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Abstract

Amorphous TiO2 films were deposited on glass microbeads using a specially designed circulating fluidized bed plasma-CVD
reactor. The film thickness was varied between 7 and 120 nm. While only little carbon impurity was found, XPS anal-
ysis revealed the presence of silicon, sodium and alkaline earth elements in the titania coating. Reduced amounts of
these substrate-originating impurities were observed in the thicker films. By ToF-SIMS imaging, cross-sectional TEM and
time-resolved dissolution, the titania coatings were proven to be uniform, both per particle and in terms of the film thickness
distribution.

The photocatalytic performance of the composite particles was evaluated in a fully irradiated fluidized-bed photoreactor.
The thinnest films had some photocatalytic activity in the as-deposited state, possibly induced by the high specific power of
the microwave plasma or silicon doping. The thicker films needed a post-deposition calcination at 723 K to achieve catalytic
activity. Both the degree of anatase crystallization and the activity were improved by applying thicker films and after UV
irradiation-plus-calcining. All films showed good adhesion and abrasion resistance during the photocatalytic tests. The best
plasma-CVD films were about 70% as efficient (per unit reactor volume) as the reference material, P-25 immobilized on
quartz sand. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the past decade, the use of TiO2 as a photocata-
lyst has received much attention in the treatment of
wastewater and exhaust gases. For water detoxifica-
tion, mostly particles in the nanometer range are used,
because of their large specific surface area. In slurry
reactors, such materials show excellent performance,
but it is difficult and expensive, to separate the catalyst
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from the treated water. To overcome this drawback,
titania powder has been immobilized or directly
synthesized on supports [1,2]. Together with large
two-dimensional surfaces, both compact and highly
porous particles, such as silica gel or�-alumina [3–6],
have been used as carriers. Translucent particles of
diameters in the 100�m range are especially well
suited, since they allow for efficient use of light, pro-
vide a reasonably high surface area and can be used
in high mass-transfer reactor systems, such as fluid-
ized beds.

Commercial nanopowder catalysts, such as Degussa
P-25, have been fixed onto carrier particles by using
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binders and heat treatments [7–10]. An alternative is
the in situ synthesis of titania from titanium alcoholate
or TiCl4 precursors by wet-chemical [11,12] or chem-
ical vapor deposition (CVD) [13] methods, which is
potentially more economic and opens up new ways to
optimize the catalyst. Physical vapor deposition pro-
cesses, such as magnetron sputtering, are successfully
used for large-area coatings on flat substrates, but these
line-of-sight methods are less suited for the complex
surface geometry of particles.

The crystalline anatase phase is preferred for pho-
tocatalytic applications [14]. However, titania films
produced below 673 K are usually amorphous. Direct
formation of anatase at temperatures lower than that
has only been reported for SiO2–TiO2 composites
[5,15], for some low-pressure CVD films [16] and
after deposition by an ion-beam method [17]. More
commonly, a calcination step at 673–973 K is needed
to obtain crystallinity [3,18–21].

Amorphous titania powders prepared by low-
temperature plasma-CVD under mild conditions be-
came photocatalytically active after calcination [19].
As described by Korzec et al. [22], amorphous radio
frequency (rf) plasma-deposited films were found to
be super-hydrophilic, a phenomenon closely corre-
lated to photocatalytic activity [23].

Recently, some of us have demonstrated that
plasma-CVD in a circulating fluidized bed (CFB) re-
actor is a very efficient method to deposit uniform,
well-adherent titania coatings on kg-batches of glass
beads [24]. Since film thickness has been found to
play a dominant role for the photocatalytic activity of
titania coatings [21,25,26], we have now coated glass
particles with films of different thicknesses. Their
ability to oxidize a model compound was investigated
using a high performance, ‘fully irradiated’ fluidized
bed photoreactor [8].

2. Experimental

2.1. Catalysts preparation

One-kilogram-batches of soda-lime glass beads
(〈d〉 = 124�m), pre-treated with 10% HNO3 to
reduce alkali and alkaline earth elements near the
surface, were coated in a vacuum-operated CFB
plasma-CVD reactor (Fig. 1). The apparatus consists

Fig. 1. Schematic of our plasma-CVD apparatus for thin film
deposition on particles; the plasma for coating is generated in the
riser tube (40 mm i.d.) of a CFB.

of a vertical riser tube (1 m length and 40 mm i.d.), a
cyclone for gas/solid separation, a downcomer hose
and an aerated L-valve for circulation control. The
CFB was operated with 25–30 g/l riser solid concen-
tration and about 1 kg/min circulation rate, resulting
in fast-fluidized-bed flow conditions, which are char-
acterized by solid back-mixing and strong fluctua-
tions. The upper part of the riser is a quartz glass tube
(0.5 m length), in which plasma was generated by
alternatively coupling 500 W microwave (2.45 GHz)
or 200 W rf power (13.56 MHz). Microwaves were
coupled via a ring-shaped slotted antenna (four slots
of 6 cm length) surrounding the quartz tube [27]. The
active volume of MW coupling and plasma genera-
tion, defined as the tube cross-sectional area multi-
plied with the slot length, is only 75 cm3. More than
10 W/cm3 specific power is therefore reached in the
center, causing a hot spot with up to 573 K gas tem-
perature. The average particle temperature will stay
below 373 K, but particles that remain extraordinarily
long in the hot region can reach the gas tempera-
ture. In the case of rf coupling, two bent copper
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Table 1
Experimental parameters during the plasma-CVD coating and re-
sulting titania loadings

Experimental parameter Catalyst code

RF10 MW10 MW30 MW100

Argon flow rate (mol h−1) 5.9 5.9 4.0 4.0
Precursor flow rate

(mmol h−1)
5 5 7 20

Oxygen flow rate (mol h−1) 0.42 0.12 0.32 0.80
Process pressure (mbar) 8 8 4 4
Plasma excitation RF MW MW MW
Coating time (h) 2 2 4 4.5
Titania loading (mg g−1) 0.72 0.52 2.52 9.27
Film thickness (nm)a 9 7 32 116

a Calculated assuming “smooth” surface.

capacitor plates (30 cm length) were attached to the
tube, enclosing 375 cm3 active volume. The mean
specific power was 0.53 W/cm3, which is one order of
magnitude lower than in the MW set-up. Therefore,
the temperature field in the rf-source is very uniform
and hot spots could not be detected. The local gas
and solid temperatures are supposed to be well be-
low 373 K at any position. The titanium precursor,
Ti(OtBu)4 (99.99%, Inorgtech Ltd.) was vaporized at
363–383 K in a bubbler using argon as carrier gas,
mixed with oxygen and argon and fed into the reactor
through a fine metal mesh at the bottom of the riser
tube. Table 1 lists the process parameters used and
the obtained TiO2 loadings.

2.2. Titanium analysis

To determine the amount of deposited tita-
nia, the coated glass beads were placed in warm
(NH4)2SO4/conc. H2SO4 mixtures and the dissolved
titania was then quantified either photometrically or
by ICP-AES analysis. Two different dissolving con-
ditions were applied: (a) a treatment with boiling
18 wt.% solution for 1 h, in which case a 0.1 mg/g
titania contribution of the bare glass beads had to be
subtracted; or (b) milder conditions, using an ultra-
sonic bath and a 10 wt.% solution at 313 K, in which
case, the contribution of the bare beads was negligi-
ble (<1�g/g). The latter conditions were employed
to obtain time-resolved dissolution curves. The ana-
lytical results from the two different methods agreed
within the experimental error.

2.3. Electron microscopy

To prepare TEM specimens, the embedded glass
beads were mechanically thinned to 50�m thickness
and subsequently milled by a 10 kV Ar+ ion beam at
grazing angle (1–2◦). Further details about the prepa-
ration procedure can be found in the literature [28].
The images were taken on a Philips CM20 transmis-
sion electron microscope operated at 200 kV acceler-
ation voltage. SEM images were obtained on a JEOL
JSM-35C instrument using 25 kV acceleration volt-
age. The SEM micrographs were taken on samples
sputter-coated with a thin gold layer.

2.4. Surface analysis

X-ray photoelectron spectra (800�m spot size)
were collected on a physical electronics PHI 5700
XPS instrument using 350 W Al K� irradiation. Pass
energies of 93.9 eV for the surveys and 23.5 eV for
the detail spectra were used; the elements were quan-
tified using PHI sensitivity factors. Peak positions
are referred to C 1s= 284.6 eV. Sputtering was per-
formed using a 3 keV Ar+ rastered ion beam at a
standardized rate of 7.5 nm/min SiO2. Time-of-flight
secondary ion mass spectroscopy (ToF-SIMS) chem-
ical maps were recorded on a physical electronics
PHI 7200 imaging ToF-SIMS instrument using a
25 keV In+ primary ion beam, 50 ns pulse width,
10 ns time per point and 200 frames. Images of
250�m × 250�m (256 pixels resolution, total ion
dose 2.6 × 1012 ions cm−2) and 50�m × 50�m
raster widths (128 pixels resolution, 1.6 × 1013 ions
cm−2) were generated by integrating the Na+, 28Si+,
(40Ca+ + 40CaO+), (48Ti+ + 48TiO+) and 115In
signals.

2.5. Photocatalysis

The photocatalytic activity of the coated glass beads
was evaluated in a “fully-irradiated” fluidized bed
(FB) photoreactor operated in closed loop, by monitor-
ing the decomposition rate of oxalic acid (as a model
reactant), in aqueous solution (5× 10−7 mol cm−3)
at 298 K. Water was “ultrapure”, i.e. triply distilled,
demineralized, free of organic content and filtered
(0.2�m membrane). Recycling systems were driven
by variable speed peristaltic pumps (Masterflex,
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model 2650MG). The temperature was kept constant
(295 K) using a thermostatic bath.

The photoreactor was a multitube device: three con-
centric annuli and a tubular black light lamp (Philips
TLD 18W/08; nominal output power: 18 W; super-
ficial emission from 300 to 400 nm, with a peak at
350 nm) placed at its axis. The central annulus was
the main reaction vessel. The outer one was an actino-
metric space to measure the exiting radiation outgoing
from the reaction compartment, in order to monitor
the satisfaction of fully irradiated photoreactor (FIP)
conditions (i.e. all the particles along the light path
are illuminated). The inner annulus was used as an IR
filter. The bed expansion was fixed at 4.3 times the un-
expanded bed, a level at which full irradiation of the
entire reaction volume could be assured. The catalytic
performance of the plasma-CVD films is compared
to Degussa P-25 (∼75% anatase,Sg ∼= 50 m2 g−1;
dp = 30–70 nm) which was immobilized onto Aldrich
quartz sand (cat. no. 27473-9;ρ = 2.4 g cm−3; parti-
cle size:+50/−70 mesh) under comparable conditions
(bed expansion= 3.8). The titania was immobilized
in this case by humidifying a mixture of TiO2 powder
and a fraction of as-received sand (previously screened
and washed with acetone). The mixture was then dried
by evaporation under vacuum and calcined at 673 K
for 12 h. Additional data on the experimental set-up,
actinometric and reaction measurements and prepara-
tion of the reference sample are described in [8].

The titania-coated glass beads were tested as pho-
tocatalysts: (a) as deposited; (b) after being tested as
deposited and then calcined at 713 K; and (c) after
preconditioning/hydration in the photoreactor for 4 h,
with subsequent calcination at 713 K. A portion of
the calcined films were separated from the substrate
in an ultrasonic bath, collected by filtration, dried and
characterized by XRD in a Shimadzu XD-D1 diffrac-
tometer, using nickel filtered Cu K� radiation. For
comparison purposes, pieces of the coated quartz
glass wall of the CFB plasma-CVD reactor were
calcined and transmission spectra recorded using a
Perkin-Elmer lambda 900 UV–VIS/NIR spectrometer.

3. Results and discussion

Photocatalytically active ultrathin titania films
were deposited on a glass particle support by means

of plasma-CVD. The reactor used combines a
vacuum-operated CFB with a plasma deposition zone,
as previously described [24]. This set-up has already
been shown to generate homogeneous titania films on
particles, so the purpose of the present investigation
was to deposit optimized titania coatings of various
thicknesses and to test their photocatalytic activity.

3.1. Film deposition and structure

The cross-sectional TEM image of a representa-
tive, individual titania-coated glass bead (Fig. 2) im-
pressively demonstrates the unique potential of this
coating technique. A conformal titania film of uni-
form thickness is clearly visible, virtually unaffected
by collisions and free of delaminated areas. The ac-
companying plan-view SEM image confirms these ob-
servations and shows a homogeneous coating, which
is entirely free of loose particles. Similar observations
of the coating homogeneity were made using imag-
ing ToF-SIMS, as discussed below. As further evident
from both high-resolution TEM images and electron
diffraction, the films are amorphous in the as-deposited
state. Since the presence of the anatase TiO2 phase is
usually considered essential for photocatalytic activity
[14], this means that a post-deposition calcination step
is required in order to activate the catalyst. As shown
by the XRD spectra of the stripped coating depicted
in Fig. 3, mild calcination at 713 K for several hours
was sufficient to induce the desired anatase formation.
The films were well-adherent and mechanically sta-
ble. Only in the case of the thickest film, MW100, the
TiO2 loading was reduced by 35% after calcination
plus two full catalysis cycles (see Table 2). This film
damage may be attributed either to thermal stresses
induced during the post-processing or to mechanical
attrition during fluidization in the presence of water.
As shown later by the ToF-SIMS images ( Fig. 4), this
damage seems to be due to homogeneous film wear,
rather than to delamination of film patches.

Titanium analysis by chemical digestion shows that
nearly 100% of the precursor were converted to TiO2,
independent of Ti(OtBu)4 feed rate and plasma con-
ditions. Taking into account the high specific energy
input of more than 90 MJ/mol precursor (260 MJ/kg),
full conversion was expected [29]. Within the investig-
ated range of deposition rates, the precursor feed rate
can thus be used to precisely adjust the titania loading.
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Fig. 2. (a) Cross-sectional transmission electron micrograph of a TiO2 coating on a glass microbead (MW10, 0.52 mg/g load) deposited
in a CFB by microwave plasma-CVD; (b) SEM micrograph of a TiO2-coated glass microbead (MW30, 2.52 mg/g TiO2 load ) after 4 h of
hydration and subsequent calcination at 773 K.

A small amount of titania, however, is always de-
posited on the reactor walls or lost by nanoparticle for-
mation. On the other hand, it was found that up to 20%
of the beads were trapped in stagnant zones and con-

sequently remained completely uncoated (no aspect
change). By analysis of beads sampled from the circu-
lated part we found that these two effects balance to a
nearly quantitative apparent precursor conversion rate.
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Fig. 3. XRD spectra of the stripped coatings of TiO2 of the run
catalysts: (a) MW10a; (b) MW30a; (c) MW30b; (d) MW100b (af-
ter previous hydration and calcination at 773 K); and (e) MW100a
(after previous photocatalytic testing and subsequent calcination
at 773 K) (see Table 2 for further details).

Besides the coating homogeneity per particle, the
particle-to-particle homogeneity is an equally im-
portant issue for the later use of the coated material
as a catalyst. The amount of titania deposited on

Table 2
Film analysis and catalytic performance of fixed P-25 and coated glass beads

Sample TiO2 loading
(mg g−1)

Calcination
procedure

Crystal degree
(XRD counts)a

PC (%) Initial reaction rate
(mol cm−3 s−1 × 1012)

P-25/quartz 0.64 NA 87 25.2
RF10 0.72 None 68 2.5
RF10a 0.65 2.5 hb 68 9.5
MW10 0.52 None 76 6.0
MW10a 0.54 2.5 hb 3022 68 6.0
MW30 2.52 None 96 Nil
MW30a 2.21 2.5 hb 2230 96 6.2
MW30b 2.21 11 hc 2797 92 8.1
MW100 9.27 None 98 Nil
MW100a 5.92 2.5 hb 5224 98 17.8
MW100b 5.81 3 hc 3934 98 5.9

a I100 peak of anatase, 2θ = 25.28◦.
b After catalytic test, with UV irradiation.
c After 4 h of hydration in the FB, without UV irradiation.

an individual particle is basically proportional to its
residence time in the deposition region. Although
internal recirculation in the riser tube causes a wide
distribution of residence time for a single loop, highly
uniform coating is achieved through permanent re-
moval and re-feeding during the process, comparable
to the situation in a reactor cascade [30]. A suit-
able method to investigate the distribution of the
deposited material is to look at the titania dissolution
process in a time-resolved manner. Fig. 5 shows a
typical dissolution curve obtained under mild con-
ditions. Within the first few minutes, the topmost
atomic layers (1–2 nm) are dissolved at a very high
rate, which can be explained by the presence of
loosely bound particulates and a high initial surface
area. After this step, a constant dissolution rate of
Df = 0.23 mgTi/g/h is measured. In this regime,
all beads are still coated. At prolonged treatment
times, the coating has been completely dissolved
and titania is now etched at a constant but smaller
dissolution rate (Db = 0.01 mgTi/g/h). Since the ti-
tanium background of the bare, acid-washed glass
substrate was negligible (<0.3�gTi/g/h), this has to
be material that had diffused into the bulk silicate
matrix during the deposition process. This diffusion
may be enhanced both by ion bombardment in the
plasma and by the microporosity introduced to the
bead surface by the acid pre-washing. At the border-
line between the two constant-rate regimes, portion
Ψ of the beads is still covered with a remaining
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Fig. 4. ToF-SIMS images (25 keV In+) of sample MW100a (5.92 mg/g TiO2 load) after calcination and photocatalysis tests: (top) mass
spectrum of an individual bead and 50�m × 50�m high-resolution map of that region (insert) illustrating the homogeneous coverage;
(bottom) elemental survey maps of a group of beads showing the small number of film defects even after use in the FB photocatalysis reactor.
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Fig. 5. Time-resolved dissolution curve of the TiO2 coating
(MW10, 0.52 mg/g TiO2 load) under mild conditions (10 wt.%
(NH4)2SO4/concentration H2SO4 solution, in ultrasonic bath,
313 K) and calculated bead loading distribution (insert).

film, while other beads (1− Ψ ) have already been
completely stripped. The resulting dissolution rate is
thusD = Ψ Df + (1 − Ψ )Db. The sharp bend of the
curve shown in Fig. 5 clearly demonstrates the uni-
formity of the coating, as expected from the narrow
residence time distribution [24]. The distribution of
local titanium loading, corresponding to the local film
thickness, can be estimated from the dissolution rate
(insert of Fig. 5). Local titanium loading of this sam-
ple is basically between 0.2 and 0.6 mg/g, correspond-
ing to 5–15 nm film thickness, with about 30% S.D.
The titania loading values in Table 1 list the ‘coating
regime’ titania contribution only, as this is the relevant
measure for catalytic applications.

Fig. 6. Possible reaction steps during the plasma-CVD of titania thin films (according to Li et al. [20]).

3.1.1. Deposition mechanism
The mechanism of the deposition process is very

complex and it is not clear which is the favored re-
action route. As illustrated in Fig. 6, the precursor
is converted into the TiO2 monomer by two compet-
ing pathways: plasma-fragmentation/plasma-oxidation
and hydrolysis by water formed as a reaction product.
Given the high specific plasma energy and relatively
low precursor and water concentrations, plasma re-
actions are believed to be dominant. Despite the
high gas velocity, notable gas back mixing has been
reported for fast-fluidized beds [31]. This could al-
low some water to reach the lower part of the riser,
causing hydrolysis reactions in this zone.

Film formation on the substrate particles may occur
not only by heterogeneous CVD processes, but also by
TiO2 monomer polycondensation or by coagulation of
ultrafine titania particles, which have formed by ho-
mogeneous nucleation. The dense and compact struc-
ture of the obtained films implies that the adsorption
of both plasma-fragmented and unfragmented molec-
ular species onto the particle surface, followed by ox-
idation or hydrolysis, dominates over particle-assisted
film growth. At the low reactor pressures used, for-
mation of fines is only expected to be favored during
short periods, when flow fluctuations create areas of
low solids concentration near the reactor center.

3.2. Surface analysis

The observed X-ray photoelectron spectroscopy
(XPS) peak positions for the Ti 2p3/2 and O 1s signals,
458.7 and 529.8 eV, agree well with the literature
values for titania [32]. In addition, both hydrocarbon
and carbidic carbon was observed, which decreased
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Table 3
XPS chemical composition of titania layers of different thickness, ‘as deposited’ and after one and 2 min of sputtering with 3 keV Ar+a

Sample Sputter
time (min)

Ti (at.%) O (at.%) C (at.%) Si (at.%) Ca (at.%)

RF10 0 19.48 68.10 5.32 6.88 0.22
1 16.01 70.32 1.28 12.14 0.25
2 11.86 71.63 0.89 15.32 0.30

MW10 0 21.26 64.73 7.83 6.07 0.12
1 19.14 68.53 1.75 10.41 0.17
2 14.87 69.24 1.29 14.36 0.24

MW30 0 20.18 63.64 11.31 4.50 0.36
1 22.31 69.38 1.54 6.50 0.27
2 21.15 69.34 1.59 7.60 0.32

MW100 0 21.13 63.69 10.37 4.81 0.00
1 22.94 70.28 2.02 4.76 0.00
2 23.35 69.11 1.08 6.18 0.28

MW100ab 0 18.39 63.06 12.74 5.27 0.55
1 23.09 68.32 3.05 5.14 0.39
2 24.45 68.39 1.95 4.76 0.45

a One minute Ar+ sputtering corresponds to 7.5 nm depth on a planar SiO2 standard.
b Sample MW100a is equal to MW100, but after calcination and catalysis test.

to about 1 at.% after a brief sputtering (Table 3). In
the light of the self-cleaning properties of titania [26]
and the intense UV irradiation created by the plasma
source, a low carbon content of the films had been
expected. As shown in Fig. 7, silicon, sodium and
calcium were also found at the particle surface, while
two other glass constituents, K and Mg, could not be
detected. The amount of incorporated silicon at the
surface does not strongly depend on coating thick-
ness and lies between 4.8 and 6.9 at.%. In contrast,
increasing the titania film thickness decreased the
surface sodium concentration from about 10 at.% for
the thinnest films to about 5 at.%. Exact values for
Na, however, cannot be given since especially after
sputtering, the corresponding XPS signals could not
reliably be deconvoluted from the interfering intense
Ti and In peaks. Calcium was entirely suppressed by
applying a coating of more than 100 nm thickness such
as that of sample MW100, but was found to rediffuse
to the surface after calcination (MW100a). After sput-
tering, the titanium signal remains constant for the
two thicker coatings, MW30 and MW100. In contrast,
Ti progressively decreases and the Si signal increases
while sputtering the ultrathin coatings RF10 and
MW10, indicating that the substrate surface becomes
exposed once the films have been sputtered through.

For the chosen conditions, the XPS results did not
show a significant influence of the frequency of plasma
generation on film chemistry. Exposing the coated
glass beads to aqueous oxalic acid during the photo-
catalysis test (sample MW100a) led to an increase in
the detected carbon relative to the as-deposited state,
sample MW100. This effect can be attributed either
to chemisorbed oxalic acid or to surface roughening,
which would lead to a less efficient sputter cleaning.

To investigate the spatial distribution of the catalyst
and support elements within ultrathin films, imaging
ToF-SIMS is the method of choice. This technique
combines a spatial resolution of better than one micron
with a low detection limit and a high surface sensitiv-
ity. We were particularly interested in the state of the
coatings after particle calcination and dwelling in the
fluidized bed of the photoreactor, as these ‘run’ sam-
ples provide information about the catalyst lifetime.
A survey image of such a sample, MW100a, is shown
at the bottom of Fig. 4. The titania loading of this ini-
tially more than 110 nm thick film (9.3 mg/g loading
as deposited, MW100) had been reduced to 5.8 mg/g
according to elementary analysis. Despite this sig-
nificant film erosion, the ToF-SIMS images taken at
various spots consistently show that the coating is
still dense and uniform, for all the particles. The fact
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Fig. 7. XPS survey spectrum of the ‘as deposited’ MW30 coated glass beads (2.52 mg/g TiO2 load) immobilized in indium foil.

that film delamination is not observed demonstrates
the excellent film adhesion. However, there are oc-
casional submicron-sized defect spots, where the ti-
tanium and silicon intensities behave complementary.
These spots, one of which is more clearly depicted
in the high-resolution image, insert of Fig. 4 (top),
may be due to damage induced by particle–particle
and particle–wall collisions in the fluidized beds of the
coating and photocatalysis reactors. It is further obvi-
ous that, in accordance with the SEM images, almost
no microparticles are attached to the sample surface.
The corresponding mass spectrum shows sodium to
be the most prominent impurity within the coating.
As further evident from the survey chemical maps in
Fig. 4, a small amount of silicon is also found homoge-
neously incorporated into the coating, as are alkali and
alkaline earth elements such as K, Ca, and Mg. These
glass-originating elements have diffused to the film ei-
ther during film deposition, due to ion bombardment,
or during sample calcination, by thermal diffusion.

Taking into account the XPS results and our earlier
observations [24], it seems clear that the impurities are

already present in the as-deposited films but further in-
tensified by the calcination procedure. Nonetheless, as
discussed below, poisoning even of the thin films was
not severe enough to prevent photocatalytic activity.
On the other hand, the thicker films performed gen-
erally better. This is not surprising in view of results
obtained on titania coatings on float glass [26], which
indicate that a minimum film thickness of 50�m is
required to prevent sodium ion poisoning of the pho-
tocatalyst. For optimum performance in our system,
however, either choosing a more inert substrate parti-
cles or previous application of a buffer layer, such as
SiO2 [23,26], are required.

3.2.1. X-ray diffraction
Plasma-CVD titania without any additional

heat-treatment is known to be amorphous [19]. How-
ever, the anatase peak (2θ = 25.28◦) was detected
in all MW samples after a mild calcination at 713 K.
The samples grain size, determined from the peaks
FWHM, was found to be of about 15 nm, in all cases.
Since the amount of examined powder was equal for
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all samples, and the FWHM did not change signifi-
cantly, we believe that the peak intensity is propor-
tional to the relative degree of crystallized material
(Fig. 3 and fourth column of Table 2). The peak size
increases with the film thickness, with UV irradiation
followed by calcining, rather than just calcining (com-
pare entries MW100a,b) and with longer calcination
(compare entries MW30a,b). The relatively large peak
of the thin film of MW10a is explained by the very
slow film growth, which causes a more dense and
compact film structure. Alternatively, incorporated
silicon may promote anatase formation [33].

3.3. Optical properties of the PCVD titania films

Efficient light absorption is an essential require-
ment for photocatalytic activity. Since it is practically
impossible to measure the optical properties of the
film on the beads, parts of the coated quartz glass re-
actor wall were taken to measure the absorption spec-
tra of the films. Fig. 8 shows the UV–VIS absorption
spectrum of such a titania film, sampled 8 cm above
the plasma source center after depositions MW30 and
MW100 (after subtracting the substrate absorption).
The effect of light scattering was fitted according to
standard equations for spherical particles [34] and
also subtracted. Best fit was achieved for about 30 nm
mean scattering diameter. Compared to anatase,
which reaches 50% absorbance at around 375 nm,

Fig. 8. UV–VIS absorption spectra of the titania film, sampled
from the plasma-CVD quartz reactor wall: (a) as deposited (after
MW30 and MW100 preparations) and after subsequent calcining
at (b) 723 K; and (c) 873 K.

we found a blue shift that is smallest (15–20 nm)
after 723 K calcination. This is attributed to a smaller
grain size [3] or to silicon incorporation (there are no
other metal impurities in the quartz glass substrate).
Even the ‘as-deposited’ films show strong absorption.
Calcination at higher temperature moved the curve
back to shorter wavelengths, possibly caused by ru-
tile formation or further silicon diffusion. When the
results are transferred to the film on the beads, some
basic differences have to be considered. The glass
beads have a much thinner film, they contain Na and
Ca contamination and they pass by the total coating
zone with axially changing conditions. Since similar
results were achieved for films sampled from a more
remote axial position (23 cm above the plasma source
center), at least the transient deposition conditions are
not considered to restrict transferability.

3.4. Photocatalytic performance

The amount of light absorbed by the film is propor-
tional to the apparent captured power,PC, in the pho-
toreactor, which is defined as the difference between
incident and outgoing radiation power per unit of re-
acting volume [8]. For the bare glass beadsPC equals
49%; for an equal mass of fluidized, bare quartz sand
the measurement gave 58%. As shown in Table 2,PC
of the coated glass beads increases with increasing film
thickness and slightly decreases after calcining. For
comparable loading, it is lower than for P-25/quartz.

The catalytic performance of the coated beads, mea-
sured by the initial reaction rate of decomposition of
oxalic acid, strongly correlates to the degree of crys-
tallization and increases with thicker films, with UV
pretreatment and with longer calcination time.

As expected [14], the amorphous ‘as-deposited’
films showed very low or no activity. The higher
activity of as-deposited MW10 (relative to its RF10
counterpart) can be explained by the one order of
magnitude higher power density of the microwave
plasma. The resulting intense ion bombardment may
alter the structure, particularly of the thinnest coat-
ings, both during film growth [17] and, indirectly, by
stronger substrate-film interactions. Doping of titania,
especially with silica, has been shown not only to
improve the film morphology [15], but also to render
amorphous TiO2 catalytically active [35]. However,
we presently cannot say whether the presumably
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greater interaction with the substrate of MW10 ver-
sus RF10 is beneficial or not. For example, MW10
does not improve as a photocatalyst after calcina-
tion (MW10a), whereas RF10 (prepared under milder
plasma conditions) betters upon calcining. One possi-
ble explanation for this observation is that, while TiO2
crystallization processes probably operate in both
cases, thermal diffusion leads to unacceptable dopant
levels in the more heavily pre-doped MW10 film.

The better photocatalytic performance of the thicker
films, all of which were deposited in a MW plasma,
reflects their higher resistance to impurity diffu-
sion. However, even the thickest coating, MW100,
keeps behind the performance of the immobilized
P-25, whereas the captured power reaches very high
levels. It is believed that the film crystallization is
still not completed after calcining at 723 K, but also
that becauseof this needed pretreatment Na- and
Ca-incorporation has a negative impact. Higher cal-
cination temperatures (e.g. 873 K) could improve the
performance by completing the crystallization and re-
ducing the amount of organic residues. Lastly, using
quartz sand as substrate or adding a SiO2 buffer layer
between substrate and film would prevent the incor-
poration of glass-originating contaminants such as
sodium.

4. Conclusions

Various loadings of amorphous TiO2 were deposited
on conventional glass beads by means of plasma-CVD.
Variation of the plasma source from rf to microwave
power had no significant influence on the chemical
composition of the deposited material. Titania films
with very low carbon levels but some incorporated
silicon, sodium and alkaline earths were obtained,
where less impurities were observed for thicker films.
ToF-SIMS imaging and time-resolved dissolution of
the films showed that the titania coatings are very
uniform, both on a single particle and in terms of film
thickness distribution among the particles. The pres-
ence of a dense and well-adherent thin film was fur-
ther confirmed by transmission electron microscopy.

The thinnest films had some photocatalytic activity
in the as-deposited state, possibly induced by the high
specific power of the MW-plasma or silicon doping.
The thicker films needed a post-deposition calcination

at 723 K, associated with anatase formation, to
achieve catalytic activity. Both the degree of crys-
tallization and the activity were improved by apply-
ing thicker films, after UV irradiation-plus-calcining
and/or longer calcining. All films showed good adhe-
sion and abrasion resistance during the photocatalytic
tests. The best plasma-CVD films were about 70%
as efficient (per unit reactor volume) as the reference
material, P-25 immobilized on quartz sand. Further
improvement of the catalyst efficiency is expected
by pre-coating a diffusion barrier layer or using inert
support particles such as silica or alumina.
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