Strikingly, the spectrum of Pt NCs/CeO; NWs
exhibits more intense peaks at 885.3 and 903.4 eV (characteristic
peaks of Ce,O3), compared to CeO, NWs, revealing that Pt NCs/

Figure 4. (a) Broad XPS spectra of CeO, NW before and after Pt was supported on; (b) XPS spectra of Ce 3d; (c) XPS spectra of Pt 4f.
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Figure 5. (a) SEM image of a single CeO, NW gas sensor, inset showing an optical image of the NW sensor chip; /—V curves of a single CeO,
NW and a single Pt NC/CeO, NW before (b) and after annealing at 400 °C for 1 h (c). (d) The gas sensibility response curves of a single CeO»
NW and a single Pt NCs/CeO, NW, after being annealed, for different CO concentrations.

CeO, NWs contained more Ce3". This further convinces our
statement based on the EELS investigation.

XPS data of the Pt(4f) core level region in pure Pt metal and
Pt/CeO, NWs are given in Figure 4c. The spectrum for the pure
Pt surface demonstrates no more than the metallic Pt(4f) doublet
peaks, whereas in the Pt NCs/CeO; samples, the Pt(4f) region
shows some additional peaks caused by multiple states. In this
work, the Pt(4f7,5,) peaks for the Pt NCs/CeO, NWs were
deconvoluted into two sets of spin—orbit doublets. Accordingly,
the Pt(4f725/2) peaks at 71.0 and 74.2 eV can be assigned to Pt
metal and the peaks at 71.9 and 75.1 eV, respectively, are well-
matched with P?T.2* A number of studies (mainly about
catalysis works using high-area support materials) have reported
that slightly oxidized noble metal is important to achieve high
activity of dispersed Pt catalysts.2>-28

An optical image of the NW sensor chip and an SEM image
of a single CeO, NW gas sensor are shown in Figure 5a. Before
the gas-sensing test, the electrical transport properties of the
same CeO, NW before and after supporting Pt were investigated.
Figure 5b displays the current—voltage (/—V) curves of the as-
fabricated nanodevices (CeO, NW and Pt NCs/CeO, NW).
Nonlinear behaviors were observed from the same CeO, NW
before and after Pt NCs were supported. This could be due to
some FIB-induced disorder produced underneath the Pt contacts
during the contact fabrication process, which consequently
introduces a multiphonon-assisted tunnel effect.?*-3° However,
after annealing at 400 °C for 1 h in Ar gas for another
nanodevice, which also has nonlinear electrical transport
behavior before annealing, the /—V curve shows clearly linear
characteristics (Figure 5c), exhibiting good ohmic contacts
between CeO, NW and Pt electrodes.?30 It is worth noting that
the resistance of the Pt NCs/CeO, NWs (the Pt NCs were
prepared on the CeO, NW nanodevice which had undergone
annealing at 400 °C) is much lower than that of the pure CeO,
NWs. Clearly, the incorporation of the Pt NCs can greatly
improve the conductance of the NWs. Figure 5d shows the
typical response curves of the CeO, NW sensor to CO gas after
annealing at 400 °C. It can be seen that the single Pt NCs/
CeO, NW sensor has a higher sensitivity to CO than that of
the as-grown CeO, NW. The results indicate that introduction
of Pt NCs on the surface of CeO, NW can significantly improve
the gas sensitivity of the nanodevice. This enhancement of
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Figure 6. Sensitivity of Pt NCs/CeO, NW sensor to 200 ppm of
different gases.

sensitivity has been further confirmed by comparing the gas
sensitivities of an additional 15 pairs of CeO, NWs and Pt NCs/
CeO, NWs.

We also examined the response of the Pt NCs/CeO, NW
sensor to different gases (at 200 ppm), such as CO, H, ethanol,
gasoline, and H,S under a heating voltage of 2 V. As shown in
Figure 6, the sensitivities of Pt NCs/CeO, NW sensor to Hy,
ethanol, gasoline, and H,S are all much lower than that to CO.
Conventional metal oxide sensors, mostly based on SnO,, ZnO,
etc., usually suffer from cross-sensitivity to other reducing gases
though they have rather high sensitivity to CO.'*!5 In compari-
son with these sensors, the one based on Pt NCs/CeO, NW
shows an obvious advantage in selective detection of CO gas.

For gas sensing, oxygen adsorption plays an important role
in electrical transport properties of CeO, NWs. The adsorbed
oxygen obtains conduction electrons from the CeO, NWs!531
and, therefore, lowers the conductance of CeO, NWs. When
the sensors are exposed to reducing gases, for instance, CO or
H,S, the gases react with the adsorbed O~ and release the
trapped electrons back to the conduction band, resulting in an
increase of the conductance of CeO, NWs. Two possible
mechanisms can be responsible for the enhanced sensitivity of
the CeO, NWs after incorporation of Pt NCs according to the
results. First, a local depletion area around Pt NCs may be
formed on the surface of the NW due to charge transfer between
Pt NCs and CeO, NWs. 4 Atomic oxygen species dissociating
from Pt NCs possessing strong catalytic abilities can migrate
onto the surface of the NW and hence increase the concentration
of oxygen species per unit surface area in the air. Therefore,
metal oxides supporting Pt NCs are active for the oxidation of
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CO. CO can be adsorbed around the edges, corners, and steps
of Pt particles particularly when the size of the Pt particles is
below 10 nm.26-32-34 In this study, the sizes of most Pt NCs are
around 3.5 nm according to TEM observations. When the CO
gas was introduced into the chamber, the enhanced reactions
could reduce the concentration of preadsorbed O~ per unit
surface area so that many more surface electrons were released
into the NWs. This should be the most important contribution
to the high sensitivity. Because the chemical activity of CeO,
NWs was enhanced after supporting Pt NCs, the reaction
between CO and O~ could therefore take place instantly and
the efficiency of the reaction could be increased. The other
mechanism could be that there are many oxygen vacancies on
the surface of CeO, NW after Pt NCs are supported according
to the XPS and EELS results. The oxygen vacancies act as
donors in CeO, providing electrons to the conduction band of
CeO,. The existence of a large amount of vacancies in CeO,
NWs induces stronger adsorptions of oxygen, leading to an
increase of the conductance.

Conclusion

In conclusion, a new nanodevice using a single CeO, NW as
the sensing unit was successfully fabricated. The gas sensitivity
can be significantly increased by incorporation of Pt NCs on a
CeO, NW. The studies on the microstructure and surface
bonding states for both kinds of samples reveal that the strong
adsorption (to CO) of the very fine Pt NCs on CeO, NW and
the charge transfer between the Pt NCs and CeO, NW are the
most important contributions to the high gas sensitivity of the
Pt NCs/CeO, NW sensor. On the basis of the excellent chemical
stability of CeO; and its high gas-sensing behaviors, the Pt NCs/
CeO, NW sensor is expected to have promising applications in
various complicated environments for fast detection of poisonous
gases.
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