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Abstract

Titanium dioxide porous films have been deposited on glass slides by sol-gel technology. Tetrabutylorthotitanate and polyethylene glycol
were used as a precursor and template, respectively. The chemical mechanism is discussed in relation to the sol—gel transition, which provides
a possible theoretic explanation to the formation of JTg@rous films. The morphology of porous Tihin films strongly depends on the

amount of water, the types of solvents and complexing agents, and the concentration and molecular weight of the template. It was shown that
the diameter of pores is tunable in the range of 10-500 nm and the maximum of BET specific area of the filnf#ds 72m

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction multicomponent films can easily be formed if a homoge-
neous solution is available; (3) phase structure of films can
Since the pioneering work by Fujishima etlatitanium be controlled, in this case Tg(anatase) may be obtained;

dioxide (TiQ;) has been one of the most attractive pho- (4) the resultant films may be characterized by a porous
toelectrochemical and photovoltaic materials during the structure of a gel with a large specific area characteristic.
last decades due to its scientific and technological impor- Recently, TiQ thin films of high specific area were also
tance. And TiQ porous thin films with a relatively large  obtained from a TiQ sol prepared by hydrothermal treat-
surface area are desired for many applications, such asment of peroxotitanic acid sBl or an alkoxide-derived
photocatalystd, transparent conductofsgielectrics? elec- TiO, gel1®
trochromic films? and “self-cleaning” coatings on windows In this work, we present results of investigations on pro-
and tiles® The TiO,-dye composite material was reported cessing and structural characteristics of Fi@orous thin
to harvest a high proportion of the solar energy, and it is films deposited on glass substrates through the sol—gel tech-
expected to serve for manufacturing low-cost solar délls.  nology using polyethylene glycol (PEG) as a template. The
In recent years, a great interest in nanocrystalline,TiO influences of concentration and type of PEG templates, the
porous films has been growing. Many papers have beenamount of water added, the complexing agents and solvents
published on the preparation of porous titania films us- were involved in this study because the morphologies of
ing the sol-gel methot, direct deposition from aque- porous films are sensitive to them.
ous solutiong? sputtering technologyt ultrasonic spray
pyrolysis}? and hydrothermal crystallizatiol. The sol-gel 2. Experimental
method of preparing Ti@films on the substrates has many
advantages over other methods such as chemical vapor de2 1. Chemicals
position (CVD)* plasma spraying® anodization:® and
thermal oxidation of Ti meté? mainly because of the fol- For the preparation of Ti,@SO', the f0||owing materi-
lowing: (1) no special apparatuses are required; (2) uniform als were used: polyethylene glycatfg, = 1000 or 2000,
H(OCH,;CH),,OH; PEG), tetrabutylorthotitanateM( =
* Corresponding author. 34035, Ti(OCGHg)4; Ti(OBU)4), ethanolaminey = 61.08,
E-mail address: zhgjin@tju.edu.cn (Z.G. Jin). NH2CH>CH,OH; EA), diethanolamine ¥/ = 10514,
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NH(CH,CH,OH),; DEA), triethanolamine ¥ = 14919,
N(CH,CH,OH)3; TEA), acetylacetone M/ = 10012,
CH3(CO) CH(CO)CHs; ACAC), glacial acetic acid¥M =
60.05, CHCOOH; HAC), citrate acid ¥ = 21014,
CsHgO7°H20; HslL), ethanol ¢ = 46.07, CHsCH,OH;
EtOH), andn-butanol M = 74.12, CH;(CH>)2CH20H).

2.2. Synthesis

Z

Transmittance/%

TiO> porous films were prepared at room temperature in
the following way: 8.68 ml of Ti(OBw) was dissolved in
the mixture solution of 35 ml of EtOH/0.05 mol complexing
agent. After magnetic stirring for 2 h, the obtained solution
was hydrolyzed by the addition of a mixture of water and
EtOH drop-wise under stirring for another 2 h. Then, various
types and amounts of PEG were added into the, T80,
which was deposited on slide glasses by dip-coating with the
withdrawing speed about 5-6 cm/min. The deposited films Fig. 1. IR spectra of titanium sol-gel process: (1) DEA, (2) Tig®ig)s +
were aged at 100C, and calcined at 550 for 1hinairto ~ C2HsOH. (3) Ti(OGHe)s + CoHsOH + DEA, (4) Ti(OGHo)s +
remove the_ organic template. | 82)HT582-| ;\553;— H20, (5) titanium colloid, (6) titanium xerogel, and

To investigate the effects of processing parameters on the
porous texture of TiQ thin films, the following were ad-
justed in preparing sol: the molar ratio of water to Ti(OBu)
was 1-3; the molecular weight of PEG was 1000 or 2000
and its adding amount was 0—4.0g in 100 ml sol; the com-
plexing agents were EA, DEA, TEA, ACAC, HAC, or3H;
the solvent was EtOH an-butanol. In all cases, while one 1. Hydrolysis
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of the coordination number of Ti atom and the space steric
hindrance.

For the hydrolysis and polycondensation reactions of
Ti(OBu)4 precursor, the process can be written as below:

parameter was changed, the others were held constant. CLHO C,HO OH
23 Characterization HN. —— Ti(OC 4Hg), + H,O0——==HN. —— Ti + C,HgOH
- C,HO C,HO  OC,Hg
Scanning electron microscope (SEM) images were taken (2a)
on a PHILIPS XL-30 environment scanning electron micro-
analyzer. IR spectra were recorded on BIO-RAD FTS3000 or
IR spectrometer. Nadsorption measurement was performed Pk CoHO - A
on a Quanta-chrome Nova 2000 specific area instruments. HN — TiOC4Hglo+ 2H,0 ——= HN —— T + 2C4HgOH
CoHPO C,H,O OH
3. Results and discussion (2b)
3.1. Chemistry of the sol-gel process 2. Dehydration polycondensation
C,HO OH HO O H,C, CoHQ, e} 0 HyC.
. , \ \./ /N 7 /R
Chemical changes in sol-gel process can be deduced by ™\ /‘{ oM MmN A N e 0
analyzing FT-IR spectra of the specimens, depictdégn L GO D0 IO ORG GMC OCHHLO O HC,
Firstly, It can be seen in traces 1 and 3 that the inten- (3a)
sity of the N—H stretching vibration (3312 crh) decreased or
and the C—N stretching vibration has a red-shift from 1129 O OH o O oH.C
to 1090cnT?, indicating that DEA has complexed with HN/2_“O\T,/ \ /% A N
Ti(OBu)s. The complexing reactions taking place are pre- N2 A A A VA A
sumed as follows: MO O HO Ok, CHO O OHG
/02H4OH C,HQ (3b)
N + TiOC4Ho)s N/ 00zt 2C4RE0R 3. Debutanation polycondensation
C2HaOH CHO C,HO OH HeCO OH,C, CHO O OHCp
(1) HN/ \1i/ + \n/ " —>HN/ \Ti/ \Ti/— NH+2C 4JHgOH
\ /N 7 NEVAVAY
C,HO OCH, HO OH,C, C,HO O OHC,

The above reactions can restrain the hydrolysis and conden-
sation of Ti(OBu) precursor, as a result of the increment (4)
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If the reactions above proceed, the Ti—-O—C chemi- 3.2. Processing and porous texture
cal bonding will be destroyed and weakened.HRig. 1,
it has been observed from curves 2—-6 that the charac-3.2.1. Effect of water to Ti(OBu)4 ratio
teristic peak of Ti-O—-C (2880cnt) gradually shifted Fig. 2(a)—(c)shows SEM photographs of Tidilms with
towards lower frequency, meanwhile decreasing in the in- varied water/Ti(OBw molar ratios 1-3, respectively. It can
tensity. This result can be good evidence that supportsbe seen that the density of the pores decreased with the

our assumption about the hydrolysis of Ti(OBuand amount of water, while the pore size being the largest when
polycondensation of the hydrolysis products, shown in water/Ti(OBu) molar ratio was 2. This suggests that as
formulas?™ the quantity of water is relatively low, the hydrolysis and

Furthermore, after PEG was added into the solution, the polycondensation will run according to formulas (2a) and
absorption peak from —O—Elg (880cnT!) disappeared.  (3a), producing
This implies that some polycondensations have occurred be- CHO o oG
tween PEG and the complex products, generatiggOH /" "\ 7\ / "X
as formula® Where PEG in the obtained inorganic—organic \
network configuration plays a role as the structure-directing
agent, leading to the original morphology of BHi@orous  \which connects with PEG leading to the intermediate
films. inorganic—organic network. After the removal of PEG upon

Bands at 1050 cm! belonging to the C—OH stretching  thermal treatment, porous structure is retained in;Ti@n

vibration are observed in both of sol and xerogel IR spectra, fijims. In the presented case, PEG plays a templating role in
which is attributed to the existence of alcohol. However, the the formation of the inorganic porous structure.

intensity of xerogel weakened greatly and the peak charac-

teristic for EtOH (800 cm') disappeared in xerogel, prov- 322 Effect of complexing agents and solvents

ing that during gelating ethanol is released. The appearance Most of the proposed syntheses of porous titania rely on
of band at 1645 cm' shows the presence of hydrone in xe- the control of the high reactivity of Ti(IV) towards hydrolysis
rogel. For the TiQ powders after calcined at 550, the  and condensation, a problem of utmost importance. One
IR spectra mainly consists of two peaks at about 500 and syjtable solution is the addition of complexing molecules as
400cnT, which are assigned to the absorption of anatase stabilizing agents. The aim of this procedure is to hinder the

and rutile, while the organic substance has been removedcondensation reactions that lead to the rapid formation of
completely.

\
HO  OCHHCO OHC, |

CoHgOH CoHsOH CoH50H C,HgOH
CoHO o) 0 H,C, \0 o o o oH
/ N\
HN /Ti\/ \/T<—>NH + 2\CHZCHZC/ \CHZCHZC/ \CHZCHZC/ \CHZCHzc/
CoHO  OC4HHLC,O0 OHLC, CH, CchHz(/ CH,CH c/ CH,CH f,/ \CH
2vi2 27112
\o/ \ / \ / 2
. ° Q o
CoH5OH .CZHSOH ézHSOH észoH
CoHO 0] O H,C,
> HN —— Ti TI\ NH+ 204HgOH
0 H,C,

CoHgOH--
CoH5OH -
CoHgOH

CoHgOH -
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Fig. 2. SEM images of the surface morphology of Tilms prepared from 0.5g/100ml PEG (2000) EtOH solution at water to Ti(@Batio of
(a) 1:1, (b) 2:1, and (c) 3:1.

Fig. 3. SEM images of the surface morphology of Fiims prepared from 4.0g/100ml PEG (1000) sol at water to Ti(QBwa)io of 1:1 with
complexing agents: (a) DEA, (b) TEA, (c) ACAC, (d) HAC, (exH and solvents of (a) EtOH, and (f}-butanol.

a dense inorganic network, yielding poorly textured mate- the evidence for the bonding of complexed groups to Ti ions.
rial. So far, the effects of complex molecules on the struc- From trace 2 ofig. 4, one can recognize that the absorption
ture of TiQ, films have been rarely discussed. In our study, band appeared, which can be attributed to the absorption of
six different complexing agents were employed to compare N—Ti. And on the basis of the above analysiSiection 3.1
their effects.Fig. 3 show SEM images of Ti@thin films the interactions between EA/TEA and Ti(OBuhay be de-
made from the corresponding sol. Among the six complex- duced to run following reactions (6) and (7), respectively.
ing agents, the complexing ability of EA is not strong enough

to inhibit the hydrolysis and condensation, inducing precip- H\ /csz

itate in the solution, so from which no TiCroatings were N—C,H,OH+ Ti(OGHg) s —=H,N —— Ti(OGHo)s+C4HgOH
obtained. The sample with DEA displays relatively regu- H/

lar pattern and periodic organization, the diameters of the

pores being in the range 200-500 nm. While TEA, ACAC, ©)
and HL were used, the size and density of the pores de- C2HiOH CHE

creased remarkably, the films withsH even had granu- ~ HOHG—N  + Ti(OGHg,— N-—Ti(OGH) + 3C4HsOH
lar microstructure and flat texture. The addition of HAC CoH,OH Csz"czﬁ;o

caused phase separation in the precursor solution, as shown

in Fig. 3(d) nevertheless, some pores could be observed on (7)

the “isolated islands”. FT-IR transmittance spectra for solu-  In the spectrum of trace 3, the appearance s0Gnd
tions containing different complexing agenfsg. 4) provide O-Ti-O stretching vibration bands at 1583 and 1528tm
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and the blue-shift of C—C-C absorption peak from 1250

t01277 cn! prove that ACAC complexes with Ti(OByjs //"“/j\' \1 '
follows: ™ / \ LS
HaC\ | ity \/‘ "

\
O/H\o /c—o\ _____ il ;‘" A
THOC,Ho)s + | | —— Hc Ti(OC,Hg)a+ CgHgOH oy "
e C / " 2
HsC \C H/ CHg c—d ~

Transmittance/%

(8)
The bands at 1569 and 1370thwere assigned from
the IR spectrum of the sol prepared withglH They are
attributed to the complexation of g and Ti(OBu), the
complex generally taking these forms®f

“2532 0

CH,COOH CH,COOH CH,COO 4000 I 35|00 ‘ 3000 25|00 ' 20|00 11 15|0[} ‘ WOF()O I 5[|][]
é _~COO~__ é _~COOH | Wavenumber/cm
~0._— _—TiOC4Hqy ‘ \O\ ) HO- C—CO0— TIOC4Hg
EHZCO CHZCOO/T'(OC“HQ)? \H Fig. 4. IR spectra of solutions containing different complexing agents:
CHaCO0 (1) DEA, (2) TEA, (3) ACAC, (4) HL, and (5) HAC.
(a) (b) ()
CH,COO CH,COOH _The surface patterns of Tidilms prepared frqm solutions
HO— (\: COOH\ \/coo\T (OCuta)s with EtOH andn-butanol as solvents, respectively, are pre-
_ . - , - : ;
\ THOCHo)e L, gog ‘ sented in (a) and (f) dfig. 3. It can be noted that the diam-
CH?T:)O ? © eter of pores decreased greatly from 200-500 to 50-200 hm
(S

when EtOH is substituted witih-butanol, meanwhile the
Esterification and fasculation always take place between number of pores increasing obviously. This result can sup-

the uncoordinated -COOH and —OH under appropriate con-port our assumption iBection 3.1the presence of-butanol

ditions, just as follows

Ti(OC 4Hg)»
CHACO0 /TI(OC“HQ)Z 0OCCH, o cz coo
\ | [TV
HO—C—COOH “Ti(0C,Hy), + o\ /c 0 (OC4H9)2T‘I\ HOOCIC_ O— CCHz—C— CH,COOH+ H,0
CH,CO0 HOOCCHs—C — CH,COOH OOCCH, 9)

The presence of strong absoption peaks due to the esteri-
fication of carboxylic acid in the spectral region 1050-1160, hinder the progress denoted by formula (4), promoting the
1160-1260, and 1733 crh confirms that the above reac- production of
tion has occurred in the titanium sol. In the spectrum of the
sol containing HAC, the absence of ~COOH vibration band /'3 \ \ P e
at 1700 cm! and the appearance of Ti-O-Ti at 1549¢m "™\
prove that HAC has complexed with Ti(OBgccording to GO OGHHCO O HiC,

NH

” which can favor the interaction between inorganic and or-
CH3COOH + Ti(OC 4Hg)s ——CH3C—O0—Ti(OC 4Hg)3 + C4HoOH ganic species. As a result, porous structure of good quality
(10) in TiO> thin films can be obtained.

From the IR spectra analysis and SEM images, one can3.3. Effect of PEG
educe the order of the ability to complex of these complex-
ing agentsis BL > ACAC > TEA > DEA > HAC > EA, The formation of porous structure in TiCthin films
while the order of which in the formation of porous struc- strongly depends on the amount and type of PEG. SEM im-
ture in TiQ, films being DEA> TEA > ACAC > HsL > ages for TiQ thin films prepared from the precursor solu-
HAC > EA. That is, the complexing agents inhibit the hy- tions with different additions and molecular weights of PEG
drolysis and condensation of the precursor, on the otherare shown inFig. 5. It is observed that no pores appeared
hand, excessively strong complexation of Ti ions with com- in TiO2 films prepared from the solution without PEG. Af-
plexing molecules restrains the self-assemble of PEG in theter PEG was added, different porous structures developed
sol, resulting in a low degree of porosity, regularity and the in the films. The size and density of the pores increased
porous organization. with increasing amount of PEG. The porous structure with
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Fig. 5. SEM images of the surface morphology of Tiflms prepared from the precursor solution: (a) without PEG, (b) 1.0g PEG (1000)/100 ml, (c)
2.0g PEG (1000)/200 ml, (d) 4.0g PEG (1000)/100 ml, and (e) 2.0g PEG (2000)/100 ml.

a better arrangement is formed with increasing addition of dependence of the porous structure of Jidms has been
the templates. The diameters of the pores in the films pre-corroborated by Madsorption measurement as presented in
pared from the solution containing 1.0, 2.0, and 4.0g PEG Fig. 6. It can be observed that BET surface area ofsMfitns
(1000) were approximately 10, 50-100 and 200-500 nm, was enhanced with increasing PEG content and reached as
respectively. high as 72 and 62 #fg, at 2.0g/100 ml PEG (1000) and
The porous structure of TiOthin films has been also  1.09/100 ml of PEG (2000), respectively. However, it was
found to be related to the molecular weight of PEG. SEM decayed with a further increment of PEG content, which is
images (c) and (e) dfig. 5show that the pore size of the due to the link-up of the pores and the reduction on pore
film sample with PEG (2000) was larger than that with PEG number. As a result of the larger pore size and lower pore
(1000), the density of pores being lower. It is supposed that number, the surface area of Ti@Ims with PEG (2000) is
the self-organization ability of PEG in sol is different for dif- smaller than that with PEG (1000).
ferent molecular weights even at the same content. The PEG

4. Conclusions

[ 3
T Tio thin fi be synthesized in such
70 2 porous thin films can be synthesized in such a
\ sol—gel system using PEG as a template and Ti(QBEs)

1 a precursor. The porous structure of Fithin films was
, found to significantly depend on the synthesis condition,
such as the molar ratio of water to Ti(OBu}he species
of complexing agents and solvents, specially the adding
amount and molecular weight of PEG. The chemistry of the
sol—gel progress is under discussion to provide directions
tailoring the texture of porous TigXilms, aiming at a high
degree of regularity and order of the porous structure with
a large surface area.

o
o
1

BET surface area/m * g '
2
L

o
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