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We investigate the morphology of and surface modification by titanium dioxide (TiO,)
deposits on porous ceramic substrates placed in a horizontal, tubular, hot-wall,
atmospheric pressure chemical vapor deposition (CVD) reactor with titanium
tetraisoperoxide (TTIP) as the precursor. The TiO, particles are produced from TTIP through
two routes: first by thermal decomposition which then kicks off hydrolysis. The deposit
characteristics is found to be location dependent. Those at the reactor entrance and exit are
different from that within the reactor. Within the reactor, the deposit characteristics is
further found to depend strongly on the deposition temperature (T4) and is almost
independent of the flow-rate and concentration of the reactant. With a T4 of about 380 °C,
the deposited TiO, forms a forest-like structure with poor adhesivity to the substrate and
results in an insignificant pore size reduction for the substrate. If Ty drops down to about
300°C, the deposited TiO, forms a rock-packing structure with good adhesivity to the
substrate and can reduce the pore size of the substrate from about 1-2 xm down to about
64 nm. At both the reactor entrance and exit, the deposited TiO, are loosely-packed
spherical particles of average diameter of 140-400 nm. A theory, based on whether or not
the reaction is gas-phase or surface dominated, is proposed to explain the dramatic

effect of Tq. © 1999 Kluwer Academic Publishers

1. Introduction reactor, the TiQdeposit serves as both the catalyst and
Titanium dioxide, because of its many advantageouseparation medium.
properties such as high dielectric constant, excellentop- Basically, there are two routes to deposit particles on-
tical transmittance, high refractive index, high chemicalto the porous support. One is wet chemistry based such
stability, and a suitable band gap, has found extensivas the sol-gel method, and the other is gas phase based
applications in industrial products such as capacitorssuch as the chemical vapor deposition process. The
optical coatings, sensors, catalyst supports, and photehemical vapor deposition process has been gaining
catalysts [1]. Its use as a photocatalyst is of particulapopularity in recent years since it is a cleaner, more
interest to the waste water treatment research commugnergy-effective, environmentally sounder way of de-
nity since it can decompose many hazardous organipositing fine particles than the more traditional wet
substances into disposable ones [2, 3] while retaininghemistry methods [4,5]. The effectiveness of this
its own chemical integrity. method in forming a top layer for ceramic membranes
One efficient way of utilizing the photocatalytic abil- depends on how effective it is in reducing the pore size
ity of TiO is to incorporate fine Ti@particles as atop of the support and whether or not this top layer is firmly
layer of a membrane reactor. A membrane reactor igncorporated onto the support.
a reactor capable of removing products from reactants Tsapatsis and Gavalas [6] performed CVD of 8iO
via membrane separation thus enhancing the forwarednd other oxides on porous Vycor tubes for preparing
reaction. A ceramic membrane normally consists of ehydrogen separation membranes capable of being oper-
porous support covered with one or more ceramic layated at elevated temperatures. Xomeritakis and Lin [7]
ers with decreasing pore sizes. The reduction in anthave also carried out the research on forming thin inor-
control of pore size is of essential importance to theganic oxide layers via CVD processes. Yan and cowork-
separation performance of the ceramic membrane. Deers [8] coated the outer surface of@mmlumina porous
pending on application requirements, the pore size ofube with boehmite sol, which was calcined intg-a
the top layer of the membrane can range from about onalumina layer of pore size around 7 nm. These pores
micron meter for micro-filtration to less than one nano-were then filled with Si@ formed by thermally acti-
meter for gas separations. As a top layer of a membraneated CVD of tetraethyl orthosilicate in 400—6GD.
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In this work, we studied the morphology of Ti(ar-
ticles as deposited on top of a porous ceramic support
through the CVD process by using TTIP as the precur-
sor. And then the effectiveness of the deposited,TiO
layer in pore size reduction is evaluated by thepdr-
meation experiments. The relation between the surface
modification capability and the deposition condition of
the TiO, deposit is investigated.

1. dilution gas 7. bubbler 13. furnace

2. carrier gas 8. precursor 14. thermal couple

3. moisture trap 9. isothermal bath 15. cold trap .

4. mass flow controller 10. pre-furnace zone 16. ice bath 2. Experlmental
5. valve 11. quartz tube 17. pump 2.1. Chemicals
6. vacuum gauge 12. substrate transferring rod

Figure 1 Schematic diagram of CVD system used for deposition 06 TiO
particles.

Argon (99.995%), helium (99.995%), and nitrogen
(99.995%) are all purchased from LH Gas Company
in Taiwan. Acetone (99.5%) and sulfuric acid (97.3%)
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Figure 2 The effect of (a)Qy, (b) Crrip, and (c)Ts on the deposition flux of Ti@particles.
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Figure 3 The ESCA plot of TiQ as deposited on a silicone substrate.

are both from Union Chemical Works while titanium et al.[9]. The porous ceramic disks are white in color
tetraisoproxide is from Janssen. and have an O.D. of 38 mm, a thickness of 1.6 mm, and
an average pore size of approximately 1+8. Quartz
rings are used for determination of the deposition flux
. of TiO, particles at the wall. When quartz rings are
2.2. Deposition processes reused, they are soaked in hot (£2X) concentrated
Fig. 1 shows the schematic diagram for the CVD Setuyfric acid for several hours to remove residual FiO
used inthis study. Itis a horizontal, tubular, hot-wall, at- - ticjes. They are then washed with deionized water,

mospheric pressure chemical vapor deposition systendgnicated, and dried before they are weighed and placed
Nitrogen gas is used as both the dilution gas and thg, e quartz tube reactor.

carrier gas. Flow rates of gases are controlled by Preci- The pubbler which contains the precursor is placed

sion 401 Mass Flow Controllers. A bubbler is used t0;, o, jsothermal bath set at a desired temperature. The

hold the water-sensitive precursor. Transferring of the, ,51e CVD reactor is then evacuated to a pressure of

moisture-sensitive precursor, TTIP, is carried out in &;,6,,t 102 torr. The furnace is then heated to a desired
drybox to prevent TTIP from hydrolysis. A Polyscience o herature for at least one hour while the evacuation

isothermal bath is used to control the evaporating tMzqntinyes. The dilution gas is then introduced into the

perature of the precursor. A BriskHeat heating tape with o 4 tor to purge the CVD system for 30 min. After the
an ANC-607 temperature controller is used to heat the

zone before the furnace to avoid the condensation of
TTIP vapor before flowing into the reactor. The heat-

ing tape is set at a temperature°@above that of the 401
isothermal bath. The reaction chamber is a quartz tub 1
with an O.D. of 40.69 mm, an |.D. of 36.64 mm, and a$g' 20+
length of 97.5 cm. A 67 cm long Lenton furnace with an /'\-"\"'\
Eurotherm temperature controller provides controllecs o e B o=
heating for the reaction chamber. £
Substrates, including quartz rings and homemad:® -0+
porous ceramic disks, are cleaned with deionized wate 1
and dried at 100C for at least 8 h. The porous ceramic -0+
disks are fabricated by mixing appropriate amount of T T A p o

carboxyl methylcellulose (CMC), water, kaolin and
a-alumina, followed by the processes of drying,

mi”in93 meShingv pressing at 4000 pounds, an_d firing Figure 4 The weight loss percentage distribution along the reactor
A detailed fabrication procedure can be found in Chouength.
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Figure 5 The powder XRD of TiQ particles under the base condition as deposited on the quartz rings at (a) the reactor entrare&5(bin, and
(c) the reactor exit before annealing, and after annealing at (d) the reactor entrance 1®rm, and (f) the reactor exit.

pressure of the system reaches abouf1érr,the TTIP  density of 0.955 g/crh Its vapor pressure can be found
containing bubbler is then immersed in the isothermafrom the catalog of Tri-Chemicals.

bath. Titanium tetraisoproxide [Ti-(©-CzH7)4] is a The region between the bubbler and the entrance of
colorless liquid with a boiling point of 232 and a the furnace is wrapped with a heating tape and the
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(a) the deposited Ti@layer. The Shi!nadzu XD-5 X-ray
20 diffractometer with CiK,, (1.5405A) is used to deter-
Reactor Entrance mine the crystalline phase of the particles. The Otsuka
Electronics LPA-300 particle size analyzer is used to
| ‘

398 £ 157 nm determine the size distribution of TiQparticles. The
Physical Electronics PHI 1600 Electron Spectroscopy
for Chemical Analysis (ESCA) is used to determine
l ‘ ‘ | | | the composition of the deposit. The pore size of the
‘ porous ceramics with or without TiQdeposits can be
determined by the gas permeation experiments [10].
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25

151 1,400 = 800 nm 3. Results a_n_d discussion
o) 3.1. Deposition fluxes N .
The effect ofT;, Crip, andQ; on the deposition flux is
5 studied. For referring convenience, whé&g Cyrp or
‘ ‘ | . T; is not specified, it is set at the base condition value.
1000 2000 3000 4000 5000 8000 7000 Quartzrings are placed in the quartz tube for measuring
© TiO, deposition fluxes along the axis of the reactor.
These quartz rings are of an I.D. of 31.25 mm and a
Reactor Exit length of 20 mm. Deposition fluxes are determined by
207 the weight pickup resulting from the reaction, quartz
15 143 £ 43 1m ring inner area, and total reaction time. Typically, the
deposition flux increases with increasing axial position
10 (x), reaches a maximum, drops down to almost zero,
l ‘ and finally goes up again near the reactor exit. This
| |

5

Number Percentage

ol . o . trend is the same with that observed by Kirkbir and
100 200 300 400 500 600 700  Komiyama [11] on the production of TiOparticles

Diameter (nm) from TTIP. A modeling work by Lu and Lin [12] for
the oxidation of TiC} in a tubular CVD reactor also
shows the same trend in deposition flux.

Basically, the reaction of TTIP to form Tiecomes
more intense when the reactants flow into the reactor
and are heated to a higher temperature. This results in
temperature of the heating tape is set at a temperatutgigher production rate of Tigand thus higher deposi-
10°C higher than that of the isothermal bath. After thetion rate of TiQ. After reaching a maximum, the de-
temperature has become stable, the pump was turnggbsition flux must decrease since the concentration of
off and the dilution gas (B) was brought into the sys- TiO,inthe main stream has been dropping. The concen-
tem to raise the pressure of the system back to one atriration of TiO, eventually drops to a level that the driv-
Finally, the carrier gas is introduced to carry the precuring force for diffusional deposition is no longer strong
sor into the reactor for the deposition of Tifarticles.  enough to move particles towards the wall. This situa-

For the present study, the furnace temperatlife ( tion persists until near the reactor exit where, due to the
varies from 350 to 550C, the temperature of the cooling effect of the non-heated outside surrounding,
isothermal bathTy) from 70 to 105'C, the flow rate of  the remaining main stream particles are again pushed
the dilution gas Qq) from 510 to 1000 sccm, and the towards the wall by the thermopheretic force caused by
flow rate of the carrier gagyc) from 179 to 300 sccm.  the temperature gradient across the tube.

To ease the parametric study, we select a base condi- The effect ofCrrp and Q; on deposition fluxes is
tion around which the relevant operating conditions argshown in Figs 2a and b, respectively. The higher the
varied. At this base conditiof; is set at 450C, Ty, at Q: or Cr1p, the larger the deposition flux. This is no
85°C, Qg at 1000 sccm, an). at 179 sccm. Under  surprise since increasing of eith®f or Cryp increases
this condition, the inlet concentration of TTIP based onthe amount of TTIP available to form Tiparticles.
25°C (Crrip) is 3.6 x 107> mol/l and the total flow rate  Increase inQ; or Crrip however does not appreciably
of gases Q) is 1,179 sccm. This condition will be later shift the peak of the deposition flux since the reaction
referred to as the “base condition.” and thus deposition are more dominated by the sys-
tem temperature. Interestingly, for the case@fat
689 sccm, deposition fluxes betweenf 0—10 cm are
2.3. Characterizations higher than those for high&®;s. This may be due to
Deposition fluxes, morphology, crystalline phases, parthe prolonged residence time, that gives more time for
ticle sizes, compositions and pore sizes of Ji®- reaction and deposition, for this lo@.
posits are determined. Scanning electron microscopy The effect of T; on deposition fluxes is shown in
(SEM) s performed with the Jeol SEM 804A to observeFig. 2c. Deposition fluxes of Ti@reach a maximum
the morphology, the particle size and the thickness ot approximately =29, 13, and 10 cm fof; of 350,

Figure 6 Size distributions of TiQ particles collected at (a) the reactor
entrance, (bx =16 cm, and (c) the reactor exit under the base condition.
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(b)

(©)

Figure 7 SEM pictures of (a) a plain porous ceramic substrate, (b) top-view, and (c) cross-sectional view of the ceramic substratg defo3itd
at the reactor entrance under the base condition.
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450, and 550C, respectively. At these locations, the trance, the deposition flux peak shifts to the left, closer
local temperatures (shall be termed the deposition tento the reactor entrance, with increasifigNote also the
peraturely from here on) as measured by a thermocou-deposition flux distribution becomes narrower but with
ple are 330, 330, and 34Q, respectively. This shows a higher peak wheif; is raised. This is expected since
that thermal decomposition of TTIP and accompany-the incoming rate of reactants and thus the total amount
ing coagulation growth and deposition of TiGan oc-  of TiO, produced are kept roughly constant, and the
cur rapidly at~330°C. Since with a higheTs, the Ty higherT; results in more intense reaction, growth, and
reaches 330C at a location closer to the reactor en- deposition around the peak area.

3.2. Formation mechanism, composition,
phases, and sizes of TiO, deposits

In the present study, TiOparticles can be produced

from TTIP through two different routes, one from

thermal decomposition and the other from hydrolysis.

The chemical equations for these two reactions are as

follows:

TI(O-I -C3H7)4 — TiO, + 4C3Hg + 2H,0
for thermal decomposition

Ti(O-i-C3H7)4 + 2H,0 — TiO, + 4C3H,OH
for hydrolysis

The reaction kinetics have been studied by Okuyama
Figure 8 Cross-sectional view of a particle deposition structure obtained€t @l.[13] for the thermal decomposition reaction and by
from a two-dimensional deposition simulation conducted by Tsai [14]. Kashima and Sugiyama [14] for the hydrolysis reaction.

(c) (d)

Figure 9 SEM pictures of TiQ deposits on the ceramic substrate Withrp = 3.6 x 10~ mol/l andQ; = 1,179 sccm: (a) top-view foF; = 350°C
andx =20 cm (Tq=305°C), (b) top-view forT; =450°C andx =12 cm (Tg = 303°C), (c) cross-sectional view foFf =450°C andx =12 cm
(Tq=303°C), and (d) top-view foil = 550°C andx =8 cm (Tg = 300°C).
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They found that these two reactions are first order rethermal decomposition. In fact, during the experiments,
actions with pre-exponential factors ab3< 10> and  the deposit has been observed to grow from inside out
3.96x 10° s! and activation energies of 8.43 and at the reactor entrance region. We have also run the
70.5 kJ/g-mol for the hydrolysis and thermal decom-experiments afl; of 100 and 200C, and cannot de-
position reactions, respectively. From the values of thaect any deposit for the whole reactor. In conclusion,
pre-exponential factor and activation energy, one readthe deposit formed around the reactor entrance region
ily sees that hydrolysis can occur much faster and easies due to the hydrolysis invoked by water produced
than thermal decomposition. In our experimental pro-within the reactor from the thermal decomposition of
cedure, water is excluded from the reaction system atTIP.

the beginning. However, from the above two chemi- Another interesting observation is that the deposit at
cal equations, it is evident that water will be producedthe reactor entrance and exit regions is white while that
as a side product of the thermal decomposition reacwithin the rector is brown. To find out what makes the
tion, and kicks off the hydrolysis reaction. This can deposit brown, we have collected these brown deposits
be used to explain why there are TGi@eposits in re- on a silicon substrate and run an ESCA on the deposit,
gions before and near the reactor entrance, whigre and found some amount of carbon besides titanium and
are less than 200 and not high enough to start the oxygen. Fig. 3 shows the ESCA result. The amount of

18rm WD35

(b)

Figure 10 SEM pictures of TiQ deposits on the ceramic substrate with= 450°C, Ctrip = 3.6 x 1072 mol/l, andQ; = 1,179 sccm ax = 16 cm
(Tq=380°C): (a) top-view, (b) cross-sectional view.
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carbon in the deposit is further found to be 9.2% byson with standard X-ray diffraction patterns of anatase
weight. We have also annealed in an air atmospherand rutile phases of Ti)we found that before anneal-
the deposits collected by the quartz rings, and foundng particles atk =0 cm are mostly amorphous while
a weight loss of 11-15% for the brown deposit whilethose atx =15 and 67 cm are anatase phase. After
there is no appreciable weight loss for the white deposiainnealing, the X-ray diffraction patterns at all three lo-
formed at the reactor entrance and exit regions. This isations show strong anatase characteristics. No rutile
because the carbon of the brown deposit is oxidizegbhase is formed. Note thdl of x =67 cm is~90°C
by oxygen to form CQ and escapes. If annealed in a and yet particles collected there are anatase. This fact
5 x 1072 torr vacuum condition, there is no weight loss implies that these particles are formed in the early part
and the color of the deposit remains brown. The weighbf the reactor, but do not have the chance to deposit un-
loss result is shown in Fig. 4. Note the annealing resultil the thermophoretic force kicks in at the reactor exit
is in reasonable agreement with the ESCA finding. Eviregion.
dently, the carbon in the brown deposit comes from the The size distribution of these deposited Fi@ar-
further decomposition of the side productsHg and ticles is determined by the Otsuka Electronics LPA-
C3H7OH. 300 particle size analyzer. This particle size analyzer
The powder X-ray diffraction on the deposit collected uses two methods: light scattering for particles less than
atx = 0 (reactor entrance), 15, and 67 cm (reactor exit}l um and natural sedimentation for particles larger than
before and after annealing at 78D in an air atmo- 1 um. From Fig. 6, it is clear that particles deposited
sphere for three hours are shown in Fig. 5. By compariwithin the reactor are bigger than those deposited at the

irm WD25

(b)

Figure 11 Cross-sectional SEM pictures of Ti@eposits on the ceramic disk wi@yip = 3.6 x 10~ mol/l andQ; = 1,179 sccm: (a)s = 450°C,
x =16 cm, andly = 380°C, (b) Tt = 350°C, x =21 cm, andly = 310°C.
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reactor entrance, which in turn are bigger than thosdinearly packed spherical particles. This structure sug-
deposited at the reactor exit. gests that the particles are formed through a gas phase
reaction in the main stream followed by coagulation
growth, and deposit onto the substrate by diffusional
3.3. Morphology of TiO, deposits transport. A simulation work done by Tsai [15] on par-
Fig. 7a shows the cross-sectional SEM of a plain ceticle deposition dominated by the diffusional transport
ramic substrate. It has a pore size of approximately 1-i a two-dimensional domain shows a similar structure
wum. The top-view and cross-sectional view of SEM pic- (Fig. 8). The morphology of Ti@deposits at the reac-
tures of TiQ deposited on ceramic substrates placed ator exit is similar to that at the reactor entrance, only
the reactor entrance under the base condition are shovihe packing spheres are smaller.
in Figs 7b and c, respectively. From the cross-sectional As to the deposit morphology within the reactor,
SEM picture, it can be seen that the whole structure ist shows two very different structures. This structure
forest-like with each branch of the tree consisting ofdifference has a strong correlation to the deposition
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Figure 12 Pore sizes of ceramic disks before and after pore size reduction bydE@sits as a function of deposition time for condition (A) and
condition (B).
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temperature. In Fig. 9, SEM pictures obtained frombe difficult for the particles formed in the bulk to pen-
T: of 350, 450 and 550C, but at different locations etrate the substrate and deposit onto the interior of the
(x =20, 12, and 8 cm, respectively) are shown. At thesesubstrate.
locations under the correspondifig the deposition The pore size reduction achieved by the deposition
temperatures are 305, 303, and 300 respectively. under conditions (A) and (B) can be determined by the
Here, Figs 9a, b, and d are the top view for depositdN, gas permeation experiments conducted before and
resulting fromT; of 350, 450 and 550C, respectively, after the deposition. Fig. 12 shows the pore size of the
and Fig. 9c is the cross-sectional view for deposits fronsubstrate before and after the deposition as a function
Tt of 450°C. The patrticles are rock-like and the struc- of deposition time. It is evident from the figure that
ture is a packing of rocks. The boundary between rocksinder condition (A) the pore size reduction achieved
becomes less distinguishable Bsncreases, possibly is very limited while that for the condition (B) is quite
due to the increasing sintering extent and increasinglramatic if a sufficiently long deposition time is used.
deposition amount. These deposits possess a good atke pore size reduction effect of condition (B) seems
hesivity to the substrate as judged from the Scotch testo reach a limit after 4 h of deposition while that of the
The morphology of Ti@Q deposits within the reactor condition (A) appears to be invariant with respect to
at a higher deposition temperature is shown in Fig. 10the deposition time. Note the plain ceramic disk used
Fig. 10a shows the top view while Fig. 10b the cross-possesses a pore size of approximately lx2 and
sectional view for deposits from the base condition. Thethus the pore size of the plain substrate varies slightly
substrate is placed at= 16 cm where the deposition from one data point to the other as shown in Fig. 12.
temperature is 380C. The structure is also forest-like
but with each tree being more of crystal form. These
deposits appear to have a poor adhesivity to the sult. Conclusions

strate. The morphology and pore size reduction effectiveness
Atheory can be proposed for the dramatic differencepf TiO, deposits, produced through a CVD process
in deposit structure resulting from the difference in theysing TTIP as the precursor, were investigated. The ex-
depositiontemperature. For a highgrthe particlesare  perimental data showed that the deposit characteristics
formed more from the bulk gas phase reaction and hois a strong function of the deposition temperature and is
mogeneous nucleation. After the coagulation growthjnyariant with respect to the flow rate and concentration
the particles deposit onto the substrate due to diffupf the reactant stream. At a deposition temperature of
sional transport. The forest-like structure is a characahout 300C, we were able to reduce the pore size of a
teristics of the diffusional deposition, and appears tqyorous ceramic substrate from about 148 down to
have a weak attachment with the substrate. When thghout 64 nm with a deposition time of 4 h and the result-
deposition temperature is lower, the gas phase reactigig TiO, layer, which is a packing rock structure, has a
is less likely to occur than the surface reaction. Theregood adhesivity to the substrate. On the other hand, if
fore, the particles are formed more from the surfacehe deposition temperature was raised to about 830
reaction and heterogeneous nucleation. The result isfe resulting TiQ deposit was a forest-like structure,
strong association with the substrate. had a poor adhesivity to the substrate, and produced

ExceptTq, other operating conditions such@grip  only minor reduction in pore size of the substrate.
andQ; are found not to affect the deposit morphology in

a significant extent, neither does the annealing at?00
in an air atmosphere for three hours. The annea"ngkcknowledgement
only makes the deposit more rounded because of t
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