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Synthesis, Characterization and Gas-sensing Properties of
Sodium Titanate Nanobelts
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(Key Laboratory of Mesoscopic Chemistry of Ministry of Education, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210093)

Abstract: Single-phase Na,Ti;0; nanobelts with a width of 20~240 nm, a thickness of 10~40 nm, and a length up
to tens of micrometers were synthesized by a two-step hydrothermal reaction of butyl titanate with a concentrated
NaOH solution. The structures and morphologies of the nanobelts were characterized by X-ray diffraction and
transmission electron microscopy, respectively. Then the nanobelts were fabricated into a chemiresistive sensor for
its gas-sensing properties evaluation. The results indicate that the sensor is obviously sensitive to acetone,
ethanol, and carbon disulfide at 350 ~400 °C while it is almost insensitive to CO, benzene, NH;, and 30%

formaldehyde solution. The gas-sensing mechanism could be explained by chemisorption model.
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Oxides become the basis of smart and functional
materials due to the fact that the physical and chemical
properties of the oxides can be tuned by varying their
structure characteristics including valence states of
cations, deficiencies of anions, and dimensions, so a
considerable attention has been attracted for synthesis
and device fabrication of one-dimensional (1D) nanos-

tructures of oxides!?. So far, they have been developed
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into various functional materials and nanodevices such
as Au/Ce0, nanorod catalysts”, ZnO nanowire lasers',
In,0; nanowire field emitters®, and SnO, nanobelt gas

SENSsors (6l

, and show unique physical and chemical
properties. Nanobelts of semiconducting oxide, with a
rectangular cross section, are very promising for sensors
due to the fact that the surface-to-volume ratio is very

high, the oxide is single crystalline, the faces exposed to
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the gaseous environment are always the same and the
size is likely to produce a complete depletion of carriers
inside the belt!®. Therefore investigation into gas sensor
based on nanobelts (nanowires) of semiconducting ox-

ides becomes an important research field™ ",

Alkali metal titanates(A,T1,0,,,, A=Na, K, Li)
usually are composed of negatively charged layered
sheets constructed with corner and edge shared TiOg4
octahedra, and alkali metal ions in the interlayers of the
titanates!"?. Depending on the alkali metal content they
assume various structures (layered or cage structures)
and exhibit different properties. For example, sodium
trititanate (Na,Ti;0;) is crystallized into a monoclinic
structure that consists of Ti;07~ layers held together
with exchangeable Na *, while sodium hexatitanate
(Na,TiO3) presents a tunnel structure and a good
chemical stability. Sodium tri- and hexa- titanates are
usual alkali metal titanates, and have widely been ap-
plied to plastic reinforcement, photocatalysis, potentio-
metric gas sensors for O, or CO,™™, The bulk materi-
als can be prepared by solid-state reactions from TiO,
and Na,CO; or Na,0 at about 1000 °C, hydrothermal
reactions of TiO, powders with NaOH solution, or the
sol-gel method from alkoxide precursors. Over the
past years, scientists have paid their attention to the
synthesis and application of alkali metal titanate
nanowires. For instance, Meng and Seo et al. synthe-
sized Na,Tic0; nanowires by hydrothermal reaction of
TiO, nanoparticles with 10 mol - L' NaOH solution at
180 C for 12 d", and at 250 °C for 4 h!'") respec-
tively. Stengl et al. prepared Na,TigO;; nanorods by
pyrolysis of sodium titanate glycolate complex, and
reported its good photocatalytical activity for the de-
composition of 4-chlorophenol . Recently, Kolenko
et al. synthesized Na,Ti;0; nanowires by a one-step
hydrothermal reaction of amorphous TiO, -nH,0 with
concentrated NaOH solution, however, they only ob-
tained a mixture of three sodium titanates(Na,Ti,04,.1,
n=3, 4, 9). Here we report the preparation of single-
phase Na,Ti;0; nanobelts by a two-step hydrothermal
reaction, and evaluation of the gas-sensing properties
for chemiresistive gas sensor fabricated from the above

single-phase Na,Ti;0; nanobelts.

1 Experimental

All chemicals(analytical grade) were purchased
from Shanghai Reagents Company and used without
further purification. In a typical two-step process, a
3 mL of butyl titanate was added to a 35 mL of
10 mol - L' NaOH solution, and stirred for 2 min, and
then transferred into a 50 mL of Teflon-lined stainless
steel autoclave. The autoclave was sealed and main-
tained at 180 °C for 24 h, and then cooled to room tem-
perature. After the autoclave was opened, the suspen-
sion was stirred for 2 min again. The autoclave was a-
gain sealed and maintained at 180 °C for 24 h, and then
cooled to room temperature. The final products were fil-
tered and washed with deionized water till pH=7, and
then dried at 180 °C in air for 6 h.

The obtained products were characterized on a
Philips X’ pert X-ray powder diffractiometer (XRD)
with Cu Ka radiation(A=0.154 18 nm). X-ray intensi-
ties were recorded by X celerator detection system.
The size and morphology of the products were deter-
mined by a JEOL-JEM 200CX transmission electron
microscope (TEM) operating at 200 kV. The chemical
composition of the samples was measured by an INCA
Energy spectrometer for energy-dispersive X-ray spec-
troscopy (EDS) attached to a LEO-1530VP field-emis-
sion scanning electron microscope (SEM), operating at
20 kV.

The gas sensor was fabricated as follows: a mixture
of Na,Ti;0; nanobelts with deionized water was coated
onto the Al,O; tube on which two gold electrodes had
been installed at each end, and dried slowly in air, and
then calcined at 600 °C for 2 h in air. The thickness of
the nanobelt film was about 200 nm. The Al,O; tube was
about 8 mm(1)x2 mm (e.d)x1.6 mm(i.d.). A Ni-Cr wire
heater was inserted into the ALLO; tube to supply the
operating temperature that could be controlled in the
range of 90~500 °C. The structure of the chemiresistive

gas sensor was described in Ref™.
2 Results and discussion

2.1 Structure and morphology
The powder XRD pattern for the as-prepared sam-
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Fig.1 XRD patterns of sodium titanate nanobelts:

(a) as-prepared sample; (b) the sample
calcined at 600 °C for 2 h in air

ple is presented in Fig.1a, which can be completely in-
dexed to monoclinic Na,Ti;07(S.G. P2,/m(11); PDF No.
72-0148) on the base of the peaks position though some
peak intensity is different from standard diffraction
card. After the Na,Ti;0; nanobelts were calcined at
600 °C for 2 h in air, they were converted into another
monoclinic phase(Na,Ti0;)with cell parameters of a=
1.464 nm, b=3.715 nm, ¢=9.159 nm, and 8=99.3°(Fig.
1b). Kolenko et al. once reported that Na,Ti;0;
nanowires could be converted into Na,TicO; nanowires

at 500 °C in the flowing H, for 10 h™. In fact, no va-

lence changes in the reaction, so flowing H, is not a
must in this case. Our results show that the Na,Ti;0,
could also be changed to the Na,TisO; at 500~600 °C
for 2 h in air, but the cell parameters are slightly less
than those of the reported Na,Tic0y; (PDF no.73-1398,
S.G. C2/m (12), a=1.513 nm, =3.745 nm, ¢=9.159
nm, and 8=99.3°).

Fig.2a reveals that the as-prepared sample is a
nanobelt with a width of 10~230 nm and a length up to
several tens of micrometers. A typical nanobelt has a
rectangular cross-section with about 2040 nm? shown
as white arrow in Fig.2b. SAED (selected area electron
diffraction) of a single nanobelt (inset in Fig.2¢) indi-
cates that the nanobelt is single-crystalline, and can be
indexed to monoclinic Na,Ti;0; PDF no.72-0148), and
grows along to [101] direction. In addition, the EDS
spectrum of a single nanobelt shows that the average
contents of titanium and sodium are 8.80 and 14.76
atom% (Ti/Na ratio 1.68) (Fig.2d). After the Na,Ti;0,
nanobelts were fabricated to gas sensor and annealed at
600 C for 2 h in air, they still were single-crystalline
nanobelts(Fig.2e and f), but the Na,Ti;0;nanobelts were
converted into the Na,TicO;; nanobelts, whose XRD
pattern was shown in Fig.1b. So the real sensing mate-

rials are the Na,Ti¢0,; nanobelts.

Fig.2 TEM images and EDS spectrum of the Na,Ti;0; nanobelts: (a) overview; (b) magnified micrograph;

(c) TEM image and SAED pattern of a single nanobelt; (d) EDS spectrum of a single nanobelt.
(e) TEM image after the sample calcined at 600 °C for 2h; (f) TEM image and SAED pattern of a single
nanobelt of the sample calcined at 600 °C for 2 h
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2.2 Gas sensing properties

Gas-sensing measurements were made in a static
system and the test gas was introduced into the testing
chamber by injection. The circuitry of the gas-sensitivi-
ty measurement was depicted in Ref. 20. The sensitivity
of the sensor(S) was defined as S=R,/R,, where R, and
R, are the resistance of the sensor in atmospheric air
and in sample-air mixed gas, respectively. In the exper-
iment, a load resistor(R;) is 300 M{2, and a circuit volt-
age(Vc) is 1.56 V. The purity of the measured chemicals
including acetone, ethanol, carbon disulfide and ben-
zene is more than 99.5 wt.%. The purity of NH; gas is
99 mol.%. CO species comes from a mixture of CO(10
mol.%) and He(90 mol.%), and NO, species from a mix-
ture of NO (8 mol.%) and He(92 mol.%).

Fig.3 displays the dependence of the resistance of
the sensor in air on the operating temperature, revealing
that the resistance decreases with the temperature in-
creasing. Fig.4 shows the dependence of the sensitivity

of 200 wL-L™" CS,, ethanol and acetone in ambient air
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Fig.3 Dependence of the resistance of the sensor in

air on the operating temperature
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Fig.4 Dependence of the sensitivity of 200 pL-L™"
CS,, ethanol and acetone in ambient air on

the operating temperature

on the operating temperature, which indicates that the
as-prepared gas sensor is sensitive to acetone, ethanol
and CS, in the working temperature, so optimal working
temperature is 375 °C.

Because the sensitivity at 350 °C reaches 90% of
maximum, the temperature may be selected as a work
temperature. Fig.5 displays typical isothermal response
curves of acetone, ethanol and carbon disulfide when
cycled through increasing the gas concentration in the
range of 20~2 000 pL-L™ and ambient air at 350 C. Tt
shows that the sensor is sensitive to acetone, ethanol
and CS,, and the highest sensitivity to CS,. In addi-
tion, the sensor has the rapid response/recovery prop-
erties. Table 1 shows the response and recovery time
of 200 pL -L™ acetone, ethanol and carbon disulfide,

with the response time defined as the time required for
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Fig.5 Typical response curves on cycling between
increasing concentration(20~2 000 wl.-L™)
of gases and ambient air at 60% RH(relative
humidity at 20 °C) on the operating temperature
of 350 °C. (a) CS,; (b) ethanol; (c) acetone

Table 1 Response/Recovery time of 200 pL-L™*
gases at 350 °C

Sensor signal Response time /  Recovery time /

Gases (RJJR) s S

cs, 24 13 23
Ethanol 1.2 6 6
Acetone 12 8 29
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the sample sensitivity variation to reach 90% of the e-
quilibrium value following an injection of test gas and
the recovery time defined as the time necessary for the
sample to return to 90% the original resistance in air
after the test gas has been released.

With regard to practical use, the selectivity of the
sensor is measured to other gases. The sensor is almost
insensitive to CO, benzene, NH;, 30% formaldehyde
solution at 350 °C, while it is low sensitive to NO,. The
influence on the response amplitude of the relative hu-
midity (RH) of the environment has been studied. The
responses of the sensor in different RH(40%~70%) are
almost unchangeable, so the sensor can be applied in
wide range of the humidity.

For n-type semiconductor oxide sensors, an ac-
ceptable gas-sensing mechanism is surface conduction

2021 Because

modulation based on the chemisorption !
Na,Ti0 3 is an n-type semiconductor, the sensor should
follow to the above sensing mechanism. As shown in
Fig.6(a), oxygen and water molecules from the ambient
air are adsorbed on the surface of Na,Ti¢O; nanobelts,
N\
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Fig.6  (a) Schematic representation of the mechanism
of reaction of Na,Tis0; nanobelt sensor to
ethanol. In air, negatively charged oxygen
adsorbates(O~, O,) cover the surface of the belt
and results in electron depleted surface layer
due to electron transfer from the belt surface to
the adsorbates; (b) In ethanol gas, oxygen
adsorbates react with the adsorbed ethanol
molecules attached by hydrogen bonds, release
the trapped electrons, and cause the current to

increase

and extract electrons from the Na,Ti¢O; conduction
band so that oxygen is converted into O~ and O, while
water into hydroxyl group. Here the concentration of O~
is believed to be dominant. Consequently, the depletion
layers are formed in the surface and the grain-boundary
regions of the nanobelt, causing the carrier concentra-
tion to decrease.

When the sensor is exposed to reducing gases such
as ethanol, the ethanol will react with the adsorbed 0,4,
i. e. CH;CH,0H +60,4,—2C0,+3H,0 +6¢?, releasing
the trapped electron back to the conduction band, so
that the carrier concentration of the nanobelts increas-
es, and the conductivity rises, as shown in Fig.6 (b).
Similarly, when sensor is exposed to acetone and CS,
gases, the adsorbed O, reacts with these gases, respec-
tively, releasing the trapped electron back to the con-
duction band, so that the carrier concentration of the
nanobelts increases, and the conductivity rises. Consid-
ering that the reactions are redox process, we conjecture
the reaction equations as follows:

CH;COCH; + 80,4 — 3CO, + 3H,0 + 8e 1)

CS; + 60, — CO+2S0,+6e (2)

3 Conclusions

A large number of single-phase Na,Ti;0; nanobelts
have been synthesized by a two-step hydrothermal re-
action. A chemiresistive gas sensor based on the
Na,Ti;0; nanobelts has been developed, and shows sen-
sitivity to acetone, ethanol, and carbon disulfide. In ad-
dition, research result still shows that Na,Ti;0; can be

converted into Na,Tis0; above 500 °C in air.
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