
C H A PT E R  n
B A C K G R O U N D  A N D  L IT E R A T U R E  SU R V E Y

2.1 B ackground S n Û 2 G as Sensors

Gas sensor devices can be divided into three groups depending on the 
technology applied in their development solid state, spectroscopic and optic. 
Spectroscopic systems are based on a direct analysis of the molecular mass or 
vibration spectrum of a target gas. These sensors can measure quantitatively the 
composition of the different gases with a good precision. Mass chromatograph and 
mass spectrograph are the most important gas sensor spectroscopic systems. Optical 
sensors measure absorption spectra after the target gas has been stimulated by light. 
This kind of sensors requires a complex system: a monochromatic excitation source 
and an optical sensor for the analysis of the absorbed spectra. While spectroscopic 
and optical systems are very expensive for domestic use and sometimes difficult to 
implement in reduced spaces as car engines, the so-called solid state sensors present 
great advantages due to their fast sensing response, simple implementation and low 
prices. These solid state gas sensors are based on the change of the physical and/or 
chemical properties of their sensing materials when exposed to different gas 
atmospheres.

The semiconductor gas sensor (SGS) is the solid-state gas sensors; present 
the property of changing the conductivity of the sensing material in presence of a 
determinate gas. A simple SGS is composed of a substrate (where sensor material 
will be supported), electrodes (to measure the conductivity change) and heaters /to 
reach the optimum sensing temperatures). There are three parameters related to an 
improvement of an accuracy of device: its sensitivity, selectivity and stability. The 
sensitivity is the device characteristic of perception a variation in physical and/or 
chemical properties of the sensing material under gas exposure. The selectivity is 
related to the discrimination capacity of a SGS device in presence of a mixture of 
gases. The stability is a characteristic that takes into account the repeatability of 
device measurement after a long use. (h t tp : / /m m 9 7 . el. ub. e s /~ a r b io l /d is c d o s  
/n a p o p a r t / te s i / te s i  1. p d f)
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Semiconductor sensors detect gases via variations in their resistances or 
conductance. It is well known that sensors consisting of fine particles of metal oxides 
tend to exhibit high sensitivity. Thus one of the most important factors affecting 
sensing properties is the actual gain or crystallite size of the sensor materials in the 
conjunction with the space-charge depth (L). Pure รท(ว2 sensors have been shown to 
exhibit drastic changes in resistance as a function of grain size.

F igure 2.1 Space-charge depth (L) (Shimizu and Egashira 1999).

It is generally accepted that the conductivity of such gas sensing layers for 
thick and porous films is controlled by the Schottky barrier that appears at the 
junctions of adjoining grains. The Schottky barrier height and the conductivity of the 
material are modulated by the surface coverage of the material with chemisorbed 
charged species of oxygen, particularly with O' and o 2' ions. For an n-type 
semiconductor (the tin dioxide is an n-type semiconductor), a negative charge 
density, a accumulated on the surface increases the Schottky barrier height (Vs) 
according to the relation:

t

s 2 • £ •  N d • e (2.1)

Where No is the bulk donor concentration; e and ร are the elementary charge and the 
dielectric constant of the semiconductor, respectively.
The gas-sensing process in such gas sensors has two steps:
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• Chemisorption of oxygen as charged o 2’ or O' species creating on the rise of the 
Schottky barrier heights at the junctions between grains and therefore a decrease 
of the conductivity.

• Decrease of the surface coverage with chemisorbed oxygen by the reducing gas 
and, as a consequence, increasing of the conductivity.
The รท(ว2 is an n-type semiconductor. The donor states are usually associated 

with the oxygen bulk vacancies. The first step of the sensing mechanism is the 
"sensitising" chemisorption of oxygen. The oxygen molecules are chemically 
adsorbed on various sites of the tin dioxide surface as O ads,

0 2 <----------> 2 0 ads (2.2)
In the รท(ว2 lattice, the oxygen appears as o 2'; the oxygen adsorption creates- 

surface acceptor states O/O'ads and 0V02'ads on which conduction electrons will be 
trapped. These electronic states are placed on the band diagram below the Fermi 
level as shown (Figure 2.2)

O ads+e < ------ > O ' ads (2.3)
O 'a d s + e  < --------------- >  o 2'
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F igure 2.2 Surface Schottky-barrier profile with pinned Fermi level.

Where:
Evb = Energy of valence band 
Ep = Energy of Fermi level
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E cb = Energy of conduction band 
<J) = The m-site grand-partition function
ç = The 1 -site grand-partition function 
1 = The grand-canonical potential

The effect of the reducing gas is to reduce the chemisorbed oxygen. As a 
consequence, the surface net charge is lowered and the trapped electrons are released 
back to the conduction band. The reaction corresponding to this process is:

R O 2- < ---- >  R O + 2 e  (2.4)

By replacing this equation into the equation (2.1), one obtains, for the surface 
Schottky-barrier height:

K  =■ \ 2
\ +  p -

(2.5)

Where p  is the partial pressure of the reducing gas, p and n  are the numeric 
parameter that used in the calculation of adsorption model. Vo is the barrier height in 
the absence of the reducing gas:

K  =
2 - e - N l
- 7 ^ 7

(2.6)

Further on we will use the following notations:
• Ns -Density of surface adsorption sites for oxygen.
• ท - Bulk concentration of conduction electrons.
• No - volume concentration of donors (oxygen vacancies)

The conductivity of the sensor will be given by:
G = e n v (2 .7 )
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Where V is the bulk mobility and ท is the concentration of the electrons. Not all the 
electrons have a high enough energy to overpass the Schottky barrier, though. 
According to the Maxwell-Boltzmann statistics, the conductance may be written:

G  =  e n v e  kT (2.8)
By analogy of equation (2.5) and new definition for and by defining, conducti vity in 
clean air (G o),

G 0 = e n v e  kT (2.9)
One obtains the normalized sensitivity of the sensor (G /G o  ratio),

(
G—-  = exp e V n

k T

พ

1 —
1 + ^ n j j

(2.10)

In the absence of the reducing gas (p=0), equation (2.10) implies a value for the 
sensitivity equal to 1. At high pressures, when p (p /n )» l ,  the sensitivity reaches a 
saturation value:

G_
G* sat

(2.11)

From equations (10) and (11), one can write the response function as:

G_
G~o

'  G \
sat J\  0

(2.12)

Where c is the gas concentration in ppm, (G /G o)sat and p are parameters which will 
be determined by fitting the equation with the experimental data 
(w w w . p h y s ic s , m c s i l l .  c a /~ f l  u e ra s n /r e s e a rc h /m e c h . d o c )
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2.2 Microemulsion Method

M icroem ulsion m ethod w as invented as an effective process o f  preparing 
nanoparticles in the 1980s. Spherical pow der w ith  uniform  dim ensional distribution 
and good dispersibility  can be obtained by such m ethod via adjusting  the size o f  
reactors and other reaction conditions. M icroem ulsions are colloidal ‘’n a n o 
d is p e r s io n s '  o f  w ater in oil (or oil in w ater) stabilized by a surfactant film . These 
therm odynam ically  stable dispersions can be considered as tru ly  nanoreactors that 
can be used to carry out chem ical reactions and, in particular, to synthesize 
nanom aterials. The m ain idea behind this technique is that by appropriate  control o f  
the param eters one can use these nanoreactors to produce tailo r-m ade products dow n 
to a nanoscale level w ith  new  and special properties.

The shape and size o f  the dispersed nanodroplets is m ainly  governed by the 
curvature free energy and is determ ined by the elastic constant and the curvatures o f  
the surfactant film. The elasticity o f  the film  depends not only on the surfactant type 
and the therm odynam ic conditions, but also on the presence o f  additives, like 
alcohols, electrolytes, block copolym ers and polyelectrolyte. In the past, m ainly 
spherical (and in som e cases elongated) nanodroplets have been used to prepare 
nanoparticles o f  different kind o f  m aterials such as Cu, Zr, N i and Pd and it was 
assum ed that the size and shape o f  these nanodroplets could ‘tem pla te ’ the  synthesis 
o f  nanom aterials. H ow ever, one has to take into account the dynam ic nature o f  the 
m icroem ulsions. Due to the B row nian m otion these droplets collide form ing a fused 
d im er (or an encounter pair) and interchange reactants w ith  a rate constan t keX. The 
above-described param eters, w hich detei^nine the elasticity  o f  the surfactant film , 
influence also the reactant interchange am ong the nanodroplets. The interdroplet 
exchange o f  the particles grow ing inside the droplets is inhibited by the inversion o f  
the film  curvature in the fused dim er, w hich, in turns, depends on the film  flexibility 
(Figure 2.3). All o f  this has to be taken into account to understand the particle size 
control in m icroem ulsions. B ecause a lot o f  param eters w ith  different influences 
enter into consideration the film  flexibility  through a param eter, f  proportional to k ' 3/2 

being k the curvature elastic m odulus; the interdroplet exchange rate constant kex\ 
concentration o f  reactants c; reactant excess ratio x; d roplet size R  (w hich is
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controlled by the ratio พ =  ([H 2O] / [surfactant]); volum e fraction  0 ; and critical 
nucleus ท*.

BcdJtH

I film curvature wvtrsienj

Figure 2.3 Schem atic representation o f  a fused d im er after a tw o droplets collision 
show ing the channel opened in betw een. The inversion o f  the film  curvature in this 
channel is show n. (Lopes-Q uintela, M .A ., 2003).

Tw o m ore aspects w ere considered in the sim ulation, nam ely, the possibility 
o f  autocatalysis o f  the reaction by the already form ed sub-nanoparticles (clusters) 
and the possib ility  o f  ripening. Until now  only a restricted  param eter space could be 
explored assum ing that m ixing tw o identical m icroem ulsions carry ing the reactants 
perform s reactions. It turns out that m any o f  the previous ideas putted  forw ard to 
explain  the experim ental results, based in the w ell-know n bulk  nucléation and 
grow th m odels, and are not longer valid  for the particle form ation  in these dynam ic 
com partm entalized  m edia. The reactant excess hardly  influences the nucléation 
process but, on  the contrary, it has a great influence on the grow th  m echanism s. In 
these com partm entalized  m edia grow th by ripening is lim ited  by the channel size 
opened in the fused d im er w hereas grow th by au tocatalysis is only  lim ited by the 
reactan t concentration. M any conclusions o f  the synthesizing have been published 
such as:

C ontrol o f  particle size by reactan t concentration . The increase o f  particle 
size (and polydispersity) by increasing the concentration  is predicted.
D ecrease o f  particle size by increasing the excess o f  one o f  the reactants until 
a p lateau is reached at high excesses.
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Increase o f  particle size by increasing the surfactant film  flexibility. The 
increase in flexibility can  be achieved by increasing the am ount o f  co
surfactant (alcohols), approaching to the m icroem ulsion instability  phase 
boundaries, changing the droplet size, changing the  chain length o f  the oil or 
co-surfactant, etc.
Increase o f  particle size by increasing the droplet size. In principle, a linear 
re lationship  should be expected, but one has to consider that, in m any cases, 
because o f  the associated increase o f  the flexibility  w ith droplet size these 
tw o effects are superim posed and a m uch larger increase o f  the particle size is 
observed. This effect should be less im portant w orking w ith  m ore rigid 
surfactant film s (L opes-Q uintela, M .A ., 2003).

The surfactants are m olecules w ith  distinct hydrophobic and hydrophilic 
regions. D epending on their chem ical structures, the surfactants can  be non-ionic, 
cationic, an ionic or zw itterionic. A n exam ple o f  a non-ionic surfactant is 
alky lphenolalkoxylates, such as T riton X -100.E xam ples o f  cationic surfactants 
includes a lkylam m onium  salts, such as hexadecyltrim ethylam m onium  bromide. 
A nionic surfactants can include m etal salts o f  organosulfonates and 
organosulfosuccinates, such as sodium  dodecylsulfate (SD S) and sodium  bis (2- 
ethy lhexyl)su lfosuccinate (N aA O T), respectively . Exam ples o f  zwitterionic 
surfactants include 3-(dim ethyldodecyl-am m onium ) propane sulfonate and 
cethyltrim ethylam m onium  p-to luene sulfonate. The hydrophobic part o f  the 
surfactant can be o f  various lengths, e.g., 8  to 2 0  carbon atom s, contain  multiple 
bonds, o r consist o f  tw o or m ore hydrocarbon chains. Preferred surfactants useful for 
form ing the reverse m icelles and m icroem ulsions o f  the present invention  include 
alcohol ethoxylates, alkylphenolethoxylates, silicone surfactants and 
alkylpolyglycosides. The d ifferent o f  surfactant form  the d ifferent size o f  droplets in 
the m icroem ulsion  system . Such as w hen the solubilization  o f  w ater, o r the polar 
phase, into the low  or non-polar phase by a nonionic surfactant is poor, it need to 
enhance the properties o f  surfactant and reduce the size o f  droplet by the addition o f  
a co-surfactant, such as an alcohol having from  5 to 10 carbon atom s. Preferred co
surfactants are pentanol, hexanol, and octanol, individually  or in com bination. 
Preferably, the w eight ratio o f  co-surfactant to surfactant is about 1:5 to2:3.
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T herefore, the different o f  the surfactant structure is the one effect to the size o f 
reverse m icelle that related to the size o f  particles. T ypically , the surfactan t and co
surfactant, in a specific ratio, are m ixed first to form  a blend. The blend is then m ixed 
w ith  the low  or non-polar phase to form  a hom ogenous blend solution. Preferable 
blend content in the solution is about 5 to about 30 vol. %. The low  or non-polar 
phase can be cyclohexane, hexane, hexadecane, isooctane, alkylated benzenes, 
polyarom atic  hydrocarbons, linear and branched paraffins, napththenes, petroleum  
distillates, m ineral oil, and linear or cyclic siloxanes. Suitable polar solvents are 
w ater, m onohydric, d ihydric, and trihydric alcohols and organic nitrites, w hich have 
dipole m om ents greater than one D ebye and dielectric constants greater than 6  at 20- 
25 °c. W ater is the preferred polar solvent. Preferably, the polar phase to surfactant 
m olar ratio, พ , is less than  about 30, m ore preferably from  about 4 to 25, and m ost 
preferably  from  about 6  to about 12 (Lew is et al. 2004).

2.3 Literature Survey

M any researchers investigate m any m ethods to im prove the sensitivity o f 
gas sensors especially  tin  oxide gas sensor. The effect o f  ppm  level แ 2 on the direct 
current resistance o f  รท(ว2 particle size variation is studied and reported by Ansari e t  
al. (1997). S tannic oxide (รท(ว2) w as used as the basic m aterial for the sensor. SnC>2 

nanoparticles w ere synthesized using the sol-gel m ethod w ith  the change in 
calcinations tem perature. The thick film s w ere prepared using standard  screen 
prin ting  technology. The paste, thus form ulated w as printed on alum ina substrate (12 
m m  X 25 m m ). The m easured particle sizes w ere used only to detect the  changes 
occurring w ith  increasing tem perature. The รท(ว2 crystallite size, D, is varied  in the 
range o f  20-50 nm  and sensitiv ity  for H 2 is found to increase steeply as D decreases.

In 1998, Li and K aw i investigated the effect o f  the surface area o f  รท(ว2 to 
the sensitiv ity  tin  oxide gas sensors. The high surface area SnC>2 m aterials were 
system atically  synthesized by a surfactant incorporating m ethod. A fter calcinations 
at 723 K, a high B ET surface area o f  156.8m 2 /g  w as obtained. The sensing 
properties o f  the h igh surface area SnC>2 m aterial w ere studied using แ 2 as the 
probing gas. The results are the high su rface-area  รท(ว2 sensors could be a h igh ly -
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sensitive and therm ally  stable gas sensor to detect very low concentration o f  reducing 
gases even at h igh tem perature. It is found that a linear relationship exists between 
sensor surface area and it’s sensitive to แ 2 .

M artinelli e t  al. (1999) studied the effective o f  gas sensors in environm ental 
m onitoring  applications, outdoor field tests w ere perform ed using the prepared thick- 
film  prototype sensors and review ed their w ork on the use o f  sem iconducting oxide 
pow ders for the fabrication o f  thick film s by screen-prin ting  technology. The sensor 
array w as p laced beside a traffic light in the city  o f  Ferrara, Italy, co-located  with a 
conventional environm ental m onitoring station contro lled  by the Ferrara section o f  
A R PA  (the R egional A gency for Pollution Prevention). The sensors responses were 
com pared w ith  the concentrations o f  the m ajor pollu tants (C O , C O 2 , N O , N O 2 , 
ozone, etc.) in the atm osphere, as m easured using m ethods approved by international 
standards. T hese results obviously  show ed only  qualitative and not quantitative 
po llu ting-gas-m onito ring  capabilities, nevertheless, an attem pt was m ade to find 
quantitative correlation betw een the concentrations m easured by convention 
analytical equipm ent and the sensor outputs, using calibration  curves. The calibration 
curves w ere used to evaluate quantitatively  the CO and N O  concentrations from the 
electrical response o f  SnC>2 and LaFe0 3  sensors, and they show ed good agreem ent 
w ith  the values m easured w ith standard analytical equipm ent, a lthough there were 
large errors involved in this procedure (w hich neglected  the influence o f  interference 
gases on sensor response). H ow ever, phenom ena such as inversion tem peratures also 
m ake valid  evaluation  difficult, due to N O 2 and O 3 interference. This problem  m ight 
be overcom e by increasing the num ber o f  sensors in the array, particularly  w ith 
m aterials able to selectively detect these gases.

In 2001, Fau e t  a l. studied the tin  oxide nanoparticles sensitive layer on the 
silicon platform  for dom estic gas application. The m icrom achined silicon platform s 
have been specially  created to be coated w ith a drop o f  tin  oxide sensitive layer. 
D esign o f  the silicon substrate includes a th in  dielectric  m em brane for mechanical 
and therm al insulation purpose. A  passiv ity  layer covers the silicon front side 
structures except bonding pads and sensitive layer contacts and allow s an easy drop 
deposition  (no short circuit risk w ith  heater electrode). The deposition  m aterial is a 
suspension o f  tin  dioxide nanoparticles m ixed in a solvent. A novel drop deposition
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show  high sensitiv ity  and reliability  level. T hey have described a new  prom ising way 
to realize m icrom achined silicon gas sensors based on th ick  film s o f  tin oxide 
nanoparticles. T hese sensors show  high sensitiv ity  to carbon m onoxide and methane. 
They also show  sensors in very stable baseline resistance and gas sensitivity over 
tim e. T hese particular features and attributed  to the nature o f  the sensitive layer, 
w hich consist o f  spherical and chem ically  pure particles o f  tin  ox ide correlated  with a 
tigh t d istribution  in size and shape. In addition, their process allow s the deposition o f  
the sensitive layer on each device at the end o f  process. This ensures chem ical purity 
o f  the tin oxide, w hich is essential for the stability  and the reproducib ility  o f  the 
sensor.

H ow ever, m any scientists try  to im prove the ability  o f  th is sensor such as 
M eixner and Lam pe (1996) investigated  a new  gas sensor, w hich  w ill be used to 
replace tin oxide sensors in the future, the heterom etallates gas sensors. The 
heterom etallates m etals are com plex com binations w ith  the general com positionally 
A nX M i2 O 4 0 , w hereby A  is a m onovalent cation, ท=3 or 4, X  is p , Si or A s and M  is 
พ  or M o. T hese oxides have been know n for m any years as selective oxidation 
catalysts. A lthough these com binations have som e potential for use as gas-sensitive 
m aterials, their gas-sensitive properties have only  been investigated  thoroughly. This 
also holds true for the descrip tion  o f  these oxides as th in  film s. In com parison  to the 
sensors based on S n 0 2 their properties are im proved in several item s. The m ain 
im provem ents are the low er influence o f  hum idity , the long-term  stability , the ability 
to start m easurem ent im m ediately  after sw itch on and reduced un it spread but can 
use w ith  only few  gases.
. O ne year later Schw eizer-B erberich  e t  a l. studied the effect o f  doping on the
response o f  nanoparticles tin  dioxide gas sensors to carbonm onoxide. C om pared with 
the “classical” tin  d ioxide sensors, th is new  class o f  device offers an increased 
sensitiv ity  and selectivity. S n 0 2 sensors w ere prepared by precip ita ting  รท(OH )4  

from  an aqueous so lu tion  o f  SnCl 4 o r by evaporating  S n 0 2 in the high vacuum . The 
effect o f  Pt and Pd doping upon the response to CO  is studied. Param eters, which 
they focused on, are sensor signal dependent on the operating  tem perature and 
dependent on the gas concentration. The th icknesses o f  the ceram ic m aterials were 
betw een 0.1 and 1 mm. The dependence o f  the conductance G on the CO
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concentration  (in the 100-500 PPM  range) m ay form ally be described by for all 
sensor types and all heating voltages.

G = const. X (Pco)n

The value o f  the param eter ท is related to the chem ical surface reaction  between CO 
and chem isorbed  oxygen. The results show  that both the sensitiv ities and param eter ท 
o f  a pow er law  o f  thin  and thick film  sensors are varied. T hick  film  sensors 
(especially  the doped  ones) show  higher sensitiv ities to detect CO due to the more 
porous structure o f  the m aterial and the param eter ท (o f  a pow er law ) reaches higher 
values. The factor ท can also be varied due to another reaction m echanism  because o f  
changes in the operating  tem perature. The Pt and Pd doping resu lted  in a shift o f  the 
m axim um  o f  sensitiv ity  and factor ท to low er operating tem peratures. The sensitivity 
itse lf  is enhanced (dram atically  for ceram ic sensors).

L iu e t  a l. investigated the doping m etals on the tin  oxide gas sensors again 
in year 2000. T he structure o f  SnC>2 th in  film s doped w ith  Pd, Sb, Pt and In, 
especially  the effects o f  dopants on the electronic structure o f  รท(ว2 w ere studied by 
X PS and TEM . The focus was m ainly pu t on  the influence o f  dopants and แ 2 

adsorption  on the electronic structure o f  รท(ว2 , because the conduction  electrons o f  
รท(ว2 film  play  a m ajo r role in gas sensing and w ill change w ith  exposing to the gas 
to be detected. The results are the kind o f  dopant Sb, Pd, Pt or in hardly  changed the 
grain  size o f  SnC>2 th in  film  w ithin low  doping am ount, but they did change the 
Ferm i level o f  SnC>2 but also influenced the d istribution  o f  electron state density 
(D E SD ) o f  รท4d valence band. They also studied  the electronic structure change o f  
the doped SnC>2 a fter แ 2 adsorption. The H 2 adsorption  influenced no t only the 
chem ical states o f  Sb and Pd in the film s but also the electronic structures o f  SnC>2 , 
including the Ferm i level and the D ESD  o f  รท4d valence band. A t the sam e time 
M ukhopadhyay e t  a l. reported, for the first tim e, the details o f  structural and 
deposition  characteristic  o f  the tin oxide thin  film  as a function o f  experim ental 
param eters such as the num ber o f  dipping, bath tem perature and bath  concentration. 
In addition , the electrical properties w ere studied  for both as deposited  and palladium 
sensitized film s as a function o f  tem perature (300-500 K) in a closed quartz tube
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furnace. Further, the gas sensitivity o f  the palladium  sensitized tin d ioxide thin  film  
sensors w as evaluated  in air inside the sam e closed quartz tube furnace as a function 
o f  the operating  tem perature (150-300°C) for a fixed concentration (3 vol% ) o f  
hydrogen gas w ith  nitrogen gas as the carrier gas. The sensor response could be 
recorded at an operating tem perature o f  as low  as 150°c. M axim um  sensitivity o f  
90% w as found to occur at a low  tem perature o f  only 200°c. A bove this cut 
tem perature, sensitivity o f  the thin  film  sensors w as found to suffer only m oderate 
degradation. The tin dioxide thin  film s w ere deposited on pre-cleaned substrates. 
C om m ercially  available m icroscope glass slides o f  2.1-m m  thickness w ere used as 
substrates.

From  m any literatures above, they describe the developm ent and application 
o f  tin  oxide gas sensors. H ow ever, an  im portant point, it has also to ld  that an 
increasing the surface area o f  tin oxide increase the sensitiv ity  o f  gas sensor. The 
literatures below  w ill show  the im provem ent o f  the m icroem ulsion m ethods that use 
to synthesize the m etal nanoparticles, w hich is also increasing the surface area o f  
particles. In 1996, Qi e t  a l. studied the preparation  o f  BaSC>4 nanoparticles in 
nonionic w /o m icrcem ulsions. Spherical and cubic BaSC>4 nanoparticles w ith  barite 
structure w ere synthesized (below  20 nm ) in T riton  X -100/n-hexanol/cyclohexane 
/w ater w ater-in-oil m icroem ulsion by m ixing tw o separated prepared m icroem ulsion 
contain ing (NFLt^SCri and B a(O A c)2 . The effect o f  w ater content and presence o f  
(N H 4 )2 S 0 4  on the size o f  the m icroem ulsion droplets w ere investigated by dynam ic 
light scattering. Particle characterization w as accom plished by transm ission  electron 
m icroscopy and the effects o f  w ater content, holding tim e; surfactant content and 
reactan t concentration  on the particle characteristics w ere studied. Due, to the cage
like nature o f  the m icroem ulsion droplets, the size o f  the m icroem ulsion droplets has 
a contro lling  effect upon the size o f  the particles prepared. The results indicate that 
the size o f  the m icroem ulsion droplets increases w ith  the w ater content in 
m icroem ulsions. The w ater content greatly affects the shape o f  the BaSC>4 particles 
prepared. The particle  shape w as found to convert from  spherical to cubic as the 
w ater content in the m icroernulsion increases. It has been show n that m onodisperse 
cubic B aC Û 4 nanoparticles can be produced inside spherical m icroem ulsion droplets 
under suitable conditions. Spherical particles are obtained w hen the w ater content is
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sm aller, w hile cubic particles can be prepared from  m icroem ulsions w ith  higher 
w ater content. T he size o f  the m icroem ulsion droplets has a contro lling  effect upon 
the size o f  the particles prepared from  the m icroem ulsions, i.e. the size o f  the 
particles increases w ith  the size o f  the m icroem ulsion droplets. The particle size 
polydispersity  increases as the w ater-to-surfactant m olar ratio (w) is increased.

O ne-year later Qi e t  a l. studied the synthesis o f  nanoparticles by the 
m icroem ulsion m ethod again but in this year they investigated  the synthesis o f  
copper nanoparticles in nonionic w ater-in-oil m icroem ulsions. M etallic copper 
nanoparticles have been prepared by reduction o f  the sim ple copper ion salt CuCl2 in 
T X -100/n-hexanol/cyclohexane/w ater w /o m icroem ulsion  using NaBFLt as reduction 
agent. The prepared copper particles w ere characterized  by transm ission  electron 
m icroscopy and absorption  spectroscopy. The resu lt from  th is experim ental has been 
show n that w ell-d ispersed m etallic copper particles are form ed in w/o 
m icroem ulsion, w hereas only associated copper oxides particles are obtained when 
the reaction  is perform ed in the aqueous solution. This resu lt could  be explained in 
term s o f  the h igh local copper concentration in w ater pools o f  the m icroem ulsions. 
The absorption spectrum  o f  the copper particles synthesized in m icroem ulsion  shows 
the lack o f  the p lasm on band characteristic o f  the C u surface, w hich could  result 
from  the form ation o f  the 0 น ต 2 m onolayer on  the copper particles.

The nanoparticles o f  tin oxide (SnÛ 2 ) have been prepared  from  w ater-in-oil 
m icroem ulsions consisting o f  w ater, A O T (surfactant), and n-heptane (oil) (Song and 
K im , 1999). The aqueous phase in the w ater in oil m icroem ulsion  w as a solution o f
0.1 M  SnCU w hile the m olar ratio o f  w ater to A O T  in m icroem ulsions was 20. 
Precursor hydroxides w ere precipitated in the aqueous cores o f  w ater-in-oil 
m icroem ulsions and then calcined at 600°c for 2 h to form  tin  oxide pow der. The 
form ation o f  phase pure tin oxide was confirm ed by m eans o f  X -ray diffraction 
analysis (X RD ). The tin oxide pow der was found to be less than 40 nm  in particle 
diam eter and to have a h igher specific surface area, about 73 m 2/g , w hen com pared 
w ith  tin oxide pow der prepared though the conventional p recip ita tion  m ethod 
(19m 2/g). From  this result, it w as found that the m icroem ulsion  m ethod as presented 
in this study is effective for synthesizing tin oxide pow der w ith  a h igher surface area 
w hich is expected to increase the sensitiv ity  o f  chem ical gas sensors. In the same
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year, Li and W ang (1999) studied the nanom eter-sized  titan ia  particles that have been 
prepared by chem ical reactions betw een TiCL» solution  and am m onia in reversed 
m icroem ulsion  system s. C yclohexane and a m ixture o f  poly (oxyethylene )5  nonyle 
phenol ether and poly (oxyethylene ) 9  nonyle phenol e ther w ith  w eight ratio 1 :1  are 
used as oil phase and nonionic surfactant (N P5-N P9), respectively . The product is 
characterized  by transm ission electron m icroscope, R am an spectroscopy, differential 
therm al and therm ogravim etric analyses. S ize d istribu tion  o f  particles determ ined 
from  electron m icrographs fits well w ith  a lognorm al function w hose values for 
m edian and w id th  are 5.4 am  and 1.4 nm. The crude product is am orphous and 
transform s into anatase heated at tem perature from  200 to 750°c, into rutile at 
tem peratures h igher than 750°c.

O ne year later, A lany e t  a l . (2000) studied the effect o f  alcohols and diols 
on the phase behavior o f  quaternary system s. The aim  o f  the study w as to investigate 
the effect o f  d ifferen t co-surfactants on  the phase behavior o f  the pseudotem ary 
system  w ater: ethyl oleate: nonionic surfactant blend (sorbitan
m onolaurate/polyoxyethylene 20 sorbitan  m ono-oleate). Four aliphatic alcohols (1- 
propanol, 1 -butanol, 1 -hexanol and 1 -octanol) and four 1 ,2 -alkanediols ( 1 ,2 - 
p ropanediol, 1,2-pentanediol, 1,2-hexanediol and 1,2-octanediol) w ere used. The co
surfactant-free system  form s tw o different colloidal structures, a w ater-in-oil 
m icroem ulsion  (w /o M E) and lam ellar liquid crystals (LC ) and tw o coarse 
d ispersions, w ater-in-oil (w /o M E) and o il-in-w ater em ulsions (o /w  EM). 
M icroem ulsion  region area (% M E), liquid crystalline region area  (% LC ), am ount o f  
am phiphile  (% A M PH ) blend required to produce a balanced m icroem ulsion and 

. am ount o f  w ater solubilised (% W ) w ere used as assessm ent criteria  to evaluate the 
co-surfactants. Seven calculated physico-chem ical descrip tors w ere used to represent 
the d ifferent co-surfactants. 1 -butanol, 1 , 2 -hexanediol and 1 , 2 -octanediol produced 
balanced M E s capable o f  solubilising a high percentage o f  both  oil and water. A  
sim ilarity  w as observed betw een the descrip tors attributed  to 1 -butanol and 1 , 2 - 
hexanediol. The requirem ents o f  a co-surfactan t m olecule to produce a balanced 
m icroem ulsion  were: HLB value 7.0-8.0, a carbon backbone o f  4-6 atom s, 
percentage carbon o f  60-65% , percentage oxygen o f  20-30% , log p  value o f  0.2-0.9 
and log l/s (ร: aqueous solubility) close to zero.
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The studies o f  the nanoparticles tin  oxide w ere investigated again  by Song 
and K im  (2000). The tin  oxides have been synthesized from  w ater-in-oil 
m icroem ulsions consisting  o f  water, A O T  (surfactant), and n-heptane (oil) sim ilar to 
their previous (Song and K im , 1999) but the m olar ratio o f  w ater to AOT in 
m icroem ulsions w as 15. This w ork show s that it is possib le  to prepare tin oxide 
pow der w ith  high surface area by the w ater-in-oil m icroem ulsion m ethod. W hen the 
p recursor pow ders from  the m icroem ulsion m ethod w ere calcined at 600 0 c for 2  h 
they exhibited  a h igher B runauer-E m m et-T eller (BET) surface area o f  8 6  m 2/g. On 
the o ther hand, the  pow ders obtained from  the conventional p recip ita tion  method 
show ed a low er surface area o f  19 m 2/g. A nd they have also seen in the pore size 
distributions o f  the pow ders prepared by the m icroem ulsion and the precipitation 
m ethod, respectively . The pore structure o f  the precip itation-derived pow der was 
m onom odal. T here w as a m axim um  for the pore diam eter at 10.8 nm. O n the other 
hand, the pore size distribution  o f  the m icroem ulsion-derived pow der show ed two 
m axim um  values at 3.7 and 4.7 nm. It w as also show n that the pow der from the 
m icroem ulsion m ethod has sm aller pores than that from  th e  precip itation  method.

O ne year later, the effect o f  nonionic surfactant to the synthesis and 
characterization  o f  silica-coated iron oxide nanoparticles in m icroem ulsion were 
studied by Santra e t  a l . (2001). Three d ifferent nonionic surfactants (T riton  X-100, 
Igepal C O -520, and Brij-97) have been used for the preparation  o f  m icroem ulsions 
and their effects on the particle size, crystallinity, and the m agnetic properties have 
been studied. The iron oxide nanoparticles are form ed by the co-precipitation 
reaction  o f  ferrous and ferric salts w ith  inorganic bases. A  strong base, N aO H , and a 
com paratively  m ild  base, N H 4 OH, have been used in each surfactant to observe 
w hether the basic ity  has som e influence on the crystallization  process during particle 
form ation. T ransm ission  electron m icroscopy, X -ray electron diffraction, and 
superconducting  quantum  interference device m agnetom etry  have been em ployed to 
study both  uncoated  and silica-coated iron oxide nanoparticles. A ll these particles 
show  m agnetic  behavior close to that o f  superparam agnetic m aterials. By use this 
m ethod, m agnetic nanoparticles as sm all as 1 - 2  nm  and o f  very uniform  size 
(percentage standard  deviation  is less than 10%) have been synthesized. A  uniform 
silica coating  as th in  as 1 nm  encapsulating  the bare nanoparticles is form ed by the
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base-catalyzed hydrolysis and the polym erization reaction  o f  tetraethyl orthosilicate 
in m icroem ulsion. A ll experim ental results are also com pared w ith  those for particles 
synthesized in pure w ater.

U ltrafm e titan ia  particles w ere prepared from  reacting  T iO C h  w ith  NH 4 OH 
in the nanodroplets o f  w ater/T riton X -100/n-hexanol/cyclohexane m icroem ulsions. 
The as-prepared particles w ere am orphous, transform ed into the anatase phase at 
460°c, and further into the rutile phase at 850°c. The crystallite  size o f  the particles 
w as in the range o f  10-36 nm  at tem peratures betw een 500 and 900°c. Secondary 
particles w ere 40-50 nm  in size at 500°c and increased m arkedly  by a facto r o f  10 at 
900°c due to a significant in teragglom erate densification. W ith increasing 
calcinations tem perature  from  300 to 900°c, the specific surface area  o f  the particles 
decreased  rapidly from  317.5 to 8.4 m 2/g, w hile the average pore radius increased 
considerab ly  from  2.9 to 31.8 nm  as the result o f  shrinkage and densification  o f the 
agglom erates and destruction  o f  the m inute in tercrystallite pores. The anatase phase 
form ed at 500-700°C  show ed considerable photoavtiv ity  fo r the degradation o f  
phenol, w hereas both  the am orphous phase at 300°c and the rutile phase at 900°c 
w ere inactive for th is reaction. (K im  and Hahn, 2001)

In 2002, K uang e t  a l . study the preparation  o f  inorganic salts (CaCC>3 , 
BaCC>3 , and CaSC>4) nanow ires in the T riton  X -100/cyclohexane/w ater reverse 
m icelles. The grow th process o f  CaCC>3 nanow ires w as m onitored  by the 
transm ission  electron m icroscopy (TEM ). T E M  im ages reveal that the CaCC>3 

nanow ires w ere form ed in the reverse m icelles by  the d irection  aggregation  process. 
The nanow ires o f  CaCC>3 w ere 5-30 nm  in d iam eter and had a length m ore than 10 
pm . BaCC>3 nanow ires w ere also prepared in the T X -100 reverse ip.icelle. It can be 
c learly  seen that m any w ire w ere disordered pack  w ith  length up to several ten o f  
m icrom eters. H igher m agnification  TEM  im age show s the w ires w ith  diam eter in the 
range o f  5-20 nm  and irregularly  arrayed. CaSC>4 nanow ires w ere also prepared in the 
T X -100/cyclohexane/w ater reverse m icelle. Som e w ires w ith  d iam eter less than 30 
nm  and length m ore than 2  pm  w ere obtained.

O ne year later, Guo e t  a l . (2003) used the reverse m icroem ulsions (RM s) to 
prepare ceram ic inks for je t-prin ting  form ation. F irst o f  all, d ifferent R M  systems 
w ere chosen and optim ized in order to obtain  h igh concentra tion  ceram ic inks. Triton
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X -100/co-em ulsifîer/o il/w ater RM  system  was system atically  investigated. Different 
kinds and different am ounts o f  co-em ulsifier and oil phase w ere selected and m ixed 
to  form  RM  after intensively stirring. RM  region in the quasi-ternary  phase diagram  
o f  the system  was determ ined. It w as show n that T riton X-100/n- 
hexanol/cyclohexane/w ater RM  system  exhibited  an excellent behavior in enhancing 
w ater-d issolv ing am ount. The best com position for the m axim um  w ater content was 
given. Z irconium  oxychloride solution and am m onia solutions w ere then added to 
the above system  respectively. A fter stirring intensively, tw o clear RM s w ere 
obtained. Then ZrC>2 ceram ic inks w ere readily  p repared  by the reaction  after m ixing 
the tw o R M s uniform ly. The physicochem ical properties o f  ZrC>2 ceram ic inks, such 
as viscosity, surface tension, conductivity, stability  etc. w ere determ ined. The 
particle  size and m orphology o f  ZrC>2 nanoparticles in the R M  w ere observed by 
TEM . The RM  w as prepared at 20°c, using T riton  X -100 as em ulsifier; n-butanol, 
n-pentanol, and n-hexanol as co-em ulsifier respectively; cyclohexane, n-heptane, and 
n-octane as the oil phase and deionized w ater. T riton  X -100 and co-em ulsifier w ere 
com bined  in the ratio o f  1:0, 4:1, 3:2 and 1:1 respectively , in tensively  stirred to as 
S+A phase (the surfactant com bine w ith  the co-surfactant phase). The oil phase was 
com bined  w ith  the above liquid S+A  in the ratio o f  5:1, 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, 
1:4 and 1:5, and strongly stirred for 10 m in for later use. D ifferen t am ounts o f  
deionized w ater w ere added to the above m ixture. They w ere strongly  stirred again 
for 30 m in and settled for 2 days. T hen the form ation o f  reverse m icroem ulsion was 
determ ined  through visual observation, conductiv ity  m easurem ent and centrifugal 
separation, w hich revealed the phase transform ation  or phase separation  o f  the 
ternary  system . F inally, the quasi-ternary phase diagram s o f  the system s w ere given 
and the m axim um  w ater content for each system  w as determ ined. The results o f  the 
experim ent show  that

1. T riton X -100/n-hexanol/cyclohexane/w ater reverse m icroem ulsion 
system  was chosen and optim ized from  several o ther system s o f  reverse 
m icroem ulsion to prepare ZrC>2 ceram ic ink because it exhibited an 
excellent behavior in enhancing w ater -  d issolv ing am ount.
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2. The best composition for the maximum water content of the above system 
was 19.1% Triton X-100/12.8% n-hexanol/23.7% cyclohexane / 44.4% 
water in mass determined by its quansi-temary phase diagram.

3. Two clear reverse microemulsions were obtained by replacement of the 
water in the system with equivalent volume of zirconium oxychloride 
solution and ammonia solution, respectively.

4. ZrC>2 ceramic inks prepared by reaction after mixing the two reverse 
microemulsions uniformly demonstrated excellent stability, dispersivity 
and homogeneity

5. They were suitable for ink-jet printing forming by a drop on demand ink
jet printer through determinations of the physicochemical properties of 
the inks, such as viscosity, surface tension and transparency etc.

6 . Their conductivity was not sufficiently high according to the requirements 
of the printer due to the continuous phase of oil.

7. The particle size in the reverse microemulsions was about 7-10 nm and 
very well dispersed by TEM observation.

8 . It is still necessary to increase the solid load in the suspension further.
The formation of zinc sulfide nanorods and nanoparticles in ternary พ/(ว

microemulsions were studied. Appropriate three-component microemulsion system 
can be optimized and employed to obtain 1-D nanocrystals of ZnS. By adopting 
ternary microemulsion system, Triton X-100 or CTAB/cyclohexane/water, nanorods 
of ZnS can be synthesized under appropriate conditions, with lengths up to 6  pm and 
diameter 12-85 nm. Varying different variables shows that wo = 11 is most suitable 

, and a relatively small concentration of both reactants in equal amounts leads to a 
self-consistent uniform morphology with smaller size; sufficient ageing time is also 
required. A tentative formation mechanism involving the fusion, exchange, and 
coalescence of droplets stuffed with reactants, followed by crystallization of ZnS 
/surfactant phase with different shapes when the component of system varied, is 
described. However, the role that surfactant molecules play in nanocrystal formation 
remains ambiguous, and explicit elucidation based on further experimental work 
related to the nanostructure of microemulsions is still to be carried out (Xu and Li,
2003)
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Zhan et al. (2004) study the preparation of nanometer-sized 1ท2 0 3  particles 
by a reverse microemulsion method. Nanometer-sized indium oxide (1ท2 0 ร) particles 
have been prepared by chemical reaction of inorganic indium compounds and 
ammonia gas in a reverse macroemulsion system consisting of water, Triton X-100 
(surfactant), n-heptanol (co-surfactant) and n-octane (oil). Precursor hydroxides 
precipitated in the droplets of water-in-oil (พ/(ว) microemulsion were calcined at 
different temperatures to form indium oxide powder. The factors affecting the 
particle size have been discussed; the calcination temperature is considered to be the 
important factor for controlling the size. 1ท2(ว3 calcined at 400°c had a spherical form
and a narrow size distribution. Calcination at 800°c led to the formation of particles
not only of irregular shape, but also of a wide size distribution. With the increase in 
calcinations temperature from 400 to 800 °c, the average size of the particles grew
from 7 to about 40 nm. The 1ท2<ว3 nanoparticles were characterized by transmission 
electron microscopy and X-ray diffraction.

In (2004), the preparation of spherical ultrafine zirconia powder in 
microemulsion system and its dispersibility were studied by Haung et al. (2004) In 
this work, a water/oil microemulsion consisted of cyclohexane/water/Triton X- 
1 0 0 /hexyl alcohol is invented to prepare ultrafine spherical zirconia powder via the 
reaction which takes place between the precipitant and zirconium salt solved in the 
nanoreactors. The water droplets in the microemulsion system of cyclohexane 
/water/Triton X-100/hexyl alcohol can act as the nanoreactors that solubilized 
zirconium oxychloride and ammonia, respectively. When the above-mentioned two 
different kinds of the reactors collide, a certain reaction occur and ultrafine spherical 
zirconia powder with uniform diameter distribution can be obtaii'.ed in a nanoscale 
and its diameter is about 30-40 nm. 100% tetragonal crystalline grain of the powder 
can be obtained when the calcined temperature reaches 500°c. For the powder 
experienced 800°c calcining temperature, the organic substances on the particle have 
been nearly burnt out, so it has higher zeta potential than that calcined at temperature 
600°c. The powder prepared by microemulsion method has lower content of the 
soluble contra-ions (Ca2+, Mg2+) than other commercial zirconia powders have.
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600°c. The powder prepared by microemulsion method has lower content of the 
soluble contra-ions (Ca2+, Mg2+) than other commercial zirconia powders have.

From the development of microemulsion method that used to synthesis the 
metal oxide, it can conclude that this method has efficiency to prepare the 
nanoparticle of metal oxide that has high surface area. The condition of 
microemulsion is the key factor to control the size of reverse micelle (such as 
structure of surfactant, the ratio of reactant and temperature of the mixing). Because 
of the tin oxide gas sensor is the important gas sensor. Therefore, this report intends 
to show the result of the synthesized tin oxide nanoparticles by using microemulsion 
of the popular nonionic surfactant (Triton X-100) and apply it to the gas sensor 
application. However, the microemulsion of a new nonionic surfactant (Arlacel P- 
135), which has different structure compare to the Triton X-100, is also studied and 
reported.
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