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A study of transition from n- to p-type based on hexagonal WQO;
nanorods sensor”
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Hexagonal WO3 nanorods are fabricated by a facile hydrothermal process at 180 °C using sodium tungstate and
sodium chloride as starting materials. The morphology, structure, and composition of the prepared nanorods are studied
by scanning electron microscopy, X-ray diffraction spectroscopy, and energy dispersive spectroscopy. It is found that the
agglomeration of the nanorods is strongly dependent on the PH value of the reaction solution. Uniform and isolated WO3
nanorods with diameters ranging from 100 nm—150 nm and lengths up to several micrometers are obtained at PH=2.5
and the nanorods are identified as being hexagonal in phase structure. The sensing characteristics of the WO3 nanorod
sensor are obtained by measuring the dynamic response to NO, with concentrations in the range 0.5 ppm-5 ppm and
at working temperatures in the range 25 °C-250 °C. The obtained WO3 nanorods sensors are found to exhibit opposite
sensing behaviors, depending on the working temperature. When being exposed to oxidizing NO; gas, the WO3 nanorod
sensor behaves as an n-type semiconductor as expected when the working temperature is higher than 50 °C, whereas, it
behaves as a p-type semiconductor below 50 °C. The origin of the n- to p-type transition is correlated with the formation
of an inversion layer at the surface of the WO3 nanorod at room temperature. This finding is useful for making new room
temperature NO, sensors based on hexagonal WO3 nanorods.
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1. Introduction

Nanostructure metal-oxide semiconductor materials such
as nanowires, nanorods, and nanotubes have attracted increas-
ing attention in gas sensing applications because of their excel-
lent performances, owing to their large surface-to-volume ra-
tio, lower electron recombination rate, high stability, and less
agglomerated configuration.!'>! Among various nanostruc-
ture metal-oxide semiconductor materials, tungsten trioxide
(WO3) nanorod/nanowire is a highly promising candidate for
NO,, which is the major factor in the production of acid rain,
smog, and the depletion of the ozone layer.[*l However, WO3
has several polymorphs with triclinic, monoclinic, orthorhom-
bic, tetragonal and hexagonal structures of this kind of oxide.
In these various crystal structures, monoclinic WO3 nanos-
tructure sensors have been extensively studied.>~!!l They ex-
hibit a high sensitivity to NO, but at the expense of high
power consumption because of high operating temperature
about 100 °C-300 °C. Thus, it is significant to explore the
response of a sensor based on the tungsten-oxide nanostruc-
ture at room temperature for low-power gas sensing applica-
tions. Therefore, in the last decade, there have appeared some
room temperature gas sensors based on the tungsten-oxide
nanostructure, more importantly, some of them have exhib-

ited transition from n- to p-type behavior by adjusting their
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work temperatures.!'?~131 Solis et al.l'3! reported that a mix-
ture of monoclinic and tetragonal phases of WO3 nanocrys-
talline was made by evaporation of tungsten metal and the
film sensor showed excellent sensing properties upon expo-
sure to a low concentration of H,S in air at room temper-
ature. Kim et al.l'¥ reported that nonstoichiometric mono-
clinic WO; 7> nanowires were produced by thermal decompo-
sition of W(CO)g¢ and the as-prepared sensor showed an n-type
behavior at temperatures above 150 °C and a p-type behav-
ior at temperatures below 100 °C upon exposure to ethanol.
Our previous research!'>! reported that Ti-added nonstoichio-
metric monoclinic W;gO49 nanowires were synthesized by
the solvothermal method and the sensor behaves as an n-type
semiconductor at operating temperatures above 100 °C and a
p-type below 100 °C versus of NO,. However, for NO; there
are few reports on the transition from an n- to a p-type of
hexagonal WO3 nanowires/nanorods sensor induced by low-
ing working temperature.

In this work, firstly, uniform and isolated WO3 nanorods
are synthesized at PH=2.5 by adjusting the PH value and the
corresponding energy dispersive spectroscopy (EDS) spectra
of the samples are examined. Secondly, the structures and
morphologies of the raw WOj3 nanorods obtained at PH=2.5
and the annealed samples are characterized using X-ray
diffraction (XRD) and scanning electron microscopy (SEM).
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Thirdly, the gas sensing properties of the WO3 nanorod sensor
are examined for NO; in dry air at the working temperatures
from 25 °C to 250 °C. Finally, we further examine the gas
dynamic responses of the WO3 nanorod gas sensor to some
reducing gases including CH30H, C,HsOH, and C3HgO at
room temperature. The results clearly show that the gas sen-
sor behaves as an n-type semiconductor at operating tempera-
tures higher than 50 °C, whereas as a p-type below 50 °C. To
the best of the authors’ knowledge, this is the first report on
the hexagonal WO3 nanorod sensor exhibiting two completely
different NO,-sensing responses. This finding has great sig-
nificance for developing low power consumption NO; sensors
based on hexagonal WO3 nanorods.

2. Experiment
2.1. Synthesis of WO3 nanorods

WO;3 nanorods were synthesized through hydrothermal
technology. In a typical procedure, 3.30-g Na,WO4-2H,0
and 1.17-g NaCl were dissolved in 75 mL of deionized water.
NayWO4-2H, 0 served as the precursor and was used without
further purification. NaCl was used as a structure directing
agent (SDA), which has been proven to facilitate the control-
lable growth of nanostructure WO3. The pH value of the solu-
tion was adjusted using a 3-M HCI solution. The mixture was
then transferred into a Teflon-lined stainless steel autoclave
and heated at 180 °C for 24 h. In this experiment, all reagents
were purchased from Guangfu Fine Chemical Research Insti-
tute (Tianjin, China).

2.2. Characterization

The morphology, crystal structure, and element composi-
tion of the WO3 nanorods are characterized using a field emis-
sion scanning electron microscope (FESEM) ( FEI Nanosem
430), XRD (RIGAKU D/MAX 2500V/PC, Cu Ko radiation),
and EDS attached on the FESEM.

2.3. Sensor fabrication and NO, response measurement

Firstly, the gas sensors were fabricated by spin coating the
slurry of as-prepared tungsten-oxide nanorods on the cleaned
alumina substrates which were attached with a pair of inter-
digital Pt electrodes and followed by a thermal treatment at
300 °C for 2 h in order to burn out the organic solvent used in
the preparation of coating slurry and to enhance the adherence
of the sensing film to the sensor substrates. Then, the gas sens-
ing characteristics of the as-prepared sensor were measured in
a static gas sensing testing system, !>/ which was composed
of a test chamber, a flat heating plate, a professional digital
multi-meter, a data acquisition system, and a digital tempera-
ture controller. The operating temperature was changed from
room temperature to 250 °C by adjusting the digital temper-
ature controller, and the resistance change of the sensor was

monitored by a UNITUT70D professional digital multi-meter.
A schematic diagram of the measurement system is shown in
Fig. 1.
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Fig. 1. (color online) Schematic diagram of the gas-sensing measure-
ment system.

When being exposed to NO,, the sensor response presents
an n-type feature at working temperatures above 50 °C and a
p-type feature below 50 °C. Hence, the sensitivity is defined as
S =Ry /R, above 50 °C and as S = R, /R, below 50 °C, where
R, and R, are the resistances of the sensor element in the at-
mospheric air and the target gas respectively. The time taken
by the sensor to achieve 90% of the total resistance change is

defined as the response and recovery time.

3. Results and discussion
3.1. Morphology and structure

We first examine the influences of the PH value, varying
from 1.4 to 3.0, on the sample morphology. The SEM images
of the WOj3 samples obtained at different PH values are shown
in Figs. 2(a)-2(e). When the PH value decreases to the val-
ues in a range of 1.4-1.9, the obtained WO3 nanorods aggre-
gate each other, resulting in the formation of bundle structures
(Figs. 2(a) and 2(b)). The nanorods began to separate from
others when the PH value is increased to 2.1-2.3 (Figs. 2(c)
and 2(d)). Lots of uniform and isolated WO3 nanorods can be
obtained at a PH value of 2.5, where nanorods are randomly
oriented and separated from each other and their lengths are in
the range 3 wm—5 pwm and cross sections in the range 100 nm—
150 nm (Fig. 2(e)). However, for the samples prepared at
PH =3, we do not find any precipitate. This may be explained
by the disappearance of HyWOy; in this condition according to
the growth mechanism of WOj3 nanorods.

The growth mechanism of WO3 nanorods can be ex-

plained according to the following reactions:17-18]
NayWO4 +HCI — HyWO4 + NaCl, @)
H,WO4 — WOs(crystalnucleus) + H, O, 2)
WOs(crystalnucleus) — WOs3(nanorods). 3)
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PH=2.3

PH=25

Fig. 2. SEM images of the WO3 samples obtained at pH = 1.4 (a), 1.9 (b), 2.1 (c), 2.3 (d), and 2.5 (e).
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Fig. 3. (color online) EDS spectra of the WO3 samples obtained at pH =1.4 (a), 1.9 (b), 2.1 (¢), 2.3 (d), and 2.5 (e).

The formation of HyWOy is conducible to the growth
of WO3 nanorods. Further, the PH acts as the protonation—
deprotonation balance of surface hydroxylated groups of
growth units, and hence, as the electrostatic surface charge. ']
Similar observations were made by Gu et al.[*") and Zheng et
al.'"81 Gu et al.*"! obtained bundles at 1.0 < pH < 1.4 and iso-
lated rods for 1.5 < pH < 2.0; Zheng et al.!'8! obtained bun-
dles at 2.0 < pH < 2.2 and isolated rods for 2.3 < pH < 2.4.
These results show the importance of PH in the hydrother-
mally grown WO3 nanorods. Hence, the PH value of res-
olution is fixed at 2.5 for the later study. The correspond-
ing EDS spectra of the samples are shown in Fig. 3. The
EDS spectra show the atomic concentrations of W and O
to be 22.13 and 75.62% at PH=1.4, 22.28% and 75.74% at
PH=1.9,20.64% and 77.56% at PH=2.1, 21.09% and 76.94%
at PH=2.3, 21.37% and 75.98% at PH=2.5. The EDS anal-

ysis shows the atomic ratio between W and O is close to 1:3.

The C element in the EDS can be attributed to originating from
the conductive tapes.

In order to identify whether there is any influence of ther-
mal treatment at 300 °C for 2 h on morphologies and crystal
structures of WO3 nanorods, we measured XRD spectra and
took the SEM images of the WO3 nanorods before and after
annealing, and these results are demonstrated in Figs. 4(a) and
4(b).

The main diffraction peaks of the freshly-obtained WO3
nanorods and the annealed nanorods can be well indexed to
a hexagonal WO3 with lattice parameters of a = 0.7298 nm,
b =0.7298 nm, ¢ = 0.3899 nm, (JCPDS No. 75-2187). Thus,
the crystal structure of WO3 nanorods is still of the hexago-
nal phase before and after annealing. In the XRD pattern, the
(200) diffraction peak has the strongest reflection, indicating
that the (200) is the preferential growth plane of the nanorods.

The crystallite sizes of WO3 nanorods are estimated using the
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Scherrer equation based on the (200) peak, and they are found
to be 22.87 nm and 27.93 nm before and after annealing. Con-
sequently, the crystallite size increases when it is under ther-
mal treatment. A further examination in Fig. 4(b), besides the
peaks of hexagonal WOj3 and corundum Al,O3, shows that
three small diffraction peaks appear at 28.000, 40.096, and
46.403, which are corresponding to tetragonal W5014 (401),
monoclinic WO, g3 (316), and WO, 9> (2030) plane that can
be seen clearly. These are due to the fact that they have lots
of oxygen vacancies compared with WO3. According to the
relevant literature,['>~15211 we suppose that the existence of
monoclinic WO; g3, WO 95, and tetragonal W50 4 are help-
ful to improve the gas sensing properties at room temperature.
In addition, we can see that the morphology of WO3 nanorods
is not changed by thermal treatment, as shown in the inset of
Fig. 4.
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Fig. 4. XRD patterns and SEM images of (a) the as-produced WO3
nanorods before annealing, and (b) the WOj3 nanorod film coated on
Al, O3 after annealing at 300 °C for 2 h.

3.2. Gas-sensing properties

The adsorption, diffusion, and surface reaction rates be-
tween the target gas and the gas sensing layer can be influ-
enced by the operating temperature, which will further affect
the sensor response. Therefore, we first investigate the opti-
mum operating temperature for the WO3 nanorod sensor by

sensing 1-ppm NO, from room temperature to 250 °C. Metal
oxides-based gas sensors are classified into n-type and p-type
according to whether they show a decrease or an increase of
conductivity when they are exposed to an oxidizing gas (such
as NOZ).[22’23] As shown in Fig. 5, the WO3 nanorod sensor
shows a different sensing behavior. The WOj3 nanorod film
shows a p-type response at temperatures in the range 25 °C-
50 °C, and it shows an n-type response at temperatures in the
range 50 °C-250 °C. The sensitivity of the WO3 nanorod sen-
sor operated at room temperature to 1-ppm NO; is 1.7 and the
sensitivity of the sensor decreases with the operating tempera-
ture increasing from 25 °C-50 °C. The sensitivity of the sen-
sor increases with the operating temperature increasing from
50 °C to 200 °C and then decrease as the operating temper-
ature increases further. The reason is that at lower operat-
ing temperatures (50 °C-200 °C), sufficient thermal energy is
essential to overcome the activation energy barrier; however,
when the operating temperature is too high (250 °C), the des-
orption process becomes dominant. Furthermore, the diffusion
depth becomes lower at a high temperature. >l The maximum
response reaches about 2.3 at 200 °C.

2.8
p-type
. 24F D o,
2 ntype / \
=] o F==——- >
5
4 2.0 F o 5]
< H
~ Il
> H
et 1
e 16 F o !
e H
B 3 H
=] I
] Il
A o12t \ ;
L e.ée/e
0.8 1 1 1 I 1 1 1 1 1 1 1 1
—50 0 50 100 150 200 250
Temperature/°C

Fig. 5. (color online) Variations of the gas sensing sensitivity of WO3
nanorod film to 1-ppm NO, gas with different working temperatures.

Owing to the fact that the WO3 nanorod sensor shows two
different sensing behaviors by changing the working temper-
ature, in order to obtain further clues to the kinetic behavior
of NO, on the WO3 nanorod sensor surface, a second set of
experiments is carried out in which the NO; concentration is
increased in a number of steps from 500 ppb up to 5 ppm at op-
timum operating temperatures of 200 °C and 25 °C, as shown
in Figs. 6 and 7.

Turn to the case of higher temperature (200 °C) interac-
tions first. Figure 6 shows that at 200 °C, the resistance is
observed to increase as the sensor is exposed to NO,, indicat-
ing that the WO3 nanorod sensor behaves as an n-type semi-
conductor and the sensor shows that the response is enhanced
with the increase of gas concentration. Remarkably, very lit-
tle baseline drift occurs after the final concentration of NO,

040704-4



Chin. Phys. B Vol. 23, No. 4 (2014) 040704

(i.e., 5 ppm) has been reached. On the whole, NO, under-
goes a reversible oxidizing interaction with the WO3 nanorod
film surface. It is accepted that upon being exposed to NO»
gas, the NO, gas molecules are absorbed at the active sites on
tungsten-oxide nanorods surface and form chemisorbed NO, .
The process of the reactions can be described as follows:

NO;,(gas) +e~ — NO, (ads), )
NO»(gas) + O, (ads) +e~ — NO, (ads) +20" (ads). (5)

The above reactions reduce the electron concentration on the
material surface, increase the width of the depletion layer and
finally result in an increase of the sensor resistance. When
the NO, concentration is increased, the number of electrons
extracted from the conduction band and the barrier in the con-
duction band of WOs3 is also increased. As a result, the electri-
cal resistance and the sensitivity are both increased. In order to
reveal the moments of the gas input and gas stop, the enlarged
part of data in Fig. 6(a) measured at an NO; concentration of
3 ppm is illustrated in Fig. 6(b) and the response time and re-
covery time are 136 s and 175 s respectively.
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Fig. 6. (color online) (a) Dynamic response resistances of WO3 nanorod
film to 0.5, 1, 3, and 5-ppm NO, gas at 200 °C. (b) Enlarged part of (a):
the WO3 nanorod film at 3-ppm NO;.

Now, we come to the case of room-temperature interac-
tions; the n-type behavior, however, changes completely when
the experiments of the same kind are carried out again after

the surface temperature has been reduced to room tempera-
ture. Figure 7 shows that a decrease in the sensor resistance
is observed instead of the expected resistivity increasing when
being exposed to NO, and the sensor also shows that the re-
sponse is enhanced with the increase of gas concentration.
Figure 7(b) shows the enlarged part of the data in Fig. 7(a),
measured at an NO; concentration of 1 ppm, to reveal the mo-
ments of the gas input and gas stop, and the response time and
recovery time are 40 s and 160 s respectively. The response
time and recovery time are both shorter than those shown in
Fig. 6(b), indicating that this WO3 nanorod film is a good room
temperature gas sensing material.
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Fig. 7. (color online) (a) Dynamic response resistances of WO3 nanorod
film to 0.5, 1, 3, and 5-ppm NO; gas at room temperature. (b) Enlarged
part of (a): the WO3 nanorod film at 1-ppm NO;.

The transitions from an n- to a p-type response (or vice
versa) resulting from the gas concentration or the operating
temperature are observed for different metal-oxide semicon-
ductors exposed to various gases.!>=3!1 One of the conceiv-
able mechanisms for the p-type conductive behavior appear-
ing at room temperature is the formation of an inversion layer
at the surface of the WO3 nanorod. Because there are a large
number of surface states which are induced by dangling, struc-
tural defects, and gas adsorption, the surface of the semicon-
ductor is composed of a surface layer and the space charge

layer. For the large density of surface states, the surface layer
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with an excess charge leads to an aggregation layer, depletion
layer, or even inversion space-charge layer below the surface
layer of the semiconductor. For example, in the case of an n-
type semiconductor, if the excess charge is a negative charge,
the electrostatic potential will be increased in the space charge
layer with respect to electrons, and thus the depletion layer
is formed. Furthermore, if the excess negative charges are
much more, the electrostatic potential will be reduced in the
space charge layer with respect to holes, and thus the inver-
sion space-charge layer is formed.

According to the XRD pattern of Fig. 4(b), there is a
mixture phase of hexagonal WOj3, non-stoichiometry mono-
clinic WO» g3, WO;.92, and tetragonal WsOy4, which has a
large number of oxygen vacancies. The formation of a typical

0.096
(a)
300
S 0090k PP
=
> 200 ppm
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oxygen vacancy might be represented by the following quasi-
chemical reaction (6) as reported in Ref. [32]:

1
0} +— EOz(gas) + V3 +2e7, (6)

where O represents an unstable oxygen atom at an oxygen
site, Vé+ represents an oxygen vacancy with a double positive
charge. It easily adsorbs the oxygen in air to reach stabiliza-
tion. When the WO3 nanorod sensor is exposed to air, oxygen
molecules can be absorbed on the surface of the WO3 nanorod
and form chemisorbed oxygen species by capturing electrons
from the adsorption sites on the oxide surface. As mentioned
above, an inversion space charge layer is formed, in which

holes become the main charge carriers.
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Fig. 8. Gas dynamic responses of the WO3 nanorod gas sensor to some reducing gases including CH3OH, C,H5OH, and C3HgO at room temperature.

In order to testify whether the transition from n-type to p-
type of WO3 nanorods is an occasional phenomenon at room
temperature, we further examine the gas dynamic response of
the WO3 nanorod gas sensor to some reducing gases including
CH;3;0H, C,H50H, and C3HgO at various concentrations from
100 ppm to 300 ppm, as shown in Fig. 8. It can be seen that
the WO3 nanorod gas sensor also behaves as a p-type semicon-
ductor since the sensor resistance increases upon the introduc-
tion of reducing gas (CH30H, C,Hs0H, and C3H3O), indicat-
ing that this transition does not take place occasionally. Fig-
ure 8(d) shows the comparison among the sensitivities of the
WO3 nanorod gas sensor to 5-ppm NO,, 100-ppm CH3OH,
100-ppm C,HsOH, and 100-ppm C3HgO, and the sensor ex-

hibits the largest response to 5-ppm NO; in the other gases,
showing that the sensor has a rather good selectivity to NO,
compared with other examined gases at room temperature.

4. Conclusion

Uniform and isolated WO3 nanorods can be synthesized
at PH=2.5 through hydrothermal technology. The gas-sensing
properties of the WO3 nanorod sensor are examined at 200 °C
and room temperature respectively. The n- to p-type conduc-
tivity is converted by changing the operating temperature. One
conceivable mechanism for the p-type conductive behavior ap-
pearing at room temperature is the formation of an inversion
layer at the surface of the WO3 nanorod due to the existence of
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monoclinic WO; g3, WO;.92, and tetragonal W50Oy4 impurity

phases. The WOj3 nanorod gas sensor also behaves as a p-type

semiconductor when being exposed to some reducing gases
(CH30H, C,H50H, and C3HgO). Since the room temperature
gas sensing properties of hexagonal WO3 are very promising,

it is advisable to study hexagonal WO3 further as a room tem-

perature gas sensor.
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