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Abstract

Several types of nano-structured metal oxide semiconductor materials have been successfully synthesized for the sensing of both ethanol
and oxygen gases. Using the high-energy ball milling process, stable nano-particle powders down to a few nanometers can be achieved at
room temperature. In the case of ethanol sensingytfe,0;—SnQ, a-F&0;-Zr0O,, anda-Fe,03—TiO, materials are investigated while for
the oxygen sensing, the ZpQx-Fe, 03, TiO,—a-F&,03, and SrTiQ types are studied for different applications. All the nano-structured oxide
materials are systematically characterized using XRD, TEM, and the fabricated sensor devices characterized for their electrical and sensing
properties. The sensing properties are compared and analyzed and the sensing mechanisms are explained for the different type of sensin
materials. The effects of the nano-structure on the sensing properties are investigated.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction the high-energy ball milling or mechanical alloyifd2]
has been proved to be a very effective route in prepar-

In the current materials science research, the use ofing nano-sized solid solution for gas-sensing application re-
nano-sized materials for gas sensors is rapidly arousingcently[13-17]
interest in the scientific community. One reason is that the  |n this paper, the high-energy ball milling technique has
surface-to-bulk ratio for the nano-sized materials is much peen employed to synthesized various nanometer powders
greater than that for coarse materials. Another reason iswith an average particle size down to several nanometers, in-
that the conduction type of the material is determined by cluding (1) nano-sized-Fe;O3 based solid solutions mixed
the grain size of the material. When the grain size is small with different mole percent of S ZrO,, and TiQ sep-
enough (the actual grain siZ2 is less than two times the  arately for ethanol gas-sensing application, (2) stabilized
space-charge deptt), the material resistivity is determined  7rO, based and Ti@based solid solutions mixed with dif-
by grain control, and the material conduction type becomes ferent mole percent af-Fe,03, and (3) synthesized SrTiO
surface conduction typgl]. Hence, the grain-size reduc- for oxygen gas-sensing application. The synthesized pow-
tion becomes one of the main factors in enhancing the ders and their sensing properties have been characterized.

gas-sensing properties of semiconducting oxides. Meanwhile, the sensing mechanisms have been presented.
Normally, nano-sized powders have been prepared by

sol-gel procesR,3], chemical co-precipitatiof#], metalor-
ganic decomposition (MOLp], plasma enhanced chemical 2 Experimental
vapor deposition (PECVO}], atmospheric-pressure chem-
ical vapor deposition (APCVDJ7], physical vapor depo- Various nano-sized materials were prepared by high-
sition (PVD) [8,9], low-pressure flame deposition (LPFD)  energy ball milling in a Fritsch pulverisette 5 planetary ball
[10], and laser ablatiofil1]. Besides the above methods, mjjling system for ethanol gas-sensing and oxygen gas-
sensing applications (s&able 1. The powder samples were
* Corresponding author. Tek-65-6790-5411; fax:65-6791-2687. formed into paste and screen-printed onto ceramic substrates
E-mail address: eoktan@ntu.edu.sg (O.K. Tan). with inter-digital Au electrodes to obtain the gas sensors.
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Table 1
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Nano-structured sensing materials prepared by high-energy ball milling technique

For ethanol gas sensing

For oxygen gas sensing

Composition
(1) XZrO,—(1 — x)a-Fey03, x = 0.05, 0.10, 0.15, and 0.20
(2) xSnO—(1 — x)a-Fe,03, x = 0, 0.03, 0.064, and 0.10
(3) XTiO2—(1 — x)a-Fe03, X = 0.05, 0.10, 0.15, and 0.20

(*-Fe03—(1 — x)ZrOy, x = 0.05, 0.10, 0.15, and 0.20
(R-Fer03—(1— x)TiO2, x = 0.20
(3) Synthesized SgTiO

The characteristics of the material powders were investi-

gated by XRD and TEM. The powder samples with differ-
ent composition taken at different milling times were char-
acterized using a Rigaku RINT 2000 X-ray diffractometer
with Cu Ka radiation at room temperature. X-ray 1.54056 A
of Cu Kal radiation at 40kV 40 mA was chosen as the
source in the range of 20< 26 < 60° with a sweep rate of
1°/min (except for the synthesized Srg@aterial, a SHI-
MADZU XRD-6000 X-ray diffractometer with Cu Kl ra-
diation (1.54056 A) at 50 kV 20 mA in the range of°1&

260 < 100 with a sweep rate of4min was used). The mi-

crostructures of the milled powders and heat-treated powders

a-Fe0s3. Even after 120-h milling, those peaks can still
be distinguished. However no peaks corresponding to those
of pure ZrQ (labeled as Zr@ in 0-h curve) were found.
This indicated that the basic structure of hematite for all
the milled powder samples remained the same as that of the
starting material otx-F&0s3, i.e., the corundum structure.
The particle size decreased drastically to less than 10nm
after 20 h of milling and remains about the same up to 120h
of milling in Fig. 1b(calculated byScherrer formula[12]).
Similar trend was observed for all the other powders listed
in Table 1 The results also were confirmed by THWB].

In order to clarify the effect on the crystal structure of

were studied using the Jeol JEM2010 Transmission Electronthe milled powders, the lattice refinements from the X-ray
Microscope (TEM). The TEM specimens were prepared by diffraction patterns were performed for the powders with
scattering the fine powders in ethanol solution using ultra- different mole percents of Zroand different milling times.

sonic vibration and then sprayed onto holey carbon films,

before being dried in air.

Fig. 2a and bshows the increase of bothandc axes of
the hexagonal cell with increasing milling time. The lattice

The gas-sensing properties were characterized with aconstants of the 120-h mille@rO,—(1—x)a-Fe,O3 samples

Keithley 236 source measurement unit in a custom-designedalso increase with increasing ZgQontentx, from a

gas-sensing characterization system programmed with the0.5038 nm and: = 1.3772 nm forx = 0 (purea-Fe03) to

National Instruments’ LABVIEW version 5.0. The sensing
mechanisms have been investigated.

3. Results and discussion
3.1. Mechanical alloying process

3.1.1. 0.10Zr0O>-0.90x-Fe>xO3 for ethanol sensing
application

The XRD patterns of 0.10Zr£-0.90x-Fe,O3 milled for
different hours are shown ifig. 1 the positions of all

the strong peaks were found to correspond to those of theOg — Og + €
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a = 05060 nm and: = 1.3900 nm forx = 0.20. Similar
observations fokxSnO—(1 — x)a-FeO3 were also reported
[19].

This result can be explained using the non-equilibrium
structural model that has proposed initially $&nG—(1 —
x)a-Fe03 [19]. It was also found to be applicable to the
XZrO—(1— x)a-Fe03 system[13]. To apply this model to
the material system oZrO,—(1— x)a-Fe0g, the structural
model can be expressed in the form of Kroger—Vink notation

as:
ZrOy — Zr;**** 4 20¢ 1)

(2)

140F
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Fig. 1. (a) XRD patterns and (b) average particle size of 0.19Z0®0x-Fe,O3 milled for different milling hours.
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Fig. 2. Lattice constant for 0.10Zp20.9(x-Fe&,03 powder versus milling times: (& and (b)c.
205 — O + 2€ (3) ZrO2 (111), (200), and (220), in thevZange of 20—-69,
can be observed. With further milling to 60 h, the peaks of
The corundum structure of-FeOg3 is depicted irFig. 3. monoclinic ZrG and corunduna-Fe,O3 disappeared com-

The G ions form the hexagonal close-packed (HCP) lat- pletely. There was no significant change in the XRD peaks
tice with two Fé* ions alternatively occupying the three with further milling. With prolonged hours of milling, the
available octahedral sites (i.e., 2/3 of the octahedral sites areimpact energies derived are more than sufficient to force the

occupied, and 1/3 are empty). In this model, th&'Zions iron ions into the zirconia structure and transform the phase
alternately occupy the 1/3 available site at th@lane with from monoclinic to cubic.
a certain probability and within the limit of the phase stabil-  The microstructure change during the alloying process

ity. At the same time, & (0”) and O" (O') ions are gener-  was further investigated using TENFig. 5a and bshows
ated at the particle surfaces as giverEis. (1) and (2)This the morphology and Selected Area Diffraction (SAD) pat-
non-equilibrium structural model adequately provides an ac- tern of the powders milled after 2 and 120 h, respectively, as

count for the sensing mechanismx@rO,—(1— x)a-FeO3 a typical observation. For particles milled for 2 h, most of
ethanol gas sensor tBection 3.2 the particle sizes were reduced down to about 25nm. The
SAD in Fig. 5aclearly shows two sets of diffraction rings
3.1.2. 0.20x-Fe,03-0.80ZrO, for oxygen sensing for the monoclinic ZrQ and corundumx-FeOs3 structure,
application respectively. For the powder milled for 120 h, no sign of in-

0.2x-Fe03-0.80ZrQ is a typical alloyed material for  dividual particle from the bright-field image could be found
oxygen sensing application. The alloying process, for the in Fig. 5h not even at the thin edges of the sample. These
0.20-Fe,03-0.8ZrQ milled for different hours, was inves-  particles were difficult to be dispersed by ultrasonic vibra-
tigated to reveal the sensing mechanism. tion during TEM specimen preparation. They conglomer-

Fig. 4shows the X-ray diffraction patterns of these milled ated together and formed a large lump. In Ré#], we
powders. It presents the peaks of crystalline monoclinic postulated that these nano-particles are glued together in an
ZrOy and corunduna-FeO3. For samples with 2-h milling,  amorphous-like matrix. This is supported by the selected
these main peaks did not shift, but their intensities were re-
duced due to the peak broadening. This indicates that the

basic structure remained unchanged, only the reduction of g 5 ?n ;-_';%?3
the grain size had occurred during the first 2h of milling. E < s §-210:

After a milling time of 20 h, the three main peaks of cubic
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Fig. 3. The corundum structure for: (a) puré~e,03 and (b) mechanically Fig. 4. X-ray diffraction patterns for samples, 0:28e,03-0.80ZrQ,
alloyed xZrO>—(1 — x)a-Fe0s. milled for different times.
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Fig. 5. TEM bright-field image and SAD pattern for the &Be,03-0.8ZrQ powder milled for different hours: (a) 2h, (b) 120 h.

area electron diffractionHig. 5b) as it gives a clear amor-  3.1.3. Synthesized STiO3 for oxygen sensing application
phous diffraction ring in addition to the diffraction rings of Fig. 6shows the XRD patterns for the synthesized SgliO
cubic Zr&. Hence, the powder milled after 120h has an samples after different milling times. After 20 h, the Sr§iO
amorphous-like morphology. Moreover, no diffraction point structure material, a cubic perovskite phase, was distinctive,
belonging toa-Fe,O3 particles can be detected. The substi- and at 120 h, the average grain size of 20 nm powders were
tution model[20-31]can be used to explain the dissolution obtained (calculated bgcherrer formula[12]).
of the FeOg3 in the cubic ZrQ phase given by: The grain size and perovskite crystal structure of syn-
. thesized SrTi@ were also observed using TEM as shown
Fez03 = 2F€yr + Vo™ + 300 @ Fig. 7. Both characterization showed consistent results.
The thermal stability of the milled 0c2Fe,03—0.8Z2r&
has been studield 3]. It was found that F& ions were ex- 32 Gas-sensi ng properties and mechanisms
pelled asx-Fe03 from the cubic ZrQ above 650C. With
the thermal reverse decomposition process, the substitution In this section, the gas_sensing properties of nano-sized
model can be further modified as: solid solutions were characterized for ethanol gas sensing
Fe03 = 2F&, + Vo** + 300 (5) and oxygen gas sensing, respectively. For these resistive-type
semiconducting oxide based gas sensors, the relative resis-

The vari.ation of particle size with thg milling time had tanceR/Ry [32] is used to express the sensor response to the
been obtained from the TEM observation. The result was jgg¢ gas. For ethanol gas sens@isis the resistance of the

found to be similar to that shown iRig. 1
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Fig. 6. XRD patterns for synthesized Srgi®amples for different milling Fig. 7. TEM bright-field image and SAD pattern of synthesized SgTiO
times. powders milled for 120 h.
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Fig. 8. Relative resistance in 100ppm of ethanol gas in air ver- Operating Temperature (°C)
sus operating temperature for sensors of 0.064S0036x-Fe,O3,
0.10ZrG-0.9x-Fe,03, 0.10TiG—0.9x-Fe,03 and purea-Fe03. Fig. 9. Relative resistance of &ZFe03—0.8ZrQ for different annealing

temperatures and operating temperatures.

sensor in ethanol aridis the resistance of the sensor in air.
For oxygen gas sensorBy is the resistance of the sensor Due to this interaction, the extra electrons generated in
in nitrogen andR is the resistance of the sensor in different Egs. (2) and (3)will be counterbalanced by the deple-

concentration oxygen gas diluted by nitrogen. tion of electrons inEq. (6)for the 0.10TiQ—0.9Gx-F&;Os3
system. As a result, the relative resistance values of
3.2.1. Ethanol gas sensing 0.10TiG—0.9(x-Fe,O3 gas sensors remain the same as that

The three types of solid solution&SnQ—(1—x)a-Fe0g, of purea-Fe,O3 gas sensor as shown fig. 8.
XZrOo—(1 — x)a-Fe03, andxTiO>—(1 — x)a-FeOg3, have
been investigated for ethanol gas-sensing application. The3.2.2. Oxygen gas sensing
relative resistances for the optimum compositions in each The effect on the relative resistance in 20% of oxygen
type of solid solutions and pure-Fe;O3 were compared  for the different annealing temperatures was characterized.
in Fig. 8 All these four samples, 0.10Zp30.90x-F&;O3, The thick film devices of 0&-Fe,03-0.82rG; were an-
0.064SnG-0.936v-F&03, 0.10TiO—0.9Gx-Fe03, and nealed for 1h in air at 400, 500, 600, 700, and 800
pure a-FeOs, were ball milled for 120h and annealed respectively. The relative resistances of these samples at
at 400°C in air for 1h. It was found that the relative re- different operating temperatures were plottedrig. 9. The
sistance values of 0.064Spd.936G:-Fe,0O3 ethanol gas  optimal relative resistance of 82 was obtained from the
sensor and 0.10Zr20.9&k-Fe03 ethanol gas sensor to  sample annealed at 60C and operating at 32@. The
100 ppm of ethanol gas were about six to eight times that Samples annealed at different temperatures had a same opti-
of 0.10Ti0—0.90x-Fe03 ethanol gas sensor. The relative mMal operating temperature at 32D. At this low operating
resistance values of 0.10Ti60.9(x-Fe,O3 ethanol gas  temperature of 320C, the relative resistance increases with
sensor are also the same as that of pufe0s at different the increase of annealing temperatures between 400 and
operating temperatures. 600°C. Beyond 600C, the relative resistance decreases

The non-equilibrium structural model for milleGnO— with increasing annealing temperatures. According to the
(1 — x)a-Fe03 and xZrO,—(1 — x)a-Fe0s3 has been elu-  substitution and decomposition model given k. (5)
cidated[13,19] Based on the XRD study, it is believed F&O3 = 2F€, + Vo** + 300, Vo** decreases with in-
that this model is also applicable x3i0,—(1— x)a-FeOs. creasing annealing temperatures above “@®ecause of
These nano-sized particles have large surface area and arthe decomposition above 65G [14]. Hence, the relative re-
in a non-equilibrium state. When the ethanol gas is intro- Sistance decreases for annealing temperature above&650
duced, it reacts with the £at the particle surface. The de- Besidesxa-Fe;03—(1 — x)ZrOz, 0.20x-F&;03-0.80TiIQ:
pletion of O, causes th&gs. (2) and (3Jo shift to the right milled for 120 h was also investigated for oxygen gas-sensing
and extra electrons are generated. This increases the conapplication. It showed the similar property of lower operat-
ductivity tremendously, and enhances the gas-sensing proping temperature at 32 in Fig. 9. More systematic works
erties ofa-Fe;03 based gas sensors. However, in the case is being carried out for low-temperature oxygen gas sensing.
of 0.10Ti—0.9Gx-Fe,03 gas sensor, it is well known that For the synthesized SrTg®ensors, the effect of different
titanium have different valence states. The quadrivalent ti- annealing temperatures on the sensing property to 20% of
tanium interacts with electrons and becomes trivalence tita- 0Xygen was studied iRig. 10 The thick film devices of the
nium easily[29] as follows: synthesized SrTi@(milling 120 h) were annealed for 1 h in

air at 400, 500, 600, 700, and 800, respectively. The de-

T +& 2 Ti%t (6) vices of the synthesized SrTi@annealing at 800C) is an
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7 thoroughly to study the sensing mechanisms. Nano-sized
. a-Fe O3 based solid solutions mixed with different mole
—~ sl Annealing Temperature: percent of Sn@, ZrO,;, and TiQ separately have been
ié —=—400°C obtained and fabricated into thick film sensor devices for
\° 5| ——500°C ethanol gas-sensing application. The optimal compositions,
g 600°C 0.064SnG-0.936:-Fe,0O3 and 0.10Zr@-0.9(x-Fe O3,
£ _ —0—700°C exhibit excellent sensing properties to ethanol gas. The sens-
L 4r ing mechanism has been elucidated using a non-equilibrium
§ I structural model. On the other hand, the lower relative
g 3k resistance forxTiOo—(1 — x)a-FeO3 ethanol gas sen-
g sor has been explained by the different valence states of
S 2t 0/00 titanium. In the case of oxygen sensing application, sta-
% \9\ 2&5 bilized zirconia based, Ti©based solid solutions mixed
x| o with different mole percent ok-Fe0O3 and SrTiQ are
L synthesized as the sensing materials. The different operat-
20 40 60 80 100 120 140 160 180 200 220 ing temperatures of 32@ for 0.2x-Fe03-0.8Z2r& and

Operat|ng Temperature (DC) OZQX'FeZ03—080T|Q, and 4(TC fOI’ SyntheSIZGd SrTlQ

make them useful for different applications. Their sensing

Fig. 10_. Relative resistance of the synthesized SgEénsors for different mechanisms have been also studied. All the results have

annealing temperature. . L . .
shown that the high-energy ball milling is a very effective
route to prepare nano-structured solid solutions at room
temperature for gas-sensing applications.

insulator and exhibits no sensing property. The other devices

relative resistances with different annealing temperature at

different operating temperatures were plottedFig. 10

The optimal relative resistanc®&{jroger!Roxyger) Value of

6.35 was obtained for the pure synthesized SgTsam-

ple annealed at 40@ and operating at 40C. This value [1] C. Xu, J: _T_amaki, N. Miura, N. Yamazor, Grain size effects on

. . . gas sensitivity of porous Sntbased elements, Sens. Actuators B 3

is comparable to the reported relative resistance of doped (1991) 147-155.

SrTiO; series oxygen gas sensors with operating temper- (2] x.Q. Liu, S.W. Tao, Y.S. Shen, Preparation and characterization of

ature at 700-800C [33—-35] The figure also showed that nanocrystalline ofxFe0s by a sol-gel process, Sens. Actuators B

most of the samples annealed at different temperatures had 40 (1997) 161-165.

the same optimal operating temperature oP@0 This op- [3] AM Taurino, M Ep_ifar_1i, T. Toccoli, S lannotta, P. Siciliano, Innq—

timal operating temperature is much lower than that of the yatlve aspects in t_hln film _techn(_)log!es for nanostructured materials

. . . in gas sensor devices, Thin Solid Films 436 (2003) 52-63.

normal low-temperature metal oxide semiconducting OXy- [4] v. Nakatani, M. Matsuoka, Effects of sulfate ion on gas sensitive

gen gas sensors (300-50) [36—39] and SrTiQ oxygen properties ofxFe,O3 ceramics, Jpn. J. Appl. Phys. 21 (1982) 1758—

gas sensors (>70@) [40]. The annealing temperature only 1762.

affects the grain size of the synthesized nano-sized SrTiO [5] S- Xue, W. Ousi-Benomar, R.A. Lessardke;0; thin films prepared

. . . ) by metalorganic deposition (MOD) from Fe (lll) 2-ethylhexanoate,
material but does not change its perovskite structure as de- . " Lo (1994) 194201,

picted in our XRD resu“i“_l]- The Se_nSing properties of gy Liu, w. zhu, O.K. Tan, Y. Shen, Structural and gas sensing
sensor device decrease with annealing temperature due t0  properties of ultrafine F®©; prepared by plasma enhanced chemical
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