Journal of

Photochemistry
Photobiology

A:Chemistry

Journal of Photochemistry and Photobiology A: Chemistry 149 (2002) 227-2:

www.elsevier.com/locate/jphotochem

Short communication
Photo-physics of surface-treated titanium dioxides

Michael Schille®*, Franz Werner Miille?, Cornelia Dammi

a Chemson Polymer-Additive AG, Industriestr. 19, A-9601 Arnoldstein, Austria
b Martin-Luther-University Halle-Wittenberg, Institute of Organic Chemistry, Geusaer Str. 46, D-06217 Merseburg, Germany

Received 20 December 2001 ; accepted 7 January 2002

Abstract

The photoelectric properties of commercially usedJljg@ments were studied by transient photo-electromotive-force (PEMF) measure-
ments. The influence of the crystal structure (anatase or rutile) and the pigment coating (and other) on the PEMF parametarasof TiO
investigated. Pure anatase type pigments show in the microsecond time range a creation of a positive PEMF signal. In the millisecond time
range the PEMF decay starts with a positive sign. This means that anatase pigments behave as typical n-type photoconductors. However
pure rutile type pigments show in the microsecond time range a negative PEMF signal or a signal starting with negative sign. This means
that rutile pigments act as typical p-type photoconductors during the first few microseconds. Coating of rutile or anatase pigments decrease
the PEMF maximum voltagddmax in comparison to untreated pigments. However, in some cases coating creates an increase of the PEMF
decay rate which is explained by an increase of the charge carrier recombination. Rutile pigments epitaxially coate@wahd®8iQ
may show very complex PEMF signals with two negative maximum voltages. Such types of signals may indicate heterojunctions between
the TiO, core and the coating shell. In this way the PEMF parameters are an excellent tool to charactensgriients. © 2002 Published
by Elsevier Science B.V.
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1. Introduction Notwithstanding the different and partial contradictory
mechanisms, the first step of photo-degradation is always
TiO, pigments are widely used as fillers and light shield- light absorption by the Ti@ It is connected with genera-
ing substances in polymer materials. However, Jli@ay tion and separation of charge carriers in the pigment. That
be a photocatalytic active pigment [1-5] also. So thesTiO is the decisive step of all further processes on the pathway
pigment may contribute to the degradation of surrounding of photo-degradation which follow in the dark. Therefore
polymer material under illumination by sunlight. In most the characterisation of the photoelectric properties of
cases this effect is unwanted because it decreases the weatipigments may be the key to estimate their photo-degradative
ering stability of the material. For that reason the surface potential in the polymer matrix. Time resolved photo-
of the pigments is treated. electromotive-force (PEMF) measurements reflect these
The long-term weathering of white PVC-profiles has been properties.
intensively investigated and published. Theoretical mech- Light irradiation promotes electrons (g from the va-
anisms have been proposed and are supported by experilence band (VB) into the conduction band (CB) of the
ments in model systems. Nonetheless, there are a numbephotoconductor Ti@. These electrons leave positive holes
of colour-like changes that cause problems for profile man- (h*) at the VB. Electrons as well as holes can trigger a
ufacturers. From our own experience and from the literature number of photocatalytic processes starting on the pigment
[6-10] photo-effects within short irradiation times (between surface; see Fig. 1. Electron transfer to oxygen (a) probably
2 and 200h) are known. For example, photoblueing, in plays an inferior role in these investigations, but it generates
which the profile becomes lighter, is not unknown in Europe. hydrogen peroxide or alkylhydroperoxides. Hydroxy- or

Schiller [11] proposed the mechanism shown in Fig. 1. alkoxy-radicals (R&/HO®) can be formed by electron trans-
fer to hydroperoxides like ROOH or HOOH (b). In the case
* Corresponding author. Tek:43-4255-2226-0; faxi43-4255-2435. of PVC a photoinduced cleavage of the C-Cl bond (c) may
E-mail addressmichael.schiller@chemson.com (M. Schiller). also be considered. In this way carbon radicals are generated
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Fig. 1. Suggested mechanisms of photo-redox processes en(a@id@) in relation to photoblueing of PVC (e) [11].

which are a new source for peroxy radicals and peroxides (Umax) represents the maximum potential within the time
in the presence of oxygen. Radical cations and radicalsdependence of the PEMEyax increases with increasing
may also be generated by a hole"fhransfer to electron  number of charge carriers generated by the laser flash. So
donors or nucleophiles like alcohols and polyols (used as the amount ofUnax could be one relative measure for the
co-stabiliser) (d). Their reaction with the polyene chain of photocatalytic activity of a given pigment.

partially decomposed PVC (e) may interrupt the conjugation  The separated charge carriers can initiate charge trans-
in the -system which gives a yellowish colour to the white fer reactions with the resin and its ingredients and cause
profile. The onlooker sees this as a “blueing effect”, but in chemical processes within the surrounding material (het-
actual fact it may best be described as a “less yellowing erogeneous photocatalysis). This and the charge carrier
effect”. To estimate their photocatalytic activity we have in- annihilation by recombination cause a decay of the PEMF
vestigated the photoelectric properties of several simple and(rate constank).

surface-treated titanium dioxides by laser PEMF technique.

time =0 =t .

2. Description of the method

The PEMF parameters sign, maximum vallkgx) and o F 7
decay behaviour (rate constakjt characterise any photo- < | e . ‘/ E :{:
conductor. Fig. 2 shows the principle of PEMF generation. h.v > . E '
The gradient of light absorption creates a charge carrier con- — (| ' 1 E r‘__l_
centration gradient which is the driving force of the charge —x /7 \ :};‘:
carrier diffusion into the bulk. If electrons and holes have
different mobilities, a spatial charge separation takes place.

An internal electric field arises between the illuminated and X 0 le—dx— d
the dark side of the sample. This field can be measured as exe
an electric potential difference—the PEMF.

PEMF measurements were carried out without contact
and without any external electric field. So charge carrier
concentration gradient and/or internal space charges are the
sole driving forces for PEMF generation. This means that
this method does measure the natural behaviour of charge 0 X
carriers. Changes in the structure of the sample cause
ggﬁndgeet:rlrzr:eesiﬁgﬂggpna(r)af‘r;gslrlzs Iﬁr:;ﬁetyg El\af':pg:\f;lceogggg_carrier distrit_)ution at zero time= 0; mach_c: charge carrier di;tribution
. . ) . ) at r = tmax if the PEMF U = Upmay, F: illuminated area: internal
in our experiments, n-type photoconductors like 7&how electric field att = rmax; d: thickness of the samplexddistance of the
PEMF signals which are positive. The maximum PEMF centres of charges at= max.

Fig. 2. Principle of the PEMF generation in a single crystaky.: charge
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In this work the kinetics of the PEMF signals was eval- 12 3 24
uated (as far as possible) by using a biexponential model; L | L
Eq. (1) [12,13]. According to Egs. (2) and (3) the experimen- —_— & |
tal values of both partial PEMRS? and U2 were related to —| (e [l "
the maximum value of the PEMBax. I e e
U(t) = UL exp(—k1t) + US exp(—kat) (1) hey —| |[[®

0 0 — > I®
Unmax = U1 + U2 (2) —_— ) —h-“"
UO _ Umax (3) EE— & &
2,norm — - o
(14 U e/ U3 exp) 5 s |"

In the kinetichf represents the potential of the subsur-

face andUéJ the potential of the bulk in the pigment grains. . @_ 1

ki andky represent the rate constants of the recombination =

In the subsurface and !n the bulk [12,13]. Its_remprocals can Fig. 3. Principle of PEMF measurement: (1) transparent NESA glass
be interpreted as the lifetime of charge carriers. The photo- ejectrode; (2) insulating foils; (3) sample; (4) metal electrode.

catalytic activity of a pigment should increase with increas-

ing 1k because the charge carriers are available for a longer

time. The ratios oki/k, andU?/ U9 show the difference of ~ 3.2. Sample preparation

the charge carrier behaviour at the subsurface and the bulk

regions of a given photoconductor. The amount of the quo-  One hundred milligrams of the pigment was dispersed by
tient increases with increasing difference in the behaviour ultrasonics in 3g of a 10% solution of polyvinyl butyrale

of both regions. A negative sign in the relatioff/ U2 in- in 1,2-dichloroethane. The mixture was placed on a glass
dicates that the PEMF crosses the zero potential during itsplate (27 crd in area). After drying the pigment, the polymer
decay process. layer was removed from the glass support. The remaining

solvent was removed under vacuum. The resulting pigment
3. Experimental polymer layers have a thickness of about u®@ and total

absorbency in the UV.
3.1. Investigated Ti@pigments
3.3. PEMF measurements
The TiO, pigments investigated were purchased from
“Kronos”. The investigated titanium dioxides are charac-  Fig. 3 shows the principle of PEMF measurement. The cell

terised in Table 1. for PEMF measurements is constructed like a capacitor with

Table 1

Investigated titanium dioxides by Kronos and available data (Type: fidtile, A = anatase; weathering: =% highest, 2= good, 3= yes) [14]

Name Type Coating Content (%) Density (g/ml) Oil nr. (kgjm Weathering
Al Si Other

Kronos 1001 A 99.0 3.8 20

Kronos 1014 A + 97.5 3.8 18

Kronos 1071 A + + 96.0 3.7 20

Kronos 1080 A Sb 98.0 3.8 20

Kronos 2044 R + + 82.0 3.6 38 2

Kronos 2056 R + + 94.0 4.1 20 2

Kronos 2059 R + 93.5 4.1 19 3

Kronos 2081 R + + 91.0 4.0 21 1

Kronos 2084 R + 93.0 4.0 15 1

Kronos 2087 R + 87.0 3.8 20 1

Kronos 2160 R + + 90.5 3.9 18 1

Kronos 2190 R + Zr 94.0 4.1 18 2

Kronos 2220 R + + 92.5 4.0 17 1

Kronos 2257 R + + 91.0 3.9 24 1

Kronos 2310 R + + Zr 92.5 4.0 16 1

Kronos 2400 R + 97.0 4.2 13 3

Kronos 3000 A 99.0 3.8

Kronos 3025 R 99.0 4.2

WJ 127/99 R 85.0

a2Kronos 3025 coated with 15% of a cross-linked silicon-rubber.
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the sample as dielectric. The sample is flash-illuminated by 4. Results and discussion

a nitrogen laser type “PNL100” (LTB Lasertechnik Berlin,

Miash = 337 nm,71,, = 0.3ns, 27 x 1013 quanta per flash). The PEMF parameters of the investigated J{@gments
The resulting PEMF is measured without any galvanic con- are summarised in Table 2 (up to 2.5) and in Table 3 (up
tact because there are insulating foils between sample ando 200 ms). In most cases no significant difference in the
electrodes. This prevents charge injection from the elec- signals was found between single excitation and sampling
trodes into the sample. The preamplifier has an impedance ofof four excitations. Exceptions from that will be discussed
about 1 K2 and the PEMF measurements take place without later.

any external electric field. The maximum time resolution of  All titanium dioxides of the anatase-type show in the time
our device is about 40 ns. All experiments were carried out range up to 2.s a generation of a positive signal. Fur-
in air under normal pressure and at 298 K. In all cases thethermore they show in the time range up to 200 ms a PEMF
signal of the first laser flash was recorded. After that sam- signal with an intercept of the O-line starting with a posi-
pling of four signals was done. For sampling experiments tive sign. Hence, the graphs of the anatase-type pigments
the time distance between two flashes was 120s. A moreexhibit the behaviour of a typical n-type photoconductor.
detailed description of the used PEMF device is given in Fig. 4a and b show the PEMF signal of “Kronos 3000" as
literature [12]. an example for an anatase.

Table 2
Kinetic parameters of PEMF measurements of several titanium dioxides in PVB (time rangep.8):235 only the signal rise could be recorded

Sample Unmax (MV) Uz (mV) Uz (mV) ki (x1076sp ko (x1075sp U1/Us ka/ka

(a) Signals after the first flash
Kronos 1001 S

Kronos 1014 S

Kronos 1071 S

Kronos 1080 S

Kronos 3000 S

Kronos 2044 -7.3 -1.0 —-6.4 2.0 0.6 0.2 33
Kronos 2056 -18.8 -3.9 —-14.9 3.9 1.3 0.3 30
Kronos 2059 -3.0 —-2.6 -0.4 94.0 44.0 6.5 21
Kronos 2081 —-25.9 -8.1 -17.8 2.8 0.9 0.4 30
Kronos 2084 —26.3 -5.6 —20.6 2.8 0.6 0.3 a7
Kronos 2087 -37.6 -5.4 -32.2 3.6 0.5 0.2 77
Kronos 2160 —-14.8 -8.6 —-6.2 9.5 2.4 1.4 40
Kronos 2190 —-4.4 -0.4 -4.0 14.9 9.7 0.1 15
Kronos 2220 —-20.5 -15.2 -5.3 12.0 4.7 2.9 26
Kronos 2310 —-13.3 —-9.2 —-4.1 10.2 4.8 2.2 21
Kronos 2400 -9.0 —6.6 —-2.4 14.9 6.5 2.8 23
Kronos 3025 —-35.4 -16.2 -19.2 6.6 3.4 0.8 19
WJ 127/99 —-38.7 -11.0 —-27.8 4.9 1.0 0.4 50
(b) Sampling of four signals in series; time between two flash26 s

Kronos 1001 S

Kronos 1014 S

Kronos 1071 S

Kronos 1080 S

Kronos 3000 S

Kronos 2044 —-7.2 -0.8 —6.4 2.2 0.7 0.1 31
Kronos 2056 -19.3 -3.8 —-155 3.9 1.3 0.2 30
Kronos 2059 -2.8 —-2.6 -0.3 96.0 46.0 8.7 21
Kronos 2081 —-25.8 -8.0 -17.8 2.8 1.0 0.4 29
Kronos 2084 —-25.8 -5.6 —-20.2 2.8 0.6 2.8 46
Kronos 2087 -37.2 -5.6 -31.6 3.5 0.5 0.2 76
Kronos 2160 —-14.5 —-8.5 -6.0 9.1 2.4 14 38
Kronos 2190 —-4.6 -0.5 —-4.1 12.0 9.3 0.1 13
Kronos 2220 -19.7 -15.0 —-4.7 12.0 5.2 3.2 23
Kronos 2310 —-13.3 -9.0 —-4.2 9.8 4.6 2.1 21
Kronos 2400 -11.1 —6.6 —-4.4 11.0 2.2 1.5 50
Kronos 3025 —-37.6 -16.3 -21.3 6.2 2.7 0.8 23
WJ 127/99 —42.0 -11.0 -31.0 4.5 0.8 0.4 56

20nly one intercept with the O-line in the considered time range.
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Table 3

Kinetic parameters of PEMF measurements of several titanium dioxides in PVB (time range: 0-200 ms)

Sample Umax (MV) Uz (mV) Uz (mV) k1 (s) ko (s) U1/Uz ka/ko
(a) Signals after the first flash

Kronos 1001 60.2 418 —412 51 45 -1.0 1.1
Kronos 1014 19.2 255 —-253 45 44 -1.0 1.0
Kronos 1071 14.3 163 -162 47 46 -1.0 1.0
Kronos 1080 12.2 1500 —1487 48 47 -1.0 1.0
Kronos 3000 50.7 96 —46 87 37 -21 2.4
Kronos 2044 -2.0 —508 506 76 75 -1.0 1.0
Kronos 2056 —-4.3 —-960 955 45 44 -1.0 1.0
Kronos 2059 7.6 14 -6 69 27 —2.4 2.6
Kronos 2081 -7.1 —1008 1001 50 49 -1.0 1.0
Kronos 2084 —-10.0 —247 237 60 43 -1.0 1.4
Kronos 2087 —22.7 —5068 5046 45 44 -1.0 1.0
Kronos 2160 -1.8 -3 1 111 30 —-2.8 3.7
Kronos 2190 7.6 12 —4 68 20 -3.1 3.4
Kronos 2220 1.0 252 —-250 43 42 -1.0 1.0
Kronos 2310 1.7 166 —164 42 35 -1.0 1.2
Kronos 2400 1.4 302 -301 30 29 -1.0 1.0
Kronos 3025 19.2 25 -6 87 17 —-4.3 5.2
WJ 127/99 -6.0 —1580 1574 51 50 -1.0 1.0
(b) Sampling of four signals in series; time between two flash26 s

Kronos 1001 57.7 4162 —4105 52 44 -1.0 1.2
Kronos 1014 16.6 2264 —2247 46 45 -1.0 1.0
Kronos 1071 13.3 832 —-819 48 47 -1.0 1.0
Kronos 1080 10.6 1464 —1453 47 46 -1.0 1.0
Kronos 3000 49.8 92 —42 20 37 2.1 2.4
Kronos 2044 -2.0 —481 479 78 77 -1.0 1.0
Kronos 2056 -3.4 —718 714 47 46 -1.0 1.0
Kronos 2059 7.5 12 -5 71 26 —-2.4 2.8
Kronos 2081 7.7 —-1186 1179 51 50 -1.0 1.0
Kronos 2084 -10.5 -74 64 55 46 -1.2 1.2
Kronos 2087 —-20.4 —4544 4524 45 44 -1.0 1.0
Kronos 2160 -1.8 -3 1 110 35 —-2.8 3.2
Kronos 2190 7.5 12 -5 64 23 -2.4 2.7
Kronos 2220 1.0 129 -127 40 28 -1.0 1.4
Kronos 2310 1.6 165 -163 39 38 -1.0 1.0
Kronos 2400 -1.8 -3 2 145 51 -2.1 2.9
Kronos 3025 16.6 21 -5 87 16 —4.4 5.4
WJ 127/99 -8.0 —2018 2010 50 50 -1.0 1.0

All titanium dioxides of the rutile-type show in a time
range up to 2.us a negative signal or a signal starting with

negative sign and crossing the zero potential. This seems toe

be typical for rutiles which behave as p-type photoconduc-
tors in the microsecond range. But in the millisecond time
range a PEMF signal is observed starting with positive sign.
Fig. 5a and b show the PEMF signal of “Kronos 3025” as
an example for a rutile pigment.

However, we have not found identical graphs for the dif-
ferent anatase-type pigments or for the different rutile-type

pigments, Tables 2 and 3. Therefore, we conclude that the

different graphs are caused by the different coatings.

The results shown in Tables 2 and 3 may be summarised

as follows:

e The Upay values for the Kronos anatase-types (Table 3)

are in a range between 10 and 60 mV with the highest

value for Kronos 1001, a non-coated pigment. The coated
Kronos 1014, 1071 and 1080 show lowég,ax values.

In some cases remarkable differences in the PEMF pa-
rameters were observed for different anatase pigments.
Despite the same composition, Kronos 1001 and Kronos
3000 differ in the parameter relatiokg/k, and U2/ U?.
Electron micrographs of Kronos 1001 and Kronos 3000
(Fig. 6) support the assumption that these differences are
caused only by their different grain sizes. According to
Fig. 6 Kronos 3000 consist of much larger particles than
Kronos 1001. In comparison to Kronos 1001, the surface
of the particles of Kronos 3000 is more rugged. So Kronos
3000 should contain more traps in the surface region than
Kronos 1001 explaining the larger valuelafks.

In the following we can show that coating of the rutile-
type pigments causes the same changes in the PEMF
parameters that it does in the case of anatase pigments:



232

M. Schiller et al./Journal of Photochemistry and Photobiology A: Chemistry 149 (2002) 227-236

U [mV]

60 |-

| — vt Pl Aot

50

40 |

30 | —— After 1% laserflash

—— After sampling of 4 flashes

20 |

10 |

0

L 1 1 A 1 1 " 1 N L
0.0 0.5 1.0 15 2.0 25

(a) Time [us]
U [mV]

60 -

50 |-

40

30 + —— After 1™ laser flash

I —— After sampling of 4 flashes
20 +
10 +
’ \\N//d‘- -
10 +
1 n L 1 1 1
0 50 100 150 200

(b) Time [ms]

Fig. 4. PEMF signal of the uncoated anatase pigment Kronos 3000: (a) 0s;2(6) 0—200 ms.

We can see that Kronos 3025, as an untreated rutile-typee
pigment, yields the higheslnax. In comparison to that,
sample WJ 127/99, which is coated with a cross-linked
silicon, shows a complicated PEMF signal with a smaller
Umax Value.

Kronos 2400 also shows a very complex behaviour: The
sign of Umax changes with increasing number of laser e
flashes; see Fig. 7 and Table 4. This indicate extremely
deep traps in which the charges remain fixed for more
than 120s. As a result, internal potentials in sample are
formed which change the direction of the charge carrier
diffusion after the following flashes.

Kronos 2044, 2056 and WJ 127/99 show very complex
PEMF; Fig. 8. During the first 10 ms, signals with neg-
ative Upmax and partially two intercepts with the O-line
were observed. Such signals indicate a surface treatment
or/and heterogenic particles.

A direct dependence ddmax k1 andkz on the content of
coating is clear to see when considering the aluminium
oxide coated rutile-types Kronos 2059, 2084, 2087 and
2400 of different coating thickness; Fig. 9. An excep-
tion is Kronos 2400 which cannot be explained by the
available data.

Considering the samples Kronos 2044, 2056, 2081 and
2220, which all have an aluminium oxide and silicon
dioxide epitaxial coating of different thickness and at dif-
ferent concentration, a direct dependenc®&ggx, k1 and

ko on the content on titanium dioxide was found; Fig. 10.
The ratioky/ks is nearly 1 which means that we found the
same slope for botkivalues. This indicates that both coat-
ings do level the behaviours of both subsurface and bulk.
That means the added silicon and aluminium are situated
both in the surface region and in the bulk. According
to literature [15,16], At" can occupy lattice places of
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Fig. 5. PEMF signal of the uncoated rutile pigment Kronos 3025: (a) Q+2.%b) 0—-200 ms.

Table 4

233

Kinetic parameters of PEMF measurements of Kronos 2400 in PVB (nitrogen-laser excitation at 337 nm, .@aboui0’? photons per flash, total
absorption, time range 0-200 ms, sampling of four signals in series; time between two flashes: 120s)

Flash Umax (MV) U (mV) Uy (mV) ki (s@? ko (s
1 1.0 0.218 —-0.122 32 32

2 0.6 0.151 —0.150 28 28

3 —-0.9

4 -1.7 —0.003 0.001 206 59
5 -21 —0.003 0.001 188 37

6 —2.4 —0.003 0.001 162 32

aSignal has two intercepts with the O-line and cannot be calculated using Eq. (1).
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Fig. 6. Electron micrograph of the uncoated anatase pigments: Kronos 1001 (a) and Kronos 3000 (b).
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Fig. 7. PEMF signal of the rutile pigment Kronos 2400 (0-200 ms) as a function of the number of laser flashes.
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Fig. 8. PEMF signal of the AlO3 and SiG coated rutile pigment Kronos 2056.

Ti**. At high aluminium oxide concentrations the3Al trast the PEMF parameters of Kronos 2044 etc. indicate
ions are situated even on interstitial places. Moreover, that the titanium dioxide was firstly coated with a silicon
aluminium oxide coats the surface of titanium dioxide dioxide compound.

pigments.

An exception is the Kronos 2160 which is also described  Based on the semi-quantitative weatherability in Table 1
as both aluminium oxide and silicon oxide coated. Maybe and under the assumption that the weatherability of
the order of these coatings is exchanged. We assume thaanatase-type pigments would be evaluated as=dof-

the aluminium oxide coating is the first and the silicon weatherable), we plottetdnax vS. these values; Fig. 11.
dioxide coating the second one, because the behaviour oWe have found a qualitative dependence: The lower the
Kronos 2160 would fit more to Kronos 2059 etc. In con- (negative)Unmayx the better the weatherability.
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Fig. 9. Dependence dfmax resp.k on the content of titanium dioxide
for aluminium coated rutiles.
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for aluminium+- silicon (di)oxide coated rutiles.
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Fig. 11. Qualitative plot olJmax vs. weatherability (1: highest, 2: good,
3: yes, 4: no).

5. Conclusions

The results in Tables 2 and 3 show that the crystal
structure (anatase or rutile) as well as type and concen-
tration of the coating can influence the PEMF parameters
of titanium dioxide pigments strongly. This means that
the PEMF method is able to detect small differences in
structure and composition of titanium dioxide pigments.
According to the PEMF results, the investigated titanium
dioxide pigments should have different photocatalytic
activities.

Each coating of both anatase and rutile pigments results in
a decrease of the maximum PENJs, 1. Moreover, in some
cases the decay rate of PEMF does increase with increas-
ing thickness of coating. Both results indicate an increase
of the photostability of polymer compositions that contain
such titanium dioxide pigments due to the coating. Last but
not the least, PEMF parameters such as H,gax give a
quick indication of the weatherability of titanium dioxide
pigments.
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