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In-situ picosecond transient diffuse reflectance 

spectroscopy of opaque TiO2 systems under microwave 

irradiation and influence of oxygen vacancies on the 

UV-driven/microwave-assisted TiO2 photocatalysis 

Satoshi Horikoshi,a*, Hideya Tsutsumi,a Hiroyuki Matsuzaki,b Akihiro Furube,b 
Alexei V. Emeline,c and Nick Serpone d* 

We report a picosecond transient diffuse reflectance study of commercially available pristine Ishihara 
ST01 titania, which on treatment with hydrogen gas yields an oxygen-vacancy rich Vo-ST01 system. For 
comparison, a nitrogen-doped N-ST01 sample was also prepared using urea as the nitrogen donor. These 
were characterized by XRD and by diffuse reflectance spectroscopy. Transient decay kinetics at 550 nm 
for all three samples were determined in-situ using a 150-ps Nd-YAG pulsed laser system (10 Hz) and a 
Xe flash lamp (2-µs pulses) probe while samples were being microwave-irradiated (2.45 GHz). The 
transient(s) absorbing at the probe wavelength displayed double exponential decay kinetics: a fast decay 
that occurred within ca. 5‒12 ns ascribed to recombination of photogenerated shallow-trapped or free 
conduction band electrons with valence band holes, and a slower decay that occurred from hundreds of 
nanoseconds to several microseconds attributable to recombination of electrons trapped in deep traps 
(e.g., either as Ti3+or as F color centers) with free holes. Significant differences were observed for the 
wet pristine ST01/H2O and Vo-ST01/H2O systems when subjected to microwave irradiation; results 
concurred with those from the degradation of the 2,4-dichlorophenoxyacetic acid (2,4-D) herbicide in 
aqueous TiO2 dispersions at 100 oC under UV/microwave irradiation (UV/MW) and UV irradiation with 
conventional heating (UV/CH).   
 

1.  Introduction  

An essential requirement to examine the dynamics of charge carrier 
events occurring within semiconductor particles by picosecond and 
nanosecond time-resolved laser spectroscopy is the availability of 
stable transparent semiconductor colloidal sols with narrow particle 
size distribution.1‒3 Such events on TiO2 aqueous colloidal sols were 
reported for the first time in the early 1980s by Rothenberger and 
coworkers1 who observed a broad transient absorption after 20 ps 
that was centered at ca. 620 nm and was nearly identical with the 
broad absorption spectrum of (trapped) electrons produced in acidic 
(pH 3, λ = 700 nm) and alkaline (pH 10, λ = 780 nm) TiO2 sols by 
continuous illumination in the presence of hole scavengers.4 The 
rapid appearance of the transient absorption indicated that some of 
the photogenerated electrons were trapped in less than 20 ps (i.e., 
within the leading edge of the 30-ps pulse) at Ti4+ trapping sites at 
the particle surface yielding Ti3+ species1 as confirmed by a detailed 
EPR investigation.5 Trapping of valence band holes was a much 
slower process necessitating about 250 ns. A stochastic kinetic 
model suggested that when the concentration of electron/hole pairs 
initially formed in the particles was greater than ~ 60, recombination 
of all charge carriers occurs via a second-order process (ps studies) 
that was complete in less than 1 ns.1 However, when the number of 
electron/hole pairs per particle was low (ns studies; about 6 e‒/h+ 
pairs), the model inferred that recombination of charge carriers 
occurs via a first-order process in which the mean lifetime of a single 
electron/hole pair was ca. 30 ns, so that trapping of valence band 
holes could compete with charge carrier recombination. Within this 
timeframe, trapped holes were somewhat unreactive toward 

electrons and persisted in the particles for several microseconds.1 
These earlier studies were later supported by femtosecond studies by 
Furube et al.6‒9 and by Anpo and Takeuchi10 who observed transient 
absorption spectra of photogenerated trapped electrons (as Ti3+ 
species) that displayed broad absorption in the range 500–650 nm. 
Others have also observed broad absorption spectral bands of 
trapped electrons in TiO2 albeit at wavelengths between 450 and 800 
nm.11,12 
     Assignments of broad absorption bands in the Vis-NIR spectral 
regions in transient absorption spectral studies of TiO2 colloids have 
not been without controversy, however. Henglein et al.13 assigned 
the broad absorption band at 400‒800 nm with λmax ~ 475 nm in 
TiO2 to trapped holes, while a pulse radiolysis study by Serpone and 
coworkers14 placed the trapped hole broad absorption at 350 nm. 
More recent studies by Furube and coworkers15 observed trapped 
holes in TiO2 to display broad bands at ca. 520 and 1100 nm, while 
trapped electrons displayed broad absorption centered around 770 
nm, with the broad absorption of both trapped charge carriers 
strongly overlapping.16 In the nanosecond time frame, overlap of 
absorption bands at 550 nm should be negligible because electron 
trapping occurs faster (τ ~ 30 ps) than hole trapping by nearly three 
orders of magnitude (τ ~ 250 ns).1,11 
     The above fundamental studies on charge carrier dynamics 
notwithstanding, titania systems have received considerable attention 
in the last three decades as photocatalysts in the remediation of 
environmental contaminants.17,18 When such systems are applied to 
large-scale wastewater treatment systems, photoassisted degradation 
of the organic contaminants is rather slow.18 A possible resolution of 
this issue is to improve the photocatalyst’s activity through the 

Page 1 of 12 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Materials Chemistry C 

2 | J. Mater. Sci. C, 2015, 00, 1-11 This journal is © The Royal Society of Chemistry 2015 

simultaneous use of both UV light and microwave radiation 
(UV/MW; 2.45 GHz), an integrated methodology proposed as a 
possible wastewater treatment method.19–23 The photoactivity of the 
TiO2 photocatalyst appears hardly affected when microwave 
radiation is substituted by conventional heating. Using various 
approaches, the effects of microwaves, other than thermal, suggested 
as factors that might affect organic/inorganic reactions, have been 
examined: for instance, (i) the influence of microwaves (non-thermal 
effects) on improving the affinity of the TiO2 surface toward organic 
pollutants,24 (ii) the increase in the number of •OH radicals 
generated by the photooxidation of water,25 (iii) the influence of the 
microwave’s magnetic and electric fields on photocatalyst activity,26 
and (iv) the enhanced photoactivity of TiO2 by microwave 
irradiation under cooling to ambient temperature with the heating 
attributed not only to a microwave thermal effect, but also to a 
significant non-thermal effect that implicated hot spots generated on 
the TiO2 particle surface.27 
     In the present study we probed the charge carrier dynamics in 
pristine Ishihara’s ST01 titania, in oxygen-vacancy rich ST01 titania 
(Vo-ST01) and in nitrogen-doped ST01 TiO2 (N-ST01) under dry 
and wet (aqueous paste) conditions by in-situ picosecond transient 
diffuse reflectance spectroscopy while the samples were being 
microwave-irradiated. Results reveal a fast and a slow recombination 
of charge carriers Also investigated were the possible relationships 
between the presence of oxygen vacancies produced in Ishihara’s 
ST01 titania when pre-treated with hydrogen gas and microwave 
effects, as the latter might affect the photocatalytic activity of the 
resulting oxygen-vacancy rich Ishihara ST01 TiO2 sample (Vo-
ST01) toward the photodecomposition of 2,4-dichlorophenoxyacetic 
acid (2,4-D) in aqueous media when subjected to an integrated 
UV/microwave irradiation method. Within this context, we 
examined the pristine ST01 and Vo-ST01 systems and for 
comparison the photoactivity of the N-ST01 system.  

 

2. Experimental section 

2.1 Preparation of TiO2 particulate specimens 

The procedures to prepare hydrogen-treated and nitrogen-doped 
Ishihara ST01 samples essentially followed the methods reported 
earlier.28, 29 For instance, formation of oxygen vacancies in the ST01 
titania was achieved by a heat treatment in the presence of hydrogen 
gas that caused reduction of the ST01 TiO2 specimen (Ishihara 
Sangyo Kaisha Ltd.). The titania was placed in a quartz tube 
(internal diameter, 8 mm) followed by covering the upper and lower 
ends of the reactor with glass wool. Hydrogen gas was then allowed 
to flow through the packed TiO2 particles, followed by heating to 
400 ºC for 4 hrs using a heat mantle to yield a TiO2 powdered 
specimen henceforth denoted Vo-ST01. 
     The preparation of N-doped TiO2 (N-TiO2) was similar to the 
procedure used in the synthesis of sulfur-doped TiO2 with thiourea. 
Thus, powdered samples of N-TiO2 were prepared by mixing 1 g of 
the Ishihara ST01 TiO2 powder and 2 g of reagent grade urea in a 
crucible, followed by heating in an electric furnace at 500 °C for 5 
hrs (heating rate, 5 °C min–1). Optimal conditions of temperature and 
mixture ratio were determined in prior exploratory experiments.  
     Changes in absorption of the UV/Vis light by the TiO2 samples 
and their crystalline structures were investigated following 
absorption of microwave radiation. Changes in the UV/Vis 
absorption spectra were measured by UV/Vis diffuse reflectance 
spectroscopy (DRS) using a JASCO V-660 double-beam 
spectrophotometer equipped with a JASCO ISV-722 integrating 
sphere unit.  

     To prepare the samples for this spectroscopic analysis, the 
pristine ST01 and the oxygen-vacancy rich hydrogen-treated Vo-
ST01 powders (30 mg) were added to ultrapure water (30 mL), and 
were then subsequently UV/CH and UV/MW irradiated with the 
apparatus illustrated in Figure 1d for 1 hr under stirring conditions. 
Subsequently, the aqueous TiO2 suspensions were centrifugally 
separated and then filtered and dried in an electric furnace at 110 ºC, 
following which the diffuse reflectance spectra were recorded. Note 
that the organic matter that remains on the TiO2 surface can 
frequently cause changes in the absorption spectra. Accordingly, the 
TiO2 samples that had been used in the photodegradation of 2,4-D 
were not used in these experiments.  
     Crystalline phases (anatase and rutile) and the extent of lattice 
distortions in the titania systems were determined from X-ray 
diffraction (XRD) patterns using the PANalytical X'Pert pro XRD 
apparatus and the Scherer equation.30 

2.2 Transient diffuse reflectance spectroscopic system 

Time-resolved diffuse reflectance measurements were carried out 
using the second harmonic (532 nm) output pulse from a Nd:YAG 
laser (Ekslpa, SL311) as the pump light source. The repetition rate of 
the pump laser was 10 Hz and the pulse duration was ca. 150 ps. 
About 2-µs pulses from a Xe flash lamp (Hamamatsu, L4642) were 
used as the probe (~ 5 mm in diameter) light source focused on the 
sample. A schematic of the overall setup is illustrated in Figure 1a. 
The area investigated by the probe light was within the pump light 
pulse (~10 mm in diameter). The diffuse-reflected probe light from 
the sample was then detected with a Si photodiode (New Focus, 
1601) after being dispersed by a monochromator (CVI, CM110). 
Signals from the photodetector were processed with a digital 
oscilloscope (LeCroy, 6200A) and analyzed with a computer. The 
risetime of the overall system was about 400 ps. The intensity of the 
pump light was measured with a pyroelectric energy meter (OPHIR, 
PE25-SH-V2). All measurements were performed at 295 K. The 
wavelength of the probe light pulse was set at 550 nm in order to 
monitor the kinetics of photogeneration and decay of charge carriers 
in the TiO2 samples. 
     Details of the microwave irradiation setup with the single-mode 
cavity are shown in the photograph of Figure 1b; it included a short 
plunger, an iris, a three-stub tuner, a power monitor and an isolator. 
The microwave equipment was arranged such that the waveguide 
was perpendicularly set so as not to interfere with the laser light. The 
highly precise continuous microwave radiation was generated from a 
2.45-GHz microwave semiconductor generator (Fuji Electronic 
Industrial Co. Ltd.; GNU-201AA; maximal power, 200 W). 
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Figure 1. (a) Schematic illustrating the overall diffuse reflectance 
setup; (b) photograph of the microwave irradiation setup; (c) 
schematic showing the details the sample area; (d) photograph of the 
microwave waveguide and sample cell setup. 
 

     The short plunger and the single mode cavity were connected to 
the corner waveguide (Figure 1c). The vibration isolation system for 
the short plunger and the laser were securely fixed. A dry titania 
sample or a TiO2/H2O paste made up with 1.0 mg of TiO2 and 3 mL 
of super pure water was introduced into the quartz cell (10 x 10 x 40 
mm), which was then positioned and fixed inside the waveguide 
using a Teflon pole guide. The quartz cell was covered with a Teflon 
film. The fiber-optic thermometer was introduced into the TiO2/H2O 
sample to monitor any increase of temperature accompanying 
microwave irradiation. The sample was irradiated with the laser light 
pulses through the hole vacated on the side of the waveguide, while 
the diffuse reflected light was monitored through the other hole on 
the waveguide (Figure 1d). 

2.3 UV-driven and microwave-assisted degradation of 2,4-D 

A 30-mL aqueous dispersion consisting of 2,4-dichlorophenoxy 
acidc acid (2,4-D; 0.05 mM, pH ~ 5.5) and the TiO2 powders 
(loading, 60 mg) was placed in a 150-mL Pyrex glass batch-type 
cylindrical reactor {Taiatsu Techno Co.; size, 160 mm (height) x 37 
mm (internal diameter)} located in the waveguide of the microwave 
apparatus (Figure 2). The reactor was sealed with two Byton O-
rings and a stainless steel cap. A pressure gauge and a release bulb 
were connected to the cover of the reactor. Unless noted otherwise, 
continuous microwave irradiation was obtained from a Hitachi 
Kyowa Engineering Co. Ltd. 2.45-GHz microwave generator 
(maximal power, 800 W) equipped with a power controller, a power 
monitor, and an isolator (air cooling device). The ca. 39-Watt 
continuous microwaves emitted from the magnetron were monitored 
using a power monitor. Temperatures of the aqueous TiO2/2,4-D 
dispersions were measured using an Anritsu Meter Co., Ltd. FL-
2000 optical fiber thermometer; the dispersion temperature reached a 
maximum of 101 °C after 9.5 min under microwave irradiation (inset 
Figure 2), and remained constant thereafter to within a 100–101 °C 
range. The UV source was a Toshiba 75-Watt super high pressure 
Hg lamp located so as to irradiate the sample reactor through the 
hole on the side of the waveguide. The dispersion was continually 
stirred during the irradiation.  

 

Figure 2. Experimental setup used in the UV-driven and microwave-
assisted photodegradation of 2,4-D in aqueous media with TiO2 
dispersions using an integrated UV/MW irradiation method. The inset 
shows the temperature-time profiles for the UV, UV/CH and UV/MW 
irradiation of the samples. 

     The degradation of 2,4-D was examined using three different 
irradiation methods: (a) UV-driven degradation (UV); (b) UV-
driven/microwave-assisted degradation (UV/MW); and (c) UV-
driven degradation with conventional heating (UV/CH) at 
temperatures otherwise identical to those under UV/MW irradiation 
(ca. 100 oC). In the UV/CH case, a segment of the cylindrical Pyrex 
reactor was coated with a metallic film, prepared by a metal-organic 
chemical vapor deposition technique (MOCVD), on one side at the 
bottom of the reactor to provide the external heat source (applied 
voltage to metallic film was typically less than 100 V). The uncoated 
side of the reactor allowed the UV light through. The rate of increase 
in temperature by the UV/MW route was continually monitored 
during the irradiation period. The applied voltage on the metallic 
film was varied so as to obtain a heating rate for the UV/CH method 
otherwise identical to the heating rate of the UV/MW method as 
attested to in the inset of Figure 2. The dynamics of the degradation 
process were followed by the loss of UV absorption features of the 
2,4-D using a JASCO liquid chromatograph (HPLC) equipped with 

MW

Pumping light

Probe light

Detector

Teflon guide

TiO2/H2O

in quartz square cell

(c)
Optical fiber thermometer
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a JASCO UV-2070 UV-Vis diode array multi-wavelength detector, 
and a JASCO Crestpak C-18S column; the eluent was a methanol-
water solution (1:2 v/v ratio). 

3. Results and discussion 
3.1 Characterization of ST01 systems – X-ray diffraction 

 

X-ray diffraction patterns of Ishihara’s ST01 anatase titania and of 
the oxygen-vacancy rich Vo-ST01 samples are displayed in Figure 

3. The anatase phase was identified from the X-ray peaks at 2θ: 
25.31, 37.80, 48.04, 53.89, 55.06, 62.69, 68.77 and 70.29 that 
accorded with the standard anatase database embedded in the X-ray 
equipment computer system.  The hydrogen gas pre-treatment of 
ST01 appears to have had no effect on the crystalline form of anatase 
titania subsequent to formation of oxygen vacancies (Vo). 
  

 
Figure 3. X-ray diffraction patterns of (▼) anatase crystalline phases 
in the pristine ST01 and Vo-ST01 titania specimens before and after 
UV/MW and UV/CH irradiation. 
 

     The degree of lattice distortions, calculated using the ratio of the 
standard anatase spectra (database available in the X-ray equipment 
software) for each of the ST01 systems, were: 0.0018 for pristine 
ST01 and 0.0002 for the oxygen-vacancy rich Vo-ST01 titania. The 
degree of distortion for the Vo-ST01 was ‒0.0003 after being 
subjected to UV/MW irradiation and 0.0047 when subjected to the 
UV/CH treatment. Thus, formation of Vo-ST01 titania led to a 
tenfold decrease of lattice distortion relative to untreated pristine 
ST01 powder, and even more so after being UV/MW irradiated. 
Curiously, subjecting the Vo-ST01 system to UV/CH irradiation 
caused an increase in the extent of distortion. As evidenced in the X-
ray diffraction patterns of Figure 3, the UV/MW and UV/CH 
treatments caused no changes in the anatase crystalline phase 

3.2 Characterization of ST01 systems – Diffuse reflectance 

spectroscopy 

The UV/Vis absorption spectra, calculated from the diffuse 
reflectance spectra (DRS), of the ST01 and Vo-ST01 powder 
samples are displayed in Figure 4a, whereas Figure 4b displays the 

difference absorption spectra of Vo-ST01 titania relative to the 
pristine ST01 TiO2 and of the Vo-ST01 samples after they had been 
subjected to UV/MW and UV/CH irradiation. Substantive changes 
are evident in the spectra of the Vo-ST01 powders at wavelengths 
longer than the absorption edge of ca. 385 nm when exposed to 
UV/MW and UV/CH irradiation. In accord with earlier studies by 
Kuznetsov and Serpone,31‒34 the broad absorption from 370 nm to 
700 nm in Figure 4b is likely the result of two overlapping 
absorption bands positioned around 430 nm (~2.90 eV; band AB1) 
and at ca. 485 nm (2.55 eV; band AB2); it was argued at the time 
that visible light activation of TiO2 specimens implicated defects 
associated with oxygen vacancies that give rise to color centers 
displaying these absorption bands. 31 

 

 
Figure 4. (a) UV/vis absorption spectra of pristine ST01 and Vo-ST01 
titania specimens after UV/MW and UV/CH treatment; (b) Difference 
UV/vis absorption spectra of Vo-ST01 and Vo-ST01 titania specimens 
after being subjected to UV/MW and UV/CH irradiation relative to 
untreated pristine ST01 titania.  

     Although the P25 TiO2 and the Ishihara ST01 titania have 
different electronic and structural properties, there are nonetheless 
some commonalities. In an earlier study on microwave effects on 
various TiO2 systems35 microwave irradiation of H2-treated and 
untreated P25 led to an increase of temperature of both particulate 
systems, albeit each displaying different temperature-time profiles 
with increasing temperature; the difference was ascribed to different 
effects on the electronic characteristics of the H2-treated relative to 
the untreated P25 TiO2 particles.  
     The P25 TiO2 displayed two discernible bands in the difference 
diffuse reflectance spectra, one around 400 nm (3.09 eV) and the 
other at about 365 nm (3.39 eV) together with a broad absorption 
envelope beyond 420 nm (hν < 2.94 eV).35 The bands at 400 and 
365 nm paralleled the spectral variations of the quantum yield (Φ) of 
photoreduction of O2 within a spectral range corresponding to the 
fundamental absorption, which exhibited the typical double-band-
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like structure at 385 nm (3.20 eV) and ∼340 nm (ca. 3.65 eV)36 in 
different heterogeneous systems (liquid-solid and gas-solid) 
involving pristine undoped TiO2 samples.36–38 The origins of such 
variations have been discussed elsewhere by Serpone39 and by 
Kuznetsov and Serpone,31 who later 34 attributed the broad 
absorption to formation of Ti3+ and F color centers. By contrast, Lu 
and coworkers40 assigned the broad spectral features in the 
absorption spectrum of a reduced (rutile) TiO2 single crystal to (Ti3+-
VO) defect centers with the oxygen vacancy VO located nearest the 
site of the Ti3+ ion.  
     An alternative view was also proposed35 that, as demonstrated by 
Emeline and coworkers41 for the ZrO2 system, photoinduced 
coloration of titania in hydrogen-treated TiO2s may be caused by 
photooxidative adsorption of H2, the first step implicating a reaction 
with a surface-oxidized oxygen radical anion (O‒•, eqn 1) produced 
by trapping a valence band hole. Stabilization of this hole state and 
decrease of recombination of free electrons with this hole state then 
would increase the number of electron color centers (e.g. F and 
Ti3+), with the F centers being produced by electron trapping into 
oxygen vacancies.41 Some of these centers could be thermally 
ionized by absorption of microwave radiation leading to a greater 
concentration of free electrons via interaction of the remaining 
hydrogen atom (eqn 1) with surface oxygen dianions to yield 
additional free electrons (eqn 2). Thus additional electron color 
centers can form on trapping the electrons either by oxygen 
vacancies or by Ti4+ species.42 

 
O‒•  +  H2  �  OH‒  +  H•     (1) 
H•  +  O2‒  �  OH‒  +  e‒     (2) 

 
     Relevant to the present discussion, recent deep levels transient 
spectroscopy (DLTS) and thermal admittance spectroscopy (TAS) 
studies by Arcadipane and coworkers43 have revealed the presence 
of no less than four defect levels within the band-gap of TiO2 located 
at 0.05 eV, 0.20 eV, 0.42 eV and 1.4 eV below the conduction band, 
likely connected in one form or other to oxygen vacancies,44 and 
ultimately to color centers. 
     It is curious that absorption at wavelengths above 370 nm for the 
Vo-ST01 sample following treatment with UV/CH irradiation is 
more intense relative to the UV/MW-irradiated sample (Figure 4b), 
even though both were subjected to the same temperature conditions 
(100 oC; inset to Figure 2). Contrary to conventional heating, which 
heats up the titania particle from the surface to the bulk, microwave 
dielectric heating occurs inside-out from the bulk to the surface 
while the samples were being simultaneously UV-irradiated. 
Accordingly, it is not unreasonable to infer that the surface of the 
titania particles was modified, particularly by the former treatment 
(UV/CH). Hence, to the extent that diffuse reflectance spectra probe 
the surface of the particles, the greater absorption intensity of Vo-
ST01 subjected to UV/CH is sensible. We suppose that a number of 
defect sites (e.g., anion and cation vacancies; Va and Vc)

36 were 
produced at the surface of the titania particles by that treatment as 
expressed by eqns 3‒7: 
 

Ti4+  +  e‒  �  Ti3+     (3) 
Va  +  e‒  �  F +      (4) 
Ti3+  +  ½ O2  �  Ti4+  +  O‒

surf    (5) 
F +  +  ½ O2  �  Va  +  O‒

surf    (6) 
Vc  +  h+  �  VS (O‒

S)     (7) 
 

where VS is a hole color center at the surface and O‒
surf denotes 

surface-trapped holes. The presence of oxygen vacancies within the 
crystal lattice of ceramics has been reported to enhance microwave 

heating through Joule heating that bring about changes of the 
microscopic electrical resistance in ceramics.45 Although conversion 
of microwave energy to thermal energy may be affected by the 
presence of oxygen vacancies, it may be possible (under some 
conditions) to control the recombination of charge carriers and 
increase the catalyst photoactivity as inferred in Figure 5.46  

 

Figure 5. Cartoon depicting the influence of microwave radiation on a 
regular ST01 particle and on Vo-ST01 particle.  

     The DRS results of Figure 4 can be interpreted in terms of the 
charge conservation law, namely that [e‒

tr] = [h+
tr]; that is, the 

number of photogenerated trapped electrons must equal the number 
of trapped photo-holes. The processes of photogenerated charge 
carrier trapping can be described by the following set of elementary 
steps: 
 

e‒  +  Va  �  F+
  (Ti3+‒‒ Va)        trapping  (8) 

          h+  +  F+  �  Va                          recombination           (9) 

h+  +  Vc  �  V (O‒ ‒‒Vc)          trapping  (10) 

e‒  +  V  �  Vc          recombination  (11) 

Considering the mechanism of trapping, the charge balance can be 
expressed by eqn 12 as 

[e‒
Va] +  [e‒

V]  =  [h+
Vc]  +  [h+

F]  (12) 

and the condition [e‒
tr] = [h+

tr] can then be represented as (eqn 13),  

          [e‒
Va]  ‒ [h+

F] = [h+
Vc]  ‒ [e‒

V]                 (13) 

or as (eqn 14),   

[F+] = [V]    (14) 

This balance can be considered as resulting from the achievement of 
quasi-steady-state conditions (eqn 15) realized in the DRS 
experiments (see Figure 4). 

d[F]/dt = k8 [e
‒] [Va] – k9[ h

+] [F+]  

                             = k8 [e
‒] [Va0] – (k8 [e

‒] + k9 [h
+]) [F+]  =  0       (15) 

so that 

[F+]  =  k8 [e
‒] [Va0] / (k8 [e

‒] + k9 [h
+])            (16) 
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(A similar expression can be written for the trapped holes, which are 
apparently optically inactive within the experimental spectral range). 
Thus, the level of UV-induced coloration depends on the 
concentration of the corresponding defects (e.g. anion vacancies). 
Accordingly, the increase of the concentration of anion vacancies 
should result in an increase of photoinduced coloration.  
     As we noted above, surface reduction with hydrogen leads to 
formation of both anion vacancies (without trapped electrons) and F-
type centers (i.e., anion vacancies with trapped electrons, (Ti3+‒‒ 
Va)). As a result, an extrinsic absorption by F-type centers was 
observed in the diffuse reflectance spectra (Figure 4). At the same 
time, the surface anion vacancies (Va,S) can act as adsorption centers 
for ambient water (eqn 17) that leads to a decrease of the total 
number of anion vacancies in TiO2. 
 

Va,S   +  H2O  �  OH‒
S  +  H+

S       (17) 

     Sample heating by either microwave or by conventional heating 
(~100 oC) causes water desorption and restores the surface anion 
vacancies. Since conventional heating occurs from the surface to the 
bulk while microwave heating takes place from the bulk to the 
surface, we expect conventional heating to display a stronger effect 
on the desorption of surface water and thus on the re-formation of 
surface anion vacancies. Accordingly, the number of anion vacancies 
decreases in the order VO-ST01-UV/CH > VO-ST01-UV/MW > VO-
ST01; in accordance with eqn 16, the degree of photocoloration 
should follow the same order. 
 

3.3 Picosecond transient diffuse reflectance spectroscopy 

 
     To ascertain the behaviors of the charge carriers (e‒ and h+) we 
examined next each of the Ishihara ST01 TiO2 powders by in-situ 
transient diffuse reflectance spectroscopy using 150-ps Nd-YAG 
laser pulses for excitation (repetition frequency, 10 Hz) and a Xe 
flash lamp (2-µs pulses) while samples were being subjected to 
microwave and non-microwave irradiation conditions. At the probe 
wavelength of 550 nm we probed the photogeneration and decay of 
trapped electrons1,47 known to display overlapping absorption bands 
across the visible to the near-infrared spectral regions owing to 
formation of photo-induced color centers.31-34   
     Perusal of the decay at the probe wavelength (Figure 6; see also 

Figure S1 in Supplementary Information) that pertains to 
recombination of photogenerated charge carriers shows that 
recombination follows fast and slow decay kinetics. Accordingly, the 
data were analyzed by double exponential kinetics, the data for 
which are collected in Table 1. The faster decay occurring within 5–
12 ns is likely the result of recombination of shallow-trapped (or 
free) electrons with valence band holes, whereas the significantly 
slower decay originates with recombination of deeply-trapped 
electrons (e.g., as Ti3+ and/or as F color centers on trapping electrons 
by oxygen vacancies, Vo) with free valence band holes, although our 
data do not preclude recombination with trapped holes.  
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Figure 6. Decay of transient absorption with and without microwave 
irradiation; (a-i) dry pristine ST01; (a-ii) wet pristine ST01 paste; (b-i) 
dry Vo-ST01; (b-ii) wet Vo-ST01 paste; (c-i) dry N-ST01; (c-ii) wet N-
ST01 titania paste. 
 

Table 1. – Decay of the percent absorption (i.e. recombination 
kinetics of charge carriers) of various Ishihara ST01 titania systems 
as dry powders and as aqueous pastes with (MW) and without (no-
MW) being microwave-irradiated. Decay kinetics were probed at 
550 nm in the region where electrons display significant absorption. 
Highlighted are the systems where significant differences are 
observed in the decay kinetics.a 
 

TiO2 systems 

Recombination dynamics and decay times of 

charge carriers 

kslow          

(106 s–1) 

kfast       

(108 s‒1) 

τslow    

(µs) 

τfast 

(ns) 

ST01 (no-MW) 3.2 ± 0.4 1.6 ± 0.2 0.31 6 

ST01 (MW) 2.4 ± 0.3 1.5 ± 0.1 0.42 7 

Vo-ST01         
(no-MW) 

2.5 ± 0.3 1.7 ± 0.1 0.40 6 

Vo-ST01 (MW) 2.9 ± 0.2 1.7 ± 0.1 0.34 6 

N-ST01           
(no-MW) 

5.3 ± 0.3 1.5 ± 0.1 0.19 7 

N-ST01 (MW) 3.1 ± 0.2 2.1 ± 0.1 0.32 5 

ST01/H2O      
(no-MW) 

9.1 ± 0.7 1.6 ± 0.4 0.11 6 

ST01/H2O (MW) (<< 0.1) 0.93 ± 0.15 (>> 10) 11 

Vo-ST01/H2O 
(no-MW) 

7.4 ± 0.4 1.8 ± 0.3 0.14 6 

Vo-ST01/H2O 
(MW) 

0.99 ± 0.27 1.7 ± 0.2 1.00 6 

N-ST01/H2O   
(no-MW) 

1.8 ± 0.5 0.85 ± 0.09 0.54 12 

N-ST01/H2O 
(MW) 

2.1 ± 0.4 1.1 ± 0.1 0.48 9 

a Note that all experimental data in this table and in Figures 6 represent the 
average of no less than four different experiments. 

     Except for the nitrogen-doped ST01 (Figure 6c-i and Table 1) in 
the dry state, the pristine ST01 (Figure 6a-i) and oxygen-vacancy 
rich Vo-ST01 (Figure 6b-i) powdered samples displayed no 
significant differences in transient decay, regardless of whether or 
not the samples were microwave-irradiated (see Table 1). Note that 
a temperature increase of about 5–8 ºC for each TiO2 sample 
occurred by irradiation with microwaves after ca. 1 min indicating 
that indeed the samples were microwave-irradiated. For the nitrogen-
doped ST01 system, microwave irradiation tended to decrease the 
slower decay kinetics nearly twofold: kslow = 5.3 x 106 s‒1 versus 3.1 
x 106 s‒1 reflected in the decay times τslow = 0.19 µs versus 0.32 µs. 
The fast decay kinetics were nearly identical within experimental 

error in all the above cases whether or not the systems were 
microwave-irradiated. 
     The slow decay was particularly interesting as significant 
differences were observed in the decay times, especially for the 
aqueous titania pastes, although this assertion precludes the N-
ST01/H2O system, which displayed no significant variances with or 
without being microwave- irradiated (see Figure 6c-ii and Table 1). 
By contrast, paste samples of both the ST01/H2O and the oxygen-
vacancy rich (H-treated) Vo-ST01/H2O displayed substantial 
variations between being (MW) and not being (no-MW) microwave-
irradiated; particularly significant was the former system (Figure 6a-

ii and Table 1). Indeed, when the ST01/H2O titania was microwave 
irradiated the decay kinetics decreased dramatically: kslow = 9.1 x 106 
s–1 (no-MW) versus << 0.1 x 106 s–1 (MW); decay times τslow = 0.11 
µs versus >> 10 µs, respectively. The already oxygen-vacancy rich 
Vo-ST01/H2O system displays a lesser but nonetheless significant 
decrease in absorption decay upon being microwave-irradiated: kslow 
= 7.4 x 106 s–1 (no-MW) versus 0.99 x 106 s–1 (MW); τslow = 0.14 µs 
versus ca. 1.00 µs, respectively. Such differences may be due to 
microwave non-thermal factors for both ST01/H2O and the oxygen-
vacancy rich (H-treated) Vo-ST01/H2O systems, yet non-thermal 
factors had no influence on ST01 TiO2 toward the photodegradation 
of 4-chlorophenol.28 Microwave radiation also seemed to have had 
no effect on the photocatalytic performance of N-doped ST01 TiO2 
(N-ST01).28 

      The kinetics of the processes described by equations 8–11 for F-
type centers were represented by eqn 15, 

         d[F]/dt = k8 [e
‒] [Va] – k9 [ h

+] [F+]  

                = k8 [e
‒] [Va0] – (k8 [e

‒] + k9 [h
+]) [F+]                  (15) 

and depend on the concentration of the defects, on the corresponding 
rate constants of charge carrier trapping, and on the time evolution of 
the concentrations of the charge carriers (electrons and holes – eqns 
18 and 19, respectively). 

d[e‒]/dt  = ‒ k8 [e
‒] [Va] – k11 [e

‒] [V]  (18) 

d[h+]/dt  = ‒ k10 [h
+] [Vc] – k9 [h

+] [F+]    (19) 

Thus, any additional factors that affect the evolution of the charge 
carrier concentration will also affect the kinetics of the absorption by 
color centers.  
     Interestingly, adsorbed waters can also act as hole traps (eqn 20) 
  

H2Os  +  h+  �  OH•  +  H+   (20) 

followed by recombination with electrons (eqn 21),48  
 

OH•  +  H+  +  e‒  �  H2Os   (21) 

Therefore, the adsorbed waters can create a new (probably) slower 
channel for charge carrier recombination that changes the kinetics of 
the absorption decay. At the same time, microwave irradiation can 
result in the desorption of water from surface anion vacancies, as a 
result of which the kinetics of absorption decay through the newly 
re-formed surface defects then become similar to those observed for 
the un-wetted surface. In turn, it is known the N-doping causes the 
stabilization of anion vacancies and of the corresponding color 
centers.49,50 Accordingly, N-doping results in the formation of a 
larger number of anion vacancies in the bulk of N-doped TiO2, and 
therefore the kinetics of absorption decay do not depend greatly on 
surface hydroxylation. In fact, the kinetics are more likely dictated 
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by the rate constants of charge carrier trapping by the bulk defects 
stabilized by the N-dopant. 
 
3.3 Influence of oxygen vacancies in the photodegradation of  

2,4-D 

     The picosecond results pertaining to the aqueous pastes (Table 1 
and Figure 6) should provide some expectations as to the dynamics 
of degradation of the 2,4-D on the basis that the longer the decay 
times are (Table 1), that is the slower charge carrier recombination 
is, the faster the degradation reactions should be inasmuch as they 
can then compete more effectively with recombination processes. In 
this regard, the data for the ST01/H2O and Vo-ST01/H2O (with and 
without MW irradiation) is most appropriate as they are the data that 
show the greatest variations in the slow recombination dynamics of 
the charge carriers. These dynamics are slowest when the specimens 
are subjected to microwave irradiation: decay times, >>10 µs (MW) 
versus 0.11 µs (no-MW) for ST01/H2O, while for Vo-ST01/H2O 
decay times were 1.0 µs (MW) versus 0.14 µs (no-MW), and for N-
ST01 0.32 µs (MW) versus 0.19 µs (no-MW). Hence for pristine 
ST01, Vo-ST01, and N-doped ST01 titania the degradation of 2,4-D 
in aqueous media should be faster under UV/MW irradiation than 
under UV irradiation alone, or more appropriately under UV/CH 
irradiation conditions for identical temperatures (100 oC; see insert 
Figure 2). As we shall see below, these expectations are borne out 
by the time profiles of the photodegradation of 2,4-D in aqueous 
dispersions of pristine ST01 TiO2, Vo-ST01 titania and N-doped 
ST01 titania, displayed in Figure 7, and by the dynamics (initial 
rates) reported in Table 2.  
 

 

 

 

Figure 7. Photodegradation of 2,4-D using UV, UV/MW, and UV/CH 
irradiation methods: (a) pristine ST01 titania; (b) Vo-ST01 titania with 
oxygen vacancies, and (c) nitrogen-doped ST01. The UV light 
irradiance at 360 nm was ca. 0.4 mW cm

−2
; temperature under 

UV/MW and UV/CH was 100 
o
C, whereas temperature was ambient 

under UV irradiation alone (see insert to Figure 2).  
 

     Significant differences in the photoassisted degradation of 2,4-D 
by Vo-ST01 titania samples (Figure 7b) are evident relative to 
pristine ST01 (Figure 7a) and N-doped ST01 systems (Figure 7c). 
For pristine ST01, the degradation of 2,4-D under UV/MW 
irradiation at 100 oC was ca. 25 % faster relative to UV irradiation 
alone (Table 2, Figure 7a), likely due to a microwave thermal effect 
as in the latter case the temperature was ambient. On the other hand, 
degradation was twofold faster under UV/MW irradiation relative to 
UV/CH irradiation both occurring at 100 oC (Table 2), in fair 
agreement with earlier results on the degradation of 4-chloro-
phenol,29 and in accord with expectations from the picosecond 
results (Table 1 and Figure 5a-ii). 
 

Table 2. – Dynamics (initial rates) of the photodegradation of 2,4-
dichlorophenoxyacetic acid in aqueous media under UV, UV/MW, 
and UV/CH irradiation; initial concentration of 2,4-D was 0.025 
mM; the temperature of the photodegradation under UV/MW and 
UV/CH conditions were identical. 

Titania 

systems 

Photodegradation dynamics of 2,4-D                    

(x 10–4 mM min–1) 

UV a UV/MW b UV/CH b 

pristine ST01 3.0 3.7 1.7 

Vo-ST01 0.82 1.4 0.019 

N-doped ST01 2.0 1.3 1.0 

a ambient temperature; b temperature was 100 oC 

     For the hydrogen-treated ST01 TiO2 that resulted in the formation 
of a number of oxygen vacancies, the initial rate of degradation of 
2,4-D was nearly twofold faster for Vo-ST01 TiO2 dispersions under 
UV/MW (100 oC) relative to UV irradiation alone at ambient 
temperature (1.4 x 10–4 mM min–1 versus 0.82 x 10–4 mM min–1, 
respectively; Table 2), a result due to microwave thermal effects. 
Most significant were the faster degradation dynamics under 
UV/MW irradiation relative to UV/CH by nearly two orders of 
magnitude (1.4 x 10–4 mM min–1 versus 1.9 x 10–6 mM min–1, 
respectively) in accord with ps expectations. These data infer a role 
of microwave non-thermal factors in the photocatalytic reaction for 
the Vo-ST01 TiO2 system, as in both cases the photodegradation was 
carried out under identical temperature conditions (100 oC). Non-
thermal effects appear to play a role in pristine ST01, albeit to a 
lesser extent.  
     Microwave non-thermal factors seem to have had little 
consequence, if any, on the N-doped ST01 titania system, at least in 
the photodegradation of 2,4-D, as the data of Table 2 and Figure 7c 
show that the degradation is faster under UV irradiation alone, and 
somewhat slower under both UV/MW and UV/CH irradiation 
conditions, albeit slightly faster under UV/MW in line with 
expectations from the picosecond data (Table 1 and Figure 6).  
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4. Concluding remarks 
 
Our in-situ examination of picosecond transient diffuse reflectance 
of three opaque titania samples while being microwave-irradiated 
has shown that microwaves had little influence on the fast decay 
kinetics of dry powders of pristine ST01 titania, oxygen-vacancy 
rich Vo-ST01 and N-doped ST01 systems, as the fast decay occurred 
within ca. 5 to 7 ns that we have attributed to recombination of free 
or shallow-trapped electrons with holes, while the slow decay for the 
ST01 and Vo-ST01 systems that occurred within about 0.30‒0.40 µs 
and likely due to recombination of deeply-trapped electrons with 
(free or trapped) holes tended to be similar within experimental 
error. For the dry N-doped ST01 system, the slower decay was 
nearly twofold slower (3.1 x 106 s‒1 (MW) versus 5.3 x 106 s‒1 
(MW)) when subjected to microwave irradiation. Significant 
differences were seen in the slow transient decay when the titania 
systems consisted of aqueous pastes, particularly for the pristine 
ST01 and Vo-ST01 samples under microwave irradiation when 
compared to samples that were not MW-irradiated. Indeed, the slow 
decay occurred in >> 10 µs and 1.0 µs for these two systems, 
respectively, when MW-irradiated relative to 0.11 µs and 0.14 µs 
when not MW-irradiated. Microwave radiation likely causes either 
additional formation of defects that can trap electrons and/or change 
the trapping energies resulting in slower charge carrier 
recombination, a process that should enhance photocatalyzed 
reactions with these systems. Microwave non-thermal factors may 
have a role in affecting the electronic properties of titania. Such a 
role was evident in the photodegradation of the 2,4-D herbicide 
when comparing the dynamics between UV/MW and UV/CH 
irradiation under identical temperature conditions.  
     In accord with expectations from the ps results, the degradation of 
the 2,4-D herbicide in aqueous media was fastest under UV/MW 
irradiation than under UV/CH in both cases process occurring at 100 
oC. Germane to the present study, Pan and coworkers44 noted that 
oxygen vacancies play an important role in mediating interfacial 
electron transfer and so are expected to affect the photocatalytic 
activity of titania. Some researchers have noted that oxygen 
vacancies act as recombination centers of the photogenerated 
electrons with holes.51 In this regard, Lin et al.52 and Kitano and 
coworkers53 contend that the concentration of oxygen vacancies 
likely reduces photocatalyst performance because as potential 
recombination centers they enhance recombination of the reductive 
and oxidative charge carriers. Our results show that under 
microwave irradiation charge carrier recombination was slower (i.e., 
longer decay times of the carriers), at least for the aqueous pastes of 
pristine ST01 and Vo-ST01 samples, and allowed reactions in 
aqueous media to be enhanced (under UV/MW vis-à-vis UV/CH) as 
they could compete more effectively with slower charge carrier 
recombination. Particularly significant were the results displayed in 
Figure 7b for the VO-ST01 TiO2 specimen for which we argue that 
the number of anion vacancies decreases in the order VO-ST01-
UV/CH > VO-ST01-UV/MW > VO-ST01; this infers that the lower 
the number of surface anion vacancies (and thus surface 
recombination centers) the greater should be the photoactivity of the 
titania specimen in line with the suggestion of Lin et al.52 and Kitano 
and coworkers.53 Microwave radiation, no doubt, likely imparts 
additional effects on titania specimens that have yet to be fully 
understood. 
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