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Low-temperature formation of photocatalytic
Pt-anatase film by magnetron sputtering
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Films of TiO, dispersed or coated with platinum were deposited on glass and Pt-buffered
polyamide substrates respectively by magnetron sputtering. The photocatalytic activity of
the films was evaluated through the decomposition of acetic acid under UV irradiation. The
Pt-dispersed TiO; film of approximately 1.5 wt % platinum shows a maximum activity due
to for the formation of anatase phase with a fine grain size. Platinum particles ~20 Ain
thickness coated on anatase film greatly improves activity. The activity shows a steplike
dependence of film thickness where the critical thickness varies between 150 and 200 nm
depending on the deposition temperatures. The correlation between defects and activity
was verified by measuring either the temperature dependence of electric resistance or the
shift of binding energy from XPS. © 1999 Kluwer Academic Publishers

1. Introduction elsewhere [12—14]. In this sputtering system it is pos-
Photoelectrochemical properties of titania have beesible to prepare multicomponent films by alternately
studied by many authors in the field of solar energymoving the erosion area by switching the polarity of
conversion and storage since the pioneering work oé&lectromagnet which was located between the perma-
Fujishima and Honda [1, 2]. Recently, many scientistsnent magnets.
have focused on application of Tigphotocatalyst to The Pt-TiQ film (type 1) was prepared by alternately
purification and treatment of air and water, e.g., througtsputtering co-axially placed platinum and titanium tar-
the photolysis of organics and toxic gases [3, 4]. gets of 150 and 90 mm in diameter, respectively. The
Photocatalytic chemical reactions occuring in thedeposition time of platinum was kepts whereas that
surface of semiconductor materials start from absorpef titanium is varied from 20 to 140 s in each cycle in
tion of light and result in attainment of photo-activated order to obtain different compositions. The films were
electrons and holes in the surface layer. This procesdeposited onto Corning 7059 glass. The PtIfilm
is predominantly determined by fundamental physicaltype 1) was prepared by depositing at first a pureliO
properties of the materials. Either Ti©Or noble metal-  film on polyamide sheet (TORAY-DUPON Co., Ltd),
TiO, powder has attracted extensive attentions mainlfollowed by coating small amount of platinum particles
for its large specific surface area [5—9]. However, theon the surface, rather than by using alternate sputter-
use of conventional powder catalyst results in disading mechanism. Prior to the deposition of Bi@m,
vantages for stirring during the reaction and for sepaa platinum (or nickel) buffer layer of 200-3@0thick
ration of powder after the reaction. Preparation of filmwas deposited on polyamide in order to improve affinity
catalysts will make it possible to overcome these disbetween the film and polyamide sheet. Table | shows
advantages and to extend the industrial applicationghe typical sputtering conditions. All the samples are
Photocatalytic Ti@thin films were prepared using dif- one-side coated unless otherwise specified.
ferenttechniques, for instance, by spray-coating [10] or The thickness of the films was measured using sty-
sol-gel techniques [11]. However, a heating process dtus profilometer. The crystallinity of the films was
about 600C is indispensable in these methods in orderidentified by X-ray diffractometer (XRD), and the
to decompose metallorganics, causing a limitation inmicrostructure by atomic force microscopy (AFM).
the use of non-refractory substrate. In this paper, an affhe compositions of the films were analysed by flu-
tempt has been made to prepare photocatalytic Pi-TiOorescence X-ray analyser. The photocatalytic activity
films with special attention to the formation of anataseof the thin films was evaluated through the decom-
at temperature as low as 200 and to the use of flexi- position of acetic acid. The sample (¥55x 1 mm)
ble substrate (e.g., polyamide) to widen the applicatiorwas immersed in 6.5 ml aqueous acetic acid with a

of film photocatalysts. concentration of 0.002 mot* (120 ppm) in a glass
test tube. A high pressure mercury lamp (100 W) was
2. Experimental used as a UV source. One face of the film was irradi-

Thin films were prepared using tripole magnetron sput-ated along the normal direction. During irradiation, the
tering system, the details of which were describedacetic acid solution was bubbled with 2 ml/min.Jhe
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TABLE | Sputtering conditions for Pt-Tigfilms

Film types Pt-dispersed (1) Pt-coated {I1)
Substrate Corning 7059 Polyamide
Targets TiPt Ti

Dischargel /V 150/550 150 mA550 V
Gas/pressure £30 /30 mTorr
Substrate temperature 200 200-400
Growth rate 7.5 7.2/min

apPt-coating sputtering: 20@/50 mA/6-12 s.
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Figure 2 AFM images of platinum dispersed titanium films with

anatase(101)
F - (a) 1.5% and (b) 20% (wt) of platinum, respectively.
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Figure 1 XRD patterns of platinum dispersed Tidilms on glass at
200°C.

concentration of the acetic acid was tested using FE
pH meter ¢0.05) and gas chromatography (M-80B,

HITACHI, Co.) for evey 5 h UV irradiation. Figure 3 XRD patterns of TiQ films on Pt-buffered polyamide de-
posited at different temperatures.
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3. Results and discussion . ] ) )
3.1. Physical characteristics mterface but also makes it possible to deposit anatese
As shown in Fig. 1, the crystal structure of type | Pt-film at temperature as low as 200. As shown in
TiO, films strongly depends on the content of platinumFig- 3, (1 0 1) and (1 1 2) peaks of anatase structure were
dispersed. When the content of platinum is high (e.g.clearly observed.
20 wt %), there forms pure rutile phase. With decreas-
ing the content of platinum, rutile phase gradually dis-
appears and anatase phase of 101 preferential orientd-2. Photocatalytic activity
tion grows. With further decreasing platinum content,3.2. 1. Platinum dispersed TiO, film
the film becomes pure anatase and finally tends to be€oncerning the effect of crystal phase on the photocat-
amorphous. The peak of platinum is not found in as-alytic activity, it has been established recently that the
deposited film but detected after treatment at 0 anatase phase is much more effective than amorphous
suggesting that platinum is amorphous in as-depositednd rutile phase [4, 10]. Fig. 4 shows the change in
film. Fig. 2 shows the influence of platinum content onthe concentration of acetic acid on type | Pt-Tifdms
the microstructure of films. As the content of platinumas a function of platinum content. When the content
is decreased the grain size of the films is remarkably reof platinum was greater than 10 wt %, the films show
duced. Platinum buffer layerintype Il Pt-Ti@ims not ~ weak photocatalytic activity because of the formation
only modifies the bonding strength of film/polyamide of rutile phase. When the platinum content is reduced,
the concentration of the solution decreases and activ-
ity gets stronger due to the formation of anatase phase.
. ) The maximum activity was observed in the film of 1.5%
tion of HAC, [C], can be calculated by [G [H]</K; + [H], where, . . . . .
K, is the ionization equilibrium constant (1.8210-5, 20°C), and platinum for which the concentration of acetic a_C|d was
[H] the concentration of proton (log [H} —pH). The deviation ofthe ~ r€duced from 120 to 0.02 ppm. The observed difference
calculated [C] for standard HAC solutions is found to be with%.  in photocatalytic activity for anatase and rutile phases is

* According to the ionization equilibrium of acetic acid, the concentra-
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Figure 4 Photocatalytic activity of platinum dispersed Bi@ims of  Figure 5 Photocatalytic activity as a function of the amount of platinum
various platinum contents. coating (film thickness: 540 nm).

consistant with the results reported by Takahashi [10] " . " . - T
which is presumably due to the discrepancy either ir 10 :
bandgap structure [15] or in atomic alignment of lattice
[4].

As reported for TiQ powder photocatalyst[9], small __
grain size is very important for the modification of pho- &
tocatalytic activity because of its high specific surface 2

Ny
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T

area. The high activity for Pt-Ti©film of 1.5% plat- T:’
inum is not only due to the formation of anatase but.© 100k |
also for its minute grain size as shown in Fig. 2. *§ g X
= r L
g I .
3.2.2. TiO, film coated with Pt particles § | Substrate Temp. / thickness: o
Strong interaction between platinum and Fior pho- & - M 200°C /90 nm ]
tocatalytic activity has already been verified in type | [ O 200°C /540 nm
Pt-TiO, films. Since photocatalytic reaction merely " @ 350°C /540 nm
takes place on surface and the platinum buried insid: 107 : 5 —0 1§
the film is useless, the introduction of the platinum L .
particles on TiQ film was believed to be as effec- Irradiating time, h

tive as the dISperS|on of pIatlnum inside Bi@im. As Figure 6 Comparison of photocatalytic activity of Tidilms prepared

shoyv_n m_ Flg' S, plat”_]um partlcles O_f f”‘pprOXImately at different conditions (solid line: as-deposited; dot line: coated with
20 Aiin thickness can improve the activity remarkably 18 & platinum on surface).

because these superfine platinum particles can form

large amount of individual photochemical cells with

TiO>. Inthis system, the photogenerated electrons movgesy|ting in lower activity than Ti@Pt binary system,
towards platinum so as to get separated from positives shown in Fig. 6.

holes [2]. The separated holes play an importantrole in The photocatalytic activity did not depend strongly
photocatalytic reaction by directly reacting with organ- on the amount of coated platinum. As shown in Fig. 5,
ics, or by generating atomic oxygen to oxidize organicshe activity changes slightly while increasing platinum

by following photoelectrochemical process [2] coating from 15 to 5. However, the overcoated plat-
inum will form a continuous platinum layer to mask
H,O + 2ht — 2H" + O(—1/20,). TiO; film, consequently causing a degradation or even

ineffectiveness in activity. As a result, when coating
The second mechanism is in agreement with the fagblatinum both the amount of platinum particles and the
that acetic acid can be photocatalytically oxidized in aexposed surface of Tizhould be optimized and fairly
sealed test tube (i.e., without the introduction of oxy-balanced.
gen gas). The electrons and positive holes inyfiln From Fig. 6 it is clear that the coated platinum does
without platinum are not efficiently separated and hencenot change the order of activity in three samples. If
are easily extincted due to the re-combination of themthe TiO, film is initially ineffective, the deposition of
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Figure 8 Change of photocatalytic activity of pure Ti@lms (on glass,
Figure 7 Thickness dependence of photocatalytic activity foriilins ~ double-sided) after heated in air at various temperatures.
deposited at different temperatures (tested after 15 h UV-irradiation).

Pt particles is not effective to modify the activity, sug- . Dt:ncj:;«iz temp.: ]

gesting that the validity of Ti@is the prerequisite for

photocatalytic activity and platinum only plays a sup-  10% & ©300°C

plementary role in the photocatalysis evolution. F ]
Interestingly, film thickness dependence of photo- B Heating (10 °C /min]

catalysis was observed, though the photocatalytic rec °°. o %8

action is fundamentally surface reaction. As shown iNg 1075 '.. S {go.

Fig. 7, the film deposited at 25C shows very weak § F oo 0%

activity att less than 150 nm whereas an abrupt in- g ° S e, °e

creases around 150 nm. The critical thickngsaries é ° o N, %

depending on the deposition temperature of thin film but 10 °o%c°<p°° * '°°

shows no relation with the coated platinum. Takahash i \\.oo ]

and others [10] have observed a similar phenomenon il [ ; ; Cooling °8°:

the spray-coated Pt-Tifilms at thickness of around Thermally! ~Oxidation |

50 nm, and has ascribled this phenomenon to the influ 107 excited i of film W

ence of amorphous substrate on film crystalization dur: ; 300 ' 200 ‘ 500

ing the initial stage of film growth. Moreover, itis antic-
ipated that the thickness dependence of UV-absorbance
may be another reason for thickness dependence @fgure 9 Abnormal resistance change of HOy films during the
activity because the concentration of positive hole isheating-up process. The cooling curve was measuredZfiesoaking
determined by the absorbance of UV light. However,period at 750C.

according to the relatioA = 1 — e *' whereu is con-

stant, the absorbancg and hence the photocatalytic

activity should be a continuous change with film thick- consequently causing a changetofn different thin
nesst, other than a drastic change indicated in Fig. 7 films.

On the other hand, upon contacting with solution, a

Schottky barrier will be formed on the film/solution in-

terface. The moving of the photogenerated holes out 068.3. Correlation between defect

TiO, film should be assisted by the built-in potential and photocatalysis

in Schottky barrier to become active in photocatyly- As shown in Fig. 8, the film treated at 200 in air

sis. The surface layer corresponding to a thickness ashows a negligible change in photocatalytic activity
Schottky barrier plays a decisive role in photocatalyticwhereas a degradation in activity if treated at 450 and
activity, just like p-n conjuction in solar cell. If film  600°C. This phenomenon is thought to be due to the
thicknesd is less than the depletion layer width, the  decrease of nonstoichiometric defect, according to the
photocatalytic activity will be dramatically decreased. abnormal change in electric resistance measured during
As a result, the critical thicknessin Fig. 7 is presum-  the heating-up process of the as-deposited TiCfilm,

ably corresponding to the depletion layer widthThe  as shownin Fig. 9. Usually, the as-deposited film is non-
surface state and donor concentrathgof the films  stoichiometric and has a considerable number of oxy-
affect either the width or the height of Schottky barrier,gen vacancies [16]. At low temperature (before point

Temperature (°C)
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a in Fig. 9), the quasi free electrons required to pre-ing energy. The spectra forfjs/2) are quite similar to
serve electric neutrality are bound to defect sites. Withthose for Qs. The Tit* ions in as-deposited film is par-
increasing the temperature, these trapped electrons atially coordinated to oxygen vacancies, while those in
thermally agitated and become free, thus greatly modthe fully oxidized film are coordinated to®ions. This
ifying the electric conduction (poiret — b). With fur-  discrepancy leads to a slight shift in theks,2) core
ther increase in temperature, the concentration of eithegmission. A similar phenomenon has been observed for
V,, or € decreases rapidly because oxidation of theBa'2 ions in YBaCusOgg [18] and for defect on the
oxygen-deficient film gives rise to a stoichiometric surface of TiQ (1 1 0) single crystal [19].
composition. As a result, the resistance increases dra- It is widely accepted that surface defects, such as
matically after pointo until the film is fully oxidized oxygen vacancy, can serve as active sites for the ab-
at pointc. The fully oxidized film shows normal NTC sorption of gases [19] which is important for chemical
characteristics of electric resistance (see cooling curvejjas sensor. Since photocatalytic reaction is surface re-
Accordingly, if the film is oxidized at temperature action and only the substance absorbed on the surface
higher than poinb, the photocatalytic activity will be can reactwith the photogenerated active seeds(g.g.,
weakened because of the decrease of oxygen vacan€@H™ and O), defects may contribute to the photocataly-
Therefore, attention should be paid to maintaining orsis reaction by providing active sites for chemisorption
even increasing the defect density in the film. Howeverand/or decomposition of the molecules, and by modify-
it was found that the film annealed in reducing atmo-ing surface conduction necessary for the charge transfer
sphere (e.g, CA Ar) shows no modification in activ- during electrochemical reaction.
ity presumably because such process can not generate
more defects than in as-deposited film [17].

In addition, compared with the film deposited at
450°C, the film deposited at 25@ shows more dra- 4- Conclusions _
matic change of resistance in this temperature rang&he photocatalytic activity was observedin two types of
as shown in F|g 9, |mp|y|ng that the film deposited Pt-T|OZ films. The dISperSIOn of platlnum or the use of
at low temperature contains more defects and shoul@latinum buffer layer makes it possible to form anatase

show higher activity, fairly consistant with the results Phase atrelatively lower temperatures and thus possible
in Fig. 6. to use plastic sheet as substrate. In Pt-dispersed TiO

Additional evidence for the variation of oxygen va- films the maximum aCtiVity was observed around 1.5%

cancy is available from XPS spectra. As shown inof platinum content due to the formation of anatase
Fig. 10, the Qs core level emission shows a peak at Phase and minute microstructure. In 3ilm coated
around 531 eV in as-deposited sample and a shift taVith platinum particles, extremely small amount of
lower energy area after annealed at 60Qsuggesting Platinum can remarkably improve the photocatalytic
a variety in the chemical environments, especially inactivity due to the charge separationesh pair. The -
the coordination state of atoms. The as-deposited filnininimum thickness is required for photocatalyst in
is nonstoichiometric oxide which may be regarded as drms of the thickness dependence of activity. Since
solid solution of TiQ and TiO3. Thus the Qs emission surface defects are useful for the photocatalytic activ-
is ascribled to O? ions coordinated by both T and ity care should be taken not to expose films to high
Ti+3ions. While in the fully oxidized sample, Gions ~ temperature (e.gz400°C) because intensive heating
are coordinated only by T#, resultingin ashift of bind-  may result in a depletion of defects in the films.
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