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SUMMARY.

The electron transfer properties of.titahium dioxide pigmenté
have been invéstigated by the adsdrption of electron donors aﬁd
acceptors and the détectién of radical.species by electron spin resonance
spectroééopy. Electrop transfer Wasvfound'to be a thefmai process, no
photo—assiétance being observed. .A.powerful electron acceptdr, dichloro-

. dicyano p benzoquinone was used for a duantitative determination of the'
: electrqn donor abilities of a number of pigments. vThe adsorption of
electron acceptors from solution has been followed by ultra-violet
>absorption spectroséopy and ultrafviolet_and visible reflectance
'spectroscopy.
| Room temperature fluorescence of pigments and of compounds on
pigments ha5 been examined and compared with-§91ution flﬁorescence. R

The photo-reduction of pigments in the presénce of alcohols
was'studied and the formation of small quantifies of photo—produqed
superoxide aﬁion adsorbed on pigments has been confirmed,

The photo-eleétric propérties of pigﬁeﬁts have been sfudied by
use of a simple wetvelectrochemical cell confaihing a‘layervof pigment

~ deposited on an inert substrate. Photé-voltagég of a number of
pigments hﬁve been measured and found to correlate well with their
known durabilitiesvin paint media} providing a rapid test for the-
eétimation of pigment dufﬁbilities. __The phpto-voltagés and
'equilibrium dark potentials are discussed in terms of the band model
for titanium dioxide. |

Small photo-currents havé been observéd for pigmenfs;
anodic photo-currents flowing at positive biassing and sméll~cathpdic

photo-~currents at negative biassing. . Thé initialiphofb-currents show



I O,

a transient part which decays to leave a 1évé1'ph6to—§urrent. The
spectral distribution of the photo-current has been determined and the
temperature dependence of photo—vdltage and'photo-current examined,
Anodic photo-curfents have 5een sensitized b&.addifion of é
variety of alcohols to the electrolyte and are discussed in terms of fhe

reaction of alcohols with photo-holes.

Addition of small quantities of potassium iodide and bromide fo

the electrolytes have been found to decrease the photo-voltage, and for

potassium iodide even resulting in a change in the direction of the

photo-voltage. Anodic photo-currents are likewise decreased and can

become cathodic.,
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CHAPTER 1

GENERAL INTRODUCTION




1.1 Introduction.,

" Titanium dioxide has been of commercial importance for many years
as a white pigment in paints and plastics. It is manufactured from
the miperal ilmenite, (which can be represented by xFe203 yFeOTiO2
where x 2% 0°3 and y = 0°*5 for a typical weathered ilmenite), by the
sulphate process in which titanium dioxide is precipitated from sulphate
solution and calcined at about 900°C. It is also manufactured by the
chloride process in which titanium tetrachléride is made by reaction of
gaseous chlorine with mineral rutile and coke at high temperature.,
The titanium tetrachloride is reacted with oxygen at high temperature
to form titanium dioxide1 and chlorine gas which is recycled.

(a) Sulphate Process.

x Fe203 yFeOTi02 + (3x +yet )HZSOI.

— xFe(50) .+ yFeSO + Ti
J50) 3¢ yFeso + Tioso,

(Calcination)

TiO2 — TiO2 (Hydrated)

+(3x+y*1)H20

(b) Chloride Process.

!

Tio + 2Cl + C _— Ticl + CO
2 2 4 2

Tict, + 0 Tio_+ 2C|_ —
4 2 2 2



Titanium dioxide exists in three cryétalline forms, rutile, anatase,

and brookite. All three structures are based on octahedral co-ord-

. . 2- | S . . . .
ination of O ions around Ti ions with varying degrees of distortion.
It is only the rutile and anatase forms of titanium dioxide which find

commercial use.,

A white paint film consists of titanium dioxide particles
embedded in an organic binder and it is from this use that the photo-
chemistry of titanium dioxide gains its importance. Paint films
pigmented with titanium dioxide are known to slowly degrade under the
action of sunlight. The organic medium is destroyed leading to loss
of gloss and eventuélly to pigment particles being freed at the paint
surface resulting in "chalking", so called because a paint film in this
condition is covered in a loose white chalk of titanium dioxide.

The organic binders composing the paint film can be broadly divided
into two typesz. |

(1) Those binders such as linseed o0il, nitrocellulose and alkyds
which are photochemically unstable, i.e. they are directly degraded by
ultra-violet light,

(2) Modern photochemically stable. binders such as fluorinated hydro-
carbons, silicone alkyds, polyesters and polyurethane which are of high
durability due to their resistance to direct decomposition by ultra-
violet light.

For the photochemically unstable binders the presence of titanium
dioxide pigment has a protective effect so that the unpigmented binder
degrades at a faster rate than the pigmented binder, This protective
effect is due to the pigment strongly absorbing the ultra-violet light
striking the film., It is calculated3 that for a film having a pigment

volume concentration of 10% the pigment will absorb 99% of the ultra-



~violet light reaching the film, and this protection increases with
increasing pigment volume concentration4. The photochemical contri-
bution to the breakdown of the organic media is therefore greétly
reduced, but there is another mechanism of breakdown of the paint film
which is the photocatalytic pathway. This is due to the energy thaf the
titanium dioxide receives through its ultra-violet absorption resulting
in the production of a reactive species at the pigment sﬁrface which
attacks the organic media and contributes to its breakdown. The nature
of the sgpecies responsible for the phbtocatalytic action is still not
firmly established. A discussion of the mechanism of the photocatalytic
process is included at the end of Chapter 5,

The extent of the photécatalytic reaction will depend upon the
type of titanium dioxide pigment used and much has been done in recent
years to minimize the photocatalytic activity of pigments. It can be
seen that for photostable binders pigmented with titanium dioxide the
major contribution to the degradation will be due to the photocatalytic
reaction since the photochemical degradation of the binders is minim#l
and for these binders the degradation increases with increasing pigment
volume concentration since the photocatalytic reaction is increased4.

To decrease the photocatalytic activity of the pigments the
pigment particles are surrounded with a thin layer of titania, silica
or alumina mixtures which are in hydrated form. The pigment particles
are only of the order of 0.2 microns in diameter and the thin coating
of the order of 3mm in thickness is deposited by co-precipitation of
mixtures of the hydrous oxides from solution in which the pigment
particles are suspended. The surface coating physically covers the

titanium dioxide surface but it is by no means perfect; exposed



titanium dioxide surface still occurring. The surface treatment of
pigments is illustrated in Figs. 1 and 2. Fig 1 shows an electron
micrograph of base (uncoated) pigment particles and Fig. 2 shows an
electron micrograph of coated pigment particles, the surface coating
Being the "blurring" effect around each particle which shows that the
coating is of uneven thickness.

The characterization of the titanium dioxide surface is important
since the photocatalytic breakdown of the paint media occurs either at the
pigment surface or a reactive species produced at the surface is freed
enabling it to react with resin molecules, Commercial pigments made by
the sulphate process contain strongly adsorbed sulphate ions5 due to the
precipitation of the pigment from sulphate solution and these adsorbed
ions are carried through the process to the final pigment. Likewise
pigments manufactured by the chloride process contain adsorbed chloride
ions.,

The presence ﬁf hydroxyl groups on the surface of titanium
dioxide was demonstrated by Yatés6 who detected hydroxyl groups and
adsorbed water on rutile by their infra-red absorptions at 3680¢m-1
and 1605cm-1 respecfively. Numerous7_11 other investigations of the
infra-red spectroscopy of titanium dioxide surfaces led to the
proposal of the existence of different types of surface hydroxyl groups
having basic and acidic propertieslz. Hydroxyl groups giving rise to
a 36’70cm-1 absorption band have been assigned as terminal hydroxyl
‘groups attached to the metal cation and having acidic properties, and
hydroxyl groups giving rise to a 3700cm_1 absorption band being
assigned to bridged hydroxyl groups on oxide sites having basic

properties. Other absorptions -observed at 36900m-1 and 3420cm-1 have



Fig-. 1. Electron Micrograph of Base Pigment Particles on a Graphite Grid

Magnification 150,000X,
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Fig. 2, Electron Micrograph of Coated Pigment Particles on a Graphite Grid,

Magnification 150,000%.

01 Microns



been assigned to hydrogen bonding interacting hydroxyl groups of

' 14
~terminal and bridged types respectively. Attempts7'13' a

t
correlating the observed infra-red absorption frequencies of the
hydroxyl groups to the hydroxylation of the cleavage planes in the»
crystal structures have been made, The unsatisfied co-ordination

spheres of the éurface ions would be completed by adsorption of water

molecules, The water molecules would be able to react with surface

02- ions to form adsorbed hydroxyl groups.

The amphoteric nature of the titanium dioxide surface has been

15-19 , '
demonstrated by Boehm by the chemical reaction of surface
hydroxyl groups with compounds such as ammonia, fluoride ion, thionyl
chloride, and phosphate ion., Parfitt has also studied the interaction

. 20 21 ., 22
of hydroxyl groups with pyridine ', ammonia ~, and hydrogen chloride .

" An investigétion by Smith23 of the infra-red spectroscopy of

hydroxyl groups on pigments indicated that coatings of alumina and
silica applied as surface treatments on pigments lose their identities
with respect to surface hydroxylation compared with bulk silica and

alumina as judged by the loss of the characteristic silica and

alumina surface hydroxyl group bands.



Adsorbed carbon dioxide from the atmosphere will also be
expected on the pigment since carbon dioxide has been shown to be

6,12,24 but is easily removed by evacuation at room

readily adsorbed
temperature,

The purpose of the project was to sfudy the photochemical
properties of pigmentary titanium dioxide with reference to its photo-
catalytic action in paint media using a number of different directions
of investigation. These included the investigation of the electron
transfer properties pf pigments, the fluorescence of pigment-dye

systems and the properties of simple cell systems containing titanium

dioxide.

1.2 Titanium Dioxide Samples.

The titanium dioxide samples used in the experiments were
pigmentary samples prepared by Laporte Industries Ltd, The pigments
and some of their characteristics are listed in Table 1.

Pigments D and E are surface treated pigments prepared from
pigment A. Pigments G and H are surface treated pigments prepared
from pigment F,. Pigment A differs from pigment C in containing zinc
oxide incorporated into the lattice as a rutilizing agent and as an
antichalking treatment. An organic surface treatment (approximately
0°1 to 0°3%) is added to pigment D and G as an aid to diSpersibility25.
Surface treated pigments generally have a higher surface area than base
pigments.

Analysis of the pigments, mainly by mass spectroscopy was

performed by the Analytical Laboratories of Laporte Industries, Organics

and Pigments Division. The percentage weight loss at 105°C represents
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the amount of loosely bound molecular water that the pigment contains.
The percentage weight loss upon ignition is due to loss of both molecular
water and suirface hydroxyl groupszs. The pigments A-E and I contain

the following impurities apart from the additives mentioned; approx-

97 WOS’ and PbO} 100p.p.m, ZrO3 and only a
MnO, CoO, and NiO, The pigments F, G, and H

imately 50p.p.m. Fe203, SnoO

few p.p.m. of V205, Cr03,
were of higher purity containing approximately 30p.p.m. Fe203 and only

a few p,p.m, of ZrOa, PbO, SnO_, Wo

3 g7 VoOgs Cr0g, MnO, CoO and NiO.



CHAPTER 2

ELECTRON SPIN RESONANCE AND ELECTRON TRANSFER

PROPERTIES OF TITANIUM DIOXIDE PIGMENTS.




1.

2.1 Introduction,

Electron spin resonance is a very sensitive technique for the
detection of free radicals and metal ions having unpaired electron spin.
Pure titanium dioxide does not give any electron spin resonance

4+ 2~

! 8, since both Ti  and O° ions are diamagnetic., Investi-

absorption2
gations of the electron spin resonance of single crystals of rutile
titanium dioxide specifically doped with small quantities of transition
metal ions have been carried out, From these studies information has
been gained on the environment of these ions in the titanium dioxide
lattice. The electron spin resonance of single crystals gives infor-
‘mation along the three principal crystal axes since each axis can be
aligned with the magnetic field direction. For powdered samples some
but not all of the directional information is lost, due to the random
orientations of the spins to the magnetic field direction. The
observation of the electron spin resonance absorptions of transition
metal ions in the titanium dioxide lattice is generally only observable
at the low temperature of 77K or below due. to spin lattice relaxation
of the ionszg. Electron spin resonance spectra of several ions in
titanium dioxide have been reported and the hyperfine coupling from the
natural abundances of magnetic isotopes have been observed. It has

3+ 30and Co2+ 31 ions in

been inferred from these studies that Fe
titanium dioxide reblace Ti4+ ions in the lattice. The presence of
impurity ions doeplay an important part in its colour and photropy,
i.e. the properties of some preparations of titanium dioxide to change
colour or darken on exposure to 1ight32 which has been attributed to

the presence of Fe3+ ions in the lattice, Niz+ ions were inferred

from electron spin resonance studies to occupy interstiti-al positions
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3+ 33’ Mo5+ 27

in titanium dioxide, Titanium dioxide doped with Mn ’

r3+ 34 has also been studied by electron spin resonance.

and C

The electron transfer from metal oxides to adsorbed electron
acceptors and from adsorbed electron donors to metal oxides has been
the subject of a number of studies, It was hoped to determine the
electron transfer properties of pigmentary titanium dioxide by its
reaction with selected donor and acceptor molecules, The donating
or accepting of an electron by an adsorbed molecule to a metal oxide
would lead to the formation of radical cations or anions which could be
detected by clectron spin resonance and ultra-violét reflectance spectro-
sScopy.--

The electron donor properties of activated alumina have been
studied using powerful electron acceptors to trap electrons from the
alumina surface. The formation of the p benzoquinone free radical anion
and tetr.achloro p benzoquinone anion radical adsorbed on alumina35 was
detected by an unresolved electron spin resonance absorption at g = 2
and assignments were made on the basis of ultra-violet spectral data.

No hyperfine interactions are expected for the chloranil anion radical-
whereas the p benzoquinone anion radical in solution gives a five line
spectrum due to hyperfine splittings from four equivalent hydrogen
nuclei, Tetracyanoethylene, another powerful electron acceptor, was
used to investigate the electron donor properties of catalytic alumina
by Flockhart 22.2&36. The tetracyanoethylgne anion radical identified
by its nine line spectrum was formed when tetracyanoethylene was
adsorbed onto alumina from the vapour phase and from benzene or hexane

solution, the characteristic colour of the anion being formed on the

oxide,
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The anion radicals of trinitrobenzene and other nitrobenzenes37
were also formed on catalytic alumina, the electron spin'resonance
spectra showing hyperfine coupling from only one nitrogen nucleiswhich
suggested that the adsorbed anion-alumina surface behaved as an ion pair,
fhe unpaired electron being centred on one of the nitro groups. The
nitrobenzene anion radical was also observed on zinc oxide38.

Electron transfer to tetracyanoethylene was used to determine the
variation of the electron donor properties of alumina and silica-alumina
- with activation temperature by quantitative measurements of the adsorbed
tetracyanoethylene anion radicalag’40. Trinitrobenzene was also used
to determine the radical forming activity of alumina with activation
temperature?l. The electron transfer to nitrobenzene adsorbed from
benzene solution onto alumina was reported to be photo-assisted 0’42,
irradiation of the alumina-nitrobenzene systems with ultra-violet light
giving an increased electron‘spin resonance absorption from the nitro-
benzene anion, | |

Two mechanisms were considered for the formation of the semi-
quinone radical on alumina35 which were, either a charge transfer
mechanism where a lewis base site transfers one electron to the
orbital of the electron acceptor, or the reaction of a surface
hydroxide ion at the quinone 2 position followed by loss of a
proton producing the hydroxyhydroquinone dianion which could react

with a quinone molecule to form hydroxy-p-benzosemiquinone and p-benzo-

semiquinone along the lines of a scheme suggested by Eigen43.
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OH

oty
S

The Al-OH surface group on alumina was suggested39 as an electron donor
site on alumina dehydrated below 5000C-600°C and surface Al+ ions and
Al-0" groups as the electron donor sites present on'aluminas activated
above 500°C—600°C. Flockhart40 also proposed a surface hydroxyl ion

as the e;ectroh donor site for alumina activated below 350°C. For
alumina activated above 500°C the oxide ion defect was proposed as the:
electron donor site, This site consists of two surface 02- ions
occupying adjoining surface sites which can act as an electron donor

site,.
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The interdependence of radical anion and radical cation formation
on the surface 6f alumina and silica-alumina was demonstrated Sy
Flockhart41’42. Reduction of trinitrobenzene still occurred with
surfaces saturated with electron donors such as anthracene and perylene,
in fact an enhancement of the anion radical concentration was observed
on perylene treatment alumina surfaces and likewise an enhancement of
the perylene radical cation concentration was observed on adsorption of
frinitrobenzene on alumina although oxygen was found to be necessary for
radical cation formation. The mutuél-dependence of radical cation_and

-anion formation suggested the possibility of the existence of a range of
sites on alumina of varying donor and acceptor strengths which can
mutually interact,

The electron acceptor properties of silica-alumina and alumina
have been studied by electron donation from suitable donor molecules and
the radical cations formed detected by the same methods as radical anions,
The formation of the perylene radical cation identified by its hyperfine
interactions was reported'over activated silica—alumina44. The
participation of oxygen in the electron transfer process was not clear
at first, The presence of a small quantity of oxygen was needed for
the electron transfer from peryiene to'occur, proposed mechanisms being
electron transfer to oxygen from a perylene-surface proton complex and
electron transfer from a perylene-lewis acid (electron acceptor) site
complex44. Radical cations of perylene,diphenylamine, aniline and
naphthalene were also detected on silica-aluminas46’47. ‘

Rooney48 detected the radical cations of perylene, naphthalene
and anthracene although benzene, toluene, oxylene, and hexamethylbenzene

were found not to give radical species on silica-alumina, The electron

acceptor sites were found to be destroyed by adsorption of water or
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ethanol on the catalyst. The gas phase adsorption of diphenylamine,
benzidine and dimethyl p phenyldiamine on alumina-silica gels49 also
produced radical cations detected by electrén spin resonance. Gas
phase adsorption of naphthalene, anthracene, perylene, and tetracene
on the catalyst gave electron spin resonance absorptions from the
radical cations and two bands in the electronic spectra were attributed
to the radical cations and the presence of carbonium ions formed by
addition of H+ to the hydrocarbons,

Electron transfer from perylene and anthracene to alumina was
observed50 but electron transfer from naphthalene did not occur. The
variation of electron accepting ability of alumina and silica-alumna
with activation temperature was determined using perylene as the electron

50,51 was found to be necessary for the electron transfer

donor, Oxygen
to alumina since if oxygen was carefully excluded no perylene cations

' were observed., Addition of a small quantity of oxygen resulted in the
formation of radical cations but increasing the oxygen pressure above
1°5mm of mercury resulted in collision broadening of the electron spin
resonance spectrum, Oxygen was also found to be involved in the electron
transfer to silica-alumina52. An exposed aluminium ion produced on
dehydration of the alumina, in the presence of o#ygen was proposed as the

electron acceptor site, RH is the electron donor molecule, oxygen being

converted to an 02' radical.
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There has been much less research on the electron transfer properties
of titanium dioxide than on alumina and silica alumina where interest
was stimulated by their use as catalysts. A study53 was reported of
anion radicals forméd by vapour adsérption of the electron acceptors
tetrachloro, tetrabromo, tetraiodo, and tetrafluoro-p-benzoquinones,
trinitrobenzene and tetracyanoethylene on zinc oxide, magnesium'oxide,
and titanium dioxide (crystal type and preparation not gpecified) all
activated by evacuation at 500°C for 2-3 hours., An electron spin
.resonance absorption at g = 2.004 was observed for the p-benzoquinone
anion radical on zinc oxide, magnesium oxide and titanium dioxide with
a corresponding electronic spectrum absorption band at 440 nm on
titanium dioxide attributed to the radical anion, The electron
transfer to p-benzoquinone from rutile powder is also reported by
Zarf’ yants.54. Sulphur dioxide adsorbed on partly reduced titanium
dioxide and zinc oxide produces an electron spin resonance spectrum
attributed to soz' radicals®,
Cunningham56 observed the decomposition of nitrous oxide to
nitrogen over activated titanium dioxide, He proposed the following

electron transfer mechanism for the decomposition.

e +N20 ——>N20 —_ N2+Oads

The decomposition is photo-assisted over zinc oxide but not
over titanium dioxide, Cunningham makes a distinction betweeﬁ the

] . . .3+ .
direction donation of an electron from a Ti ion,

i3t + A — T AT

and the indirect donation possibility of
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i3 > Tt 4 e

e +A —> A
cond

where the T13+ ion first donates an electron to the conduction band
which then acts as the electron donor.

Che_gg.glé7 studied the electron donor abilities of magnesium
oxide and titanium dioxide (anatase, hiéh surface area, laboratory
produced) with varying activation treatments by the use of tetracyano-
ethylene and trinitrobenzene as electron acceptors. A nine line
spectrum from the tetracyanoethylene anion radical was observed oﬁ'
titanium dioxide activated by evacuation or heating in oxygen below
300°C. Above 306°C the spectrum produced was unresolved. The
adsorption of trinitrobenzene on titanium dioxide and magnesium oxide
treated below 300°C resulted in a spectrum composed of three main lines
each with hyperfine components of five lines which was attributed to a
major anisotropic interaction with one nitrogen nucleus and a lesser
anisotropic interaction with two nitrogen nuclei,. Activation of
titanium dioxide above SOOOC resulted in only the three main hyperfine
lines being observed for the trinitrobenzene anion radical. The
electron donor ability of titanium dioxide measured by the tetracyano-
ethylene anion radical concentration formed was found to be small after
activation of titanium diéxide at 200°C, reaching one maximum at an
activation temperature of 250°C and a second maximum at 500°C—600°C.
The electron donor sites were proposed to be surface hydroxyl ions, and
0°” ions in weak co-ordination for samples activated at high temperatures

since all surface hydroxyl groups would have been removed;
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The hydrated titanium dioxide surface can be simply

5
represented as 7

rrrror
TL———()———TE——-O —7i—0 —Ti —0 —Ti

Upon activation at elevated temperatures dehydration between two
adjacent hydroxyl groups leads to a water molecule being released and

an 02- ion being formed,

0%~ TH TH
‘0 l 0 Ti—0——T.

T13+ ions formed by activation of titanium dioxide by high

temperature évacuation58 were proposed as addition donor sites,

it b A —= it AT

whére A is an accebtof molecule,

The adsorption of the electron acceptor 7,7,8,8-tetracyanoquino-
dimethane (TCNQ) from acetonitrile solution was used to study the electron
donor abilities of a number of oxides59 including titanium dioxide (anatase,
laboratory prepared). The concentration of the TCNQ anion radicals
being measured from its unresol?ed electron spin resonance spectrum and
the metal oxides were activated at 100°C under vacuum, Titanium
dioxide was found to be a much less powerful electron donor than magnesium
oxide, alumina or zinc oxide. The electronic spectra of TCNQ adsorbed

on the oxides showed two bands, 400 nm and below assigned to physically
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adsorbed TCNQ and around 600 nm assigned to the dimer of the TCNQ anion
radical, The electron donor properties of titanium dioxide were
partly attributed to its n type semiconductor properties written

formally as
R ¥ . 2+ o '
2Ti0, T= Ti0, + (Q 20)° + 1:02 ()
0
(ov2+ 200== @O + O

where 0v is an oxideAion vacancy and () is a free electron,

This scheme is equivalent to the proposal of T13+ ions as electron
donors since loss of oxygen from titanium dioxide results in the formation
of Ti3+ ions, The surface hydroxyl ion was also considered as a poten-
tial electron donor site, The electron donor abilities of mixed
oxides including silica-titania and alumina-titania were determined by
the same methodeo. This showed that mixed oxides can have less electron
‘donor ability than either of the two pure oxides. The influence of the
soivent used for TCNQ upon the adsorption was also,studied61.

Radical ions from naphthalene derivatives were formed on oxides
including titanium dioxideez; the radicals formed were not positively
identified as cations or anions, The anthracene radi¢a1 cation was
observed on rutile28 by an unresolved electron spin resonance absorption.’
An electronic spectral study of the electron-donation to titanium
dioxide from tetramethyl-p-phenylenediamine, diphenylamine, N-methyl-
phenylamine, N-ethylphenylamine, and ferrocene adsorbed from the vapour
phase was made, Absorption bands from radical cations were only seen
on admission of air to the samples. The radical species formed from
diphenylamine on titanium dioxide in the presence of oxygen which

showed three sets of hyperfine interactions in its electron spin
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resonance spectrum was attributed to the thN' radical. . The
proposed mechanism of formation was H' abstraction from diphenylaminé
by an 0; radical ion known to be formed on.partly reduced titanium
dioxide by reaction with oxygen.

4+"l'

. o .44 -
Ti 02 + thNH — thN + Ti OZH

All studies of electron transfer properties of oxides have
involved activation of the oxides either by evacuation at high
temperatures or heating in oxygen at high temperatures., In studying
the electron transfer properties of titanium dioxide pigments the
intention was to determine the electron transfer properties with as
little disturbance from their condition as used commercially in paint
manufacture as possible, To facilitate this a search was made for
possible electron acceptors and donors suitable for reaction with the

‘pigments.

2,2 Electron Spin Resonance of Titanium Dioxide Pigments.

2.2(a) Experimental.

All electron spin resonance measurements were made on a Varian
Associates X band E3 Spectrometer. Samples of the pigments were
packed and sealed in bora-silica glass tubes'of 4 mm OD to a height
sufficient to fill the spectrometer cavity. Measurements were made
at room temperature and at liquid nitrogen temperature 77K, g values
were determined using diphenyldipicrylhydrazyl as an external standard

having a g value of 2°0036 and by using the approximationss,

gx = 2°0036 t 20036 x AH
H
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Where AH is the difference in magnetic field strength between gx and
g = 2°0036 and H is the value of the_field strength at g = 2+0036.
The approximation is only valid for g values near g = 2,

Evacuation of the tubes containing the pigments when required
was performed on a high vacuum line fitted with a mercury diffusion pump
and Mcleod gauge. The tubes were attached to wider pyrex tubing and
fitted to the vacuum line by a ground glass joint, After evacuation
the tubes were sealed off by collapsing the bora-silica tubing at a
point above the sample.' |

When an atmosphere of a gas was required above a pigment sample

the appgratus‘in Fig 3 was used,

Fig, 3.

'r'To Vacuum . p

/] N B
D\ /4(//:J=-==— '
([ /y\ o) E.. ._Gasl

Mercury

- Pigment




23.

The system was evacugted, i.e. tgp A open and tap B closed and this

part of the system could be removed‘for electfon spin resonance

measurements, Gases could be released into the system by opening tap B.
The grades of gases used were, nifrogen = oxygen free grade

99°9% minimum, oiygen - commercial gradé 99°5% miﬁimum, helium -.Grade

A 99°8% minimum,

2.2(b) Results,

At room temperature none of thé pigments shoﬁed any electron
spin resonance absorption except for pigment I which Qhowed the weak
absorption shown in fig. 4. At 77K this spectrum became more intense
and more.features were observed (fig. 5). Pigments F, G and H showed
no absorption at 77K but G and H did show some base line drift,

The electron spin iesonance spectra at 77K for pigments A, D and E’

. i
were identical and is shown in fig, 6. The spectra for pigments B and C ~

at 77K were similar to pigments A, D and E but were of weaker intensity.

Fig., 4. E.S.R. Spectrum of Pigment I at Room Temperature,

50 Gauss
| S|

.
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~Fig. 5. E.S.R. Spectrum of Pigment I at 77K .

25 Gauss

Fig, 6, FE.S.R. Spectrum of Pigments A, D and E at 77K.

1 Gauss
w <
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The electron spin resonance spectrum from sample I was fqund to
be unaffected by evacuation of the sample for one hour at ZOOOC.

It'was observed that evacuation of a sample of pigment E at
apﬁroximately 10_5 torr pressure for one hour at room temperature
coﬁpletely removed the electron spin resonancg absorptions at g = 1:9428
and g = 1°906 observed at 77K. Upon releasing air into the evacuated
tube, by cutting the top of the tube, the two absorptions returned
immediately. Samples of pigments A, B and D were also evacuated for
1 hour at room temperature. For these pigments the absorptions did
not disappear completely but upon releasing air into the tubes the
intensity of the signals increased. Samples of A, B and D were
evacuated at 100°C and approximately 10-'5 torr pressure for one hour,
Under these conditions the absorptions were completely removed from
B and D and returned on exposing the sample to air, Sample A still
showed the absorptions but they were of low intensity and upon
exposing the sample to air the spectrum intensity greatly increased.

Attempts were made using sample E and the apparatus described
in section (a) to observe which gas was responsible for the reformation
of the electron spin resonance absorptions. Sample E was evacuated
for one hour at room temperature and its electron spin resonance
spectrum measured at 77K to ensure that the absorptions had been
removed, Gases were then released into the system via tap B.
However it was found that the absorptions returned oh exposure of the
pigment to nitrogen, oxygen, and helium,

The intensities of the absorpfions from 0.15g of pigment E
compared to a Mn2+ standard in zinc sulphide before and after

irradiation of the sample with ultra-violet light from a 2kw Xenon

lamp showed no change.
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2.2(c) Discussion.

The base line drift observed in the é.s.r. spectra of pigments
at 77K is probably due to the presence of transition metal impurities
in low concentrations having more than one unpaired electron which
would give broad absorptionszg. This is supported by there being no
base line drift in the room temperature spectra when the transition
metal ions would not show any absorption due to spin lattice relaxétion.
The e.s.r. absorptions shown by ﬁigment I at 77K are unsymmetriéal
showing the anisotropic character of a powder spectrum. . These
absorptions are likely to be due to bulk impurities since they are not
removed by evacuation of the pigment at 200°C. The absorptions at
77K shown by pigments A, B, C, D and E also show .asymmetry due to
powder spectfa. The assorptions arise on pigments containing zinc
oxide in the lattice. The pigments F, G and H, which contain very
little zinc oxide (less than 0°0007%) do not show these absorptions.,
Pigments B and C which give low intensity spectra contain an inter-
mediate quantity of zinc oxide (0°01 and 0°08%). The removal of the
absorptions by evacuation suggests that the radical is loosely held
on the surface and the dependence upon zinc oxide presence may
indicate that the radical is associated with zinc ions in the
surface of the pigment. The reappearance of the radical or
radicals upon letting air into the system sﬁggests that the radical
is reformed on the adsorption of a component of air but attempts to
identify the éas'were unsuccessful due to being unable to deliver
gases of sufficient purity above the pigmeqt sample, The e.s.r.
absorptions are of quite low intensity, and are recorded towards the

limit of sensitivity of the spectrometer and therefore only a very low
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concentration of the gas would be required to reform the radicals.

2.3 Electron Transfer Properties of Titanium Dioxide.

2.3(a) Experimental.

The apparatus in fig. 7 was used for the adsorption of electron

acceptors from solution onto titanium dioxide under vacuunm.

Fig, 7,
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The solution of the electron acceptor could be degassed by freeze thaw
cyéles and then maintained at 77K while the.pigment sample was heated
under vacuum for the required length of time, The titanium dioxide
was allowed to cool to room temperature and the electron acceptor
solution (usually in sodium dried benzene) was poured over onto the
pigment by rotating the side arm. The sample tube was then sealed
off by collapsing the tubing above the level of the solution in the
tube. The sample tube was shaken to ensure complete mixing of the
pigment and solution and the e,s.r, speétrum was recorded at room
temperature,

Adsorption of electron acceptors in the presence of air was
performed by injecting the electron acceptor solution into an e.s.r.
tube containing the pigment sample, the spectrum being recorded at
room temperature after the sample was shaken,

Adsorptién of electron donors ﬁnder vacuum was performed by the
same method as for the electron acceptors, or the electron donors were
adsorbed onto the pigment by evaporatioh of the solvent using a
rotary evaporator and the pigment samples were then heated under
vacuum and the éample tube sealed off,

Water treated pigments were prepared by storing pigment
samples in a saturated water vapour atmosphere in a desiccator for
48 hours prior to their use,

The s;it K+ DDQ_ was prepared by a method analogous to the
preparation of Li+ TCNQ™ 66. 0°2g of DDQ was dissolved in dry aceto-
nitrile and added to a boiling acetonitrile solution of 0°44g of

potassium iodide, Dark red crystals appeared on cooling and were

filtered off and dried under vacuum,
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2.3(b) Results.

A strong asymmetric, partially resolved spectrum at g = 2°0024
was obtained when TCNE (0°02M in benzene) was absorbed on sample I
activated at 200°C for one hour under vacuum, The pigment developed
a blue colouration, The adsorption was repeated using activaéion
temperatures of 100°C, 50°C, and room temperature and gave very
gsimilar spectra to that obtained on the sample activated at 200°C,
(fig. 8). The samples were irradiated with ultra-violet light in the
spectrometer cavity but no increases in the absorption intensities
were observed. The adsorption of benzene alone on pigment I evacuated
#t 200°C did not produce any changes in the background e.s.r. sbectrum
of I.

Trinitrobenzene (0°02M in benzene) was adsorbed on pigments A
and I activated at 200°C. The spectrum (fig. 9) was of low intensity,

Tetrachloro p benzoquinone (2 x 10_2 molar in benzene) adsorbed
on pigment I activated at 200°C for one hour gave a species having an
unresolved spectrum centred on g = 2°0037 with a width of approximately
30 gauss. Evacuation for one hour at room temperature of pigment I
with subsequent adsorption of tetrachloro p benzoquinone gave no e,s.r.
absorption. Irradiation of both systems did not change the e.s.r.
spectro, Adsorption of 9,10-~anthraquinone from benzene solution on
pigment I activated at 200°C f&r one hour under vacuum did not lead
to any detectable ra&icals beiné formed.

In order to find an electron acceptor that would accept
electrons from titanium dioxide pigments without any prior treatment
the following acceptors were adsorbed from benzene solutions onto
pigment samples without any evacuation treatment; - tetrachloro>p

benzoquinone, tetrachloro o benzoquinone, tetracyanoethylene (TCNE),



Fig. 8. E.S.R. of TCNE on Pigment I,

(a) 200°C Activation.

(b) 50°C Activation.

5 Gauss
| |
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(c) Room Temperature Activation,

5 Gauss

—

« 9, E.S.R. Spectrum of Trinitrobenzene Adsorbed on Pigment I,

3

5 Gauss

—{
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trinitrobenzene, tetracyanoquinodimethane (TCNQ), and dichlorodi-

cyano p benzoquinone (DDQ).

Tetrachloro p benzoquinone, tetfhchloro o benzoquinone, TCNQ,
and TCNE gave low intensgity unresolved .e.s.r. spectra with all pigments
éxcept pigment I, Adsorption of trinitrobenzeqe did not give a:
detectable spectrum, Evacuation of pigment I for one hour on a vacuum
line or drying in an evacuated desic.cator for two hours followed by
adsorption of TCNQ resulted in an observable e.s.r. spectrum,

The adsorption of DDQ resulted in the formation of an intense
. asymmetric unresolvéd e.8.r. spectrum centred at g = 2°0046 (fié. 10)
and the pigments becoming dark green coloured. The spectrum is
approximately 25 gauss in width, Untéeated sample I gave an absorption
upon adsorption of DDQ. The e.s.r. absorption intensities were not

increased by ultra-violet irradiation and adsorption of DDQ in total

darkness still resulted in an e.s.r. absorption,

Fig. 10, E.S,R, Spectrum of DDQ on Pigment A,

5 Gauss

—
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Adsorption on Water-treated Pigments.

Water-treated pigments were found by weight measurements to
Vcontain 5 - 10% of water. Adsorption of p and o tetrachlorobenzo-
quinone from benzene solution onto water-treated pigments in air still
gave low intensity unresolved e.s.r. spectra. TCNE was adsorbed onto
water-treated pigments A, E, G and I. On pigment E a strong well
resolved nine line spectrum was observed (fig. 11) overall width of
approximately 17 gauss and hyperfine coupling of 1°5 gauss.

Pigments A and G gave partially resolved spectra (figs. 12 and
13) which decayed to unresolved absorptions. Water-treated pigment I
gave no e.s.r., spectrum upon adsorption of TCNE.

Adsorption on pigments A, E, G, and I or 0°044M benzene solution
of DDQ resulted in the immediate formation of strong narrow unresolved
e.s.r, absorptions which gradually resolved into a hyperfine structure
of five lines after approximately 30 minutes, The hyperfine coupling
was 0°5 gauss (figs. 14‘a,b,c).

The e.s.r., spectrum of an acetonitrile solution of K+DDQ- at
room temperature gave a strong symmetrical unresolved spectrum of
11 gauss width, The spectrum of a degassed acetonitrile solution of
K+DDQ- is shown in fig. 15 a and b, Five lines with a hyperfine
coupling of 0°6 gauss were observed, Side bands with a hyperfine

coupling of 0°5 gauss were observed at higher instrument gain.

Electron Donors.

Adsorption of anthracene and perylene in benzene solutions on
pigment I heated for 1 hour at 200°C under vacuum did not result in the

formation of any radical species. Adsorption of 2% w/w anthracene on



Fig. 11. E.S.R. Spectrum of TCNE on Water-Treated Pigment E,

2+*5 Gauss

Fig, 12, E.S.R. Spectrum of TCNE on Water-Treated Pigment A, i

5 Gauss
M
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Fig, 13,

E.S.R. Spectrum of TCNE on Water

Fig. 14(a),

~Treated Pigment G,

1.Gauss
)

>

E.S.R. Spectrum of DDQ onEWater

~Treated Pigment A,

05 Gauss
| -]
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Fig. 14(b). E.S.R. Spectrum of DDQ on Water-Treated Pigment G.

1 Gauss
[ SN )

_1._>

Fig, 14{(c), E.S,R, Spectrum of DDQ on Water-Treated Pigment I.

1 Gauss
[ N

H

—
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Fig. 15. E.S.R. Spectrum of K DDQ _in Acetonitrile Solution.

(a) Low Gain, f

0+*5 Gauss

(b) High Gain,

0*5 Gauss
L
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I by evaporation of an n butanol énthracene solution onto the pigment and
»

evacuation of the sample at 200°C for one hour resulted in the formation

of an asymmetric unresolved e.s.r. absofption at g = 2°0014 with a width

- of approximately 43 gauss., No absorption was obtained when the
f .

sample was evacuated at 100°C.

Adsorption of 8% w/w perylene gnto pigment I by evaporation
of a benzene solutio& and evacuation of the sample at 20060 for one
hour produced an asymmetrical e.s.r. absorption at g = 19996 with a
width of approximately 40 gauss. Adsorption of diphenylaminé onlI,
also by benzene solution evaporation, followed by activation at 200°C”
resulted in a broad partially resolved spect;um at g.; 2°0028 being

about 65 gauss in width, shown in fig. 16.

i

Fig, 16, E.8.R. Spectrum of Diphenylamine on Pigment I.

).

5 Gauss ]
ﬁ
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Absorption of 8% carbazole, aniline, tri p tolylamine and 1,4-diaza-
]

bicyclo 2,2,2 octane D.A.B.C.0. onto pigment 1 by solution evaporation

and activation at 200°C failed to produce any radical species.

2.3(c) Discussion.

Pigmentary titanium dioxide samples would be expected to be less
active as electron acceptors and donors than laboratory érepafed samples
due to their generally having a lower surface area of around 10m2/g instead
of as much as 200 mz/g. The e.s.r. spectra of radicals adsorﬁed on the
dry untreated pigments are much broader than the solution spectra of |
the radicals and there is a lack of hyperfine coupling which arises from
the restriction in the acceptor or ddnér molecules motion by adsorption
to the titanium dioxide surface. Direct identification of the
radicals formed on dry pigments is not possible due to the absence of
hyperfine coupling, although it is most likely that the electron
acceptors form the corresponding anion radicals, this being supported
by the observation of hyperfine splittings for radicals observed on
alumina40 and for TCNE on anatase57.

The g'values of the radicals are all close to the free spin
value of 2°0023 as expected for organic radicals. The formation of
the radicals is a thermal process since the radical concentrations.
are not increased by.the actioﬁ of ultra-violet light and electron’
transfer occurs in the total absence of lighf.

The electron donation from titanium dioxide to electron acceptors
will be dependent upon the "electron affinity" of the acceptor and
upon the "ionization potential" of the donor site. It may be more

useful to consider reduction potential values of the acceptors since



this is a solution reaction whereas the electron affinity refers to
the gas phase addition of an electron. Table 2 lists the electron
affinities and reduction potentials of the acceptors. The reduction
potentials refer to the reaction

N 35

€ A E

Asolv'.+ < solv. red)

The sign convention adopted is the reduction potentials take the ,
sign of the energy of the above reaction so that strong electron
acceptors have negative values of E%(red).

1

The g value of the trinitrobenzene radical on titanium dioxide
corresponds closely to that reported by Che57. Trinitrobenzene has a
lower electron affinity (Table 2) and électron\transfer to trinitro-
benzene only occurred on activated titanium dioxide. The three part
spectrum was similar to that reported by Che57which was attfibuted to
hyperfine interaction from only one nitrogen nucleus. DDQ is the
most powerful electron acceptor used and is the only acceptor found
suitable for a comparative study of the electron donor properties of
untreated pigments.

The radicals formed on water-treated pigments are directly
identifiable by their hyperfine splitting pattern. The radical formed
from adsorption of TCNE on water treatéd pigments is the TCNE anion
radical‘showing hyperfine coupling of 1*5 gauss with nine lines due to
the coupling from four equivalent nitrogen nuclei. The radical anion
in solution shows a hyperfine splitting of 1°56 gauss7la. The

spectra are remarkably isotropic, but,the radical is only present on

the titanium diOxidé and is not observable in the solution above the
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pigment, The isétropy of the spectra indicates that the radical must
be quite loosely bound to the surface, ‘Adsorption of TCNE on water-
treated alumina40 did not result in electron trénsfer to the TCNE.
TCNE anion radicals formed by electron transfer from hydroxide ions in
solution have been reported71b.

The radical formed from adsorption of DDQ on water-treated
pigments can be identified as the DDQ anion radical'from-its hyperfine
splitting pattern and by comparison with the spectrﬁm of K+DDQ-.

'The side bands observed in the spectruﬁ of K+DDQ- are most likely due to
C13 I = 1 CN hyperfine interactions72.. Hyperfine interactions from
chlorine nuclei in semiquinone moleculés have not been observed73 which
may be due to the chlorine quadrupole moment causing relaxation of the
chlorine nuclear spin states which averages the hyperfine splittings

to zero, The five intense lines are due té hyperfine coupling from
the two equivalent nitrogen nuclei, 1 = 1. The lines are overlapping
slightly and cover the central C13 lines.

It is possible that on the watér-trgated pigments electron
transfer may occur.between physically ‘adsorbed water and the electron
acceptors., The observation of narrow resolved spectra on water-
treated samples occurs only with DDQ and TCNE which are the two most
powerful acceptors used. On dry samples OH groups may act as donors.

The electron transfer from a donor molecule would depend upon
the "ionization potential" of the donor and the electron affinity of

the accebtor site. Again it may be more useful to consider -the
oxidation potential of the donor molecule, Table 3. The need for

the presence of oxygen for the electron donation to titanium dioxide to

occur is implicated since no radicals are formed when the donors are
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adsorbed énto activated pigment from degassed benzene solution;

Thé radicals observed when anthracene and perylene wereiadsorbed
on activated pigments are most likely due to the radical cations but they
cannot be directly identified due to the lack of hyperfine coupling.

No electron donor reacted with untreated pigments. It appears that
donor molecules with ionization potentials of less than approximately
7+°4 ev are capable of donating electrong to titanium dioxide. The
radical formed from diphenylamine may well be due to thN' as proposed
by Che64. The spectrum showed only a partly resolved triblet‘

splitting which would be due to the nitrogen hyperfine interaction,

2.4 Quantitative Study of the Electron Donor Properties of Pigments.

2.4(a) Experimental,

A quantitative study of the electron donor properties of
untreated and water-treated pigments was made using DDQ as the electron
acceptor, 01 g of pigment sample was packed into 4 mm O.D., tubes and
0+5 ml of a freshly prepared 0°044 M benzene solution of DDQ* was
injected into the tubes and thoroughly mixed with the pigment by shaking.
The e.s.r. spectrum at room temperature was recorded after 20 minutes
and immediately afterwards the e.s.r. spectrum of 0°2 ml of a standard
solution éf DPPH in benzene sealed in an identical bora-silica tube wag
recorded at the same spectrometer settings. The number of radicals
formed on the pigments was calculated by a comparison of the areas under.
the absorption curves of the DDQ spectra and of the DPPH spectra
knowing the number of spins present in: the DPPH solutions,

! s

i

A freshly prepared solution was used since DDQ is known to decay

]

. 86
at the rate of 30% every 24 hours in benzene solution .
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The area under the absorption curves was determined from the first
derivative curves by mathematical double integration using the

approximation

n

A=1% a2 Z (n-2r+1)hr

r=1

where d is the width of a division, hr is the height of the rth division

and n is the total number of divisionsss.




2.4(b) Results.

The DPPH standards used contained the following number of DPPH

radicals,
Standard Weight DPPH(g) Mols. Number of 'Spins
1 68 x 1072 1+73 x 10°° 1°04 x 10°8
2 2.32 x 1074 5488 x 1077 355 x 1007
3 1°55 x 10”2 3+93 x 1077 2+37 x 1017
4 1°16 x 1074 2:94 x 1077 1477 x 1017
5 58 x 107> 1447 x 1077 887 x 10'°
6 2:9 x 107° 7:36 x 1075 443 x 10%°
7 1445 x 107° 368 x 1070 222 x 101°
8 7+25 x 107° 184 x 1078 1411 x 10%°
9 4-83 x 1070 1‘23‘x 10”8 7:38 x 1000 .
10 362 x 10™° 9+19 x 10> 5453 x 10°°
11 1-81 x 1078 4-59 x 10”2 2476 x 101°
12 1°2 x 10°° 3:05 x 1077 189 x 100
13 45 x 1077 1414 x 10~° 6487 x 1013

46,

‘The number of radicals formed was determined three times for most

pigments. The results are illustrated in fig. 17. Fig. 18 shows the
number of radicals per square metre of pigment surface.

The ele&tron donor properties of two specially prepared alumina/
titania surface coatings used in the surface treatment of pigment H
were determined twice by comparison with pigment A, The determinations
gave the following‘results for the relative number of radicals formed

on these coatings.
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1st Determination 2nd Determination Average
Pigment A 1 " 1 1
Coating A 17.4 22°9 20
Coating B 115 15+87 1345

Upon adsorption of DDQ the pigments obtained various intensities of a
green colouration,

A Bayer zinc oxide pigment studied as a comparison gave-a
similar DDQ radical spectrum with a dry sample to that observed on
titanium dioxide pigments, The spin concentration was deterﬁined as
1°3 x 1018 spins/g. Water-treated zigc oxide became intensely red

coloured upon adsorption of DDQ but gave no detectable spectrum,

2.4(c) Discussion,

The values of the spin densities of DDQ anion radicals formed on
dry pigments range from about 15 x 1016 spin/g for pigment B to about
5 xvlo16 spins/g for dry pigment H, a ;.’act.or of approximately -three.
The zinc oxide pigment had a far greater electron donor ability;
The errors in quantitative e.s.r., are large and this is reflegted in
the spread of results., A plot of DDQ’rad;cals per square metre of
surface reveals that the uncoated pigments A and B have a greater
electron donor ability per unit area than the coated pigmehts. The
uncoated pigments C and F gave a spin concentration comparable to the
coated pigments, The water-tre;ted,samples of pigments A and C gave
much increased radical concentrations:than the dry pigments and this
is especially noticeable since the spéctrum intensity is much increased

due to the narrowness of the spectrunm, A and C are both uncoated



pigments containing zinc oxide in the lattice and the presence of
zinc oxide may be effecting this behaviour since pigment B containing
a lower concentration of zinc oxide does not show this large increase
in radical concentration for a water—tfeated sample. It must be noted,‘
however, %hat water-treated zinc‘oxide:is itself inactive towards DDQ.
The alumina/titania treatments éhowed a larger donor ability per
gram than any of the pigments and it is likely that when-the treatment
is applied to the surface of titanium dioxide as a thin layer its donor
;properties are considerably different,
The e.s.r. studies of electron acceptors on pigments only
indicate radical species on the surface, they do not reveal diamaghetic

species adsorbed on the surface, The adsorption of electron acceptors

on pigments can be followed by ultra-violet absorption spectroscopy.

2.5 Adsorption and Ultra-Violet Reflectance Studies of Electron

Acceptors on Titanium Dioxide. K

2.5(a) Experimental.,

6 mls of a 184 x 10-3M ben;ene solution of DDQ were shaken with
0*°4 g of pigment in a 3" x 1" glass sample tube and 6 mls of a 1°84 x
10-3M benzene solution of TCNE was sha&en with 0°2g of pigment. The
suspensién was centrifuged at intervals to firmly seftle the pigment
down and a small portion of the acceptor solution was removed, and
returned after measurement of the optical density at 407 nm for DDQ
and at 384 nm for TCNE, 10mls of a 0°313 x 10-3M benzene sq;ution of
TCNQ (saturated solution) shaken with 0+2g of pigment was used for the
adsorption of TCNQ the optical density being measured at 404mm,

Optical density measurements were made on a Pye Unicam SP800 spectro-
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photometer using quartz cells of path 1éngth O°2cm for DDQ and“TCNE
solutions and O0¢lcm for TCNQ solutions.! |

The concentrations of solutions and cell path lengths were
chosen so as to enable direct measurement of the optical density of the
solutions without any dilution being necessary since preliminary . l
experiments using a 4°4 x 10-2M DDQ solgtion showed only smali random
variations in the optical density after shaking with’pigmént due to
inaccuracy of dilution compared with the small uptake of DDQ on the
pigment,

Samples for ultra-violet reflectance spectral measurements of
DDQ adsorption on the dry pigments weré prepared by shaking 0°8g of
pigment with 8 mls of a 4°4 x 10-2M benzene solution of DDQ for three
hours followed by separation by filtration and drying at room temperature
in evacuated drying pistols. The samples were pressed into a circular
recess in an aluminium plate and the ultra-violet reflectance spectra

were recorded using magnesium oxide as a reference on a Beckman

DK2A reflectance spectrophotometer,

2,5(b) Results.

Shaking the benzene solution of DDQ alone for the period that
the adsorption was followed did not result in any appreciable change
in the concentration of DDQ. From the optical density measurements
the number of moles of electron acceptor adsorbed onto one gram of
pigment could be calculated. The uptake of the electron acceptors
on several pigments are plotted in figs. 19 and 20, The. adsorption
of electron acceptors on a Bayer zinc oxide pigment was determined as

a comparison, and the zinc oxide was found to be a much stronger
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adsorber of electron acceptors than titanium dioxide.
The ultra-violet and visible reflectance spectra of adsorbed DDQ
4 -
are shown in fig. 21, The visible absorption spectrum of K DDQ in

acetonitrile solution is shown in fig. 22,

2,5(c) Discussion,

Zinc oxide adsorbed more DDQ th;n the titanium dioxide pigments.
The adsorption will be influenced by the concentrations of the acceptor
solutions although when using more concentrated solutions the amount of
acceptor adsorbed was undetectable, It is obvious from the adsorption
measurements that far more DDQ is adsorbed in a diamagnetic state than is
adsorbed with electron transfer to form the radical anion.

. The reflectance spectra show the onset of the absorption of rutile
and anatase at about 410nm and 390nm respectively. | The absorption wave-
lengths co-incide with the band gap energy of n type titanium dioxide,

approximately 3°0ev and the absorption is due to transition of electrons
f}om the valence band to the conduction band. Since the valence band
consists of the filled 2p orbitals of 02- ions ang the empty conduction
band c§nsists of the 3d orbitals of Ti4+ ions the transition can be

represented by ) 3
- ’ -
i 0% B %o

Two broad bands are observed in the reflectance spectra, one,centred
around 500nm and the other around 750nm. DDQ molecules in benzene |
solution have an absorption band centred on 407nm, | The ultra-violet
absorption spectrum of K+DDQ- in acetonitrile (fig, 22) agrees well with
that reported for Na+DDQ- by Iida87, which was attributed to the radical
anion monomer, The reflectance spectrum for solid K+DDQ- 87 shows bands

at 752nm, 488nm, and 400nm, the low energy transition was attributed to a
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Ultra-Violet and Visible Reflectance Spectra of DDQ-on Pigments.

Fig. 21.
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Al i

TV>T\ transition of the monomer radical anion perturbed by the field of
the other radicals close by in the solid for the reflectance spectra of
DDQ on pigments bands below 400nm are not observed due to the absorption
by the pigment, The bands at 500nm and 750nm are more intense on zinc
oxide than on titanium dioxide. Molecules adsorbed on the pigmént
surface can be expected to be perturﬁed from the solution environment,
The long wavelength band observed may be due to the adsorfed anion

radical and the band around 500nm due partly to adsorbed molecular DDQ

and the anion radicals.

2,6 Electron Donation to Paraquat and Diquat.

2.6(a) Experimental.

Adsorption of paraquat dichloride and diquat dibromide from
methanol solutions for e,s.r. measurements was effected using the apparatus
in fig., 7, except that the 4mm O,D, tube was drawn down to produce the

following shaped tube, ' . i

i

To vacuum

Pigment
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The methanol solutions were degassed by freeze thaw cycles and
poured over onto the pigment which was not activated by heating. The

tube was sealed off and immediately stored in the dark.,

2,6(b) Results,

Adsorption of camcentrated methanolic paraquat solutions (0°39M)
on pigment A resulteq in a blue colouration being observed forming at
the pigment-solution interface. The tubes were stored in the dark
since irradiation of degassed paraquat solutions leads to the formation
of the radical cationss. On storing the tube overnight an intense
blue colouration was observed in the solution part of the systenm.
Measurement of the e.s.r. spectrum at room temperature was done by
positioning the narrow part of the tube in the spectrometer cavity,
this being necessary due to the high dielectric loss from methanol.
Degassing of the paraquat solution in‘the absence qf pigment and storage
overnight in the dark did not lead to any blue colouration being formed,

Adsorption of diquat dibromide on pigment A in the same manner
fesulted in a dark green colouration developing in the solution overnight.
The e.s.r. spectra observed for paraquat and diquat solutions over pigment
A are illustrated in figs. 23 and 24.

The measurement of the ultra-violet absorption spectrum of the radicals
in solution was attempted by using an apparafus consisting of a lem cell
containing a pigment sample with an attached side arm and facilities for
attachment to a vacuum line for degagsing. The blue colouration‘from
paraquat was only produced when using ‘high concentrations of paraquat,

i.e. 0°39M, when using 156 x 10-2 and 7°+8 x 10-2M solutions no colouratién
was produced and the intensity of colouration produced when using the 0°39M

solution was too intense for ultra—violet,spectrum measurement,
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Fig., 23, E.S.R. Spectrum of Paraquat on Pigment A,

Fig, 24, E,S.R. Spectrum of Diquat on Pigment A,

5 Gauss
]
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2.6(c) Discussion,

Th? reduction potentials of paraguat and diquat are -0°446V and

89,90

~0°349V versus the normal hydrogeﬁ electrode with a convention of

more positive values of reduction poteﬁtials indicating molecules which
are easier to reduce, These figures convert to +0°68V and +0°589 versus
the saturated calomel electrode using the convéntion of more negative
values of reduction potentials indicating molecules which are easier to
reduce, These figures suggest that paraquat and diquat are less power=-
ful acceptors than those previously used, |

Thg blue colouration of.the radical monocation of paraquat is

formed by'the one electron reduction of paraquat dichloride.
13 .

i

Me—+ - 4 \NL—MeL\Me——N_ N
-2~

’

and likewise the green colouration of the diquat monocation is formed by

.the one electron reduction of diquat‘dibromide

v

The reductions are effected by:reducing agents such as zinc dust

and sodium dithionite’ ’9%, '
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From the colouration of the methanol solutions of paraquat and
diquat above pigment A it is apparent that the monocations have been
formed by reduction and unlike the adsorption of the other electron acceptors
the radicals prodﬁced are in solution and not trapped on the pigment
. surface, The participation of titanium dioxide in the electron transfer
is established by the lack of reaction in the absence of pigment. Since
the monocations are desorbed into solugion, to meintain electroneutrality
of the solution negative ions must be adsorbed onto the pigment or other
cationic species desorbed from the pigment.

The radical monocations are readily oxidized back to the dications
by oxygen and the presence of small quantities of oxygen in the systems may .
be responsible for lack of formation of the radicals when using dilute
solutions of paraquat,

The e.s.r. spectra observed are symmetrical as expected for radicals
in solution but no hyperfine coupling was observed for the paraquat free
radical catien and the diquat radical cationve.s.r. spectrum Was only
partially resolved, Resolved spectra have'been observed for tﬁe
photo-produced radicals in solution88 but the concentration of radicals -

is important for the observation of hyperfine lines,



CHAPTER 3

PHOTO~REDUCTION OF TITANIUM DIOXIDE AND

PHOTO-PRODUCTION OF OXYGEN RADICALS ON TITANIUM DIOXIDE.
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3.1 Introduction,

Titanium dioxide can be thermally reduced by heating under vacuum
or heating with reducing agents such as carbon monoxide, hydrogen, and
ethylene, The reduction results in a broad agymmetric e.s.r. absorption

58,93,94 and the titanium dioxide takes on a blue

being observed at 77K
or grey appearance, Loss of an oxygenh atom from titanium dioxide frees
two electrons to remain in the crystal. There are two possibilities

for these electrons; they can either reduce.'l‘i4+ ions to T13+ ions or

the electrons can remain in the vacancies left by the departing oxygen

atom,
2~
ari? 4+ o > o, + 30, + 2ridt :
o .
or 0" —> 0 + 30, + 2e
. v 2
where O = anion vacancy.
v
Both cases would give rise to e.s.r. absorption but most workers

conclude that the asymmetric absorption at g = 1°96 is due to Ti3+ ions,

A study94 of the tﬁermal reduction of anatase and rutile byA
various methods led to the proposal for the existence of two kinds of
paramagnetic centres in reduced titanium dioxide. These were Ti3+
ions in lattice or interstitual sites giving e.s.r. absorptions at
gL::l'99, g',==1°96 in anatase»and g = 1+966, g”=:1°96 in rutile,
and the other being a Ti3+ ion ‘associated with one or two oxygén ,
vacancies giving an e.s.r. absorption at g = 1966, %l:: 1-946‘in
both rutile and anatase. .

‘Rutile and anatase were found to be reduced by ultra-violet

light in the presence of isobutane and it was noted that evacuated

anatase but not rutile was reduced by the action of ultra-violet
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'
i

light alone, Earlier workgs-7 indicated that titanium dioxide could

be reduced, as detected by its blue colouration, by irradiation in

" the presence of mandelic acid, giycerol, formaldehyde, tartaric acid
and alcohol. A study98 of the photo-oxidation of binders by titanium

dioxide revealed that irradiation of titanium dioxide with adsorbed

alkyd resins resulted in reduction to T13+. It was also observed

that titanium dioxide modified with silicon dioxide formeéd a lower
éoncentration of T13+ ions after a standard reduction treatment of

evacuation at 450°C for six hours.,
Oxidation of reduced titanium dioxide with oxygen results in the

formation of the superoxide anion 02— Edsorbed on the surface and the

3+ 99,100

Ti e.s,r. absorption disappears

i3t 4 0, —= it 4 o;"

The formation of Oé‘ is confirmed by its e.s.r., spectrum,

E.s.r. studies of the adsorption of O16 and 017 enriched oxygen
on thermally reduced titanium dioxide100 led to the observation of

2

oxygen nuclei indicates that the ion is adsorbed with the oxygen - oxygen

hyperfine lines from the O anion and the equivalence of the two

axis parallel to the adsorption site. :
101 3+ . . .

A study of the number of Ti centres in a reduced titanium
dioxide sample compared to the number of paramagnetic centres formed
after oxidation showed that the number of paramagnetic oxygen species
was only 7% of the number of Ti3+ ions suggesting that the bulk of the
reoxidation results in the formation ¢of diamagnetic 02- ions,

- 1 N
O2 ions, detectable by e.s.r. spectroscopy, are prodyced by

irradiation of titanium dioxide;in the presence of oxygen and can be

reacted with alkanesloz—s. The wavelengths found active in.the
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formation of Oé- were 200nm to 600nm. Only the 200-350nm range is
of band gap energy or greater and can produce electrons and holes by
excitation of electrons from the valenée band to the conduction band.
Trapping 6f a photo-electron by oxygen(would lead to an 0;- iqn being

3

formed. The promotion of electrons from donor levels in the band gap
b

‘was used to explain the formation of 0;_ ions with light of longer wave-

length,

'Oz- ions produced on thermally reduced titanium dioxide have been

reacted with ethylene, carbon monoxide, and sulphur dioxide104.

The formation of the paramagnetic species O on titanium dioxide
was inferred64 but there seems to be no definite evidence for its
93,100

formation

A great deal of confusion arose from the use of titanium dioxide

samples prepared by precipitation using aqueous ammonia. It was

105-7

shown that the trace of ammonia trapped by titanium dioxide, after

heating in oxygen, yields paramagnetic species containing nitrogen and
oxygen, The e.s.r. absorptions from these radicals had previously

. + 0
been assigned to surface O ions 108 or a TiO3+ species with analysis

2
of Ti47 and Ti49 hyperfine interactionslog.
The intention of the following study was to examine the pﬁoto-
~reduction of pigments by a number of agents and to detect the formation
of 0;- anions on the pigments. | |

t

3.2(a) Experimental,

Samples of pigments were placed in e.s.r, tubes and degassed
solvents were placed over them using the apparatus in fig. 7, and then

sealed off as before. A 2KW Xenon lamp with a blue filter allowing
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only light of wavélengths 300-400nm through was used, the light being
focussed on the pigment sample tﬁbe which was supported in a beaker of
water to ensure_that there was no heating effect, The sample tubes
were rotated at intervals to give a more even irradiation of the
available surface, Irradiation‘was af room temperature and normally
for a period of seven hours, The e.s.r. spectra of the pigments:
were recofded at 77K after the irradiations.,

Fof irradiations with oxygen thé apparatus in fig. 3 was used

. '

to place an oxygen atmosphere above the pigment and after the‘irradiation

period the oxygen was evacuated at room temperature for a few minutes to

-4
a pressure of approximately 10 torr.

3.2(b) Results.
Irradiation of evacuated samples of pigments A and E did not
effect any change in their e.s.r. spectra at 77K. An evacuated
sample of pigment I showed blue colouration on the surfaces exposed to
ultra-violet light after irradiation. ; Its e.s.r. spectrum at 77K
is shown in fig. 25. A broad asymmet;ic_absorption with g, = 1999, and
gll = 1°967 is superimpbsed on the background impurity spectrum.
Irradiation of pigment A in degassed methanol, ethanol, n
butanol, isopropanol and benzyl alcohol produced a blue colouration
in the pigment and the e.s.r. spectrum at 77K in fig. 26 which consists
of an asfmmetric absorption with g = 1973, g" = 1'945.
For comparative purposes the spectrum of the 02- ions was
produced on a reduced laboratory samplé of titanium dioxide prepared
by hydrolysis of tetra-n-butyltitanate and reduéed by evacuation ;é
200°C for one hour, Upon opening the sample tube to air and‘élunging

i
.



Fig. 25. E.s.r. Spectrum of Irradiated Pigment I at 77K.
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Fig. 27.- E.s.r. Spectrum of On_ on Laboratory Titanium Dioxide at 77K,
(1
|

+

\
‘»
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?

Fig. 28, E,s.,r. Spectrum of 02- at 77K after Warming to Room ‘Temperature,
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Fig. 29,. E.s.r. Spectrum at 77K of Pigment I Irradiated with .Oxygen,

I

i
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g, = 2°023 — _

g, = 240071

Fig. 30. E.s.r. Spectrum at 77K of_glgment E Irradiated with Oxygen.
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/g‘2 = 2-0063

cosm— ga = 20009
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it into liquid nitrogen the e,s.r. spe%trum in fig. 27 was recorded.
After warming to room temperaturé and recooling to 77K the spectrum
fin fig. 28 was recorded. } .
Irradiation of pigment I with oxygen and removal of the oxygen
after irradiation gave an e.s.r. spectrum at 77K as shown in fig. 29,
Upon letting air into the system the spectrum returned to that shown
in fig. 5. ' Irradiation of pigment E with oxygen followed by removal
of the oxygen gave an e.s.r. spectrum gt 77K as shown in fig. 30. On

letting air into the system the spectrpm returned to that shown in fig. 6.

3.2(c) Discussion.

TQe rutile samples A and E were not reduced by ultra-violet
irradiation alone, whereas the anatase pigment I showed reduction;
this confirms the result of Che94 wherg an absorption with g = 199,
gll = 1;96 was observed, The centre of the absorption due to T13+
ions is most likely displaced by the background signals.

The g values for the Tiat e.s.r. absorﬁtion for the rutile
pigment corresponds well with that reported for the photo—reduction of
rutile with isobutane94 where g = 1+973 and g, = 1°946 compared with
values of g, = 1°9736 and g = 1°9406 observed for reduced pigment A,

‘Pigment A is photo-reduced in the presence of alcohols. Isopro-
panol is known to be photo-oxidised in the presence of irradiated titanium
‘dioxide and oxygen to acetonello. A‘proposed mechanism involves the

reaction of photo-produced Oé- by the trapping of a photo—eléctron

while the hole is trapbed by a surface hydroxyl group.

n :
TiO2 L exciton (p - e)
exciton (p - e) + OH, —> OH; + e

* -
Oz(g) + e —>= ,02 ads



A reaction scheme proposed for acetone formation is given.,

2 |
H
e Me
Ho°2+, NP——(’:—-—-OH S HO, + Me———l-—-—-o‘
H ,H
I A\
Ho, K + Me—cC—0  —> c==0+ 7
202 | / 0 H20+ 0H+g
H Me
T e
OH + M——C—0 —_ /==o + HO
l Me
H

In the presence of oxygen the titanium dioxide is maintained in
a fully oxidized state; in the absence of oxygen reduction of the oxide
could occur, This probably occurs by a process of hole injection into

the alcohol molecule,

ROH + p —> R'OH

l

products + e

it ¢ e > 1%
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The reaction of alcohols with irradiated pigments is discussed
in Chapter 5,

The spectrum for the O;- ion on laboratory titanium dioxide was
observable in the presence of oxygen due probably to the high intensity
of the e.s.r, spectrum, Usually samples have to be evacuated to prevent

exchange broadening of the spectrum by the reaction,
02 + O, —> O, + O

The g values for the 0;- radical on laboratory titanium dioxide
agree well with literature valués.100 The broad part of the spectrum
is due to T13+ ions which are oxidized to Ti4+ ions on warming the
sample to room temperature.

The e.s.r. spectra for the photo-produced oxygen radicals
observed on pigments I and E are of low intensity and can be assigned to
the 02- radical by comparison with the e.s.r. specérum of 02- on
laboratory titanium dioxide and by comparison with the literature. Part

of the 02_ spectrum of pigment I is obscured by the background impurity

speétrum but the g values g1 = 2°023 and gz = 20071 agree closely with

the values of g, = 20234, g 2°0098, and g_ = 2°0035 for photo-produced
1 2 ] 3 .

02_ on anataseloz.

The g values for 02- on pigment E g = 2+0239, g2 = 2+0063,

gé = 20009 compare well with g values, for thermally producedaoz- on

rutile g = 2:0216, g, = 2+0106, g, = 2002111, .



CHAPTER 4

FLUORESCENCE OF TITANIUM DIOXIDE PIGMENTS

AND OF ADSORBED MOLECULES,
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4.1 Introduction,

Comparatively little research hés been reported on the fluorescent
properties of titanium dioxide. Ghoshllz reported the observation of a
weak luminescence band at 850 nm for a reduced rutile crystal excited
with light of wavelength 365nm. This luminescence was found to be
strongest in the temperature range -50°C to ;100°C and was tentatively
attributed to the radiation released upon the recombination of an electronj
from the conduction band with a positive hole at a luminescence centre;
the involvement of interstitual Ti 3+ ions wés inferred. |

For tungsten AOped titanium dioxide113 a red-orange luminescence
was observed at 2°¢02ev (614nm) which did not occur in undoped samples.
The luminescence transition was proposed to be from the excited state of
an acceptor level, (lying just beneath the conduction band) to the
ground state of the acceptor level, (lying above the valence band).

The observation of a green emission (510nm) at 77K was z;eported1
for a thin film of 75nm thickness of amorphous titanium dioxide; the
luminescence was.identified with direct band gap transitions from the
excitation spectrum. -

Many other inorganic materials fluoresce such as zinc oxide,
zinc sulphide and balcium sulphidells’lls. Zinc oxide shows a lumines-
cence at approximately 500nm and also 'in the near.ultra-violet region at
372nm116. The luminescence is supposed to arise from recombination of
electrons and holes. At room temperature oxygen suppresses the .
1uminescenc¢, presumably by trapping conduction band electrons at the
surface. {

Ihvestigations of the fluorescénce of dyes on inorganiic substrates

117,118

have been made and emission shifts have been observed for dyes
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7

- on metal hydroxides and oxides119 and for pyrene and naphthalene on

. . ., 120 ¢
alumina and magnesium oxide .

4.2(a) Experimental.
| The fluorescence spectra were recorded on a Baird Atomic Spectro-
fluorime£er. An attachment for the iﬂstrument was constructed, consisting
of a copper disc into which the pigment sample was pressed. The disc
could be moved backwards and forwards ;n a ratchet mechanism éo that the
beam of exciting light could be focussed onto the pigment sample
maximizing the fluorescence intensity, The spectra were recorded at
room temperature, |

Pigment samples doped with organic compounds were prepared by
solvent evaporation and dried at room ;emperature overnight in
evacuated drying tubes. Benzene was fhe solvent for anthracene and

perylene, acetonitrile was used foreosin and fluorescein and methanol

for methylene blue. : i

4,2(b) Results,
The.fluorescence spectra of all pigments was recorded with
Aexcitation = 330nm, The pigments all showed a weak fluorescence which

!
was the same for all rutile pigments showing bands at 420nm and 520nm

(fig. 31).

Fig. 32 shows the fluoreScence’spectrumifor pigment I (anatase)
which shéws bands at 406nm and 520nm.: The fluorescence spectrum of
zinc oxide with A excit. = 300nm is éiven in fig. 33.

H

The fluorescence spectrum of pigment A containing 2% wW/W

anthracene shows bands at 423nm, 446nm, and 473nm, )\excitatxon 350nm
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Fig. 31. Fluorescence Spectrum of Pigments A - H.
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Fig. 33. Fluorescence Spectrum of Zinc Oxide.
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Fig. 34a. Fluorescence Spectrum of Anthracene on Pigment A.
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fig. 34a. The pigment fluorescence ig weak compared to the fluorescence
of compounds on titanium dioxide and so does not distort the observed
spectra. The excitation spectrum at 470nm for anthracene on‘pigment
A, i,e, the variation of the intensity of fluorescence at 470qm with
variation in the wavelength of excitiné light is shown in fig. 34b,
having a maximum at 418nm, Pigment I containihg 2% w/w anthracene
shows the same fluorescence bands but the maximum in the excitation
spectrum occurs at 408nm,

The fluorescence spectrum of 5 x 10_6m/g of perylene on pigment
A using A excitation = 430nm is showq in fig. 35a, having a major band
at 555nmrand other bands at 512nm and-485nm. The excitation spectrum
(at 610nm), (fié. 35b) has a maximum at 475nm,

Fig. 36a shows the fluorescence of 10_6m/g eosin on pigment A
( )excitation 450nm) centred on 556nm and the excitation spectrum
at 610nm (fig. 36b) is centred at 547nm.

10_6m/g fluorescein on pigmént'A fluoresces at 523nm and the
excitation spectrum at 630nm has a maximum at 482nm (fig. 3ia and b),

10_6m/g methylene blue fluoresces at 683nm ( ) excitation 600nm)
and the excitation spectrum maximum ié at 654nm (fig. 38 a and b); The
results-;re summarized and compared with solution fluorescence in Table 4,

The ultra-violet reflectance spectra of anthracene and perylene
on pigment A only shows slight distortion from the rutile reflectance
gspectrum due to most of the anthracene absorption occurriné in the same
range as the rutile absorption,

The ultra-violet reflectance spectra of 10—6m/g methylene blue
on pigmenth and zinc oxide are shdwn in figs. 39 a and b with the

absorption spectrum of a methanolic solution of methylene blue drawn in '

for comparison.

i
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Fig. 35a. Fluorescence Spectrum of Perylene on Pigment A,

A excitation = 430nm.
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Fig, 35b, Excitation Spectrum of Perylene on Pigment A, (610nm).
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Fig. 36a. Fluorescence Spectrum of Eosin on Pigment A.

Fluorescence Intensity (Arb, Units).

Fig. 36b,
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Excitation Spectrum of Eosin on Pigment A (610 nm).
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Fig

. 37a; Fluorescence Spectrum of Fluorescein on Pigment A.

Fluorescence Intensity (Arb. Units).

]
e
3

);excitation = 450nm,

500 550 600
Wavelength (nm).

. 37b. Excitation Spectrum of Fluorescein on Pigment A. (630nm).

Fluorescence Intensity (Arb. Units).
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Fig. 38a. Fluorescence Spectrum of Mcthylene Blue on Pigment A.

- Xexcitation = 600nm.

Fluorescence Intensity (Arb. Units).

T |
650 700 750 Wavelength (nm).

3

Fig. 38b., Excitation Spectrum of Methylene Blue on Pigment A. (700 nm).

Fluorescence Intensity (Arb, Units).

LB L4 ¥ I
550 . 600 650 700 Wavelength (nm).



82.

uugsy

uugge

wugLy

L 1) 4 4

auazZuaq uy

wugy muggg wugcg suaTA1ag
wuGyy
‘ i ONE ut
uurg- wug Ly uup T~ mug8{ uu9ed uugg augpH g wug uuggs ursdsaaontyg
wupzg s
o us
wup + wuges uute uuLysg uuggg wmuge wuggg autT+ wug9ss : ursog
’ uugyg
(4
wugT- wuge9 aurt- nup g9 uuc99 uug- auf, L9 wuQ wugg89 O H ut entd
wuggg suaT4ylen
(osejeue)
wuugy wugody :
augy wugTy (oTT3INI) wus89g augg uuggy wugg+ auggy HO3d ut suadrIyjUYy
) ‘wugody .
wupg wug Ty
Quz uo ouZz uo Noﬂa uo Noﬂa uo *108 Quz uo Quz uo Noﬁh NOwH uo cJgonyy punodmo)
33TYs *3TOXd 3JTys *3TOX8 *3TO0X%°9 IFTYS ‘aonig uo caontz ‘108
*3TOXd KNEK *3TOXd xms< xaEK meK auﬂamK K&EK x«a«
xeu K xeu / .

‘v JI19dVL




83..

Fig. 39a. Ultra-Violet Reflectance Spectrum of Methylene Blue on

Pigment A,
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Fig. 39b., Ultra-Violet Reflectance Spectrum of Methylene Blue on Zinc
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4.3 Sensitized Photo-oxidation of Q-methylanthracene by Methylene

Blue on Titanium Dioxide.

9-Methylanthracene undergoes photo-oxidation sensitized by dyes

in solution in the presence of oxygen121.- This occurs via the sensi-

tized formation of singlet oxygen., | . ' ;

hay Dye

Dye T2

So

’ 1
DyeTl + OZT;-*, Dye + Ago2

So

The sensitizing ability of methylene blue on pigment'A was

followed by the photo-oxidation of 9-methylanthracene

4,3(a) Experimental,

A suspension of pigment A containing 1% w/w methylene blue was
prepared in 20ml of a 1°75 x 10—4M solution of 9-methylanthracene in
sodium dried benzene by use of a Dawe;Instruments'ultra sonic;probe
for a period of five minutes. ‘Methyiene blue is insoluble in dry benzene.

The suspension was placed in the apparatus in fig. 40. The
sodium dichromate solution filters out ultra-violet light which would
cause photo-dimerizetion of Q—hethylanthracene. Oxygen flows through
the suspension from the bottom of the apparatus which aids the mainten-

ance of a stable suspension, The suspension was irradiated by a bank



.

1
i

i

of daylight tubes surrounding thé appagatus. Changes in the

concentration of 9-methylanthracene were followed by ultra-violet

7

pigment centrifuged down and the optical density of the solution being

measured at 370nm,

Fig. 40,

| o=
rr—

N A

‘ ”ETV;'QZfSuapension
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L

£

"
T N

Sinter

AN

t Oxygen '

4,3(b) Results.

Aqueous Sodium

" Dichromate Filter

The optical density of the 9-me£hy1anthracene solution was

- found to decrease when irradiated in the presence of methylene blue

containing pigment suspension. ' The decrease in optical density of

9-methylanthracene with irradiation time for 20mls of suspension

L

containing 0'013,-0~023, and 0°04g of 1% w/w methylene blue on pigment

85.

fabsorption spectroscopy; small samples of suspension being taken, the
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A are plotted in fig. 41. The slope of the lines are for 0°0lg,
6°0 x 10'9moles/s, for 0°02g 5°9 x 1072 moles/s, and for 0+04g,

60 x 102 moles/s.

4.4 Discussion.

The parts of the fluorescence spectra wheré the fluorescence
intensgity goes off scale is due to reflected light. This occurs when
the excit;tion wavelength and the deteétiod monochromator setting are
of comparable wavelength and the photomultiplier tube receives light
reflected from the titanium dioxide. ‘This problem occurs with both
measuremeﬁt of fluorescence and éxcitaﬁién spectra. To partly overcome
this problem of separating reflected light from the emission,
increasingly shorter wavelengths of excitation light can be used so
that the observation of reflectéd light is complete before the wavelengths
at which fluorescence occurs are reached, Likewise for recording
excitation spectra the longest wavelength part of tLe fluorgscence
spectrum is used so that the effective excitation wavelengths have been
passed before reflection occurs,

Attempts at recording the excitation spectra of the pigments alone
were unsuccessful, with only reflected.light being observed.

The difference in the wavélength of the higher energy fluorescence
band for anatase and rutile pigments, 406nm and 420nm, may be due to the
difference in their absorption spectra. If fluorescence occurs at
wavelengths within the pigment absorption band then this light would
be reabsorbed by the pigment and therefore not obsérved. Rutile pigments
absorb to slightly longer wavelengths than anatase and the effect of this -

on the shorter wavelength fluorescence band would be to distort the band
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so that it was centred at a longer wavelength, The fluorescence
occurs with excitation wavelengths of band gap energy and therefore
seems to be concerned with band gap transitions.

Only three of the four fluorescence peaks of anthracene appear; -
the one of shortest wavelength (378nm in ethanol solution) is absorbed
by the piément. The second peak, 400nm in ethanol122 has undergone
a shift to 423nm. The most interesting feature concerns the excitation
spectra of anthracene fluorescence, In ethanolic solution the excitation
gpectrum maximum is at 368nm but on thé pigments thig has been shifted to
418nm and 408nm on pigments A and I respectively, i.e. away from the
absorption wavelengths of the pigments. When excitation wavelengths
of band gap energy are used the anthracene fluorescence is of~low intensity
which suggests the possibility of energy transfer from the excited
anthracene molecule to the pigment, For mo;ecules-whose excitation
wavelengths lie outside the titanium dioxide absorption band;excitation
with band gap light produces only the titanium dioxide fluorescence
spectrun. Fluorescence quenching forf A excitation = 365nm has been
reported:for dyes on zinc oxidellg. : .

Perylene in ethanol solution fluoresces at 450nm(max)'475nm,
505nm and a small.band at 555nm, ‘The, increase in the fluorescence at
555nm when on titanium dioxide may be due to the dimer'qluorescencelzs. h
The excitation spectrum maximum at 475nm may also be due to excitation
of the dimer,

Methylene blue is known to form dimers and trimers'in;éoncentrated
aqueous solutions. The monomer has Alnax = 665nm and a slight shoulder

24

at 615nm; the dimer has k max = 605nm and the trimer has /\,max = 575nm1 .

In methanol solution A max = 655nm fbr the monomer with a shoulder at



605nm, The general broadness of the reflectance spectrum of methylene
blue on titanium dioxide and the shifting of Alnax to 600nm may be
attributed to dimers and trimers on the pigment surface.

Energy transfer from triplet methylene blue on titanium dioxide
to oxygen still occurs and methylene blue oﬁ titanium dioxide could be
used as a convenient sensitizer since it allows methylene blue to be
‘used in solvents in which it is insoluble and separation of products

from methylene blue only requires filtration.:



CHAPTER 5

PHOTO-ELECTRIC PROPERTIES OF TITANIUM DIOXIDE

. CELL SYSTEMS.
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5.1 Introduction,

Photovoltaic effects have been known to occur in binary compounds
for many years since Becequerel discovered the photovoltaic properties
of silver'chloride.125 Williams126 made'a survey of binary semi-
conductors showing photovoltaic effects by irradiating single crystals
in contact with an electrolyte using a saturated calomel reference
electrode and measuring the voltage change, and the direction of the
change brought about by light, He divided the semiconductors into two
main types; those in which the photovoltaic effects bring about a
chemical reaction of the electrode material itself which would eventually
lead to the destruction of the electrode, and those which are inert,
For example the reactions found to éccdr at irradiated cadmium sulphide,

cadmium selenide, and zinc oxide electrodes have been shown to be

++
cds e Cdaq + S + 2e
L =
CdSe ——> Cdaq + Se + 2e
2700 — = 2zn*t + O, + 4de 127
aq 2

The inert electrodes such as gallium arsenide participate in an
exchange of electrons with an oxidation-reduction couple in solution,
Titanium dioxide electrodes are not decomposed by light and so belong
to the second type ofAélectrodes. Williams found that n type semiconduc-
tors gave negative photovoltaic effects, i.e. upon irradiation the potential
Achange is such that the semiconductor electrode becomes nggative with
respect  to the reference electrode; for example this occurred with Zns,
Cds, CdSe, and ZnO. Conversely p type'semiconductors such as Cul,

Cuzo and AgBr showed positive photovoltaic effects,
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Attention has only recently been turned to titanium dioxide
photo-electric effects for a number of applications. These involve

128-9
its potential use in cell systems for the conversion of solar energy,

its application in photographic processes,lso-132 and the development

of rectifying behaviour.las-135 Studies of thé photo-eleétric
properties of titanium dioxide can be broadly divided into two kinds,
those involving its photo-electric.properties when in contact with
electrolytes (usually aqueous), and those studies of phofoconductivity,
and contact potentials where the oxide is either in contact with gases
or-is in vacuum.

Fu,j:i.shimalzs—9 observed oxygen evolution upon irradiation of a
reduced titanium dioxide single crystal electrode in an aqueous cell
system at the titanium dioxide elecfrodé, and hydrogen evolution at the
platinum black counter electrode, This system was used for an electro¥
chemical determination of the photo-reduction of methylene blue on
titanium dioxide.136 An open circuit potential of one volt was
obtained for a system comprised of a reduced titanium dioxide layer
on titanium, formed by oxidation of titanium, and a SN potassium
hydroxide electrolyte}37 A cell system using a reduced titanium
dioxide crystal with an alkaline electrolyte at tge titanium dioxide
electrode and acidic electrolyte at the platinum counter electrode
was reported to give an enhanced emf.

M»er.nm:i.ng'132 recently reported an investigation of the photocatalytic
deposition of palladium on titanium dioxide layers, These layers were
formed on titanium or stannic oxide substrateé by spraying a titanium
acetylacetonate solution onto the hot substrate.r' This system in an
aqueous electrolyte also gave oxygen evolution from the titanium

dioxide electrode upon irradiation.
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These single crystals and reduced layers of titanium dioxide
designed to give ma#imum photo-effects can show little resemblance to
pigmentary titénium dioxide where the emphasis has been to produce
samples with minimal photocatalytic properties,

__étudies of the photo-electric properties of single crystals of
titanium dioxi&e in contact‘with gases have revealed that the photode-
sorption of oxygen is involved in the photoconductivity of titanium
di axide and adsorption of oxygén involved in the decay of the phéto-

- —effect after illumination has ceased.138

Contact potential measurements were made of titanium dioxide in
a binder relati?e to a platinum reference electrode in vacuum and in air,
the photo responses being related to adsorption-desorption phenomena.131
A related work on titanium dioxide single crystals aﬁd powder layers
concluded that thephoto-currents in powder layers were determined by
surface adsorption while for single crystals this was only partially

true, the slow decay times of photocurrents for single crystals being

due to slow trap emptying.lso

5.2 Photo-Voltage Measurements,

5.2(a) Experimental.

For photo-voltage determinations of pigments the épparatus in
Fig. 42 was used, Two types of cell éystems were used, which were,
(1) a double cell system where the platinum counter electrode and electrode
containing titanium dioxide were in separate compartments connected by
a glass tube salt bridge of O°+1M aqueous potassium chloride solution.
A syringe was uéed as a reservéir for the bridge. In this systenm

additions of material to the 0°1M KC1 electrolyte could be made
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Fig.r42. Apparatus for Photo—Voltage Measurement,
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separately to each half cell. (2) A cell system, which avoids the
bdisadvantages of using a salt bridge. Thg double cells were
constructed from cut down 100 ml beakers enclosed in plastic holders,
The single cell was made from a cut down 150 ml beaker enclosed in a
similar plastic holder,

Electrolytes were prepared with deionized water, the pH of the
unbuffered electrolyte being adjusted to pH7 by small additions of
potassium hy@roxide solution and hydrochloric acid, experiments
were performed at room temperature.

The potential difference between the two electrodes was
measured on a Phillips High Iﬁpedance DC Microvoltmeter and for the
scale used the voltmeter had an impedance of 10%& . The charf
recorder output from the.voltmeter was used to obtaih a plot of
potential difference wrsus time, Three light sources were used;
firstly a 500 watt and a 200 watt high pressure mercury lamp with
the light beam being focussed vertically onto the titanium dioxide
electrode were used, quartz lenses being used for the 500 watt lamp
gystem and p&rex lenses for the 200 watt lamp system tbgethef with a
filter transmitting light of wavelength 300nm - 400nm. A 2Kw xenon
lamp was used with the light beam being focussed by pyrex lenses
through the side of the cell compartment on to the titanium dioxide
electrode, For this system an aqueous saturated copper sulphate
solution in a 1500 ml pyrex beaker»circulated through copper tubing
cooled. in ice was placed in the light beam as a heat fiiter. A glass
filter transmitfing only the waveléngths 300 nm to 400 nm was also
placed in the light pathway.

The potenfial generated across a 100 n. resistor by a selenium

94,‘

photo-cell was taken as a measure of the light intensity. The selenium



photocell was positioned in the vertical light beam of‘the 500 watt
lamp and the light inténsity adjusted by a Variac controlling the
lamp prior to measurements. For the s&stem using a 200 watt lamp
the selenium cell was‘pOSitioned to receive scattered light from the
optical system for light intehsity measurements, For the xenon lamp
system the selenium cell was ﬁositioned in the light beam for intensity
measuremehts prior to photo-effect measurements.

The electrodes were made of 15mm x 30mm platinum mesh, the

counter and test electrodes being identical. The method of

preparation of an electrode using titanium dioxide poses some problems.
The method used by Gerisher139 of zinc oxide suspensions in contact
with an inert electrode can be seen to'have several disadvantages;
these include, (a) obtainiﬁg a sufficient light intensity at the
electrode since the pigment particles not in contact with the inert
electrode would absorb radiation while not contributing to a photo-
-effect, hence the imert elecfrode would haQe to be placed near to the
electrolyte surface. (b) Ensuring that no light reaches the counter
electrode in a single cell system which would create an opposing
photo-effect. (c) The maintenance of stableAsuspensions of titanium
dioxide in water over extended periods would cause major difficulties.

The method of electrode preparation chosen was to deposit a
layer of pigment particles onto the platinum support. The physical
stability of such a coating might be expeéted to be small but coatiﬁgs
prepared were found to have adequate stability. A simple technique
of "painting" an aqgeous slurry of pigment onto the platinum with a
small brush and dryimg the coating with a hot air blower was first used
and this was developed into twé standard procedures for electrode-

preparation.

95.
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Method 1.
0°2 g of pigment was dispersed in 5ml of deionized water using
an ultra-sonic bath, The platinum electrodé was immediately dipped
into the ‘suspension, removed and the coating dried with a hot air blower,.
Method 2.

2 g of pigment were dispersed in 25 ml deionized water by use of

a Dawe Instruments Ultra-Sonic Probe for one minute at power setting 5.

This dispersion was then used for electrode preparation as in Method 1.
After experimentation the electrodes were cleaned by removing
the pigment coating by using tﬁe ultra-sonic probe in water, The
electrodes were then dried and placed in molten potassium bisulphate
for several minutes. The bisulphate was removed from the platinum

in boiling hydrochloric acid and the platinum washed in deionized water,

5.2(b) Results.

Upon connecfing a titanium dioxide coated electrode into the
cell system the dark poténtial of this electrode with reference to
the platinum can be measured. It was noted fof the pigmenté
that the dark potentials were negative when measured soon after
immersion of the TiOZ/Pt electrode in the electrolyte. The dark
potentials drift quite rapidly at first towards positive potentials
and then more slowly taking abproximately two hours to give a good
straight base line for the dark potential. The dark potential
generally equilibrated at small positive values, the actual values of
the dark pofentials.being non-reproducible,

Irradiation ot'the'Tioz/Pt electrode was found to cause the

potential of the Tioz/Pt electrode to move towards negative potentials

‘with respect to the platinum counter electrode. A typical response
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is iilustrated in Fig. 43. Thevvoltage'changes rapidly at first

and then rouhds off to give a levelApotential; » The photo-voltage

is the difference between the dark potential and the 1evé1 potential -
reached upon irradiation. On switching the light source off the
potential decays back towards the dark potential vélue, sharply

at.first, then at a decreasing rate; the potential taking as much as
;hirty hinutes to fall back to the dark potential. If the light beanm

is interrnpxed-for a few seconds the potential falls back towards the
dark potential but returns to the same potential Aéhieved before when the
electrode is re-irradiated (Fig. 43 dashed 1line),

- The photo-voltages were found to increése with the time that the
TiQZ/Pt electrode has been immersed in the electrolyte. For example
V.the photo-voltage of an electrode coated with pigment E was determined

to be only 5 mv 20 minutes after immersion (measured against a drifting
daik potential base line), 20 mv two hours after immersion, and 53 mv
after being immersed oVernight. After immersion overnight the maximum
phéto-voltage was feached, immersion for longer périods did not lead to
~an increase in the photo-voltage, When the Tioz/Pt electro&e was
‘not connected into the cell system but left immersed in electrolyte
ovérnight the maximum photo-voltage was obéerved upon connecting it

' into the cell, the dark potential usually being small and positive.

- Effect of Oxygen,

. The effect on the photo-voltage of saturation of therelectrolytes
“with ox&éen was investigated by bubbling oxygen and oxygen free nitrogen
into the cell compartments of the double cell system for periods of
twenty minutes. Thus both cells were saturated With nitrogen, nitrogen

saturation at the pigment A/Pt electrode, oxygen saturation at the
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platinum counter electrode, oxygen saturétion at both electrodes,
oxygen saturation at the pigment A/Pt electrode and nitrogen at the
platinum counter electrode. Buﬁbling gases through the electrolytes
disturbs the dark potentials and therefore before each photo-voltage
measurement the flow of gas through the electroiyte was stopped but thé
gases were blown on top of the electrolytes in each.compartment. The
dark potential was allowed to steédy out to a straight base line after
each gas fréatment before the electrode was irfadigted. Within
experimental error the photo-voltages were found to be the same for
whatever combination of gases that were used. The'dark potentials to

which the system equilibrated after each gas treatment were -

- Pigment A/Pt. Pt Dark Potential (mv)
N, N, +100
N, 0, - 57
0, . 0, + 46
0, N, +180

The values of the dark potentials were non reproducible, but

- the order of dark potentials were the same.

.Variation of Photo-Voltage with Light Intensity.

; The light intensity reaching the titanium dioxide electrode was
varied b&.placing neutral density filters in the lighf beam. Tke
photo-voltage variation was measured for each relative light intensity
available starting with the lowest intensity since the level potential

value is reached more quickly when exposing the titanium dioxide

99.
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electrode to'increasing light intensity fhan Wheﬁ reducing the light
intensity and éllowing the photo-voltage to decay downwards to another
level value. The light intensit§ variatipn of photo-voltage was
measured for several pigments, the maximum light intensity not being
the same as that used in a later comparative study of photo-voltages.

‘ The increase in photo-voltage is seen to level off téwards a
maximum value (Fig. 44a). A graph of photo-voltage versus log (Light

Intensity) gives a good straight line plot as shown in (Fig. 44b).

Determination of the Photo-Voltages of Pigments,

The photo-voltages of the pigment samples were determined after

the pigment/Pt electrode had been immersed in electrolyte in the cell

- system.overnight. A second determination of the photo-voltage was

performed on an electrode which had been stored in electrolyte overnight
and then quickly placed in the cell system. . The results are illustrated
in bar diagrams. The first set of results, Fig., 45a, were determined

using the double cell system irradiated with the 500 watt mercury  lamp.

-The titanium dioxide electrodes were prepared by method 1. Gases were

not bubbled through the electrolytes which were unbuffered at pH 7.

The second set of results, Fig. 45b, were determined using a

single cell system,villuminated by the 200 watt mercury lamp, the

electrolyte being unbuffered pH 7.

" The third set of results, Fig. 45c, refer to photo-voltage
measufem?nfs of pigments immersed overnight in a pH 7 buffered 0°1 M
KC1 e}gctrolyte (B.D.H. mixed phosphate buffer) using a single cell
illuminatéd by the 200 watt mercury lamé. The equilibxium dark

potentials for the electrodes are recorded in Tables 5, 6, and 7.
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TABLE 5 Photo-Voltage and Dark Potentials (First Set).

Pigment

Dark Potential (mv) Photo-Voltage (mv)
A =~ 36 190
A + 19 180
B + 99 130
B - + 78 . 110
C + 85 162
C + 20 181
D + 30 50
D + 50 46
E + 125 50
E + 5 62
F + 45 66
F + 19 63
-G - + 35 31
G .+ 35 25
H - 27 17
B + 3 23
I + 81 82
1 + 66 76

- 104,
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Photo-Voltages and Dark Potentials (Second Set).

TABLE 6
Pigment | Dark Potential (mv) | Photo-Voltage (mv) | Weight of Pigment (mg)

A + 16 127 14
A .+ 18 115 9
B | + 135 95 ‘15
B + 35 117 11
C E + 35 145 18
C + 10 157 14
D + 46 54 14
D + 45 50 12
E + 40 62 21
E + 40 58 15

- F + 25 68 11
l‘-‘ - 55 68 10
G + 98 36 16
G + 78 45 11
H + 115 17 16
H ) + 80 10 11
1 + 170 95 4

1 + 109 128 10
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TABLE 7 Photo-Voltages and Dark Potentials (Third Set).
Pigment | Dark Potential (mv) { Photo-Voltage (mv) | Weight of Pigment (mg)

A 30 145 10
A 10 130 15
B 25 140 17
B- 25 125 13.5
C o 70 100 11
C 40 | 103 19
é 8 136 7
C . 30 111 9
D 25 .95 11
D 18 96 12
.E 20 105 11
E 20 92 18
F: 20 112 9
F 0 113 9
G 2 86 11
G- 20 85 15
H _ 25 70 9

T H 12 65 16
1 8 128 31
I E 8 117 21
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Measurements of the weight of pigﬁent on the platinum support for the
second and third sets of results are given. These were measured by
drying the electrodes after experimentation qsing a hot air blower,
weighing the electrode, and weighihg the platinum support after it had

been cleaned.

Photo-Voltage Decay Kinetics.

I: a

level photo-voltage (in mv)
and x = decrease of photo-voltage (mv) time, t, after the

irradiation has ceased, then for second order kinetics,

gx = k(a - x)2
dt -

]

®
Q
ot

@ - x) A a

Thus a plot of 1 ]‘ versus t would give straight line plots if
{o=x

second order decay kinetics are obeyed, having slope = k and intercept

= 1. Figs, 46a and b show second order plots for the photo-voltage
a

decay of the pigments. Values of k appear in Table 8.

Figs. 46a and b show a plot of photo-voltage (a - x) versus the
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logarithm of the time after irradiation of the electrode has ceased.

TABLE 8

Pi eht k v'—ls“1

. =2

A : 5¢14 x 10
-1

B 1-18 x 10
c 7°5 x 1072
D | 156 x 10t
E 1.1 x 10}
F 101 x 107}
: -1

G . 162 x 10
" 5.0 x 10}
1 78 x 1072

5.2(c) Discussion.

Electrical potential differences appear at the interface between
two electrically conducting phases in contact, an example being the
electrode potential of a metal jn an elé¢ctrolytic solution, When a
semicondugtor is in confact with an electrolyte an electrical double
layer consisting of excess ions on the surface and an outer layer of
oppositely charged ions is formed; these comprise the Helmholtz layer
and its structure is not unlike that of a capacitor.

The charged layer on the surface creates an equal and oppo;ite
space charge layer in the semiconductor. If the net excess charge on
the surface of the semiconductor is negative the electron energy levels
of the valence band and conduction band in the space charge layer will |

. 40
. be raised, and conversely the energy level for holes will be lowered.1
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The interior of the semiconductor will be relatively positively charged

withvrespect to the surface. For ﬁ type titanium dioxide this

situation will result in the formation df a spacecharge layer which is

a depletion layer, i.e, this region will be devoid of electrons and holes.
Fig. 48 shows the band structure for titanium dioxide in contact

with electrolyte with upward band bending at the surface.

Conduction Band 4__’,/’//

Fermy_level _ _ .. .- Electrolyte

Valence Band g__’,/”’/
™

Distance from <?_____.

Surface
Surface

Upon exposure of titamium dioxide to light of band gap energy
electron-hole pairs are created in the surface region since light
absorption occurs within this region. Electrons are attracted towards

- the positive interior, i.e., they can flow down the conduction.band
energy level away from the surface. Holes in the valence band are
attracted towards the negatively charged surface; the accumulation of
holes at the surface and thé movement of electrons towards the intefior
will reduce the band bending at the surface. It is this reduction in
the band bending under the action of light which gives the observed
photo-voltage.

Immersion of the pigment/Pt electrode in the electrolyfe at

first gives negative dark potentials indicating that the movement of
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electrons in the dark would be from the bigment to solution. This
process seems to reach equilibriﬁm slowly., The trénsfer of electrons
from titanium dioxide to solution in the dark would gradually make the
titanium dioxide electrode the positive terminal of the cell, The
phenomena of the photo-voltage increasing with timé of immersion of
thé pigment in the electrolyte can be éxplained by the slow buiid up of
fhe space charge and Helmholtz layers., If we view the photo-voltage
as the change in band bending upon irradiation, fhen the increase.of
photo-voltage with time indicates that the upward‘ﬁand bending is
increasing with time, this being caused by the pigﬁent and electrolyte
slowly coming to equilibrium.
This effect of increasing photo;activity of titanium dioxide

~ pigments with immersion time in liquids has been noted for the photo-
-catalytic oxidation of isopropanol by pigments.141

| The variation of photo-voltage with the logarithm of the light
intensity is predicted from theory for n type semiconductors.127 The
logarithmic response means that the photo-voltages tend towards
limiting values with increasing light intensity (Fig. 44a), this would
correspond to a change in the band bending under illumination to the
flat band condition where the valence and éondﬁction band levels are
‘ f{at_up to the surface,

- The direction of the photo-voltage, (tifanium dioxide electrode
moving towards negative potentials), indicates that the reaction giving
rise to the photo-voltage is a transfer of electrons from the electrolyte
to the gitanium dioxide. Electroﬁs promotea to the conduction band
travel the external circuit, arrive at the platinum counter electrode and

react with a solution species, In the photo-voltage experiment virtually

no current is allowed to flow and therefore no reaction will occur.
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The reaction of a water molecule with a photo-hole at the

. . R . . 129
titanium dioxide surface was proposed as a reaction mechanism

2hv
+

TiO2 — 2p + 2e~

At the titanium dioxide

2p" 4+ HO —> o, + 2H

and at‘the platinum counter electrode
- +

2e + 2H -—> H2
this results in oxygen evolution at the titanium dioxide electrode and
hydrogen evolution at the counter electrode.

Perhaps a better formulation of the reac¢ion is the reaction of

2

hydroxide ions with photo—holes.14 At titanium dioxide

200~ + 2p —> fo, + H,

at counter electrode

2H+ + 2 —> H2
The reaction at titanium dioxide above is the trapping of a hole
by a surface OH™ ion forming an OH radical which is desorbed, and a
solution OH  ion being adsorbed in its place.
. Oxygen absorption at the platinum counter electrode was observed

by Keéney137 instead of hydrogen evolution, however the electrolyte

used was 5N KOH. The cathodic reaction proposed was
2 + 0, + H,0—> 20H

An alternative but equivalent reaction scheme for oxygen evolution
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: 2
at the titanium dioxide electrode would be oxygen photo-desorption3

2T102—> Ti203 + %oz
followed'by reformation to fully oxidized titanium'dioxide by reaction
with water,

"1‘:120-3 + H0 —> 2Ti0, + 20 + 2

For all reaction schemes H+ is formed in solution at titanium
dioxide and OH at the platinum counter electrode, which indicates that
the reaction will be dependent upon the pH of the solution.

Upon irradiation of titanium dioxide the level photo-voltage
condition is reached when the rate of promotion of electrons to the.
. coﬁduction band equals the rate at which electrons and holes recombine,
Since there is essentially no current flow for the photo-voltage
measurement the photo-voltage decay will be by electron-hole'recombination_
~in the semiconductor. This can be seen to be a slow process from the
."decay curves, Memming132 has recently‘noted a long decay time for the
photo-voltage of a titanium dioxide film and this can be ascribed to the
. existence of electron traps which are able to trap out electrons and
;sléw_the reéombination of holes and electrons,

The recombination would be expected to be a second5order process
due to it depending upon the concentration of holes and electrons,
The phogo-voltage decay closely follows second order kinetics (Figs. 46).
The plots deviate from straight lines at large t vaiues but this may be
due to increasing errors in 1 ___ since as x increases (a - x)becomes |

_ (a—x)
increasingly small and subject to larger errors.
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The linear dependence of the photo-voltage (a .- x) with the
logarithm of time indicates a Elovich type decay law found for the
photo-voltage decay of titanium dioxide in a binder by Vohl,131 and
also found for the photo-oxidation of ethylene and propylene on titanium
dioxide.143 the law is indicative of chemisorptidn phenomena where the

cheﬁisorption rate decreases exponentially with the amount adsorbed.

The rate law is of the type

AN = A ln (t/te + 1)
where Z&N = increase in concentration of chemisorbed species,
t = time, t, and ‘A are constants,

If adsorbed oxygen molecules act as recombination centres for
_‘photo-holes and electrons then the photo-voltage decay rate would depend
upon the rate of chemisorption of oxygen. Oxygen being photodesorbed
during the irradiation.

- Recombinafion

- 02 ads + e —> 02

o) + p+‘——e> O2 ads

The photo~voltages of the pigments cover.a wide fange of values,
ffqm arbund 20 mv to about 200 ﬁv. The phdto-véltage determinations
‘are féund to spread slightly, this is probably due to non-reproducibility
of the electrqde preparation as indicated by the measurements of the
weighi of pigment on the platinum support.

For the first and second set of results the order of the pigments
having increasing photo-voltages is essentially the same, The pigments

giving thé most reproducible photo-voltages are those that disperse
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easily and form uniform coatings on the élatinum support; Pigments
such as C tend to flocculate quickly after ultra—sonic,treatment making
electrode preparation more difficult.

The order of the pigments as determined by photo-voltage meaéure-
ment, excluding pigment I is that of the durability of the piéménts asa
established by weathering tests, .= Thus the uncoated rutile pigments
A, B, and C are less durable pigments whereas the coated pigments E, D,
G, and H Show much smaller photo-voltages and are known to be more
durablé in paint media. The photo-voltage measurements are able to
diétinguish between the most durable pigment H and fhe slightly less
durablé pigments G, D, and E,

Pigment I (untreated anatase) is the least durable of the pigments
but this is not reflected in its photo-voltage. This may be due  to it.
having a different absorption spectrum from rutile pigments, thch causes
it to absorb less ultra-violet light and therefore it does not protéct
binders as effectively as rutile pigments. Also the possibility exists
that anatase engages in a photo-catalytic mechanism which is not
. indicated in photo-voltage measurements, |

For the third set of results performed in phosphate buffer the
range of photo-voltages has been compressed, although the pigment order
remains essentially the same, The photo-Qoltages of coated pigments
fhafe'ﬁeen increased dramatically. This‘is most likely due to the
interaction of the pigment surface with the mixed KHPO4, NaZHPO4
phosphage buffer which increases the band bending and henée increases
the measured photo-voltage.

| The photo-voltages of the pigments are related to the durability

of the pigments, probably by the different extent of the band bending
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for each pigment., A larger band bending would lead to more efficient
separation of holes and electrons giving a larger photo-catalytic
activity and fewer electrons and holes recombining with no net reaction.
The role of surface éoating can be seen as a method of decreasing the
upward band bending at the surface and hence increasing pigment
durability.

- The determination of photo-voltages provides a quick test method
for the estimation of the durability of a pigment avoiding the delay
resulting from natural weathering or accelerated weathering tests.,

Rapid test methods for durability have been developed in the past,
relying mainly on chemical reactions, These have included the reduction
of pigments b& ultra-violet light.inthe presence of mandelic acid,96
photo-bleaching of adsorbed dyes,144 reaction of silver compounds on

5-6
titanium dioxide,14 as well as measuring the drying time of dryerless

‘ 7
lacquers pigmented with titanium dioxide.14

5.3 Photo-Current Measurement,

5.3(a) Experimental,

The apparatus shown in Fig, 49 was used for the measurement of
'~ photo-currents, It consists of a single cell with a platinum counter
electrode and a pigment/Pt electrode prepared by method 2 and stored in
electrolyte overnight. The electrolytes used were pH7 unbuffered
0°1M aqueous potassium chloride and aqueous 0°1M potassium chloride
containing phosphate pH7 buffer.

. S . . 148
The circuit is basically that used by Gerisher, A Heath

polarography module EAU 19/2 containing inbuild potentiostat (P),

ammeter (A) and voltmeter (V) was used for current measurement. The
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recorder output for current of the polarography»module was used to
follow changes of current with timé.

Current measurement is made at constant potential; the
potentiostat provides current to the platinum counter electrode so that
the botential between the pigment/Pt electrode and the saturated
calomel reference electrode remains constant, this being measured by
the voltmeter. The polarography module has facilities for the
measurement of the potential between the pigment/Pt electrode and the
referencé electrode by an external voltmeter. A Phillips DC Micro-
voltmeter was used for this purpose, providing more accurate potential
measurements.' The saturated calomel electrode in the cell was of the
"dip in" type used with glass electrodes.

Current can be measured from a maximum of 10-? amps to about
10~ ambs; below this the signal to noise ratio becomes unacceptable,
The 200 Watt mercury lamp was used as the main light source, filtered to
transmit light of wavelength 300-400 nm only. Lighf_intensity was

measured by a selenium photo-cell.
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Light

Platinum
Caounter Electrode

Reference S.C.E.

. Pigment/ft .
Electrode

5.3(b) Results.

The variation of the dark current with applied potential was
determined for a number of electrolytes de-oxygenated by bubbliné nitrogen
through for twenty minutes. The presence of pigment on the electrode
.nakes no difference to the dark current, the same curves being observed
using electrodes of clean plaﬁinum (Fig. 56). If oxygen is nat removed
v from the electrolyte a non-reproducible dark current appears at cathodic

potentials (dashed line Fig., 50).
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Anodic current infers a flow of electrons from the pigment/Pt
electrode to the platinum counter electrode. Cathodic current infers
a flow of electrons from the platinum counter elecfrode to the pigment/Pt
electrode. Anodic biéssing is the application of positive potentials
to the pigment/Pt electrode and cathodic biassing is the application
of negative potentials to the pigment/Pt electrode relative to the

reference electrode.

Photo-Current Response.

Ifradiation of the pigment/Pt electrode under anodic biassing
was found to give anodic photo-currents, The photo—Curreht is the
increase in cgrrent'observed upon irradiation of the pigment. A
typical photo-current response is shoWh‘in Fig. 51. The photo-current
quickly reaches a peak value and then decays to a level photo-current,
Sﬁitching off the light returns the current to the small dark current
value almost immediately. Re~irradiation of the pigmént a few seconds
after the first irradiation results in the photo-curfent increasing
to a level phot?-current or only a small peak in the photo-current
being observed; If the pigment/Pt electrode is left in darkness for
a short period (approximately five minutes) after irradiation, the
"peak" photo-current returns upon re-irradiation of the pigment.

The peak photo-cﬁrrent is observed_for all pigments gt 0°+5v
anodic biassing, and has been observed forvﬁigments A and F at 1°0v
anodic bi;ssing in pH7 electrolyte. A steady increase to a level
photo-current is observed for pigments A and ¥ in 0°1M HC1l KC1
elegtrolyte and for pigments E and H in pH7 electrolyte.

During irradiation of the pigment no gas evolution was observed
at either electrode, Removal of oxygen from the-electrolyfe by

bubbling nitrogen through for twenty minutes did not result in any
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change in the photo-current nor did saturating the electrolyte with
oxygen change the photo-current.

Determination of Photo-Currents of Pigments.

The level photo-currents of pigments were determined at 0°5v
anodic biassing., A The same electrodes that were used for the.second
and third sets of photo-voltage measurements were used for the phote-
-current determination, The results are shown in bar diagrams in Fig. 52.
The first set of values were determined in unbuffered pH7
electrolyte and the second set of values were determined in pH7

phosphate buffered 0-1M KC1l electrolyte.

Variation of Photo—Current with Applied Biassing.

The va;iation of level photo-current with anodic biassing of
pigment A was determined using an unbuffered pH7 potassium nitrate
eiectrolyte. The biassing was varied from +1°2v to +0°1lv with
measurement of1me‘1evei pheto-current after the dark current had been
allowed to settle. Large dark currents were observed at high anodic
biassing which prevented tpe use of biassing above +1°+2v due to-the
difficulty of measuring a small photo-current against a large dark
current. Fig. 53 shows a plot of photo-current versus anodic
biaseing.

Using the xenon lamp which provides a more intense light source,
a small cathodic photo-current was observed when a pigment A electrode
in 0°IM KC1 unbuffered pH7 electrolyte at 0+5v cathodic bias was
irradiated. When operatiﬁg at cathodic bias oxygen has to be
removed from the electrolyte so that dark .currents are small endugh
to enable a small photo-current to be measured. A peak response was

noted for the cathodic photo-current, decaying to a small level



- 126.

Fig. 52. Level Photo-Current Measurements,
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photo-current of appfoximately 1x 10-6 amps. The photo-currents
observed for pigment A are variable, but under 1°0Ov anodic bias the
level photo-current can be of the order of 80 to 100 x 10-6 amps and
approximately 30 x 10_6 amps at 0+5v anodic bias using the xenon lamp
light Source, so that the observed cathodic photo-current is relatively

very small,

5.3(c) Discussion.

Anodic biassing favours the flow of electrons from the.pigment/Pt
electrode to theplatinum counter electrode. This occurs since the anodic
reaction, electron injection into titanium dioxide would become more
'ravourable as the pigment/Pt is made more positive. Conversely cathodic
biassing of the pigment/Pt electrode disfavours the anodic reaction and
favours a cathodic reaction, i.e. electron flow from.the platinum
counter eleétron to the pigment/Pt electrode,

The two situations can be viewed in terms of changes of the
band bending in titanium dioxide, Under anodic biasﬁing the upward
band bending is increased,‘resulting in more efficient separatioﬁ of
photo-holes and electrons and an increased anodic reaction. Cathodic
biassing decreasés the upward band bending, thus reducing the energy
barrier'fér electron flow to the titanium dioxide surface.

The biassing that can be applied is limited by the dark
current-voltage for the variqus electrolytes. Systems using single
crystal electrodes do not suffer from this problem since dark currenfs

do not occur at high anodic biassing,129’133

but a cathodic dark current
occurs at cathodic bias due to electrolysis of water, The anodic dark
currents of the pigment/Pt-platinum system corresponds to the oxidation

of I-, Br and Cl  for KI, KBr, and KCl1l electrolytes, e.g. 21 —> 12- + 2e.
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The anodic dark current for KNO3 electrolyte and the cathodic dark
current fdr all the electrolytes corresponds to electrolysis of water,
The variation of anodic photo-current differs from that reported for
a single crystal129 which reaches a saturation photo-current at lower
* potential biassing.

The level photo-currents obtained for pigments are of the order
of a factor of 103 times smaller than that obtained for reduced single
crystal.129 A calculation from the photo-current flowing indicates that
the extent of reaction occurring is very small and that gas evolution
would be undetecfable. Reduction treatment of single crystals gives
them a much lower resistance whereas the resistance of pigments is high.
The main cellnresistance would be due to the pigment resistance and the
platinum pigment interface resistance, If the pigment particles which
are irradiated are not in direct contact with the»plétinum support then
electrons will have to be fransferred from OQe particle to another
overcoming the space charge barrier at the particle surfaces and this
wili add to tﬁe resistance of the pigment layer.

Single crystals used in electrochemical studies only have a small
surface area of the order of a few square centimetres and current
densities can therefore be calculated. For a layer of pigment on
platinum élthough the weight of pigment can be meésured the surface
area of the pigment exposed to light is not known,

The reactions proposed for the photo-cell have been discussed in
gection 5.2(c). The anodic photo-current corresponds to reaction of
holes at the surface of titanium dioxide resulting in oxygen evolution.
The'small cathodic photo-current observed for pigments under cathodic
bias could be considered the reverse of the anodic reaction, i.e.

2
hydrogen evolution at titanium dioxide13 by reaction of photo-electrons
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at the surface with hydrogen ions.

Memming132 also observed peak photo-currents for layers of
titanium dioxide on stannic oxide which were attributed to the existence
of traps in the space charge layer or at the titanium dioxide surface.
The peék photo-current would correspond to émptying of the electron
traps. When the traps are empty the photo-current observed is due to
reaction of photo-holes at the pigment surface. This provides an
explanation for the photo-current having little or no peak effect upon
immediaté re- irradiation since the electron traps have been emptied bj
the previous irradiation. The traps are refilled during a dark period
and the peak effect is observed when irradiation occurs after a period.
The electron fraps could be considered to be the same as those which
cause the slow decay of the photo-voltages.,

The rapid fall of the photo-current when the light is switched
off would be expected because holes and electrons can be rapidly
effectively recombined by the cell reaction since thé_electrodes are at
virtual short circuit so that the remaining electrons in the}conduction
band can flow to the counter electrode and the remaining holes in the
valence band are destroyed by electron injection,

The absence of an effect of ;xygen on the photo-currents may
again reflect the incomplete removal of oxygen by nitrogen bubbling
considering the small photo-currents involved, If the cathodic process
at the platinum.counter electrode is hydrogen evolution then the oxygen
concentration would have no effect on this reaction. It is likely
that aisorbed oxygen on the pigment'surface would swamp any effect of

oXygen in solution,

The level photo-current results for the pigments vary much more

than the corresponding photo-voltage measurements, although they
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roughly follow thé same order, i.é. pigments A, B, C and I giving the
largest photo-currents while pigments E, D, and G give small photo-
-currents and pigment‘H gives a very small photo-current, Phosphate
buffer increases the photo-currents for coated pigments (Fig. 52)
paralleling the trend found for the photo-voltage measurements,

The variation in the level photo-current measurements suggests that the
photo-currents may be more susceptible to variation in the electrodes

due to preparation.

5.4 Photo-Current Sensitization.

5.4(a) Experimental.

The effect of alcohols upon the' photo-current was investigated
by measuring the level photo-currents obtained after successive additions
of alcohols to a cell system containing 100 mls of 0°1M KC1l pH7
unbuffered electrolyte. After each alcohol addition the syétem was left
in darkness for thirty minutes before photo-current measurement. The
200 watt mercury lamp was used as light source for thé majority of
experiments, Titanium dioxide electrodes were stored in electrolyte

as before,

5.4(b) Reéults.

Methanol, ethanol, isopropanol, benzyl alcohol, and penta-
erythritol were found to increase the level photo-current when added to
the electrolyte. The sensitization was followed with increasing
concentration for isopropanol for a number of pigments at 1°0v anodic
biassing; a maximum photo-current being reached, (Fig. 54). The
photo-current éensifization for pigment A at 1°0Ov anodic bias by

methanol is shown in Fig. 55 and by pentaerythritol at 0.5v anodic bias
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Fig., 54. Photo-Current Sensitization by Isopropanol.
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in Fig. 56. Pentaerythritol was oniy soluble in the electrolyte to
less fhan 0+4 Moiar, and the photo-current obtained in the saturated
'solution was 162};A. Pentaerythritol sensitization was performed using
the xenon lamp as the light source.

The small cathodic photo-current observed at 0°5v Qafhodic bias
was reversed to a level anodic photo-current by addition of methanol,
although the transient photo-effect is initially in the cathodic
direction,

The.da¥krcurren£.was noted to increase slightly upon additioﬁ of
alcohols to the electrolyte, but this was only due to slight changes in
the current-voltage characteristics of the cell due to the presence of

the two platinum electrodes.

5.4(c) Discussion.

149-50 s . :

Morrison has noted sensitization of the photo-current obtained

from zinc oxide by the addition of multivalent reducing agents to the
electrolyte. This he termed "current doubling" since the photo-current
became nearly double, This phenomenon was attributed to the reaction
of the reducing agents with photo-holes.

M + p—>M

M —> 2t &+ e

Here the product M+ injects an eiectron into the semiconductor

conduction band instead of reacting with another hole.

M+ + p —> M2+

The light intensity controls cfeation of photo-holes and the
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photo-current is dependent upon the hole concentration, The.reaction
of M+ with another hole wauld nof lead to any photo-current sensitization.
If M+ injects an electrop ihto the condﬁction band this will increase
the photo~current because the reaction of one hole has led to the
injection of two electrons into the semiconductpr. If ever& hole
reacted with M and every M molecule injected an electron into the
conduction band the photo-current would exactly double, Photo-current
increase of a single crystal of titanium‘dioxide by methanol has been
notéd.136
The photo-current increases observed for pigmentary titanium
dioxide reach a constant value at sufficiently high alcohol concentration
as would be expected if the alcohol competes with water or surface
hydroxide ions for phqto;holes. | However, the photo;currents are more
than doubled for which the above scheme alone would not account,

The reaction of isopropanol as a two equiValénf reducing agent

would be

Te Me
VB | Ho—C Me —_—> AHE———-C Me
P~ |
H H

© Me

a——L—m R  Ho—¢
H f
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If alcohol molecules were capable of reacting with photo-holes that
were of insufficient energy to react with water molecules or surface
hydroxide ions, and which would therefore recombine without reaction

then photo-currents could be expected to more than double,
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Increased pigment-electrolyte "contact" by'alcohol addition may also
contriﬁute to photo-current increase. The band bending appears not to
be affected by isopropanol addition as the photo-voltage does not change.

‘The reaction of alcohols at illuminated pigment electrodes-is
closgely related to the photo-reduction of pigments with alcohols,
Electron injection occurs resulting in reduction since there is no
circuit or counter electrode for the electron flow.

The sensitization of anodic photo-current at cathodic bias is an
indication of the competitién between cathodic and anodic processes.
Both reactions are occurring but the overall direction of the current
depénds upon which reaction is occurring to the greatest extent. Alcohol
addition sensitizes the anodic reaction but not the cathodic reaction
resulting in a level anodic photo-current at cathodic bias. The
transient response atfributed to electron traps near or at the surface

would not be affected by the current sensitization,

5.5 Spectral Distribution and Light Intensity Variation of Photo-Current,

5.5(a) Experimental.

The photo-current of a pigmént A electrode (immersed in electrolyte
overnight) was measured at 1+0v anodic bias using the 200 watt mercury
lamp and varying the light intensity with neutral'density filtérs. The
electrode was irradiated with fuli light intensity until a level photo-
-current was obtained, the light intensity then being reduced and the
lower photo-currents measured. - The light intensity variation of
pigment F at 0+5v anodic bias was determined in the same way.

For the determinafion of the spectral distribution of pigment A
the xenon lamp Qas used as the light source, giving a more even light

output, and a Bausch and Lomb monochromator was used to control the light
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wavelength, Because the light intensity is much reduced by the mono-
chromator, methanol was added to the cell electrolyte to increase the
photo-current to make measurements more accurate. The electrode was at
1<0v anodic bias. A Cambridge Instruments zinc black thermopile was

used for measurement of the 1ight output,

5.5(b) Results.

The variation of level photo-currgnt for pigﬁents A and F with
light intensity is shown in Fig. 57 and a plot of photo-current versus
the square root of light intensity is shown in Fig.‘58.

For spectral distribution determination the light intensity
variation of a pigment A electrode was determined three times, and the
results graphed as photé—currenf versus J-light intensity (Fig. 59).
The uncorrected wavelength response of the photo-current was determined
by recording the level photo-current at 10 nm intervals.

The relative light intensity variation of the xenon lamp measured
by the thermopile is shown in Fig. 60. The light intensities were
calculated_by éorrecting the thermobile readings for wavelength since
a thermopile measures light energy and not intensity. The spectral
distribution of the photo-current wés corrected for light intensity
using the xenon lamp light intensity éraph and the graph of photo-current
versus light intensity. Fig. 61 shows the corrected photo-current

spectral distributidn.

5.5(c) Discussion.
The saturation photo-current for titanium dioxide is reported to

be linear with light intensity. 20’132

The response observed for
pigments even at 1°0v anodic bias is a distinct curve and the plots of

photo-current versus square-root light intensity give approximate
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Fig., 60. Xenon Lamp Light Intensity variation with Wavelength,
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Fig. 61. Photo-Current Spectral Distribution.
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straight lines., The non linear dependeﬁce of photo-current may well
be due to the electrode being under insufficiént anodic bias to give
saturation photo-currents. Biassing greater than 1°0Ov is not possible
due to the increasing dark current. Saturation photo-currents are
reached when further increases in biassing do not increase the photo-
—cufrent which indicates that the biassing applied is sufficient to
era;até'practically all photo-holes and electrons. The number of
electron-hole pairs produced would be dependent upon the number of
quanta of light absorbed.

Memmingisz found that the,k maximum for the photo-current spectral
distribution of a titanium dioxide layer on stannic oxide and titanium
moVed to longer wavelengths for layers of increasing thickness. The
maximum photo-current for pigment A occurred for a light wavelength of
about 390 nm which corresponds to light of band gap energy. This
loﬁger wavelength for')\ maxiﬁum is probably an indication of the

thickness of the pigment layer on the platinum support.

5,6 Temperature Dependence of the Photo-Electric Effects of

Titanium Dioxide.

5.6(a)"Experimenta1.

The temperature of unbuffered 0°1M KC1 eiectrolyte of a cell
- gystem containing a pigment A electrode was increased by use of a
contact thermometer and heater immersed in the electrolyte. The cell
system was encased in an expanded polystyrene jacket and sealed as
far as possible to prevent heat losses and evaporation of the electrolyte.
The xenon lamp was used as light source for the temperature dependence
study.

fhe photo-voltage was measured at thirty mihute intervals while

increasing the temperature in 10°C steps during the dark period,
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Separate pigment A electrodes were used for the photo-current measure-
ments at 1°0Ov anodic bias; the temperature being increased in the samé
manner as for the photo-voltage measurementsvand thirty minute dark
periods being observed before each photo-current measurement. The
calomel reference electrode poténtial is known to change very slightly‘
with temperature,151 therefore comparison measurements were madeAusing
fhe platinum electrode as both the reference and counter electrodes.
5.6(b) Results.

The photo-voltage variation with temperature‘for pigmént A is
shown in Fig. 62, The results of thrée experiments on pigment A
eléctrodes are presented. The light intensity was not the same for
~ each experiment. The electrodeé had been immersed in electrolyte at

room temperature prior to the experiments for (1) 7 days, (2)A2 days,
(35 3 days., The photo-voltages>were found to increase slightly at
first and then to decrease sharply with increasing temperature.

The results of several determinations of the photo-current
~variation with temperature of pigment A are shown in Fig. 63, Fig. 63a,
‘b, ¢, and d were determined using a saturated calomel reference electrode

and‘Fig; 63e was determined using the platinum.counter electrode as the
t reference electrode., The level photo-current was found td increase
_fairly linearly with temperature resulting in an approximate doubling
of thé level photo-current as the temperature is increased from 20°C

to 809C. The peak phqto-currents remain fairly‘constant up to 40°C -
50°C and then increase sharply with increasidg temperature, .The-
temperature variations are quite qualitatively reproducible. The
photo-currents obtained after allowing the electrodes to cool to 20°C

overnight were found to be larger than the photoécurrents obtained at
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Fig. 62. Temperature Dependence of Photo-Voltage.
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20°C'before'the electrolytes were heated but less than the photo-currents

obtained at 80°C.

5.6(c) Discussion.

The decrease of the photo-voltage with teméerature indicates a
reduction of the band bending. Tﬁis may be due to increased mobility
of holes and eléctrons within the pigment.

The photo-voltage decreases with.temperature but the photo-
-currents increase with temperature. This is not a contradiction since
the measurements are made under different conditions; For the photo-
current the potential, and therefore the band.bending is maintéined at
constant potential relative-to the reference electrode, For the
photo-voltage measurement the pétential of the pigmeht electrode is
allowed to change but there is no current flow,

The level photo-current undergoes a relatively small increase
over a 60°C temperature range; This is probably due to the level
photo-current being representative of a catalytic process. The current
increase may originate in the increase in the rate of adsorption-deéorp—
tion of hydroxide ions and hydroxyl radicals from the pigment surface,
increasing the efficiency of the reaction of photo-holes, Likewise the
faster diffusion of photo-holes to the sﬁrface dqe to higher temperatures
would lead to photo-current increases.

The peak photo-current, which was attribute& to charge displacement
by removal of electrons from traps near or at the titanium dioxide
surface, ingreases rapidl& for temperatures above 50°C. This may be
qualitatively attributed to the lower probability of electroné being
retrapped in the interior of the pigment and to the increased elecfron

mobility which would result in the observation of increased current flow
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The heat treatment appears to result in a permanent increase
in photo-current when the photo-current is remeasured at 20°C. An
increase in the "wetting" of the pigment surface by immersion in hot

electrolyte would be expected to lead to largef photo-currents.

5.7 Effect of Anions on the Photo-Electric Effects of Titanium Dioxide.

5.7(a) Experimental.

Preliminary investigations of the effects of iodide and bromide
ions upon the photo-electric effects were performed with pigment A
electrodes stored in 0°1M KI or 0+1M KBr pH?7 unbuffered electrolytes
overnight and the photo-currents were measured in the respective electro-
lytes using the 200 watt mercury lamp as light source., The potential
biassing had to be within the 1imits for the electrolyte set by the dark
current-voltage curves (Fig. 50).

The determination.of the variation of photo-electric properties
with concentration was performed by making small additions‘of potassium
iodide or bromide solutions to a single cell system cpntaining a pigment
A electrode and 100 mls of 0°1M KC1l pH unbuffered electrolyte. The xenon
iamp was used as the light source. The photo- voltage and photo-current
measurements (on separate electrodes) were made after a thirty minute-

dark period after the halide ion concentration had been adjusted.

5.7(b) Results.

The preliminary investigations resulted in the dbservation of a
small positive photo-voltage (of 16 mv), for pigment A in potassium
iodide electrolyte, i.e. the dark potential of the titanium dioxide
electrode moved towards posifive potentials upon irradiation.- The

photo-voltage for pigment A in potassium bromide electrolyte was smaller
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than that obtained in potassium chloride electrolyte being only 50 mv
but in the normal négaﬁive direction.

At Q°1v anodic bias pigment A in potassium iodide eiectrolyte
gave a small cathodic photo-current of approximately Q}LA and at O-1lv
cathodic bias a cathodic photo-current of 6'%/LA was observed., Pigment
A in potassium bromide electrolyte at 0+5v anodic biassing gave only a
small anodic photo-current of 3/LA.

A double cell system, with the salt bridge and cell compartments
containing 0°1M KC1l pH7 unbuffered electrolyte was used to investigate
the reaction of iodide ions in the cell system. For this system a
photo-voltage of 191 mv (-ve) was obtained for a pigment A electrode when
the iodide concentration was zero, Upon making the pigment electrode
compartment 10-3M in KI a photo;voltage of 161 mv (+ ve) was obseryed.
When the experiment was repeated with another pigment A electrode the
- photo-voltage when the iodide concentration was zero was 214 mv (- ve),
After making the cbunter electrode compartment 10-3M in KI the photo-
-voltage was 184 mv (- ve). |

The effect upon the photo-voltage 6f pigment A of progressive
increases in iodide concentration in the electrolyte is shown in Fig. 64
as a plot of photo-voltage versus log (concentration I7). The
experiment was performed twice with different pigment A electrodes and
qualitative agreement was achieved; . Iodide ion concentrations had
significant effects upon the shapes of the photo-voltage response curves.
The photo-voltage curves are illustrated in the series of diagrams of Fig.
65, .An iodide ion concentration is reached where the photd—?oltage decay
is initially towards more negative potentials and then decays slowly
towards positive potentials. At higher concentrations the initial

direction of the photo-voltage is in a positive direction but reverts to
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Fig. 65. Variation of Photo-Voltage with Potassium Iodide Concentration.
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the normal negative direction. The phbt&—voltages eventually become
positive,

The level anodic photo-currents of a pigment A electrode at 0+5v
anodic biassing were found to decrease with increasing KI or KBr
concgntration as shown in Fig. 66, The dark current at 0°+¢5v anodic
biassing was not too large to prevent photo-current measurement sinée~
the concentratioﬁ of potassium iodide used was low,

The éffect upon the cathodic photo-current of pigment A at 0°5v
cathodic bias was investigated. Oxygen was removed from the electrolyte
by ﬁitrogen bubbling. A small level cathodic photo;current of 1'§fLA
was increased to Q}LA when the concentration of I was 10-4M but increasing
the céncentration further did not increase the éathodic photo-current,

The effect of potassium iodide on the photo-current of an
unbiassed system was studied. This was effected by using thé platinum
counter electrode as both counter and refefence electrodes and by
setting the biassing to zero, so that the potenfiostat ensured that there.
was no pofential difference between the pigment A/Pt eiectrode and the
platinum electrode,

. .The small anodic photo-current which was observed decreased upon
additioﬂ of potassium iodide to the electroiyte as shown in Fig. 67_and
eventually gave a small cathodic photo-current.. Additional transient
Effecté were noted for the photo-current response as the iodide
concentration was increased. These are illustrated in Fig. 68.

5.7(c) Discussion.

Iodide and bromide ions were reported to undergo oxidation in
competition with oxygen evolution at irradiated single crystal titanium
dioxide electrode’s.l_zs-9 This mode of reaétion for iodide ions was also

noted at illuminated cadmium sulphide electrodes.152 For an irradiated
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zinc oxide electrode the oxidation of I and Br occurs in preference
. . . 152 o |
to dissolution of zinc oxide. The oxidation would be due to the

reaction of iodide ions with photo;holes.
- +
21 + 2p —> I2

This_would lead to an anodic photo-current and for halide ions reacting
in this way their addition to an electrolyte would not lead to any change
in‘the anodic-photo-currént.

The oxidation of iodide ions at irradiated cadmium selenide
electrodes was detected by the decrease in the current doubling effect
by Vanden Berghe.153 Thus when I~ was added to a cadmium selenide cell
system sensitized with é curreht doubling agent the photo-current was
fognd to decrease due to the competition for photo-holes between the
current doubling agent and iodide ions. Reaction of iodide ions with a
photo-hole would result in the injection of only one electron in the
cadmium selenide eiectrode whereas reaction of the current‘multiplying
agent with a photo-hole would lead to the injection of two electrons.
Bromide ion was shown by this method not to undergo oxidation at
irradiated cadmium selenide.

From the experiments with the double cell system it is cleaf that
the reaction of I~ only occurs at irradiated titanium dioxide and that
I~ concentrations at the counter electrode have no effect, The slight
decrease of the photo-voltage when potassium ioQide was added to the
counter electrode compartmenf is most likely due tb fhe diffusion:of a
small amount of potassium‘iodide to the pigﬁent comparthent via the
salt bridge. Even very concentrated.aqueous potassium iodide solutions

have no absorption in the region 300nm - 400nm and a control experiment
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of the irradiation of a clean platinum dectrode in potassiuﬁ iodide
electrolyte gave to photo-effécts. - The effects observed for iodide and
bromide ions on the irradiated pigment electrode do not indicate a
simple oxidation of the halide ions as noted for titgnium dioxide single
crystals.lzs-9

The decrease of the photo-voltage for pigment A is linear with the

logarithm of iodide concentration for low concentrations. (Fig. 64.)

This suggests that the behaviour may be described by the Nernst Equation

E = E - BRI log, [A -]
2F

where E and Eo are dependent upon light intensity. 'z is the number of
electrons involved in thé reaction. iItz=1, 2.303 RT , the slope of
the graph of E against 1oé10(1—) has a value of —Q-059v? The values of
the slopes of the lines in Fig. 64 are 0°072v and 0°068v giving fairly
good agreement with theory. The deviation from straight lines at higher
iodide concentrations may be attributed to iodide concentrgtions
becoming unrepresentative of the activity of the iodide ions.

The observation of positive photo-voltages implies that there
has been a reversal of the surface band bending, i;e. the energy levels
are now bending downwards as they approach the surface and irradiation
of the pigment produces electron-hole pairs which are separated by the
potential field, electrons moving towards the surface and holes towards
the interior, This would reduce the:downward'band bending and lead to
the observation of ﬁositive photo-voltages, The change in the direction
of band bending would appear to be brought about by the effect of 1
ions upon the double 1layer.

The transient effects noted in the photo-voltage response
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immediately suggests that we are observing the competition between two
effects operating in opposing direction being affected by 1
concentrations. In Fig. 65(b) the decaonf thephoto-voitage is
initially towards more negative potentials and‘very slow decay rates
occur, This gffect seems to be due to the opposing photo-voltaic
effects having differént decay rates, Likewise in Fig. 65(c) upon
irradiation the initial small positive photo-voltage could Se‘duebto the
opposing photo-voltages having different charging rates. vThe resulting
1e§e1 photo-voltages in each.case would be equal to (+ ve photo-voltage
- -ve photo-voltage).

The anodic photo-current under anodic biassing is decreased by
iodide and bromide ion concentrations;. bromide ions being léss effective
in their behaviour than iodide ions. The photo-current does not.become
cathodic due to the anodic biassing maintéining upward band bénding.

Photo-current measurement at zero biassing relative to platinum
is directly comparable to photo-voltage measurement. The photo-currents
measured in this way are very small even with the high 1ight'intensity
of the xenon lamp. The photo-current behaviour mirrors remarkably the
effects seen for the photo-voltages. Slower decay rates are observed
for the photo-current curves and tfansient increéses in thé anodic
current upon switching the light off are noted (Fig. 68c). At higher
iodide ion concentrations the peak photo-currents occur in the cathodic
direction and the level photo-current eventually becomes cathodic.

Iodide and bromide idns may be acting as electron-hole

recombination centres for the irradiated pigment

1 + pl— Isa
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Although if fhis was the only aétion of iodide ions the result
would be a continual decrease of the anodic photo-current towafds zero..
Photo-produced e.s.r. signals from zinc oxide in aqueous suspensiéns
attributed to conduction band electrons have been shown to be quenched‘
by iodide ions154 which may imﬁly its action as a recombination centre,
The effect of halide ions upon thephoto-electric properties of the
pigment/Pt electrode suggests the use of cell systems for the rapid
invgstigation of additives for pigment preparation which may improve

durability.

5.8 Effect of Amines on Pigment Photo-Currents.

5.8(a) Experimental.

Preliminary experiments héve been performed on.the effect of amine
addition to cell systems.

Aqueous amines were added to the 100 ml of 0°¢1M KC1l pH7 unbuffered
electrolyte of a single cell system containing a pigment A electrode;
the xenon lamp being used as the light source. When required after
each additibn of amine the pH was returned to pH7 by small additions
of hydrochloric acid. The cell system was allowed to stand in darkness
for thirty minutes after each amine addition before photo-current
measurement, The anodic biassing applied was limited to 0°¢5v due to

the dark current-voltage curves of the amines,

5.8(b) Results,

The level anodic photo-current of Pigment A at 0°5v anodic
biassing decreased with additions of triethanolamine when the pH was not
corrected to pH7 due to the electrolyte becoming alkaiine (Fig. 69).

Upon adjusting the pH to neutral a 1afge increase in the level photo-
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-currént was observed. Fig. 70;7 With readjustment to pH7 addition of
methylamine and dimethylamine causes increases in the level anodic
photo-current (Fig. 70).

For the cell system at 0°+5v cathodié bias addition of triethanol-
amine to the electrolyte (after oxygen removal-by nitrogen b&bbling)_with—
out any pH adjustmeﬁt'led to the following photo-current response

having a level photo-current of about'lQ,LA.

Fig. 71.

Anodic o ' ’
(R

1 Min

Cathodic

If the electrolyte is saturated with oxygen a 1eve1_anbdic 
direction photo-current of 200—250)LA is qbserved qx 075v‘cath6dic bias
égainst a large'dark currenf due to the oxygen concentration in the
electrolfte. At O<5v anodic bias tﬁe photo-current was only S0 A,
The saﬁe effcts of increase of photo-current with oxygeﬁ concentration

are observed for methylamine and dimethylamine at cathodic bias,
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When after triethanolamine addition the pH is adjusted to neutral a
small level anodic direction photo-current of 29}5A wgs observeq which
increased to QQfLA when the electrolyte was saturated with oxygén.'

If potassium hydroxide is added to the électrolyte instead of
amines a similar photo-current response to Fig. 71 is observed but this
is not increased by saturation of the electrolytg with oxygen.

- Experiments were also performed at 0°+5v cathodic bias using the
~double cell system. Triethanolamine was added to both cell'compaftments
without pH adjustment. The electrolyte in the piément compartment was

saturated with oxygen and the counter electrode electrolyte was
saturated with nitrogen. Under these conditions a level anodic
direction photb—current of approximately 25Q}LA was observed. When the
pigment compartment electrolyte was saturated with nitrogen and thg
counter electrode electrolyte saturated with oxygen é level anodic
direction photo-éurrent of only IQfLA was observed, With the normai
concentration of dissolved air in the electrolyfe the photé-current

was 4§rLA in the anodic direction, |

Addition of methanol to thé electrolyte of a single cell system
at 0+5v cathodic bias changed the small level photo-current to level.
anodic photo-current, but the initial peak photo-cufrent was still in
a catﬁodié direction. Saturation of the electrolyte with oxygen did

not increase the photo-current.

5.8(c) Discussion.
An increase of the anodic phofo-current at cathodic bias is a
consequence of the change from neutral to alkaline pH. Under anodic
biassing this pH change leads to a decrease in the anodic photo-current.
The anodic photo—cur:ent is also reduced in acidic électrolyte.
.Fromrthe.double cell experiment it appears that a reaction

involving triethanolamine, methylamine, or dimethylamine, oxygen and
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irradiated fitanium dioxide is occurring at cathodic potentials, The
anodic photo-current inérease appears to be favoured in alkaline
electrolytes which may be due to the amines being present invthe frée
form instead of as the hydrochloride. The amines do not absorb light
between the wavelengths 300nm to 400nm,

A reaction between amines and oxygen photo-catalysed by titanium
dioxide might lead to a lowering‘of the oxygen coﬁcentration in the
immediate Vicinity of the pigment electrode which would reduce the

-cathodic dark current. This effect would not be observed at anodic
biassing because the presence of oxygen in the electrolyte does not
cause dark currents at anodic biassing;

The cathodic dark current due to oxygen in the electrolyte would

be caused by oxygen reduction at the Pigment/Pt electrode.

The anodic photo-current at anodic biassing is sensitized by
triethanolamine (at constant pH) and this most Iikely occurs by the same
mechanism as for methanol and ethanol, i.e. by electrdn injection into
the conduction band from the intermediate formed by the reaction of
triethanolamiﬁe with a photo-hole. Methylamine and dimethylémine

also appear to increase the anodic photo-current but to a much lower



171,

extent, The presence of methanol and oxygen doeé not lead to large
anodic photo-currents under cathodic bias which indicates that it is
the nitrogen function of the triethanolamine molecule which is responsible

for the effect noted with oxygen.

5.9 Chalking Mechanisms.

. It has long been established that for chalking of a paint film to
. . 96,97
occur water and oxygen as well as ultra-violet light must be present,
' 96 o : 95 . .
Jacobsen quantified the earlier work of Renz into a pigment testing
method and infered the atomic oxygen as the cause of chalking arising
from photolysis of titanium dioxide.
2- hv

0L —_— 6- + 2e

oritt 4+ 2 —> 2113t

Titanium dioxide would be re-oxidized in the presence of oxygen.

Clark156 extended the idea of atomic oxygen as the reactive species,
but being prpduced_from adsorbed molecular oxygen and not from lattice
ions, The beneficial action of Zn2+ ions and surface treatments on
durability was explained by their ability to trap atomic oxygen.

H’ughes3 also suggested that irradiation of titanium dioxide would

lead to atomic oxygeﬂ.

0, + 2t -om) ——>  2mi* - oon”
surface '
exciton . ~L
L4+ - .
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These mechanisms do not account for the involvement of water
in the photo-catalytic process.
102-3

Photo-produced superoxide anions on titanium dioxide may

reaction with water to produce hydroperoxyl radicals.

O2 ads + H20—_—éH02 + OH

ads
This would lead to hydrogen peroxide production
. % 1 ° :

HO,, #,0, + %02

The hydroxyl radical was first implicated as the reactive species
by its detection over irradiated TiOz/aqueous dye systems by the hydroxy-

. . 157 158 .

lation of benzene to phenol. Volz recently reported the direct
observation of hydroxyl radicals in irradiated aqueous pigment suspensions

by e.s.r,. He proposed the following mechanism for their fommation

4+ ‘ 4

VTi + H20 —> Ti t Hzo water adsorbed

Ti¥ *H,0 v, o3t H,0"

T13‘+‘H20+ —> 1% _on + H

i3 on 2% 13 4 6w , e
¥ %2, m? |

The last reaction should lead to O;° formation and its associatéd
reactions. Voiz confirmed the ability of water to permeafe a paint
film and measured a passage of 1 ml of water‘per hour over a square
metre of film with a partial‘préssure head of 18 torr. This paséage

was a factor of 103 times greater than the passage of oxygen through

‘the film,
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The above reaction scheme may be considered analogous to electron
injection from water molecules proposed for the titanium dioxide cell
reaction, Further evidence is provided by oxygen'photo-adsorption

i 110 110 '
being enhanced by the presence of water, Stone proposed that
the action of water is to provide a source of surface OH ions which can
trap photo-holes, producing hydroxyl radicals, and allowing the photo-

-electron to react with oxygen to. form adsorbed O2 ions, ' In the cell
system the photo-electron is able to react at the counter electrode and
would not need to react with adsorbed molecules.

Irradiation of zinc oxide aqueous suspensions has long been known

159

to produce measurable quantities of hydrogen peroxide. It has been

reported that irradiation of aqueous titanium dioxide does not produce

i 160-161 . .
hydrogen peroxide, but hydrogen peroxide was detected in the
presence of reducing agents such as benzene. The formation of hydrogen

peroxide in irradiated aqueous titanium dioxide systems has been

recently reported along with evidence for the formation of singlet

162
oxygen.

The production of siﬁglet oxygen was detected in irradiated
methanolic suspension of tifanium dioxide containing furan by the
formation of the gsinglet oxygen product 2-methoxy-5-oxo-2,5-dihydrofuran.
Irradiation times of 4 - 5 days were necessary. Irfadiaﬁons of aqueous
éuspension of titanium dioxide for the same time were reported as
producing small quéntities of hydrogen peroxide.

The mechanism of singlet oxygen formation proposed involved.an_
electronic energy transfer from thepigment to oxygen via a titanium

dioxide-oxygen complex
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Tio. + 0. —Ys 710" ceeae 0

This is equivalent to oxygen acting as a recombination centre
for photo-holes and elécfrons resulting in the formation of.singlet
oxygen by the transfer of energy of recombination to the o%ygeg
molecule,

_The proposed mechanism of formation of hydrogen péroxide was via
the reaction of the titanigm dioxide-oxygen complex with water leading
to hydroperoxy radicals which form hydrogen peroxide

+o

T102 --—oé + Hzo — T102 + OH + HO2

2HO2 - H202 + O2

This provides an alternative mechanism for hydroxyl radical formation.
A steady state concentration of hydrogen peroxide is reached due

to its decombosition over irradiated titanium dioxide by the mechanism162

H,0, + it s it . oo o+ om
hyv o
H,0, —> 20H - .

If singlet oxygen formation was occurring in the titanium dioxide

cell system the reacfion would not be detected by a photo-current since

e}

it is equivalent to a quenching reaction,
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