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Abstract

Semiconductor photocatalysis with a primary focus on TiO, as a
durable photocatalyst has been applied as a method for water and air
purification. In this thesis, the basic electronic and chemical processes underlying the
quantum efficiencies of the TiO,/UV process are investigated.

Time-resolved microwave conductivity experiments provide the recombination
lifetimes and interfacial charge transfer rate constants of eight different TiO, catalysts.
Their quantum efficiencies towards the photooxidation of chlorinated hydrocarbons vary
from 0.04 to 0.44%. A direct correlation between (1) the quantum efficiencies and (2) the
recombination lifetimes and the interfacial charge transfer rate constants is observed.

The charge-carrier recombination rate in size-quantized particles (1-4 nm) is
increased due to the mixing of states that relaxes the selections rules of an indirect bandgap
semiconductor.

The effects of protonation (i.e., pH 7-12) of amphoteric ZnO surface states on
cross-sections for electron capture at the surface are studied by time-resolved radio
frequency conductivity. Electrostatic repulsion due to a negatively-charged ZnO-surface
leads to decreasing surface recombination rates with increasing pH.

Vanadium doped into TiO, affects the quantum efficiency. Depending on the
preparation method, vanadium plays three distinct roles. First, vanadium is present as
surficial >VO," and promotes charge-carrier recombination through electron-trapping
followed by hole elimination. Second, V(IV) impurities in surficial VO3 islands result in
enhanced charge-carrier recombination through hole-trapping followed by electron
elimination. Third, V(IV) is substitutional in the TiO; lattice in the form of a solid solution,
VxTi;.xO2. The V(IV) centers trap both electrons and holes and thus yield enhanced

charge-carrier recombination.
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The addition of inorganic oxidants such as HSOs", ClO3", 1047, and BrO3~
increases the quantum efficiency. BrO3™ acts by scavenging conduction-band electrons and
reducing charge-carrier recombination. When ClO3" is present, however, competitive
adsorption for the TiO, surface occurs among 4-CP, ClO3", and Oy, and the heterogeneous
photodegradation of 4-chlorophenol follows three parallel pathways. ClO3™ favors a

reaction pathway involving the thermal oxidation of the reactive intermediates.



Table of Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Acknowledgment
Abstract
List of Tables

List of Figures

Introduction and Overview

Time-Resolved Microwave Conductivity (TRMC):

TiO, Photoreactivity and Size-Quantizaton

Time-Resolved Microwave Conductivity (TRMC):
Quantum-Sized TiO, and the Effect of Adsorbates

and Light Intensity on Charge-Carrier Dynamics

Time-Resolved Radio-Frequency Conductivity (TRRFC)
Studies of Charge-Carrier Dynamics in Aqueous

Semiconductor Suspensions

Photochemical Mechanism of Size-Quantized

Vanadium-Doped TiO; Particles

Chemical Mechanism of Inorganic Oxidants in the
TiO,/UV Process: Increased Rates of Degradation

of Chlorinated Hydrocarbons

1X

Xii

B-1

C-1

E-1

F-1



Chapter 7

Conclusions

viil



List of Tables

Chapter 2

Table 1 TRMC results and photoreactivity data of commercial B-26

samples of TiO;.

Table 2 Quantum efficiencies of Q-TiO, and P25-A towards

photomineralization of chlorinated compounds. B-27

Table 3 TRMC results for Q-TiO,, Fe(IlI)-doped Q-TiO,, P25-A
(No NO3 ), and P25-A (NO3"™). B-28

Chapter 3

Table 1 Relative initial carrier concentrations and conductivity

decay half-lives C-25
Table 2 Injection level cross-over thresholds and response factors C-26
Chapter 5

Table1l Quantum efficiencies for the degradation of

4-chlorophenol. (Irradiation conditions reported in Figure 1.) E-32



Table2 Intermediates formed during the photo-degradation
of 4-chlorophenol in the presence of TiOy. (HQ = hydro-
quinone, BQ = 1,4-benzoquinone, and CC = 4-chlorocatechol.)

Table 3: Physical characterization of TiOp particles.

Table4 Vanadium speciation in doped TiO».

Table5 g-Factors and hyperfine splitting constants (G) derived
for vanadium-doped TiO; spectra (cf. Figure 6).

Table 6 g-Factors and hyperfine splitting constants (G) reported for
various paramagnetic species.

Chapter 6

Table1 Apparent quantum efficiencies (® x 10%) for the photooxidation

of 4-CP by the TiO,/UV process in the presence of several
oxidants (0.1 M NaClO3, 0.1 M KBrOs3, 18 mM KIOg4, 0.1 M
NaClO», and 1 atm O,). Conditions: I=2.1 mEin min-,

A > 340 nm, deoxygenated, [TiOz] = 1 g/L, pH unadjusted,

T =25 °C, [4-CP]g = 100 pM.

E-33

E-34

E-35

E-36

E-37

F-26



Table2 Chemical reactions and kinetic equations of the proposed
mechanism for the TiO,/UV photooxidation of 4-CP in the

presence of O, and ClO5". F-27



List of Figures

Chapter 1

Figure 1 Primary steps in the photoelectrochemical mechanism.
(1) Formation of charge-carriers by a photon. (2) Charge-carrier
recombination to liberate heat. (3) Initiation of an oxidative
pathway by a valence-band hole. (4) Initiation of a reductive
pathway by a conduction-band electron. (5) Further thermal
(e.g., hydrolysis or reaction with active oxygen species) and
photocatalytic reactions to yield mineralization products.
(6) Trapping of a conduction-band electron in a dangling

surficial bond to yield Ti(IIT). (7) Trapping of a valence-band

hole at a surficial titanol group. A-13
Chapter 2
Figure 1 Transmission electron micrograph of quantum-sized TiO,. B-29

Figure 2 Schematic diagram of the apparatus for TRMC

measurements. B-30

Figure 3 Sample holder for powdered semiconductor. B-31



Figure 4 Degradation rate of chloroform as a function of concentration.

Figure

Figure

Figure

Figure

Figure

A P25-A. ® Q-TiO,. @ Fe(Ill) doped (1%) Q-TiO,. Conditions:

pH = 2.8 (HNO3), [TiO,] = 0.5 /L, I = 110 pM min-!
(A =320 * 5 nm), air equilibrated.

Double log plot of time-resolved microwave conductivity decay
of several powdered semiconductors supported in transdecalin.

4 7nO. €CdS. m P25-A. @ AlLOs.

Degradation rate of chloroform as a function of light intensity.

Conditions: pH = 11 (NaOH), 0.5 g/L P25-A, 320 < A < 380 nm,

air equilibrated.

Effect of the incident laser pulse energy on the initial
( ® 100 ns) conductivity of P25-A prepared in HNO3 and

transdecalin.

Representative conductivity decays of Sachtleben and Degussa
TiO, powders. (a) P13, P25-B, P18, and P17, 2 ps/div.
(b) Exponential fit of conductivity decay for P13, k = 0.056 ms'l,

10 ms/div.

(a) Contour plot of quantum efficiency as a function of
recombination lifetime (cf. explanation in main text) and
interfacial electron-transfer rate constant. (b) Linear

transformation of contour plot.

B-32

B-33

B-34

B-35

B-36

B-37



X1V

Figure 10 Conductivity decays of P25-A (F), Q-TiO, (H), and

Fe(III)-doped Q-TiO, (B). Samples prepared by rotary
evaporation from HNO; (pH 1.5) and supported in
transdecalin except for P25-A-No NO3™ (J), which was
prepared without HNOj3. (a) 200 ns/div timebase.

(b) 10 ms/div timebase.

Chapter 3

Figure 1

Figure 2

Figure 3

Figure 4

EPR spectra obtained at 77 K for sol-gel preparations of size-

quantized TiO; in (1) HNOs, (2) HC], and (3) HCIO,.

Effect of HNOj3, HC1Oy4, and HCI on the conductivity decays of
Degussa P25 supported in transdecalin. (a) 200 ns/div timebase.
(b) 2 us/div timebase. (c) 200 us/div timebase. (d) 10 ms/div

timebase.

Effect of HNOj3, HC1O4, and HCI on the conductivity decays of
Q-TiO, supported in transdecalin. (a) 200 ns/div timebase.
(b) 2 ps/div timebase. (c) 200 ps/div timebase. (d) 10 ms/div

timebase.

Effect of transdecalin, isopropanol, tetranitromethane, and
methyl viologen on the conductivity decays of Degussa P25.
(a) 200 ns/div timebase. (b) 2 ps/div timebase. (c) 200 ps/div

timebase. (d) 10 ms/div timebase.

B-38

C-27

C-28

C-29

C-30



XV

Figure 5 Effect of transdecalin, isopropanol, and methyl viologen
(supported in transdecalin) on the conductivity decays of
Q-TiO; prepared in HNOj3. (a) 200 ns/div timebase.
(b) 2 us/div timebase. (c) 200 us/div timebase. (d) 10 ms/div

timebase.

Figure 6 Effect of the incident laser pulse energy (100% = 4.9 mJ/pulse)
on the conductivity decays of Degussa P25 supported in

transdecalin on the 2 us/div timebase.

Figure 7 Effect of the incident laser pulse energy on the initial
( @ 100 ns) and the residual ( m 15 us) conductivity of Degussa

P25 prepared in NaClO4 and transdecalin.

Figure 8 Effect of the incident laser pulse energy on the initial
( @ 100 ns) and the residual ( m 15 ps) conductivity of Q-TiO,

prepared in NaClO4 and transdecalin.
Figure 9 Effect of the incident laser pulse energy on the initial

( ® 100 ns) and the residual ( m 15 us) conductivity of Degussa

P25 prepared in HNOj3 and transdecalin.

Chapter 4

Figure 1 Schematic representation of time-resolved radio-frequency

conductivity (TRRFC) apparatus.

C-31

C-32

C-33

C-34

C-35

D-19



Xvi

Figure 2 a, top: Q-well calculated from eq 1 for the circuit shown in the
inset. R; =Ry =2 Q, L =240 nH, C =4.125 pF. b, bottom:
Change of Q-well due to variation of L and the resulting time

depending TRRFC signal (inset). D-20

Figure 3 Time-resolution and sensitivity of the TRRFC experiment
(1 g/L ZnO aqueous suspensions) for pH = 7.0, 9.5, and 12.0.

200 ns/div timebase. Overlay of original traces. D-21

Figure 4 Effect of pH on charge carrier recombination dynamics in
1 g/LL ZnO aqueous suspensions. (a, top) 2 (s/div timebase.
(b, middle) 200 us/div timebase. (c, bottom) 10 ms/div

timebase, normalized traces (see text). D-22

Figure 5 TRRFC signal from 1 g/l ZnO in isopropanol in comparison

to the aqueous suspension at unadjusted pH, i.e., pH = 8.5. D-23

Chapter 5

Figure 1 (a) Disappearance of 4-chlorophenol (E) and the
appearance of hydroquinone (G) and benzoquinone (A)
as a function of irradiation time in the presence of undoped
TiO» calcined at 400 °C. (b) No light. (c) No TiO.
(I =200 uM min™}, pH = 3.9, O, saturated, [TiO;] = 1.0 g/L,

A =324 % 5 nri.) E-38



Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Xvii
Transmission electron micrographs of vanadium-doped

TiO; calcined at 25 °C (a, b) and 800 °C (c). E-39

Electron diffraction patterns of vanadium-doped TiO» calcined

at 25 °C. E-42

UV/Vis reflection spectra of undoped TiO; calcined at 25 °C (E),

200 °C (G), 400 °C (A), 600 °C (U), and 800 °C (C). E-43

UV/Vis reflection spectra of vanadium-doped TiO; calcined

at 25 °C (E), 200 °C (G), 400 °C (A), 600 °C (U), and 800 °C (C). E-44

EPR spectra recorded at 77 K of vanadium-doped TiOx.

(a) g-Factor and hyperfine splitting constant assignments for
sample heat-treated at 800 °C. (b) Effect of calcination
temperature at 25 °C (E), 200 °C (G), 400 °C (A), 600 °C ),
and 800 °C (C). The signal intensities are shown as

1= (gain)'1 x 10%. E-45

EPR difference spectra due to CW irradiation of vanadium-
doped TiO; calcined at 25 °C (E), 400 °C (A), and 800 °C (Q)
(77 K, 450 W Hg lamp, 310 < A < 380 nm using 7-60-1 Kopp

bandpass filter). E-47

Time-resolved microwave conductivity of vanadium-doped



Figure 9

Xviii
TiO3 calcined at 25 °C (E), 400 °C (A), and 800 °C (C). E-48

Charge-carrier dynamics of vanadium-doped TiO5. E-49

Chapter 6

Figure 1

Figure 2

Figure 3

(a) Initial quantum efficiencies for the photooxidation of 4-CP
in deoxygenated (E) and oxygenated (G) TiO; slurries as a
function of Log[ClO37]. (b) Initial quantum efficiencies for
the photooxidation of 4-CP (A) as a function of Log[BrO3].

O3 has no apparent effect. Conditions: See Table 1. F-29

Quantum efficiency for the disappearance of 4-CP in a slurry
of NaClO3, Oy, and TiO; as a function of incident light

intensity. Conditions: See Table 1. F-30

Formation of I3™ in suspensions of 1 mM I’, 0.1 M ClO3", Oy,
and TiO; irradiated with ultraviolet light. Initial (i) and steady-
state (ss) quantum-efficiencies are shown in the legend.

Conditions: See Table 1. F-31

Figure 4 Reaction mechanism. F-32

Chapter 7



Xix

Figure 1 Kinetics of the primary steps in photoelectrochemical
mechanism. Recombination is mediated primarily by >Ti(III)
in the first 10 ns. Valence-band holes are sequestered as long-
lived STiOH " after 10 ns. >TiOH is reformed by recombin-
ation with conduction-band electrons or oxidation of the
substrate on the time-scale of 100 ns. The arrow lengths are

representative of the respective time scales.

Figure 2 Secondary reactions with activated oxygen species in the

photoelectrochemical mechanism.

G-6

G-7



A-1

Chapter 1

Introduction and Overview

[The text of this chapter appeared as a part of Hoffmann, M.R., Martin, S.T., Choi, W.,
and Bahnemann, D.W., Chemical Reviews, 1995, 95, 69.]



General Background

The civilian, commercial and defense sectors of most advanced industrialized
nations are faced with a tremendous set of environmental problems related to the
remediation of hazardous wastes, contaminated groundwaters and the control of toxic air
contaminants. For example, the slow pace of hazardous waste remediation at military
installations around the world is causing a serious delay in conversion of many of these
facilities to civilian uses. Over the last ten years problems related to hazardous waste
remediation! have emerged as a high national and international priority .

Problems with hazardous wastes at military installations are related in part to the
disposal of chemical wastes in lagoons, underground storage tanks and dump sites. As a
consequence of these disposal practices, the surrounding soil and underlying groundwater
aquifers have become contaminated with a variety of hazardous (i.e., toxic) chemicals.
Typical wastes of concern include heavy metals, aviation fuel, military-vehicle fuel,
solvents and degreasing agents and chemical byproducts from weapons manufacturing.
The projected costs for cleanup at more than 1800 military installations in the U.S. have
been put at $30 billion; the time required for cleanup has been estimated to be more than
10 years.

In the civilian sector, the elimination of toxic and hazardous chemical substances
such as the halogenated hydrocarbons from waste effluents and previously contaminated
sites has become a major concern. More than 540 million metric tons of hazardous solid
and liquid waste are generated annually by more than 14,000 installations in the U. S. A
significant fraction of these wastes are disposed on the land each year. Some of these
wastes eventually contaminate ground and surface waters.

Groundwater contamination is likely to be the primary source of human contact
with toxic chemicals emanating from more than 70% of the hazardous waste sites in the

U.S. General classes of compounds of concern include: solvents, volatile organics,
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chlorinated volatile organics, dioxins, dibenzofurans, pesticides, PCB's, chlorophenols,
asbestos, heavy metals and arsenic compounds. Some specific compounds of interest are:
4-chlorophenol, pentachlorophenol, trichloroethylene (TCE), polychloroethylene (PCE),
CCly, HCCl3, CH,Cl,, ethylenedibromide, vinyl chloride, ethylene dichloride, methyl
chloroform, p-chlorobenzene, and hexachlorocyclopentadiene. The occurrence of TCE,
PCE, CFC-113 (i.e., Freon-113) and other grease-cutting agents in soils and
groundwaters is widespread.

In order to address this signicant problem, extensive research is underway to
develop advanced analytical, biochemical and physicochemical methods for the
characterization and elimination of hazardous chemical compounds from air, soil and
water. Advanced physicochemical processes such as semiconductor photocatalysis are
intended to be both supplementary and complementary to some of the more conventional
approaches to the destruction or transformation of hazardous chemical wastes such as
high-temperature incineration, amended activated sludge digestion, anaerobic digestion

and conventional physicochemical treatment. 1

Semiconductor Photocatalysis

Over the last ten years the scientific and engineering interest in the application of
semiconductor photocatalysis has grown exponentially. In the areas of water, air and
wastewater treatment alone, the rate of publication exceeds 200 papers per year averaged
over the last ten years.6 Given the tremendous level of interest in semiconductor
photochemistry and photophysics over the last 15 years, a number of review articles have
appeared. For additional background information and reviews of the relevant literature,
we refer the reader to recent reviews provided by Ollis and El-Akabi,® Blake,” Mills et
al.,8 Kamat,9 Fox and Dulay,lo Bahnemann,11 Pichat,12 Aithal,13 Lewis,14 and

Bahnemann et al..}> Earlier overviews are available in the works of Fox,16 Ollis et al., di
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Pelizzetti and Serpone,18 Gréitzel,19 Matthews,20 Schiavello,21'22 Se:rpone,23 Serpone
and Pelizzetti,24 Anpo,25 Bahnemann et al.,26 and Henglein.27

Semiconductor photocatalysis with a primary focus on TiO, as a durable
photocatalyst has been applied to a variety of problems of environmental interest in
addition to water and air purification. It has been shown to be useful for the destruction
30-31

of microganisms such as bacteria?® and viruses,2? for the inactivation of cancer cells,

for odor control,3? for the photosplitting of water to produce hydrogen gas,3?"38 for the

39-42 43-45

fixation of nitrogen, and for the clean-up of oil spills.

Semiconductors (e.g., TiO,, ZnO, Fe,05, CdS and ZnS) can act as sensitizers for
light-induced redox processes due to their electronic structure, that is characterized by a
filled valence band and an empty conduction band.*® When a photon with an energy of
hv matches or exceeds the bandgap-energy, E,, of the semiconductor, an electron, e, is
promoted from the valence band, VB, into the conduction band, CB, leaving a hole, h;*,
behind (see Figure 1). Excited-state conduction-band electrons and valence-band holes
can recombine and dissipate the input energy as heat, get trapped in metastable surface
states, or react with electron donors and electron acceptors adsorbed on the
semiconductor surface or within the surrounding electrical double layer of the charged
particles.

In the absence of suitable electron and hole scavengers, the stored energy is
dissipated within a few nanoseconds by recombination.*” If a suitable scavenger or
surface defect state is available to trap the electron or hole, recombination is prevented
and subsequent redox reactions may occur. The valence band holes are powerful
oxidants (+1.0 to +3.5 V vs NHE depending on the semiconductor and pH), while the
conduction band electrons are good reductants (+0.5 to -1.5 V vs NHE).!° Most organic
photodegradation reactions utilize the oxidizing power of the holes either directly or
indirectly; however, to prevent a buildup of charge one must also provide a reducible

species to react with the electrons. In contrast, on bulk semiconductor electrodes only
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one species, either the hole or electron, is available for reaction due to band bending.48

However, in very small semiconductor particle suspensions both species are present on
the surface. Therefore, careful consideration of both the oxidative and the reductive paths
is required.

The application of illuminated semiconductors for the remediation of

49-56 such as

contaminants has been used successfully for a wide variety of compounds
alkanes, aliphatic alcohols, aliphatic carboxylic acids, alkenes, phenols, aromatic
carboxylic acids, dyes, PCB's, simple aromatics, halogenated alkanes and alkenes,
surfactants, and pesticides as well as for the reductive deposition of heavy metals (e.g.,
Pt**, Au**, Rh%, Cr(VI)) from aqueous solution to surfaces.!’”’? In many cases,
complete mineralization of organic compounds has been reported.

A general stoichiometry for the heterogeneously-photocatalyzed oxidation of a

generic chlorinated hydrocarbon to complete mineralization can be written as follows:

CHCL + |x+ LZlo, —2T% 5 xCO, + zH* + zCl' + [LZ2|H,0 ()
Xy YR 4 2 9

Semiconductor photocatalysis appears to be a promising technology that has a
number of applications in environmental systems such as air purification, water
disinfection, hazardous waste remediation and water purification. In addition, the basic
research that underlies the application of this technology is forging a new understanding
of the complex heterogeneous photochemistry of metal oxide systems in multiphasic

environments.
Thesis work

The basic electronic and chemical processes underlying the quantum efficiencies

of the TiO,/UV process are investigated in this thesis. In pilot-scale studies of the
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TiO,/UV process, the catalyst chosen universally has been Degussa P25. This catalyst is
inexpensive and highly active relative to other commonly available TiO, catalysts. P25
was formulated for the paint industry, and its high photoreactivity has been unwelcome in
that context due to the photooxidation and subsequent discoloration of the chemical
binding agents in the paint. In fact, efforts have been made to reduce the photoreactivity
of P25. It is thus reasonable to believe that a full understanding of the TiO, catalyst
should yield a substantial improvement in photoreactivity. To that end, the following
chapters detail what has been learned about the TiO,/UV process through this thesis
work.

The second and third chapters describe TRMC measurements of the
recombination lifetimes and interfacial charge transfer rate constants of eight TiOp
catalysts prepared by different methods. The quantum efficiencies towards the
photooxidation of chlorinated hydrocarbons vary from 0.04 to 0.44% for these TiO;
catalysts. A direct correlation between (1) the quantum efficiencies and (2) the
recombination lifetimes and the interfacial charge transfer rate constants is observed. In
addition, ultrasmall TiO; particles (1-4 nm radius) are synthesized. The charge-carrier
recombination rate in size-quantized TiO; is increased due to the mixing of states that
relaxes the selection rules of an indirect bandgap semiconductor.

In the fourth chapter, a radio frequency conductivity experiment (TRRFC) is
described that allows for the time-dependent study of the charge-carrier dynamics in
semiconductor particles suspended in opaque aqueous slurries. Previously, charge-carrier
dynamics have been studied for transparent colloidal TiO, (optical methods) or
nonaqueous pastes (TRMC). In those measurements, the system studied has not been
identical to the conditions of the TiO2/UV process (e.g., opaque aqueous dispersions). It
has thus been questionable to apply the results obtained for charge-carrier dynamics to
our understanding of TiO2/UV photoreactivity. The results reported in chapters two and

three demonstrate that, in fact, colloidal TiO; and Degussa P25 have different charge-
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carriers dynamics and TiO/UV quantum efficiencies. The TRRFC measurements thus
provide an improved experimental approach because the charge-carrier dynamics are
studied under experimental conditions that are identical to typical steady-state photolysis
TiO,/UV conditions. The fourth chapter details a TRRFC study on the effect of
protonation (i.e., changes in pH) of amphoteric ZnO surface states on charge-carrier
dynamics. The cross-sections for carrier capture at the surface are successfully
interpreted based upon an electrostatic model.

The fifth chapter addresses the photoelectrochemical mechanism by which
transition metal ions doped into TiO; affect the quantum efficiency of the TiO/UV
process. A single dopant (vanadium) is selected for a detailed investigation. Depending
on the preparation method of the vanadium-doped TiO, three distinct roles are found for
vanadium. In the first case, vanadium is present as surficial >VO," and promotes charge-
carrier recombination through electron-trapping followed by hole elimination. In the
second case, V(IV) impurities in surficial V7Os5 islands result in enhanced charge-carrier
recombination through hole-trapping followed by electron elimination. In the last case,
V(IV) is substitutional in the TiO» lattice in the form of a solid solution, V4Ti;.xO3. The
V(@1V) centers trap both electrons and holes and thus yield enhanced charge-carrier
recombination.

In the sixth chapter, the addition of inorganic oxidants such as HSOs", ClO3’,
I047, and BrOs™ is found to increase the rate of degradation in the TiO2/UV process.
However, although several authors have speculated on the mechanism for increased
quantum efficiencies, no mechanistic studies have previously been carried out. The sixth
chapter details the mechanism by which the oxidants serve as efficient electron acceptors.
BrO3™ increases photoreactivity by scavenging conduction-band electrons and reducing
charge-carrier recombination. The mechanism of ClO3", however, is different. To
account for the kinetic observations with ClO3’, it is proposed that competitive adsorption

occurs among 4-CP, ClO3", and O3, and that the heterogeneous photodegradation of 4-
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chlorophenol follows three parallel pathways. Each pathway is initiated photochemically
and then proceeds via several thermal oxidation steps before the formation of a stable
intermediate. When ClO3™ is employed as an electron acceptor, a reaction pathway
involving the thermal oxidation of the reactive intermediates is favored.

The seventh chapter discusses the implications of this thesis and suggests future

research directions.
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Figure 1: Primary steps in the photoelectrochemical mechanism. (1) Formation of
charge-carriers by a photon. (2) Charge-carrier recombination to liberate
heat. (3) Initiation of an oxidative pathway by a valence-band hole. (4)
Initiation of a reductive pathway by a conduction-band electron. (5)
Further thermal (e.g., hydrolysis or reaction with active oxygen species)
and photocatalytic reactions to yield mineralization products. (6)
Trapping of a conduction-band electron in a dangling surficial bond to
yield Ti(III). (7) Trapping of a valence-band hole at a surficial titanol

group.



Chapter 2

Time-Resolved Microwave Conductivity (TRMC):

TiO, Photoreactivity and Size-Quantization

[The text of this chapter appeared in Martin, S.T., Herrmann, H., Choi, W.,
and Hoffmann, M.R. Royal Society of Chemistry, Faraday Transactions, 1994,
90, 3515.]



Abstract

Charge-carrier recombination dynamics after laser excitation are
investigated by time-resolved microwave conductivity (TRMC)
measurements of quantum-sized ("Q-") TiO,, Fe(Ill)-doped Q-TiO7, ZnO, and
CdS, and several commerical bulk-sized TiO samples. After pulsed laser
excitation of charge-carriers, holes that escape recombination react with
sorbed transdecalin within nanoseconds while the measured conductivity
signal is due to conduction-band electrons remaining in the semiconductor
lattice. The charge-carrier recombination lifetime and the interfacial electron-
transfer rate constant that are derived from the TRMC measurements
correlate with the CW photo-oxidation quantum efficiencies obtained for
aqueous chloroform in the presence of TiO;. The quantum efficiencies are
0.4% for Q-TiOy, 1.6% for Degussa P25, and 2.0% for Fe(IIl)-doped Q-TiO>. The
lower quantum efficiencies for Q-TiO, are consistent with the relative
interfacial electron-transfer rates observed by TRMC for Q-TiO; and Degussa
P25. The increased quantum efficiencies of Fe(IlI)-doped Q-TiO, and the
observed TRMC decays are consistent with a mechanism involving fast
trapping of valence-band holes as Fe(IV) and inhibition of charge-carrier

recombination.
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Introduction

When the crystallite dimension of a semiconductor particle falls below
a critical radius of approximately 10 nm, the charge-carriers appear to behave
quantum-mechanically as a simple particle in a box.!"® As a result of this
confinement, the bandgap increases and the band edges shift to yield larger
redox potentials. The solvent reorganization free energy for charge transfer to
a substrate, however, remains unchanged. The increased driving force and
the unchanged solvent reorganization free energy in size-quantized systems
are expected to increase the rate constant of charge transfer in the normal
Marcus region.””” Thus, the use of size-quantized semiconductor TiO,
particles may result in increased photoefficiencies for systems in which the
rate-limiting step is charge transfer.!%!! One such system is the oxidation of
many common organic pollutants in the presence of TiO; irradiated with
bandgap illumination.!?1>

The use of size-quantized semiconductors to increase photoefficiencies
is supported by several studies.!%161° However, in other work, size-quantized
semiconductors have been found to be less photoactive than their bulk-phase
counterparts.!1-20 In the latter cases, surface speciation and surface defect
density appear to control photoreactivity.?1?> The positive effects of
increased overpotentials (i.e., difference between Ey p. and Ereqox) On quantum
yields can be offset by unfavorable surface speciation and surface defects due
to the preparation method of size-quantized semiconductor particles.

In the present study, the photodegradation of several chlorinated
compounds in the presence of Q-TiO, are used as control reactions to study
the size-quantization effect on photoreactivity. The stoichiometry of the

reactions is as follows:
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CH,CL, + (x+y—;—z)02 T xCOp + 2H' +2CT'+ (y;Z)HZO (1)
> 2

The photodegradations of chloroform?*, pentachlorophenol?>:2¢, and 4-
chlorophenol?”-3! with Degussa P25 (i.e., a bulk-phase TiO, consisting of 80%
anatase and 20% rutile) have been studied previously. P25 is a commerical
form of TiO, that generally has a higher photoreactivity than other available
forms of TiO,.

The variable photoefficiencies of the different forms of TiO; are related
to their fundamental charge-carrier dynamics. In order to verify this
relationship, we investigate the charge-carrier dynamics of Q-TiO, and P25 by
time-resolved microwave conductivity (TRMC) measurements.32-3% In a
typical TRMC experiment, separated charge-carriers, which are generated by a
laser pulse, lead to a perturbation of the initial microwave absorbance.33:3
The temporal decay of the conductivity signal (i.e., microwave absorbance)
reflects the lifetime of the photogenerated carriers. The technique has only
recently been expanded to semiconductor particles,34-384041 for which
conventional techniques (e.g., photoconductivity) are often not possible due
to the necessity of electrode contacts. Efforts have been made here to provide
experimental details of the TRMC technique, including the development of a

novel sample holder that is usable in conjunction with conventional lasers.
Experimental Section

Preparation. Q-TiO, was prepared by the controlled hydrolysis of titanium
(IV) tetraisopropoxide.#? 5 ml Ti(OCH(CHs),)4 (Aldrich, 97%) dissolved in 100
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ml isopropanol was added dropwise (90-120 min.) under vigorous stirring to
900 ml doubly-distilled water (2°C) adjusted to pH 1.5 with HNOs. The
transparent colloid can be stored for over one year in a cold room (4°C)
without coagulation. To obtain a powdered sample, 150 ml of the colloidal
solution was evaporated (35°C) using a Rotavapor (model R110). The
resulting film was dried with a Nj stream to yield a white powder. Iron(III)-
doped Q-TiO, was prepared by a similar procedure in the presence of
Fe(NO3)3 to give an atomic doping level of 1%. Full incorporation of Fe(III)
into the lattice has been shown by other workers.43:44

The bulk-phase semiconductors used were ZnO (Baker), a-Fe;Os3
(Hematite, Fisher), CdS (Alfa), and TiO, (Degussa P25 and Sachtleben Chemie
P7, P13, P17, P18, P21, and P24). We used two separate batches of Degussa P25,

which were obtained in 1988 (P25-A) and 1993 (P25-B).

Characterization. Particle sizes were determined by a Philips EM 430
transmission electron microscope (TEM) at 300 kV. Samples for TEM were
prepared by placing a drop onto a copper mesh substrate covered with a
carbon film, followed by removal of the excess liquid with a piece of thin filter
paper and drying 30 seconds under a tungsten lamp. A representative
transmission electron micrograph is shown in Figure 1. The sizes of the Q-
particles ranged from 2 to 4 nm with a lattice spacing of 3.6 = 0.1 A. This
spacing was in good agreement with the anatase (101) phase lattice spacing of
3.51 A4 X-ray diffraction (XRD) analysis was carried out with powdered
samples on a Scintag PAD5 model DMC-008 using 35 kV, 20 mA Cu-K,, (1.54
A) radiation. The diffraction pattern of the Q-sized TiO, was also

characteristic of anatase. The observed line broadening due to the presence of
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small crystallites was analyzed by the Scherrer equation*® and showed that the
particles were 3-4 nm in diameter.

Degussa P25 has been characterized previously.#”#® Thirty nanometer
crystallites composed of 80% anatase and 20% rutile aggregrate to form
particles with an average diameter of 1 um. For the TRMC experiments, P25
(1.44 g/L) was suspended in HNOj3 (pH 1.5) and rotary evaporated to a dry
powder. The characterization of the TiO, samples obtained from Sachtleben

Chemie is shown in Table 1.4°

Irradiation. Steady-state photolyses were carried out in a slurry reactor to
determine the initial rate constants for the degradation of chloroform (Baker),
dichloroacetic acid (Spectrum Chemical Manufacturing, Inc.), carbon
tetrachloride (Baker), pentachlorophenol (Aldrich), and 4-chlorophenol
(Aldrich). Irradiations were performed with a 1000 W Xe arc lamp (Spindler
and Hoyer). The infrared component of the incident light was removed by a
10-cm water filter. Depending upon the experiment, wavelengths were
selected with an interference filter (Oriel, A = 320 = 5 nm), a longpass filter
(Oriel, A > 320 nm), or a bandpass filter (Corning 7-60-1, 320 < A < 380 nm).
Light intensity was adjusted with neutral density filters. The chemical
actinometer Aberchrome 540 ((E)-o-(2,5-dimethyl-3-furyl)ethylidene)-3-
isopropylidenesuccinic anhydride) was used to determine the incident light
intensity, which was found to vary between 100 and 200 pM min-! with the
interference filter in place and to be 1000 uM min-! with the longpass filter.>
Aqueous suspensions (35 mL) of the chlorinated compounds and TiO; (1.0
g/L) were prepared, and the pH was adjusted by the addition of HNOj. Initial
degradation rates were determined by the total Cl release after one hour of

illumination in the case of HCCl; (63 mM), DCA (4.8 mM), and CCly (5.1 mM)
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and by HPLC (Hewlett Packard Series II 1090 Liquid Chromatograph) analysis
for PCP (60 uM) and 4-CP (100 uM). Chloride concentrations were determined

with an Orion chloride selective electrode (model no. 9617B).

TRMC Measurements. A schematic diagram of the microwave conductivity
apparatus is shown in Figure 2. A Gunn diode microwave source (100 mW,
38.3 GHz, MACOM, Inc.), a PIN diode microwave detector, a Comlinear
model CLC206AI amplifier, a TEK 2440 digitizing oscilloscope, and an HP
432A power meter were coupled into the TRMC unit. The source, detector,
and amplifier were enclosed in aluminum Faraday cages. The waveguide
system was R-band WR-28 (0.711 x 0.356 cm). A Lambda Physik excimer laser
(LPX 120) was used for a 308 nm, 50 ns pulse excitation source. Layered metal
mesh interposed between the laser and the sample was used to control
incident light intensity, which was 4.5 mJ per pulse unless otherwise stated.
In a typical experiment, between 32 and 256 conductivity decays were
averaged to improve the signal-to-noise ratio. The digitized data were
transferred to a computer for storage and data analysis. The data were
collected on four time scales (200 ns/div, 2 us/div, 200 ps/div, and 10
ms/div). The transients were reproducible within 5% error.

The sample holder, which was designed especially for this series of
experiments, is shown in Figure 3. The top plate (i.e., short) has seven slits
cut orthogonal to the propagating microwave mode so that laser light can
enter the waveguide while the microwaves are reflected back into the
waveguide. The sample was prepared as a thick paste supported in
transdecalin (Aldrich). The paste was molded into a teflon holder with an
illuminated surface area of 13.9 mm2. The teflon holder was fit into the

waveguide at a distance of 1.65 mm from the short. The holder was
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positioned by the use of an aluminum block inserted from the rear of the
waveguide upon which the holder was pressed.

The principles of the TRMC experiment have been discussed
previously.323351 Microwaves from the source pass through the sample and
impact on the PIN diode detector, which then transforms the incident
microwave power into a voltage for input to the oscilloscope. The absorbed
microwave power is directly proportional to the conductivity of the sample,
o, for low conductivity samples.??> The proportionality constant, A, is specific
to the geometry of the apparatus and the sample, and it is determined by
calibration. The change in absorbed microwave power, AP, due to a change in
conductivity, Ac, caused by carrier excitation is given by eq 2 where P is the

initial microwave power level.

AI;(’ ) - Ano() )

The microwave power is transformed into a voltage, V, by the PIN
diode detector as P = V". For perturbations below 3%, the response is linear,
as shown in eq 3.32

242

The proportionality constant, n, is typically between 1 and 2 and is found by

calibration. Substitution of eq 2 into eq 3 results in eq 4.

AV(r) = (_VA) Ao(t) 4)
n
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The temporal behavior of the voltage observed at the digitizer and the

conductivity of the sample are thus proportional.

Principles of TRMC

When free charge-carriers couple to the electric field of the
microwaves, absorption occurs.?? The strength of the interaction is expressed
in terms of mobilities. The mobilities of a free electron in He gas (1 m2/Vs),
of free carriers in Si (0.2), of a hopping electron in an organic compound (10-3
to 10-4), of ions in solution (107 to 10-8), and of dipole moments (10 to 10-12)
reflect the relative coupling efficiencies at microwave frequencies.?®> The
interpretation of TRMC measurements of polar molecules in nonpolar
solvents and of free carriers in silicon are generally understood3233:51-53;
however, the interpretation of the conductivity decays of semiconductor
particles with low carrier mobilities (<104 m2/Vs) has not been addressed
previously. In high-mobility semiconductors such as GaAs (8900 m?2/Vs), Si
(1950), ZnO (380), or CdS (390), the microwave absorption can be attributed to
free carriers.®?°* Furthermore, for these semiconductors with the exception
of ZnO, the electron mobility is several times larger than the hole mobility so
that the observed conductivity decay is attributable entirely to free electrons.
For low mobility semiconductors such as TiO5 (10-4 to 10-> m2/Vs)>® and -
Fe,O3 (10-5)%, the microwave absorbance may not be due exclusively to free
carriers. The mobility of a shallow trap may be similar to that of a hopping
electron in an organic compound (10-3 to 104 m2/Vs); therefore, in these cases

free and shallowly-trapped carriers may simultaneously contribute to the
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conductivity decay of TiO,. Examples of shallowly-trapped carriers in TiO; at

25° C include small polarons®” and electrons on Ti(III) sitesC.

Results

Initial degradation rates of chloroform as a function of the
concentration of chloroform and the type of TiO; are illustrated in Figure 4.
At the solubility limit for aqueous chloroform (63 mM), the quantum yield
for chloride release is 0.4% for Q-TiO; and 1.6% for P25-A. Doping of the Q-
TiO; with Fe(Ill) at 1.0 atom percent level shows an increase in the quantum
yield to 2.0%. Initial degradation quantum efficiencies of chloroform,
dichloroacetic acid (DCA), carbon tetrachloride, pentachlorophenol (PCP), and
4-chlorophenol (4-CP) are shown in Table 2 for Q-TiO; and P25-A. The
quantum efficiencies obtained with Q-TiO, are less than those obtained with
P25-A.

The observed microwave conductivity decays of ZnO, CdS, P25, and
Al;Ozare shown in Figure 5. Since the signal strengths and timescales of
decay vary over several orders of magnitude, the data are represented in log-
log form. Alumina (a-Al,O3), which has a bandgap of 9.5 eV, serves as a
blank for the apparatus and indicates the minimum detection limit.3> For
direct comparison, NaCl shows a similar decay profile. The relative rates of
decay can be characterized by the half-life signal decay. For ZnO, the first half-
life is 6.6 us and the second is 164 us. For CdS, the first half-life is 60 ns, the
second is 770 ns, and the third is 9.2 us. For P25-A, the first half-life is 1.1 us
and the second is 1.7 ms. Several investigators have reported that the half-
lives for conductivity decay in CdS and TiO; increase as the decay time

increases; our observations are consistent with these previous reports.3440:41
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For example, Schindler and Kunst reported a T% for P25 of 2.0 us for the

conductivity obseved at 100 ns.*® This value agrees reasonably with our
value of 1.1 us for P25-A.

The initial degradation rates of chloroform as a function of light
intensity are shown in Figure 6. Two linear regions are observed, and the

1. The quantum efficiencies vary from 2.5%

cross-over occurs at 150 uM min”
for I = 50 uM min™? to 0.3% for I = 1490 uM min!. In Figure 7, the time-
resolved conductivities at 100 ns of P25-A prepared in HNO3 and transdecalin
are plotted as a function of the incident laser pulse energy. Two linear
regions are identified with an apparent cross-over at a pulse energy of 6 mJ.

Representative conductivity decays for TRMC measurements of P7,
P13, P17, P18, P21, P24, and P25-B are shown in Figure 8. For most samples,
the interfacial electron-transfer rate constants reported in Tables I & III are
calculated by single exponential fits of the conductivity data. However, in the
case of P17 and P24, the signal-to-noise ratio is too low to facilitate an
exponential fit of the data. Discrepancies between similar samples in Table 1
& III are due to differences in the pre-amplifier, the incident pulse energy (2.5
m]J in Table 1), CW illumination intensity, and batches of P25.

A contour plot of the quantum efficiencies reported in Table 1 as a
function of the recombination lifetime and the interfacial electron-transfer
rate constant is shown in Figure 9a. The arrows on the data points for P17
and P24 indicate the interfacial electron-transfer rate constant is unknown.
The charge-carrier recombination lifetimes (vide infra) are the charge-carrier
concentrations (@100 ns) reported in Tables I & III. The contours drawn fit
the function C = x ® y. A plot of C versus the product of x and y results in a
straight line, as shown in Figure 9b where C is the quantum efficiency and x

y is the contour value, i.e., the product of the recombination lifetime and the
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interfacial electron-transfer rate constant, k. The data points for P17 and P24
are calculated using k = 0.15 ms™ and the extrema of the arrows are calculated
for k = 0.03 ms™ and k = 0.30 ms™?. Figure 9b demonstrates more clearly than
Figure 9a the correlations observed between photoreactivity and charge-
carrier dynamics.

To investigate the effect of HNO3, P25-A was prepared by rotary
evaporation from an acidic slurry (HNOj3, pH 1.5) and was then supported in
a transdecalin paste for the conductivity measurements. In a separate
preparation, P25-A was directly prepared as a paste in transdecalin. The
conductivity decays are shown in Figures 10. It is apparent that the temporal
behavior of the coated and uncoated samples is similar. In addition, the
conductivity decays of Q-TiO, and Fe(IlI)-doped Q-TiO, are overlayed in
Figure 10. The TRMC measurements for these samples are summarized in

Table 3.

Discussion

In previous papers, we proposed that the larger overpotentials in Q-
TiO; versus bulk-phase TiO; should lead to higher quantum yields.1011,58
However, the data in Figure 4 clearly shows that Q-TiO, is less photoreactive
than P25-A. In similar experiments carried out with substrates representing a
variety of postulated mechanistic pathways, including direct hole attack on
HCCI3 and DCA?*, hydroxyl radical attack of 4-CP and PCP?”-3%, and electron
transfer to CCl410114260 the quantum efficiencies (cf. Table 1) obtained for Q-
TiO; appear to be consistently lower than those obtained for bulk-phase P25.

These data suggest several possibilities. On one hand, the lower

photoreactivty of Q-TiO, may be due to an increased rate of charge-carrier
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recombination. On the other hand, there may be substantial differences in
the interfacial charge-transfer rates between Q-TiO, and P25-A.

The differences between Q-TiO, and P25-A are at least partially
understood by considering the preparation methods that may result in more
defect sites (trapping sites) and faster recombination rates in Q-TiO,. P25-A
TiO; is prepared in a high temperature flame reactor and is thus expected to
have fewer defects*”#8 whereas Q-TiO, is prepared by sol-gel techniques at
much lower temperatures. Different surface morphologies (e.g.,
hydroxylation density) may also be expected, and the interfacial charge-
transfer rates may be controlled by the relative formation of surface
complexes on Q-TiO; as compared to P25-A.

The relationship between the charge-carrier recombination rate and

quantum efficiency can be expressed as follows:

mtetransfer (5)

transfer — rgte + rate
transfer

¢

recombination

If the charge-carrier recombination rate in Q-TiO; increases due to defects,
then the quantum efficiency of interfacial charge transfer decreases and Q-
TiO; should be less photoreactive than P25.

The observed conductivity decays in our TRMC experiments should
yield the recombination rates of photogenerated free charge-carriers.
However, the TRMC response is influenced by other deactivation pathways
such as interfacial charge transfer to adsorbed species. In these cases, the
conductivity decays may be due to both recombination and charge transfer,
and the data must be deconvoluted.3*384041 In the absence of recombination

or charge-carrier localization during the laser pulse, the conductivity
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measured after the laser pulse should be proportional to the number of free

charge-carriers:
Ao=qN(u_+u,.) 6)

where N is the number of absorbed photons (if equal reflectivities and short
penetration depths are assumed among the samples). The data of Figure 5 are
consistent with the prediction of eq 6 that the strength of the conductivity
signal increases with the mobility of the charge-carriers

(D Mzo= 380cm’/ V54, Y uoo= 3003, and Y piy = 1%5). From eq 4 we

see that

AV=(gNVAIn)(u.+p,.). 7)

Eq 7 predicts a linear correlation between the post-pulse conductivity, AV, and
the sum of the mobilities with a corresponding slope of (@ N V/n)A. Using
this relationship, our specific apparatus constant, A, can be evaluated. A
linear fit applied to the data in Figure 5 yields a slope of 0.28 mV/(cm? V-1 s1),
r? = 0.81, and A=1.1x103S1. Since r’* < 1, there is a high probability that
localization (i.e., recombination or interfacial charge transfer) has taken place
during the laser pulse. Thus, we consider the above A value to be a lower

estimate.
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Photoelectrochemical Mechanisms. We propose the following four processes

for charge-carrier recombination:3%:61-63

Charge-Carrier Generation

k
TiO, + hv —%—> ¢, + h’, (8)

Direct and Indirect Charge-Carrier Trapping
¢, + T, k. )

T

B, + T, —km—-> hy (10

h

Charge-Carrier Recombination

€y + By = > Ti0, (11)
: + k .
Gy ¥ B —%> 10, + T, (12)
+ = k .
By # & ——l= TiO % T (13)

Interfacial Charge Transfer

£, + 0 —Uye o (14)
6+ 0 —Nia o 4 T (15)
W, + R —X6. g (16)
hi + R S ST N S T (17)

where e; is a trapped electron, h; is a trapped hole, 7 _ is an empty electron

trap, 7,. is an empty hole trap, O is an electron acceptor (oxidant), and R is a

an electron donor (reductant). At present, we believe that the the electron is
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trapped in a surficial Ti(III) site*?646> while the hole is trapped in a surficial
hydroxyl group.4266:67
Based on this mechanism we can write an equation for the change in

microwave conductivity as follows:

do dle;, ] dle;] dlh;, ] dlhyr]

—=u_ —- oy —L+op, —22 4y

ar e g R " a o dt o ~ar ke
For ZnO, 4, %’—] and U,. dg’;’] can be omitted from eq 18 due to the high

mobility of the free charge-carriers. However, in the case of TiO,, these terms

must be included since shallowly-trapped and free electrons have comparable

mobilities. Even though the observed microwave conductivity signal is due

to a mixture of species and mobilities, we believe that the observed

conductivity as shown in Figures 8 and 10 can be assigned primarily to
dley] g, dlerd )

electrons (i.e., /’te;.b_T and 41 5

In order to explain the timescales for the microwave conductivity
decays shown in Figures 8 and 10, a mechanism that includes interfacial
charge transfer must be invoked because recombination is complete in ~100
ns in the absence of interfacial charge transfer.®%6® In order for the kinetics of
the charge transfer to compete with recombination processes internal to the
TiO, particle, interfacial charge transfer of at least one carrier should occur
within several nanseconds.®® Therefore, only one charge-carrier type (i.e,
holes or electrons) should be present in the particle after 100 ns. Because hole
transfer often takes place within nanoseconds while electron transfer takes
place over the timescale of nanoseconds to milliseconds,*?64%% we conclude

that electrons give rise to the measured TRMC conductivty.
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The overall quantum efficiency for interfacial charge transfer is
determined by two critical processes: the competition between carrier
recombination and trapping (ps to ns) followed by the competition between
carrier recombination and interfacial charge transfer (us to ms). The
measurement of the conductivity at 100 ns contains information on fast
recombination while the measurement at longer timescales yields
information on interfacial charge transfer. The falloff in the remaining
charge-carriers at 100 ns with increasing injection level is shown in Figure 7.
The apparent discontinuity at 6 mJ suggests that a higher-order channel is
opened with fewer residual charge-carriers at 100 ns. These results are
consistent with the inverse relationship observed between quantum
efficiency for CHCl; oxidation and light intensity shown in Figure 6.16:24
Based on these results, we believe that the recombination lifetime of charge-
carriers is inversely proportional to the conductivity at 100 ns.

An increase in either the recombination lifetime of charge-carriers or
the interfacial electron-transfer rate constant is expected to result in higher
quantum efficiencies for CW photolyses. The samples P7-P25 are observed to
follow this relationship in Figure 9a. The linear transformation of the
contour plot in Figure 9b makes the correlation more apparent. Figure 9a
suggests P21 owes its high photoreactivity to a fast interfacial electron-transfer
rate constant whereas P25 has a high photoreactivity due to slow
recombination. Bickley et al. have suggested that anatase/rutile structure of
P25 promotes charge-pair separation and inhibits recombination.*’” The
different recombination lifetimes and interfacial electron-transfer rate
constants may be due to the different preparation methods of the samples that

result in different crystal defect structures and surface morphologies.
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A conduction band electron is thermodynamically capable of reducing
H*, NO3", O,, and oxidized transdecalin radicals (T+) while a valence band
hole is sufficiently powerful to oxidize transdecalin. The signal strength
observed in Figure 10a for P25-A in the presence of HNOj3is reduced relative
to the uncoated P25-A. This relative change may be due to a fast reduction of
H™ or NOj in the first monolayer or to an inhibition of hole transfer which
results in greater charge-carrier recombination. However, the time-
dependence of the conductivity decay appears to be unchanged in the
presence of HNOj3. In contrast, the fast time-scale recombination observed for
Q-TiO; and P25-A (NOgz") appears to be similar as shown in Table 3. This
observation suggests that a similar number of defects are present in each
material. In general, the time-dependent changes summarized in Figure 10
indicate that electrons undergo interfacial charge transfer more slowly for Q-
TiO; (k = 0.052 ms™) than for P25-A (k = 0.065 ms™!). This result is consistent

with the observed lower steady-state quantum yields (Table 1).

Fe(II)-Doped TiO,. EPR and transient absorption studies have shown that
Fe(IlI) doping in colloidal TiO, acts by trapping holes as Fe(IV) within several
nanoseconds of excitation and that slow recombination takes place by
tunneling from electrons trapped at surface Ti(IIl) sites to holes trapped at
bulk-phase Fe(IV) sites.4#370 The Fe(Ill) dopant thus acts to inhibit charge-
carrier recombination. These processes can be written in terms of reactions 19
and 20, respectively:

Fe(lll) + k* —2—» Fe(Iv) (19)

Fe(1V) + Ti(Ill) .| . TiO y-Fe(1lI) (20)
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The oxidation of the sorbed electron donor is written as:
k
Fe(IV) + R —2—> TiO,-Fe(lll) + R* 1)

A flat microwave signal in Figures 10 is consistent with the inhibition of
carrier recombination within the iron-doped sample. However, the
conductivity signal at 100 ns is weaker for the Fe(III)-doped sample than for
the undoped sample. The mobility of the electrons in Fe(IlI)-doped Q-TiO,
may be significantly reduced because Fe(IIl) is present at a concentration of 2.9
x 1020 cm-3. For example, the mobility of an electron in silicon drops from
1100 cm?/ V s to 100 cm2/ V s in a similarly doped lattice.”! The net effect is a
lower initial microwave conductivity for Fe(IlT)-doped Q-TiO;.

In summary, we believe the hole, which is trapped at a Fe(IV) site, is
transferred to an adsorbed substrate on a submillisecond time scale while the
interfacial electron transfer occurs on the millisecond scale (eqs 14 and 15). As
a result, we predict higher steady-state quantum efficiencies for Fe(III)-doped

Q-TiO,. This prediction is supported by results shown in Figure 4.
Conclusions

After pulse laser excitation of charge-carriers, holes which escape band-
gap recombination are transferred to the sorbed electron-donor transdecalin
within nanoseconds. The TRMC conductivity signals are due to electrons
remaining in the semiconductor lattice after hole transfer. The resultant
interfacial electron transfer takes place over milliseconds and appears to be
faster for P25 than for Q-TiO,. The slower electron transfer rates observed for

Q-TiO; are consistent with the lower steady-state quantum yields. Iron(III)-
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doped into the Q-TiO, matrix serves to trap holes as Fe(IV) and thus reduces
charge-carrier recombination, which in turn results in increased quantum
efficiencies. The correlations observed between quantum efficiencies and
charge-carrier dynamics emphasize the importance of the interfacial charge
transfer rate constant and the charge-carrier recombination lifetime as

contributing factors to TiO, photoreactivity.
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Relative
umy | Charge-Carri rfaci
Saple | SUrie Site clgflgiacrilo:;cncy-r gonci;tcratierf Trggsfs: Cllie;ltf l((jegtrf:tI;nt
(@100 ns)
(m2gY) (mV) (ms)
|4 85 0.25% 0.60 0.12
P13 90 0.24% 1.28 0.06
Fl7 380 0.07% 0.12 n/a
P18 230 0.26% 0.52 0.16
P21 280 0.44% 0.52 0.34
P24 30 0.04% 0.16 n/a
P25-B 50 0.39% 0.92 0.13

T[HCCl3] = 3.2 mM, [TiO,] = 0.5 g L1, I = 214 uEin min-1, A = 320 + 5 nm, air
equilibrated, pH 4-6

Table 1: TRMC results and photoreactivity data of commercial samples of

TiO,.
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Substrate Concentration Measurement cI)Q-Tio2 Do s
Chloroform™ 63 mM [CIT] 0.4% | 1.6%
Dichloroacetic acid” 4.8 mM [CI7] 1.1% | 23.9%
Carbon Tetrachloride®, ] 5.1 mM [CL] 0.4% | 3.1%
Pentachlorophenol* 60 uM [PCP] 0.3% | 0.4%

4-Chlorophenol+ 100 pM [4-CP] 0.4% | 1.8%

"100 pEin It min™!, 310 nm < A < 330 nm, pH 2.5-3 (HNO3), 1 g/L TiO,

0.1 M MeOH
$1000 uEin I'! min?, A > 320 nm, pH 3 (HNOj), 1 g/L TiO,

Table 2: Quantum efficiencies of Q-TiO; and P25-A towards

photomineralization of chlorinated compounds.
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Relative
Sample Charge-Carrier Interfacial Electron
Concentration | Transfer Rate Constant

(@100 ns)
(mV) (ms™)
Q-TiO, 3.1 0.052
Fe(III)-doped Q-TiO, 1.0 0.078
P25-A (No NOg3) 4.0 0.056
P25-A (NO3) 29 0.065

Table 3: TRMC results for Q-TiO,, Fe(IlI)-doped Q-TiO,, P25-A (No NO3"),
and P25-A (NO3™).
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Figure 1: Transmission electron micrograph of quantum-sized TiO,.
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Figure 2: Schematic diagram of the apparatus for TRMC measurements.
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Figure 3: Sample holder for powdered semiconductor.
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P25-A. m Q-TiO;. @ Fe(Ill) doped (1%) Q-TiO,. Conditions: pH = 2.8
(HNO3), [TiO2] = 0.5 g/L, I =110 uM min? (A = 320 £ 5 nm), air

equilibrated.
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Figure 5: Double log plot of time-resolved microwave conductivity decay of
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Figure 6: Degradation rate of chloroform as a function of light intensity.
Conditions: pH =11 (NaOH), 0.5 g/L P25-A, 320 < A < 380 nm, air

equilibrated.
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Figure 7: Effect of the incident laser pulse energy on the initial ( @ 100 ns)

conductivity of P25-A prepared in HNOj3 and transdecalin.
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Figure 8: Representative conductivity decays of Sachtleben and Degussa TiO,
powders. (a) P13, P25-B, P18, and P17, 2 ps/div. (b) Exponential fit
of conductivity decay for P13, k = 0.056 ms™, 10 ms/div.
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electron-transfer rate constant. (b) Linear transformation of contour

plot.



B-38

50 1 | | |
A5 e P25-A (No NO)  (a) |

3.0 -

2

Signal (mV)
I\
o
I

1.0 -

0.0 3«%% ¥
Laser pulse
-10 | ] | 1
-400 0 400 800 1200 1600

Time (ns)

Signal (mV)

-20 0 20 40 60 80
Time (ms)
Figure 10: Conductivity decays of P25-A (F), Q-TiO, (H), and Fe(IIl)-doped Q-
TiO, (B). Samples prepared by rotary evaporation from HNO; (pH
1.5) and supported in transdecalin except for P25-A-No NOs3™ ()),
which was prepared without HNOs. (a) 200 ns/div timebase. (b)

10 ms/div timebase.



Chapter 3

Time-Resolved Microwave Conductivity (TRMC):
Quantum-Sized TiO, and the Effect of Adsorbates and

Light Intensity on Charge-carrier Dynamics

[The text of this chapter appeared in Martin, S.T., Herrmann, H., and
Hoffmann, M.R., Royal Society of Chemistry, Faraday Transactions, 1994, 90,
3323.]



Abstract

Charge-carrier recombination dynamics after a pulsed laser excitation
are investigated by time-resolved microwave conductivity (TRMC) for
quantum-sized ("Q-") TiO, and P25, a bulk-phase TiO,. Adsorbed scavengers
such as HNOj3z, HCI, HCIO4, 2-propanol, trans-decahydronapthalene,
tetranitromethane, and methyl viologen dichloride result in different charge-
carrier recombination dynamics for Q-TiO, and P25. The differences include a
current doubling with 2-propanol for which electron injection into Q-TiO; is
much slower than into P25 and relaxation of the selection rules of an indirect-
bandgap semiconductor due to size-quantization. However, the faster
interfacial charge transfer predicted for Q-TiO, due to a 0.2 eV gain in redox
overpotentials is not observed. The effect of light intensity is also
investigated. Above a critical injection level, fast recombination channels are
opened, which may be a major factor resulting in the dependence of the
steady-state photolysis quantum yields on I-1/2. The fast recombination
channels are opened at lower injection levels for P25 than for Q-TiO,, and a

model incorporating the heterogeneity of surface-hole traps is presented.



Introduction

When the radius of a colloidal semiconductor particle falls below the
exciton radius (1 to 10 nm), size-quantization effects appear.!® Colloidal TiO,
can be prepared in the size-quantized regime by sol-gel synthesis methods.”-?
Over the last several years, we have been investigating the feasability of using
size-quantized TiO; as a strategy to improve the quantum efficiencies of redox
transformations.!%14 In particular, ultra bandgap illumination (A < 388 nm)
of a suspension of TiO, particles results in the stoichiometric oxidation of
many chlorinated hydrocarbons to CO, and HCL!-20 A generalized
photoelectrochemical mechanism involving the major processes can be

written as follows:21-24

photogeneration: TiO, + hv — e + h*
. : 4+ 2- - .3+ 2-
carrier trapping: >STIi"-0“H + e & >Ti-0O"H
STHOYH + B = T -0 H
recombination: g 3 SHROFH - SN0 H
substrate oxidation: STRO'H ¢ B o~ sTH-0"H" =+« B

substrate hydroxylation: >Ti*’~O"H + R — >Ti"" + “RO’H
STi* + H'O*H - >Ti"-0*H + H'

electron deactivation: ~ >Ti*-0*H + O, - >Ti*'-0*H + O,”

0,” + H" - HOy

(1)

()
3)

(4)

()

(6)
(7)

(8)
©)
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Critical steps of the photoelectrochemical mechanism of egs 1-9 have
been investigated by the transient absorption spectra obtained following laser
flash photolysis of transparent colloidal TiO,.243! Most investigators have
assumed that conclusions reached regarding colloidal TiO, are applicable to
larger bulk-phase TiO, particles. In the present study, the basis of this
assumption is investigated by using time-resolved microwave conductivity
(TRMC) measurements, which do not discriminate by crystallite size,10-32-3 to
compare the photoelectrochemical mechanisms of quantum-sized ("Q-") TiO;
and bulk-phase TiO, (Degussa P25).17-2040-63 We have recently reported that
the relative steady-state quantum efficiencies obtained with these two
different forms of TiO, depend upon the specific reaction mechanisms
involving the electron donors (e.g., direct hole transfer or hydroxyl radical
attack).l® Flash photolysis/TRMC experiments are used to compare the
charge-carrier dynamics of Q-TiO; and P25 TiO; as functions of the acid used
in the sol-gel synthesis, of the charge-carrier scavengers present at the particle

interfaces, and of light intensity.

Experimental Section

Preparation and Characterization. Powders of Q-sized TiO, particles were
synthesized by the controlled hydrolysis of titanium (IV) tetraisopropoxide in
the presence of HCl, HNOj3, or HCIO; according to procedures described
previously.”10 The sol-gel suspension from HClO4 was neutralized with
NaOH to pH 3.0 in order to obtain a powder. A powder containing methyl
viologen (MV) dichloride hydrate (Aldrich) was obtained by rotary

evaporation of a resuspension of TiO,-HNO3 mixed with MV. Dry powders
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of P25 were obtained by the rotary evaporation of suspensions (1.44 g/L, pH
1.5) in HNOj3, HCl, HCIO4, or MV. P25 and Q-TiO, were supported with
several drops of transdecalin except for the preparations containing
isopropanol and tetranitromethane, which were prepared at the time of
measurement by adding several drops to the powders.

The Q-TiO; particles were characterized as described previously.19
HRTEM lattice spacing images and XRD Scherrer line broadening showed the
size distribution of the particles was between 2 and 4 nm. The ED and XRD
patterns of the TiO, particles were characteristic of anatase. A blue shift of the
absorption onset to 345 nm (3.6 €V) was observed. The absorption coefficient
at 308 nm was 2.9 x 104 cml. Degussa P25 particles, which were composed of
30 nm crystallites consisting of 80% anatase and 20% rutile, aggregrated to

form 1 um particles.4142

EPR Measurements. An E-line Century X-band Spectrometer (Varian, Palo
Alto, CA) was used to record the first-derivative EPR spectra at 77 K. CuSOy4
was used as a calibration standard. The TiO; samples were prepared as gels

(~10 g/L) for the EPR analysis.

TRMC Measurements. The TRMC apparatus is described in the previous
paper in this series.!? In a typical TRMC expeﬁment separated charge-carriers,
which are generated by a laser pulse, lead to a perturbation of the initial
microwave absorbance. The temporal decay of the conductivity signal (i.e.,
microwave absorbance) reflects the lifetime of the photogenerated carriers
and is given by the following equation

do _ ~ dle,] dle;] dih, 1 dihy] (10)

—=Uu_ + u —L= 4+ p, —ks oy
dt e, dt e dt Fi dt i dt
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where ¢ is the conductivity, e; is a trapped electron, % is a trapped hole, ¢,
is a conduction-band electron, and 4, is a valence-band hole. The hole terms
in eq 10 are negligible on the timescales of Figures 1-4 due to fast hole
trapping at immobile surficial hydroxyl groups.!® In this case, the
conductivity is due to the two electron terms in eq 13, and the conductivity
decay corresponds to the recombination (eq 4) or emission of electrons to

substrate (eqs 11-14).

Interfacial electron transfer from the conduction-band:

substrate reduction: e + Ox » Ox (11)

short-circuit: e + Red™ — Red (12)

Interfacial electron transfer mediated by a surface trap:

substrate reduction: STi*-0*H + Ox — >Ti*'-0%H + Ox~ (13)

short-circuit: STiP*-0>H + Red* — >Ti**-O%H + Red(14)

The recombination channel (eq 4) is exhausted for t » 10 ns because all of the
holes have escaped the particle (egs 5-6).1° The conductivity decay is then due
solely to interfacial electron transfer to the adsorbed substrate (eqs 11-14), and
the microwave conductivity at 100 ns is due to the fraction of charge pairs that

have not recombined (eq 4) or transferred immobile sites (eqs 3 & 5-14).10



Results

The EPR spectra of Q-TiO, prepared in HNOs3;, HCIOy, or HCI are shown
in Figure 1. The effects of adsorbed HNOj3;, HCIO4, and HCI on the
conductivity decays of P25 and Q-TiO; are shown in Figures 2 and 3 while the
corresponding conductivity decays of P25 and Q-TiO; in the presence of
transdecalin (T, tranms-decahydronaphthalene), isopropanol (Isp),
tetranitromethane (TM, C(NOz3)4), and methyl viologen (MV2") are shown in
Figures 4 and 5. The relative initial charge-carrier concentrations (Table 1),
which are determined at 100 ns, are proportional to the conductivity signal
strengths observed in Figures 2a-5a.

The time-resolved conductivity signals of P25 supported in
transdecalin were found to be a function of the incident pulse energy, as
shown in Figure 6. Similar results were obtained for different adsorbate
systems (i.e., ClO4’, and CI” in transdecalin), as shown in Figures 7-9 in which
the initial charge-carrier concentrations at 100 ns and 15 us are plotted as
functions of the laser pulse energy (i.e., the charge-carrier injection level). For
P25 prepared in NaClO4 and transdecalin (Figure 7) the carrier concentratibns
at 100 ns and 15 ps appear to have a lower rate of increase above 4 m] for a
similar increase in injection level. In the presence of NaClO4 and
transdecalin (Figure 8), the critical injection level for Q-TiO; shifts to ~10 m]J,
and a second critical level at 25 m] is also apparent. Samples of P25 prepared
in HNOj3 and transdecalin (Figure 9) appear to have critical injection levels at
5 mJ and lower saturation levels than similar samples prepared in NaClO4

(Figure 7).
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Discussion

Charge-Carrier Recombination. The fate of the majority of photoexcited
charge-carrier pairs in undoped ultrasmall particulate semiconductor particles
is rapid recombination?? since the instantaneous charge-carrier
concentrations from the laser pulse are on the order of 102! cm™>. At these
concentrations, the higher energy states of the energy-bands are populated
and symmetry-allowed (i.e., direct) bandgap recombination in TiO, is
facilitated. Fast recombination also occurs between free holes and trapped
electrons (eq 4).102% Both of these channels are exhausted within the time
resolution of our experiment. When the residual carrier level concentration
falls to 1018 cm'3, the Fermi level is moved out of degeneracy, and the
residual conductivity is picked up by our measurement system. A carrier
concentration of ~10'® cm™should be representative of the steady-state
concentrations of accumulated charge-carriers in CW photolysis
experiments.4

Fast charge-pair recombination rates are further enhanced in size-
quantized semiconductor particles due to the mixing of states that relaxes the
selection rules for an indirect transition.®>-®® This latter effect of size-
quantization is clearly illustrated in the data summarized in Table 1. For all
sorbates (electron acceptors and electron donors) the concentration of charge-
carriers is lower in Q-TiO; than in P25 after 100 ns. These experiments
suggest that indirect-bandgap semiconductors in the Q-sized domain are less
photoefficient redox catalysts due to inherently faster rates of charge-carrier
recombination. This photophysical effect offsets the predicted gains associated

with higher thermodynamic driving forces for interfacial electron-transfer.
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Surface Structures. The EPR spectra shown in Figure 1 suggest the formation
of radical species on the surface of the TiO, particles. The species may include
>Ti(IIT)-Cl, >Ti(III)-ONO,, >Ti(IV)-Cl:, and >Ti(IV)-ONO,:. However, the
radicals present in the sample constitute only 1% of the atoms, as indicated by
a comparison of the integrated intensity of the EPR signals to the CuSOy
standard. The observed radicals suggest that the acid anions interact with the
surface of the particle and that the bulk of the anions speciate as >Ti(IV)-Cl,
>Ti(IV)-ONO,, and >Ti(IV)-OClO:s.

Fluctuating-Energy Level Model. The observed differences as a function of
added acids (Figures 2 and 3) suggest that photogenerated charge-carriers
undergo interfacial charge transfer to the acid anions on the surface of the
TiO, particles. The kinetics of the interfacial charge transfer can be
understood in terms of the fluctuating-energy model proposed by Gerischer’?.

The one-electron oxidation potentials of the acid adsorbates under standard

conditions are as follows:”!
Clm & Cl' + e, B°=-26V (15)
NO?’- > NO3 + e, E°=-23V (16)
OH- —> ’OH + e- 7 EO — 1.9 AV (17)

Although the one-electron oxidation potential for perchlorate is not known,
we assume that the value lies between 2.0 and 3.0 eV based upon comparison
with egs 15 and 16. The oxidation potential of the surface-bound hydroxide
anion (i.e., eq 3) can be estimated also from eq 17; it has been reported to be

-1.5 V.21 Thus, the oxidation of the adsorbed acids can take place only from
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direct valence-band hole transfer since the E° (‘OH/acid anion) value < 0
(i.e., AG? » 0).
The corresponding two-electron reduction potentials for nitrate and

perchlorate are as follows:”?

NO,” + 2¢ +3H" < HNO, + H,O, E°=+09V (18)
ClO4 + 2¢ +2H" & ClO3 + H,O, E°=+12V (19)

Within #0.2 V, a conduction-band electron has a reduction potential of -0.3 V
(egs 11 & 12) and a valence-band hole has a reduction potential of 2.9 V (eq 3)
at pH 0. In these calculations, we used the constraints that the conduction-
band edge for TiO, is 0.1 to 0.2 V negative of the flatband potential and that
the bandgap of anatase is 3.2 eV. The flatband potential has been determined
to be -0.1 V27 and -0.2 V73 vs. NHE at pH 0 for colloidal TiO,. The size-
quantization effects in Q-TiO; increase the bandgap by 0.4 eV.? This increase
corresponds to a shift in the reduction potential of the conduction-band
electron to -0.5 V and of the valence-band hole to +3.1 eV for Q-TiO; at pH 0.
Since Degussa P25 is predominantly anatase?!, its band edges are at -0.3 V and
29 VatpHO.

The apparent reduction potentials of trapped charge-carriers are
difficult to estimate. In the case of a trapped electron, Ti(Ill) is 0.2 to 0.5 eV
negative of the conduction-band edge at zero surface charge, E°y, of rutile.”
76 Using E°y = -0.3 V vs. NHE and pH,p. = 5.8”7, the reduction potential of a
trapped electron (egs 8, 13, & 14) is ~-0.25 V vs. NHE. Because the trapped
electron is localized, the reduction potential is the same for both Q- and P25

TiO,. The trap is 50 mV below Eg of P25, in agreement with other
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suggestions®, and is 250 mV below Eg, of Q-TiO,. The reduction potential of
a trapped hole (eqs 6 & 7) is +1.5 V, as discussed for eq 17.

The acid anions (CI7, NOj~, and ClOy4") are chemisorbed to the surface of
TiO; by ligand substitution of surficial hydroxyl groups and by electrostatic
attraction at pH < 6.8. The one-electron oxidation potentials (eqs 15-17)
indicate that the acid anions at the TiO, surface are thermodynamically less
capable of hole capture than surficial hydroxide but may still serve as good
hole traps (eq 3) due to the high overlap between the energy levels of the acid
anions and the valence-band hole for 0.5 < A < 1.0 eV where A is the
reorganization energy’’78. Although OH" and CI" cannot be further reduced,
NOj3™ and ClO4 undergo multi-electron reductions (egs 18 & 19) and thus may

serve as effective electron traps.

Inorganic Donors and Acceptors. Interfacial charge transfers to the acid anion
adsorbates occur on the picosecond and short nanosecond timescales and
compete with interfacial recombination processes. This effect is clearly seen
in Table 1, in which the initial charge-carrier concentrations appear to be
unique for each adsorbate. In the case of HCI, the chemisorbed CI" anion
directly scavenges valence-band holes (eq 20) within 10 ns in direct

competition with surficial ‘OH (eq 3):2°

STE-CL” + B = »TiYCI- (20)

After formation, the surficial chloride radical may open a second channel for

charge-carrier recombination as follows:

& + TI¥-C1* = T =Cl" (21)
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The relatively low carrier concentrations observed at 100 ns indicate that the
cross-section for electron capture by a surficial chloride radical (eq 21) is
greater than that for a surficial hydroxyl group (eq 4). This observation could
be explained, in part, by the relative differences in electronegativity for OH"
and CI.

Since nitrate and perchlorate serve as both potential electron
scavengers and hole scavengers, three scenarios are possible to explain their
effects: (a) >Ti(IV)-ONO, and >Ti(IV)-OClOj3 could act as fast hole scavengers,
(b) they could act primarily as fast electron scavengers, or (c) they could act
equally with respect to the trapping of both charge types. In case (a), fast hole
trapping exhausts the reservoir of electron accepting species and the
conductivity signal is proportional to the concentration of electrons. Case (b)
is the opposite of case (a) (i.e., the conductivity signal is due to free holes). In
case (c), electrons and holes are equally separated on the surface of the
semiconductor particle while the charge-carriers remaining within the
particle recombine rapidly and thus no residual conductivity is observed at
100 ns. As shown in Figure 2, case (c) does not appear to occur. Thus,
preferential trapping of one carrier type as in (a) or (b) appears to take place.
Although processes (a) and (b) are not directly distinguishable in our
experiment, we will attempt to show that interfacial electron transfer does not
occur significantly within the time resolution of the experiment (vide infra).
In this case, the conductivity signal should be due to electrons as in (a).

The relatively high electron charge-carrier concentrations shown in
Figure 3a for P25 in the presence of HCIO,4 suggest that the cross-sections for
hole capture by >Ti(IV)-OClO; or >Ti(IV)-OH are comparable while >Ti(IV)-

OCIlOs- has a lower cross-section for electron-capture than >Ti(IV)-OH-. In the
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case of Q-TiO,, the electron concentration in the presence of HCIO4 shows
that the cross-section for electron capture by >Ti(IV)-ClOy4- increases relative to
P25. The lower charge-carrier concentrations observed in the presence of HCI
for P25 as compared to Q-TiO; indicates that valence-band hole-capture rates
of >Ti(IV)-Cl (eq 20) are greater for P25 than for Q-TiO,. In this case, more
carriers are short-circuited by conduction-band electron transfer to >Ti(IV)-Cl-
(eq 21) for P25 than for Q-TiO,, and thus the residual charge-carrier

concentration at 100 ns is greater for Q-TiO, than for P25 (Table 1).

Organic Donors and Acceptors. Tetranitromethane (TNM, C(NOgs)y) and
methyl viologen (MV2") are known to readily serve as electron scavengers in
TiO; systems’?”:3! while transdecalin (T), a saturated bicyclic hydrocarbon,
and isopropanol (ISP) serve as surface hole scavengers.”107° The measured
charge-carrier concentrations at 100 ns in P25 are comparable in the presence
of MV2*, TNM, ISP, and T. If fast interfacial electron transfer were taking
place to TM and MV?", then the carrier concentrations at 100 ns would be
expected to be reduced. The first half-lives for the charge-carriers in the
presence of MV2*, TNM, ISP, and T are 95 ns, 230 ns, 3.5 us, and 7.9 ps,
respectively. Thus, we conclude that even in the presence of fast electron
acceptors, interfacial electron transfer takes place primarily at timescales = 100
ns.

In the presence of electron acceptors (TNM and MVZ27), the
conductivity decays flatten during the microsecond timescale, as shown in
Figures 4b-c and 5b-c; this effect suggests that electron transfer does not take
place during this timescale. Electron transfer to TNM and MV?2™ takes place

during the first 500 ns, as shown in Figures 4a and 5a. After that time, the
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surficial substrate is exhausted and further electrons do not escape the particle
until fresh substrate diffuses to the surface, as shown in Figures 4d and 5d.1°
The increasing charge-carrier concentrations seen in Figures 5a and 5b
suggest that back electron injection from isopropanol into Q-TiO, takes place.
The current-doubling effect occurs when a one-electron oxidant such as
isopropanol produces a radical that can inject an electron into the conduction-

band of TiO, as follows:”

Q" h* o 0
CHg~C—CHg ———— CHg—G-CHy ——— GHs—C~-CHj
+|1 _H* -e,HY

This effect is absent in Figures 4a and 4b for P25. However, the highest initial
conductivity signal for P25 is observed when isopropanol is the electron
donor, which supports the argument that back electron injection takes place
much more quickly than in Q-TiO;. A slower rate for Q-TiO, may be due to
the 0.2 eV shift to the negative of the conduction-band edge of Q-TiO,, which
should slow electron injection. Slower electron injection rates into Q-TiO»
may also arise from a drop in the electron-transfer probability due to a higher
surface density of hydroxyl groups that sterically hinder surficial Ti(IV),
which is the likely site for electron injection into the conduction-band. The
sol-gel preparation method is expected to result in higher surface densities of
hydroxyl groups for Q-TiO; than for P25, which is prepared by flame
hydrolysis.

Light Intensity Effects. The observed decay rates from 100 ns to 35 ps (Figure
6) follow apparent first-order kinetics; this observation implies that the

charge-carriers act independently of one another at t < 35 pus. However, the

(22)
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charge-carrier concentrations at 100 ns are not directly proportional to the
initial charge-carrier injection levels because fast recombination is a second-
order process. The observed carrier concentrations at 100 ns give us a
measure of the extent of charge-carrier recombination at t < 100 ns.

The charge-carrier injection level can be determined from the number

of photons injected into the penetration depth of Q-TiO, at 308 nm:

I(mJ) a(cm™)

I(cm™) =2.3 x 10" £
hv(eV) A(mm”)

(23)

where I(cm™3) is the injection level, I(m]) is the pulse energy, a is the
absorption coefficient, A is the cross-sectional area, and hv is the photon
energy. In our flash-photolysis system, a 4.5 m] pulse results in ~10%1
carriers/cm?®.

The slopes of the lines in Figures 7-9 can be defined as response factors.
The "response factor" is the relative change in the carrier concentration at a
time, t, produced by a change in the injection level. In the absence of higher
order (i.e., fast) recombination processes, the response factor should be high
while the response factor is zero at saturation. The injection level at which
the response factor changes is defined as cross-over threshold. These
thresholds (Table 2) are the injection levels at which new higher order
deactivation channels are opened and they appear as discontinuities in the
lines in Figures 7-9.

The response factors in Table 2 decrease as the injection level increases,
which indicates that higher injection levels result in larger quantum yields
for fast recombination. In a typical CW experiment, higher light intensities
are expected to raise the quantum yields for fast recombination and, thus, to

reduce the net quantum yields for substrate oxidation and reduction. This
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conclusion provides evidence for our hypothesis that the quantum
efficiencies for oxidation and reduction in CW photolysis falls as the square-
root of absorbed light intensity (®I""*) due to rapid recombination at higher
light intensities.>3

The apparent discontinuities at the cross-over thresholds in Figures 7-9
may be explained in terms of a mechanism involving two chemically distinct
hole trapping sites, S5; and S, in TiO, that have hole-trapping cross-sections
labelled 7 and 62.2! S; is most likely OHy formed on a surficial Ti(IV) site
and S, is OHs' formed on a surficial u-O site. We propose that 61 » 6 due to a
potentially unfavorable charge balance on p-O. The concentrations of S; and

S, following an injection level of [Sy] are subject to the following constraints:

8], [5,] < &,
Sis [85] 2 8,

0, [Se] = 5;

S.](0) =
15,10) {[SO] - S, [S,] > S,

[Sl 10) = {

where [S1] and [S;] are the concentration of occupied hole traps. At the time
of injection, [S1](0) + [S2](0) = [So]. Due to stoichiometric annihilation, [C](t) =
[S1](t) + [S2](%) for t « T nt Where T phy is the time for interfacial hole transfer
and [C](t) is the concentration of electrons.

The time-dependent decay of [S1] and [S;] may be modeled as follows:
[CI(t) = [S1](0) exp(-k1t) + [S2](0) exp(-kat)
[C](100 ns) = my [S1](0) + mj [S5](0)

where kj , are the cross-sections for charge-carrier recombination (eq 4) and

the response factors, mj p, are exp(-k;,2(100 ns)). A plot of the conductivity

(24)

(25)

(26)
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signal [C](100 ns) versus the injection level, [Sp], under the conditions set out
in eq 24 results in two straight lines with a discontinuity at the cross-over
threshold where [Sg] = S;.

The higher surface area and surface hydroxylation of Q-TiO, results in
a cross-over thresholds at injection level 5-10 times higher than P25, as
shown in Table 1. The effect of HNO3 and HCIO4 on the surface states of
Degussa P25 is shown by the difference in cross-over thresholds and response
factors. Saturation of the response factor for HNOj indicates that k; is fast. Q-
TiO, has a second cross-over threshold, which indicates a third possible site

for trapped holes.

Conclusions. We have shown that the charge-carrier dynamics of Q-TiO, and
P25 respond differently with respect to added electron donors and acceptors
and to absorbed light intensity. These effects suggest significant differences in
the photoelectrochemical mechanisms for Q-TiO; and P25. Anions such as
CI" affect the charge-carrier recombination processes by introducing surface

states through specific adsorption as follows:

>Ti-OH + CI° + H — >Ti-Cl + HyO (27)

Hence, the photoreactivity of Q-TiO; could be enhanced by deactivation of fast
surficial recombination processes.

Wide bandgap quantum-sized semiconductors such as ZnO and TiO;
should be moving further into the Marcus inverted region®08! with respect to
the net driving force for oxidation. However, when quantum efficiencies are
limited by the rate of reduction, size-quantization has been shown to yield

high quantum yields for HyO; production on ZnO!! or alkene reduction on
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TiO2%2. In the case of pollutant oxidation on TiO,, quantum efficiencies may
be limited primarily by the effective rate of interfacial reduction.83.84
However, the mixing of states in the size-quantization regime appears to
enhance direct electron-hole pair recombination in indirect-bandgap
semiconductors (i.e., TiO;). In the size-quantization regime of TiO,, faster
electron-hole pair recombination may offset the increased driving force for

interfacial reduction.
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