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A UV light enhanced TiO2/graphene device for oxygen
sensing at room temperature†
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Wenwu Cao,c Bin Yangc and Frank Placidob

A room temperature oxygen sensor based on TiO2/graphene device was developed with an

enhanced sensing performance by UV light. A logarithmic relationship between the sensing

response and O2 concentration (from 134 ppm to 100%) was obtained. The sensor also shows an

improved response and recovery with the durations of 193 s and 135 s at RT and atmosphere

pressure, respectively. Herein, UV light was employed to excite electron–hole pairs in the TiO2 film

and the photogenerated electrons were scavenged by graphene and percolated to the collecting

electrode, while the holes recombined with the electrons within TiO2 film. This process will deplete

the electron further thereby changing the conductivity of the device rapidly resulting in a much

better sensing signal.
1. Introduction

Monitoring of oxygen gas (O2) is critical in various elds, such
as medicine, human safety, agriculture, military and envi-
ronment monitoring. Conventional methods to detect the
oxygen gas typically use potentiometric1 and amperometric
sensors.2 However, their complex structures and bulky size
limit their wide applications. In recent years, metal oxide
semiconductors, such as CaO–ZrO2, Nb2O5, SrTiO3, ZnO,
In2O3, and SnO2, etc., have been proven sensitive to oxygen
content.3 The conductivity of these metal oxide materials
depends strongly on the amount of adsorbed O2, which is
commonly used as the sensing signal. Specially, titanium
dioxide (TiO2) is one of the most widely studied semi-
conductors for O2 sensing applications,4,5 owing to excellent
physical and chemical stability, non-toxic, desirable electronic
and optical properties and a low cost.6 It is an n-type semi-
conductor for a wide range of O2 sensing. Since the valence
band (lled O-2p states) is nonreceptive to holes and the
conduction band (Ti-3d states) is receptive to electrons, the
conductivity is due to only the electrons in undoped TiO2. Up
to now, bulk, thin lm and nanostructure of the TiO2 have
been developed to detect O2.7,8 However, some require high
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operating temperature (e.g. 300–1000 �C)4 or high vacuum test
conditions;9 some exhibit slow response and recovery;10 some
suffer from the complicated fabrication techniques;11 and
others lack high sensitivity but a high-cost.12

Recently, hybrid of TiO2 with nanoscale carbon materials
have attracted signicant attention. Many experimental
efforts13–15 and theoretical simulations16–18 have been focused
on the synthesis of hybrid TiO2/graphene nanocomposites,
where high stability and enhanced photovoltaic properties
have been demonstrated. Graphene, a single layer atomic
sheet of sp2-bonded carbon atoms,19 has been extensively
researched in photovoltaic and photocatalysis hybrid mate-
rials owing to large specic surface area, ultrafast carries
mobility, high thermal stability and excellent mechanical
exibility.20 The TiO2/graphene hybrid was demonstrated to
be very fast and high efficient charge separation at the inter-
face of the TiO2/graphene,16–18 which is widely used in photo-
detector, photocatalyst and solar cells. But for gas sensing,
only Wang et al. reported the TiO2-decorated graphene can be
used as platform for O2 sensing.21 Further investigations are
needed to develop new sensor structures and improve sensing
performances.

To overcome the common drawbacks of the TiO2-based
oxygen sensor (high operated temperature, slow response and
recovery rate and low sensitivity), herein, we propose a facile
fabrication of a hybrid device as O2 gas sensor by evaporating a
thin amorphous TiO2 lm on the chemical vapor deposition
grown graphene (CVD-graphene). The device showed a high
sensitivity to O2 with UV light when operated at room temper-
ature. Sensitivity, stability, response and recovery time of the
device were investigated at room temperature with UV light, and
the sensing mechanism was discussed.
RSC Adv., 2013, 3, 22185–22190 | 22185
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2. Experimental details
2.1. Preparation of TiO2/graphene device

Graphene was synthesized using chemical vapor deposition and
then transferred to silicon substrate with a 300 nm thermal
oxide layer.22 In brief, the copper strips (Alfa Aesar, 99.95%
purity) were loaded into fused silica tube and heated to 1035 �C
under the H2/Ar¼ 50/450 sccm (standard-state cubic centimeter
per minute), followed by annealing for 20 min at the same
temperature. Then, 1 sccm methane was introduced into the
system for 20 min and then cooled to room temperature with
the same gas. A PMMA supported transfer method was utilized
to transfer graphene to the SiO2/Si substrate for characteriza-
tion and application. Then, a �200 nm TiO2 lm was deposited
directly on graphene lm using electron beam evaporation.23

Finally, sputtered Cr/Au (10/90 nm) electrodes were deposited
on the graphene and TiO2 lm respectively to form a device. To
improve the contact between metal electrodes and graphene or
TiO2 lm, the devices were thermal annealed in H2/Ar (10/20
sccm) atmosphere at 200 �C for 20 min. As contrast, pristine
graphene based device and pure TiO2 lm based device were
also fabricated and the O2 sensing experiments were carried out
at the same conditions.
Fig. 2 Characterizations of the as-deposited TiO2 film. (a) SEM image of the TiO2

film. (b) A top-view AFM image of the TiO2 film. (c) Height profile of the line
marked in (b). (d) A 3D-view AFM image of the TiO2 film. (e) XRD pattern of the
TiO2 film, (f) Raman spectra of graphene film before and after TiO2 film
deposition.
2.2. Characterizations

The morphology of the TiO2 was characterized using scanning
electron microscopy (SEM, Hitachi SU-8000 with accelerating
voltage of 15 kV). Optical image of the device was taken using an
OLYMPUS BX41 microscope. Atomic force microscopy (AFM)
images were acquired in the tapping mode with a commercial
multimode Nanoscope IIIa (Veeco Co. Ltd). X-ray diffraction
(XRD, Siemens D5000 Cu Ka, 40 kV/30 mA) was used to char-
acterize the crystallinity of the TiO2 lm. Raman spectroscopy
(HORIBA Jobin Yvon Co. Ltd) using a 532 nm laser with an
incident power of 0.1 mW was used to characterize the
Fig. 1 Characterization of the TiO2/graphene device. (a) Schematic diagram of
the device. (b) Optical image of the device, each part is denoted. (c) A home-made
gas sensing setup for oxygen sensing measurements.

22186 | RSC Adv., 2013, 3, 22185–22190
uniformity, layer count and defect level of the graphene and
deposited TiO2 lm.
2.3. Sensing measurements

The O2 sensing measurements were carried out using a home-
made setup as shown in Fig. 1c, which consists of a chamber
with a quartz window for light irradiation, two channels for gas
ow, and multiple connectors for electrical characterization.
The base pressure was 1.0 � 10�1 mbar with a mechanical
pump. The O2 concentration was controlled by a mass ow
controller, which dilutes O2 in N2 at different volume ratios
(VO2/(VO2 + VN2)) in the chamber. Current–voltage (I–V)
measurements were taken to characterize the sensing capability
of the device and the electrical signal was recorded using
a Keithley 2400. A UV lamp (with wavelength in range of
340–410 nm and an incident power density of �0.83 mW cm�2)
was used for UV irradiation of the device through the quartz
window. In addition, the temperature on the device surface was
below 40 �C under the UV irradiation, measured using an infra-
red thermal camera. Therefore, the inuence of thermo-effect
on electrical properties of the device can be negligible.
3. Results and discussion

Fig. 1a illustrates the structure of the designed TiO2/graphene
hybrid device. Note that the TiO2 lm was deposited directly on
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Current–voltage (I–V) characteristics of the TiO2/graphene device
measured at different sensing conditions. (a) I–V curve of the device in the pure N2

without UV light (dark). (b) I–V curves of the device measured in N2 and O2 with
and without UV light.
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graphene and one of electrodes contacts completely with the
TiO2 lm. Fig. 1b shows an optical image of the as-made TiO2/
graphene device and each part is denoted.

The SEM image (Fig. 2a) shows the morphology of the TiO2

lm, which is composed of nanoparticles, aggregations and
clusters. These interconnected nanostructured TiO2 form
conductive channels and perform functions of a receptor and a
transducer simultaneously.24 Fig. 2b shows a top-view AFM
image of the TiO2 lm, in which the TiO2 nanostructured
(nanoparticles, aggregations and clusters) are identied clearly.
Height prole of the line marked in Fig. 2b is shown in Fig. 2c,
which indicates as-deposited TiO2 lm is rough. This is one of
critical factors on sensitivity and response time of the device.
Previously results showed that nanoparticulate of metal oxides
exhibited an increased sensitivity as well as a faster response
and recovery rate compared with microcrystalline materials
due to the larger surface-to-bulk ratio and porosity.24–27 Fig. 2d
shows a 3D-view AFM image of the TiO2 lm, from which the
rough surface is identied further. The rough surface will be
benet for the gas absorption and reduce the reection of
incident light. As a consequence, we have fabricated an efficient
TiO2 nanostructure both for O2 and UV light absorption.

Usually, the TiO2 synthesized using methods such as
hydrothermal, sol–gel, sputtering and evaporation, is amor-
phous before calcination.28 This amorphous TiO2 has larger
specic surface area and more oxygen vacancies on the surface
and in the bulk compared with that of crystalline TiO2, which
could provide higher carrier concentration andmore active sites
thereby enhance the interaction to oxygen gas.29 Fig. 2e shows a
typical XRD pattern of as-deposited TiO2 lm and no charac-
teristic peak is observed indicating its amorphous nature
(hereaer called TiO2, except special informed). Furthermore,
the crystallinity of the TiO2 lm is investigated by Raman
spectroscopy and results are shown in Fig. 2f. Note that the
peaks (at 303 cm�1 and 520.3 cm�1) in the range of 100–700 cm�1

are assigned to SiO2 substrate in the pristine graphene sample,30

while the same peaks are observed in the TiO2/graphene
sample. Compared with the Raman spectra of the crystalline
TiO2,31 the as-deposited TiO2 is proven to be amorphous further.
Herein, we used this amorphous TiO2 thin lm as sensitive
element without further calcination. The higher content of
oxygen vacancies will increase the concentration of electron
thereby exhibiting of n-doping in TiO2.

Furthermore, Fig. 2f also shows the Raman spectra collected
from the pristine graphene and as-deposited TiO2/graphene
hybrid lm. The G-band at �1580 cm�1 and 2D-band at �2680
cm�1 conrm the presence of graphitic carbon.32 The D-band at
�1350 cm�1 corresponds to the defect level. For the pristine
graphene, the intensity ratio of 2D-band over G-band (I2D/IG) is
about 2, with the full width at half-maximum (fwhm) of
2D-band of�35 cm�1, which conrms the appearance of single-
layer graphene.33 When the single-layer graphene is covered by
TiO2 thin lm, the 2D band shis from 2686 cm�1 (pristine
graphene) to 2672 cm�1 (TiO2/graphene), due to a Fermi level
shi as a result of electron doping of graphene.34 In addition,
the fwhm value of the 2D band increases from �35 cm�1

(pristine graphene) to �47 cm�1 (TiO2/graphene) and I2D/IG
This journal is ª The Royal Society of Chemistry 2013
decreases. The results are consistent with those observations in
a typical electron doping of graphene.34,35 Note that there is a
remarkable increase in the intensity of D band compared with a
negligible D band in the pristine graphene. This suggests that
the electron doping occurs not only at the TiO2/graphene
interface but also in the graphene as a substitutional doping.36

Oxygen is active in forming electron traps aer being adsor-
bed onto surfaces of many metal oxide.37 Upon adsorption, the
reaction of O2 + e� / O2

� will occur when the temperature is
below 420 K resulting in the formation of negatively charged ions
on the surface. It is well known that surface defects on the
materials (e.g. oxygen vacancies and adsorption sites) will
promote the O2 adsorption, causing the formation of more
negatively charged ions (O2

�, O�, O2�).4 These chemisorbed ions
deplete the surface electron states and result in the formation of
an electron depletion layer, leading to the reduction of conduc-
tivity of the materials. In this study, UV irradiation was employed
to excite electron–hole pairs in the TiO2 lm and the electron–
hole pair was separated at the TiO2/graphene interface. This will
signicantly change the conductance of sensing elements
resulting in a much better sensing signal.

Fig. 3a shows a typical current–voltage (I–V) curve of the
device measured in pure N2 without UV light. A linear rela-
tionship of the applied voltage and current indicates an Ohmic
contact between the electrode and graphene or TiO2 lm. It is
different from the traditional device based on wide band gap
semiconductors (e.g. ZnO, TiO2), which shows typical Schottky
or rectied contact.38,39 In our experiments, there is a similar
work function among the TiO2 (4.2–4.4 eV),40 graphene (4.5–4.8
eV)41 and Cr/Au electrode (4.5–5.1),40 which would reduce the
Schottky barrier height between the semiconductor and con-
tacted electrodes. In addition, the annealing process aer
deposited the Cr/Au electrodes will induce a metallization,42

which is benet to form an Ohmic contact. As a result, the as-
made TiO2/graphene hybrid device or pure TiO2 lm based
device show linear I–V curves (Ohmic contact).

Furthermore, we have measured the I–V characteristics of
the device in pure N2 and O2 with and without UV light,
respectively. All tests are operated at room temperature and
ambient pressure. Without UV light, there is only a minor
change in the current measured in O2 compared with that in N2.
The current of the device shows a slight decrease in the
O2 atmosphere, which can be explained by the reaction of
RSC Adv., 2013, 3, 22185–22190 | 22187
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O2 + e� / O2
� at RT.37 Electrons are consumed by the newly

absorbed O2 molecules leading to an thicker electron-depleted
surface region, which decreases the electron concentration in
the device and thus decreases in conductivity. With UV light,
photo-induced electrons and holes are separated at the inter-
face of TiO2 and graphene. Photogenerated electrons are scav-
enged fast by the graphene and percolate to the collecting gold
electrode, while the photogenerated holes are recombination
with the electrons within TiO2 lm. This process will deplete the
electron further thereby decreasing the conductivity of the
device. As a result, there is a nearly 40% decrease in the current,
which is larger than previous O2 sensor reported in ref. 21. The
slight decrease of current in N2 (15.3%) with UV light may be
attributed to residual oxygen in the chamber considering the
base pressure is 1.0 � 10�1 mbar. To conrm the change in the
N2 atmosphere, the device was placed in a high vacuum
chamber (Lakeshore probe station, Desert Cryogenics Co. Ltd)
and the a higher vacuum of 5.0 � 10�5 mbar was achieved aer
pumping for 12 h to remove the residual oxygen and then
backlled with high purity nitrogen (99.99%). The resistance of
the device changes by �8.1% with and without the UV light
(Fig. S1†). Therefore, we attribute the change of the device to the
residual oxygen in the chamber considering the different base
pressures. The apparent change in the current readings in O2

over those in N2 clearly indicates that UV light improves the
sensitivity of the device for O2 sensing. In contrast, we have
measured the I–V curves of the pristine graphene device and
TiO2 device in O2 with and without UV light (Fig. S2c and d†).
Both of the devices show a negligible current change indicating
these materials or structures are not sensitive to oxygen.

Fig. 4a shows representative single sensing cycle of the
device exposure to O2 at RT with UV light. Resistance increases
in the presence of O2 and recovers in N2. The sensing response
signal (S) of the device is dened as: S ¼ (R � R0)/R0 � 100%,
where R0 and R are the resistance values measured in pure N2
Fig. 4 Oxygen sensing using TiO2/graphene device. (a) Single sensing cycle for
O2 with UV light at room temperature, Vbias ¼ 1 mV. (b) Response of the device to
different O2 concentrations, Vbias ¼ 1 mV. (c) Response with respect to O2

concentrations (logarithmic concentration). (d) Typical sensing cycles of the device
exposure to N2 and O2 in sequence with UV light, Vbias ¼ 1 mV.

22188 | RSC Adv., 2013, 3, 22185–22190
and different concentrations of O2 with UV light. The response
time and recovery time, dened as the time needed to achieve
90% of the nal equilibrium value,43 are estimated to be 193 s
and 135 s, respectively. Note that the recovery process, corre-
sponding to desorption of gas molecules, is usually speeded up
using heating or UV irradiation, which can achieve fast and
complete recovery.44–46 Thus, the UV light would not only improve
the sensitivity of the device for O2, but also reduce the recovery
time. Many researchers have developed the nanostructured TiO2-
based O2 sensor but failed to achieve fast response and recovery
process. Lu et al.47 demonstrated there was a negligible change in
conductivity of TiO2 thin lm based O2 sensor while operated at
31 �C, even at elevating O2 concentrations. Llobet et al.48 opti-
mized the sintered time and operated temperature resulting in
response and recovery durations of 1.5–3.0 min and 7.0–6.0 min,
respectively. Cheng et al.49 used amorphous TiO2 nanotube arrays
for O2 sensing and the response time was estimated to be several
minutes. Wang et al. demonstrated a fast response rate (�130 s),
but a slower recovery rate (�260 s).21 By comparison, our results
show a signicant improvement in response and recovery time
for O2 detection operated at RT.

Fig. 4b shows the time response of S, when sequentially
exposed to N2 and various concentration of O2 with UV light.
Clearly, the response readings increases as O2 concentration
and achieve saturation within the given duration as O2

concentration above 1% here. Fig. 4c shows the relationship
between the sensing signal and the O2 concentration, which is
logarithmic in large concentration range of 0.0134% to 100%. It
can be tted by:

S ¼ 5.17 lg X + 26.23 (1)

where, X is the O2 concentration (%). This newly developed
device is able to give quantitative values for practical O2 sensing
applications. The O2 concentration can be determined by the
formula X ¼ 10[(S�26.23)/5.17] with the measured sensing signal.
The larger linear scope compared with that in ref. 21, suggests
that as-made sensor is readily to detect the trace of O2 and
practicality. The O2 detection limit is as low as�134 ppm for the
prepared device similar to previous result,21 and of course, the
detection limit may be further lowered by optimizing the device.
The stability of the sensor is measured by sequentially exposed
to N2 and O2 with UV light showing in Fig. 4d (black curve).
The conductivity can be nearly recovered. Otherwise, a little
increasing base line is normal in the gas sensing owing to the
residual gas in the chamber. However, the pristine graphene
devices don't show any clear response to O2 at the same
conditions (Fig. 4d red curve). Further, the response of the
pristine graphene device and TiO2 device sequent exposure to
N2 and O2 with UV light (Fig. S2e and f†) shows a small change
of the sensing response signal with <1.5% and <4.5% for the
pristine graphene device and TiO2 device, respectively.
4. Conclusion

In summary, a reliable and scalable oxygen sensor based on
TiO2/graphene hybrid device has been developed and shown
This journal is ª The Royal Society of Chemistry 2013
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enhanced performance with UV light. This sensor exhibits
highly sensitive to O2 at RT with detect limitation of 134 ppm. In
addition, a logarithmic relationship between sensing response
signal (S) with O2 gas concentration has been demonstrated in
the huge concentration range of 134 ppm �100%. The sensor
also shows an improved response and recovery with the dura-
tions of 193 s and 135 s at RT and atmosphere pressure,
respectively.
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