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Abstract 

Charge carrier dynamics in various commercially available TiO2 photocatalysts was studied by 

means of the time-resolved microwave conductivity (TRMC) technique. The intensities of the TRMC 

signals strongly depended on the photocatalyst, suggesting that the TRMC technique is potentially useful 

for characterizing photocatalytic activity. We found that fast charge recombination within the time 

resolution of the measurement system becomes dominant when one or more charges are generated 

primarily in a particle. We also found that the TRMC signals were sensitive to the particle size and that the 

maximum signal intensity was roughly proportional to the diameter of the particles. This tendency was 

explained on the basis of a model in which electron traps are located at the surface of the particles. P25, 

one of the best photocatalysts developed to date, showed a slight deviation from this tendency; the 

reason for the deviation is discussed. 

 

Introduction 

Photocatalysts based on TiO2 have attracted much attention as promising environmental 

photocatalysts, and a huge number of studies have been carried out on these materials.
1-3

 Currently, 

various commercially available products with widely varying photocatalytic activities are utilized in various 

applications. The surface properties of the TiO2 particles, which sensitively depend on the conditions 

under which they are prepared, are the limiting factor for their photocatalytic activity. Various attempts to 

clarify the relationship between the photocatalytic activity and the physical properties of TiO2 

photocatalysts such as surface area, particle diameter and crystal structure have been carried out.
4,5

 

However, so far, no clear relationship has been obtained. Thus, the primary processes of the 

photocatalytic reaction must be evaluated for a detailed study. 

 

The transient absorption (TA) technique has been widely employed to study primary processes 

in photocatalysts.
6-16

 Reactive species can be assigned from TA spectra, and trapped holes, trapped 

electrons and quasi-free electrons have been identified.
9
 The rate of recombination of electrons and holes 

can be evaluated from decay profiles. The recombination rate increases with increasing density of 

charges produced in a particle, and slow recombination within the microsecond time region can be 

observed under weak-excitation conditions.
9,15

 If the reaction is an efficient process, the reaction rate and 
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yield can also be evaluated by TA measurements. Holes produced in a particle react with methanol with 

almost unity efficiency, and the reaction is very fast (rate constant 1/300 ps).
11

 In contrast, reaction of 

electrons with oxygen is slow (on the order of milliseconds).
14,15

 

 

In principle, it is possible to apply the TA technique to clarify the factors responsible for the 

differences in the photocatalytic activities among commercial products. However, commercial products 

are powders, and scattering of the probe light is a serious problem in evaluating primary processes 

quantitatively. To address this problem, TA measurements have been made using long-wavelength light. 

Onishi and co-workers studied infrared detection of transient species produced in TiO2 particles under UV 

excitation.
12

 They evaluated photocatalytic reaction rates for several commercial products and found 

differences in TA signal intensities and recombination rates.
12

 Although the factors responsible for these 

differences are not fully understood, it is quite important to identify them. 

 

Long-wavelength detection of TA signals can also be accomplished by using microwave or 

terahertz electromagnetic waves. The origin of the TA signal in the microwave to terahertz region is 

different from that in the visible to infrared region. In the visible to infrared region, absorption is induced by 

the optical transition from the ground state to the excited state of the transient species produced by light 

excitation. In contrast, in the microwave to terahertz region, absorption is proportional to the conductivity 

of the charge carriers produced in the sample, i.e., the number of mobile charges multiplied by the 

mobility of the charge. Although the microwave and terahertz TA techniques are useful for studying the 

primary processes in TiO2 photocatalysts, the terahertz TA technique is not commonly used because of 

experimental difficulties.
17

 In contrast, in the microwave TA technique, time-resolved microwave 

conductivity (TRMC) is relatively easy to measure, and thus the TRMC technique is suitable for 

systematic study of various TiO2 samples. 

 

The first TRMC study of TiO2 was carried out in 1984;
18

 since then, several groups have used 

the TRMC technique to study charge carrier dynamics in TiO2 nanoparticles.
19–26

The TRMC signal is very 

sensitive to the particle size and morphology of the sample; for example, the TRMC signal of small 

particles (d < 20 nm) is three orders of magnitude smaller than that of thin films.
19,20

 A recent study 

suggests that this remarkable difference is due to a difference in the efficiency of detecting charge 

carriers; i.e., the trapping process plays an important role in TRMC measurements of TiO2.
24

 Although 

several crystal structures are known for TiO2, the anatase and rutile structures are common for 

commercially available TiO2 powders. Because the TRMC signals from these structures are very 

different,
25

 the TRMC technique has been used to elucidate charge carrier dynamics and reaction 

processes in TiO2 photocatalysts.
22

 

 

Although the TRMC technique is potentially a powerful tool for studying charge carrier dynamics 

in TiO2, the relationship between the TRMC signal and various basic properties of TiO2 is not fully 
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understood. To overcome this problem, a systematic TRMC study of TiO2 photocatalysts is needed. 

Commercial products are good candidates for study because the properties of laboratory-prepared TiO2 

photocatalysts are often sensitive to the preparation method. Thus, we carried out a systematic TRMC 

study of several commercially available TiO2 photocatalysts for which basic properties such as particle 

size are available. Accordingly, we can discuss the relationship between the TRMC signal characteristics 

and the basic properties of TiO2 photocatalysts. 

 

Experimental 

Commercial TiO2 photocatalysts were used as sample materials (Table 1). All samples were 

used as obtained from the suppliers. The diameters of the TiO2 photocatalyst particles (d) and ratios of 

the rutile to anatase structures (R/A) are listed in Table 1. A powder scraped from a nanoporous 

nanocrystalline TiO2 films was used as a standard sample for evaluating the absolute value of the 

conductivity. This film has been used as an electrode for dye-sensitized solar cells
27

 and the films were 

prepared by screen-printing a TiO2 paste containing nanoparticles (d = 9 nm; Ti-Nanoxide HT/SP, 

Solaronix) onto glass slides and then calcining the printed substrates for 1 h at 800 K. 

 

TRMC measurements were carried out with homemade TRMC equipment.
28

 Microwaves were 

generated by an oscillator based on a 200-mW Nakadai MGS-15B Gunn diode. The oscillator was 

equipped with a varactor diode, which was used to tune the frequency of the microwaves from 8.5 to 10 

GHz (X-band). The microwaves traveled toward the sample cavity through a circulator. The sample cavity 

was placed at the end of the waveguide as shown in Fig. 1. A powder sample in a 5-mm-diameter glass 

tube was placed in the cavity. Under the experimental conditions, the quality factor Q of the cavity was 

given by Q = f0 / ∆f0, where f0 is the resonant frequency of the cavity and ∆f0 is the full width at half 

maximum of the cavity resonance curve.
29

 Actually, Q was estimated to be about 200, and the time 

resolution was about 20 ns. The third harmonic (355 nm) of a Lotis TII LS-2137 Nd
3+

:YAG laser was 

employed for UV excitation. The duration of the laser pulse was about 10 ns. Reflected microwaves were 

detected with an NEC IN23WE diode. Signals were processed with a Tektronix TDS5032 digital 

oscilloscope and analyzed with a computer. 

 

Results and discussion 

Evaluation of the absolute value of the microwave conductivity 

The TRMC technique is a type of TA spectroscopy that measures the conductivity σ of mobile 

charge carriers produced by pulsed light excitation.
19

 The absorption of microwave power –(∆P/P) can be 

expressed as  

 

e' NKK
P

P
µσ ==







 ∆
− ,      (1) 
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where K and K’ are a constant, µ is the mobility of the charge carriers, and Ne is the number of charges 

generated. The TRMC signal contains information about the mobility of charge carriers, which is different 

from conventional TA measurements in the visible to near-IR wavelength region. Thus, the time evolution 

of –(∆P/P) gives information about the recombination or trapping of charge carriers. Just after excitation, 

Ne shows a maximum value and gives the charge generation efficiency ΦCG of mobile charges. If 

excitation light is perfectly absorbed by the sample, eq. (1) can be rewritten as 

 

µCGex

max

'' ΦKI
P

P
=







 ∆
− ,     (2) 

 

where K’’ is a constant and Iex is the intensity of the excitation light. K’’ is sensitive to the excitation volume 

and thus the difference of excitation volume among samples should be considered for quantitative discussion. 

In the present study, TiO2 powder samples were used. The penetration depth of the excitation light for TiO2 at 

355 nm is typically several micrometers as reported previously,
23

 which is much smaller than the wavelength of 

the microwave (3.3 cm at 9 GHz). Although absorption coefficient is slightly different among different TiO2 

powders as reported previously,
30

 the same K’’ value can used for all samples. The ΦCG values obtained in 

this way are often affected by the time resolution of the measurement system. If charge recombination 

occurs within the time resolution of the system, the ΦCG value becomes smaller than the primary 

generation efficiency Φpri.  

 

TRMC measurements were carried out on TiO2 nanoparticles, and characteristic features were 

found. In eq. (2), mobility µ includes contributions from both electrons and holes. For TiO2 nanoparticles, it 

has been argued that holes are trapped rapidly.
16

 and therefore only the electron contribution is detected 

in TRMC measurements.
20

 The –(∆P/P) of electrons in a TiO2 nanocrystalline film is not simply 

proportional to the excitation light intensity Iex. The Iex dependence is bell-shaped: i.e., –(∆P/P) max/Iex 

values increase with increasing Iex at low Iex, reach a peak, and then decrease with increasing Iex. 

According to previous studies,
19

 the bell shape can be attributed to the trap-filling effect at low Iex and to 

efficient fast recombination at high Iex. The trap-filling effect can be explained as follows. At low Iex, all 

generated electrons are effectively trapped, and their effective mobility becomes very small. The number 

of mobile electrons increases with increasing Iex because the number of available unoccupied traps 

becomes progressively smaller as Iex increases, and therefore a large TRMC signal is observed. At high 

Iex, the TRMC signal decreases again because secondary recombination of electrons and holes occurs 

efficiently within the time resolution of the apparatus. 

 

As shown in eq. (2), the absolute value of ΦCGµ should be evaluated for quantitative discussion. 

Although ΦCGµ can be evaluated numerically for TiO2 thin films,
19

 such evaluation is difficult for a powder 

sample in a tube that is contained within a cavity. As far as we know, no standard powder sample is 
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available for evaluating the absolute value of ΦCGµ. Therefore, as a standard sample (ST), we used the 

powder obtained by scraping a nanocrystalline TiO2 thin film. We measured –(∆P/P)max/Iex as a function of 

Iex for ST and a powder sample of P25 under the same experimental conditions, i.e., the same Q value of 

the cavity (Fig. 2). The absolute value of ΦCGµ for nanocrystalline films has been evaluated as 0.015 cm
2
 

V
-1

 s
-1

 at the top of the bell-shaped dependence.
21

 Thus, the absolute value of ΦCGµ in P25 can be 

evaluated by comparison with the absolute value of ΦCGµ in ST based on eq. (2) (Fig. 2).  

 

For later discussion, two parameters, [ΦCGµ]max and [Iex]peak, are introduced. As shown in Fig. 2, 

[ΦCGµ]max and [Iex]peak are defined as the ΦCGµ value and the light intensity at the maximum of the 

bell-shaped dependence, respectively. 

 

Decay profile of TRMC signal 

It is often pointed out that the properties of photocatalysts are affected by thermal treatment.
22

 

The TRMC technique has been used to study the effect of thermal treatment of photocatalysts, and 

various mechanisms have been proposed to account for changes caused by thermal treatment, including 

increase in particle size and change in crystal structure from anatase to rutile.
22

. Irreversible change 

occurs dominantly at high temperature (>500 °C), whereas reversible changes have been observed in the 

decay profiles of TRMC signals of nanocrystallne TiO2 films at low temperature (450 °C).
20

 These results 

imply that the adsorption of water molecules on the photocatalyst surface plays an important role in 

TRMC measurements. In fact, water molecules physically adsorbed on TiO2 surfaces are desorbed by 

thermal treatment at 150 °C.
31

 

 

Figure 3 shows TRMC decay profiles for P25 (Iex = 1.3 mJ cm
–2

) and ST01 (Iex = 1.5 mJ cm
–2

) 

before and after thermal treatment at 300 °C for 1 h. The decay profiles for P25 were the same before and 

after thermal treatment within the margin of error (Fig. 3a). On the contrary, a significant thermal treatment 

effect can be seen for ST01 (Fig. 3b). Note that the change in TRMC signal for ST01 was irreversible. 

Similar to the case for P25, decay profiles for the other samples in Table 1 were essentially the same 

before and after thermal treatment, suggesting that water molecules physically adsorbed on the surface 

do not affect the motion of the electrons in these TiO2 powder samples. In a previous study of ST01, 

remarkably different decay profiles were observed in the microsecond time region after thermal treatment 

at 600 °C for 3 h.
23

 This result suggests that a marked crystallinity change, such as growth of a crystal 

domain in the particles, occurred in ST01 even at 300 °C. A detailed study to clarify the mechanism of this 

change is underway in our laboratory. Although the reason for the effect observed for ST01 is unclear, the 

following measurements were carried out without thermal treatment. 

 

Figure 4 shows decay profiles of –(∆P/P) for the TiO2 samples listed in Table 1 (Iex = 2 mJ cm
–2

). 

The decay profiles were not sensitive to the excitation light intensity (data not shown), in agreement with 

results from a previous study on nanocrystalline TiO2 films.
21

 The decay profiles are similar to each other, 
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except for the profile for ST01, in which the signal decays quickly. Although there are no clear 

explanations for the fast decay of the ST01 profile, one possible explanation is that electrons are trapped 

by structural defects in the particles. As mentioned above, the TRMC decay profile for ST01 is strongly 

affected by thermal treatment, which is probably caused by growth of a crystal domain in the particles. 

This suggests that the crystallinity of ST01 particles is not perfect; in other words, amorphous-phase 

domains are included. Thus, trapping of electrons at the phase boundary is a possible reason for the fast 

decay.  

 

It was found that the TRMC signal of rutile TiO2 decays very rapidly compared with that of 

anatase TiO2.
25

 Thus, we examined TRMC measurements of the commercial products of rutile TiO2. 

Figure 5 shows TRMC signals of G1, a rutile TiO2 (Showa Titanium, d = 250 nm), and ST41, an anatase 

TiO2 (Ishihara Sangyo, d = 200 nm). The TRMC signal of G1 decays rapidly, in agreement with previous 

results.
25

 On the basis of TA results for the rutile single crystal in the visible wavelength range,
32

 the 

recombination time is expected to be on the order of microseconds under this excitation condition. Thus, 

the fast decay of the TRMC signal of G1 reflects the trapping process, and the small long-lived signal of 

G1 would reflect population of electrons. 

 

The P25, F1 and F2 powder samples contain the rutile phase (Table 1). Accordingly, a spike-like 

signal corresponding to the rutile phase is expected to be observed, as in Fig. 5. However, no such 

spike-like signal was observed for P25, F1 and F2 (Fig. 4). This result suggests that electron transfer from 

the rutile domain to the anatase domain occurs within the time resolution of the measurement system, as 

pointed out previously.
33

  

 

Excitation intensity dependence of ΦΦΦΦCGµµµµ 

 Figure 6 shows ΦCGµ of TiO2 samples listed in Table 1 as a function of Iex. This clearly shows that 

the excitation dependence of ΦCGµ varies markedly among the TiO2 samples. The Iex dependence of all 

samples can be explained on the basis of a bell-shape dependence, similar to the case for P25 and ST 

(Fig. 2). The values of [Iex]peak and [ΦCGµ]max (Table 2) can be obtained from Fig. 6. Although some of the 

curves in Fig. 6 do not show a proper bell shape, but rather just a saturated tendency, the values of 

[Iex]peak and [ΦCGµ]max are estimated with relatively large error. 

 

 Previous studies of TRMC in TiO2 particles have shown that the TRMC signal tends to increase 

with increasing particle size.
20

 Values of [Iex]peak and [ΦCGµ]max are plotted as a function of the particle 

diameter d in Figs. 7 and 8, respectively. Figures 7 and 8 clearly show that the values of [Iex]peak and 

[ΦCGµ]max are correlated with d. It is obvious that [Iex]peak is proportional to d
–3

 and that [ΦCGµ]max is 

proportional to d. A model explaining these tendencies is discussed below. 

 

 As discussed above, [Iex]peak is the onset intensity for fast charge recombination occurring within 
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the time resolution of the measurement system. Fast recombination would occur before trapping of both 

electrons and holes. Because the trapping time for holes is less than 100 fs in TiO2 nanocrystalline films 

composed of nanoparticles of d = 9 nm,
16

 the fast recombination observed here would occur rapidly, 

suggesting that the recombination is an intraparticle event. Because charge recombination is a 

second-order reaction, the number of electrons NC generated in a particle is an important parameter (NC 

is proportional to the volume of the particle Vp (= (πd3
)/6) for a given excitation light intensity). Hence, the 

observed d
–3

 dependence of [Iex]peak means that fast charge recombination becomes dominant when the 

same number of electrons are generated in a particle. The number of charges [NC]peak produced in a 

particle at [Iex]peak can be evaluated using the density of the particle Dp (= 6P/ πd3
) and the excitation 

density [Dex]peak at [Iex]peak:  

 

[ ]
[ ] [ ]

( )3
peakexCG

P

peakex

peakC
6 dP

IΦ

D

D
N

π

α
== .     (3) 

 

where P is the porosity of the powder sample and α is the absorption coefficient. Values of α = 1 × 10
4
 

cm
–1

 is used
23

 and P is assumed to be 0.5. Accordingly, the dotted line in Fig. 7 represents the relation 

NC
peak

 = 1, clearly indicating that fast intraparticle charge recombination efficiently occurs when one or 

more charge pairs are produced in a particle. Although this has been pointed out for small nanoparticles 

(d = 9 nm),
19

 we note that such fast recombination also occurs under a similar electron density condition 

for large particles (e.g., ST41 (d = 200 nm), F1 (d = 90 nm), F2 (d = 60 nm) and F4A (d = 30 nm)). 

 

 This fast recombination implies that the motion of electrons and holes in the particle is affected 

by charges trapped in the particle. As shown in Fig. 6, the trap-filling effect is dominant below [Iex]peak, 

suggesting that electrons and holes produced in the particle can be trapped efficiently. Under such 

conditions, slow recombination is expected. Above [Iex]peak, one or more charges are produced, and these 

charges undergo recombination before trapping; that is, the second-generated charge in the particle is 

difficult to trap. This suggests that the motion of the second-generated charge is affected by the electric 

field induced by trapped charges in the same particle.  

 

[ΦCGµ]max is the maximum value in the bell-shaped dependence of ΦCGµ  on Iex. According to the 

previous study on small TiO2 nanoparticles (d = 9 nm), the gradual increase of [ΦCGµ]max in the low-Iex 

region can be explained by the trap-filling effect, which is suppressed by simultaneous UV light 

irradiation.
19

 Under such conditions, the ΦCGµ value in the low-Iex region becomes similar to [ΦCGµ]max, 

indicating that [ΦCGµ]max is the ΦCGµ value free from the trap-filling effect. Thus, the [ΦCGµ]max values 

obtained in the present study differ among the samples due to their different ΦCG and µ values. Recently, 

the ΦCGµ value obtained from TRMC measurements of nanocrystalline films composed of anatase 

nanoparticles and anatase flat films was discussed by dividing into two contributions, i.e., ΦCG and µ. 
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Accordingly, in both the nanocrystalline and flat films, the mobility was evaluated as µ = 1.7 cm
2 

V
–1 

s
–1

. 

The generation efficiency ΦCG of TRMC-detectable charges was estimated to be ΦCG = 0.02 in the 

nanocrystalline film, and ΦCG = 1 in the flat film. For nanocrystalline films, the primary efficiency of charge 

generation is known to be Φpri = 1,
20

 indicating that the majority of electrons are rapidly trapped and that 

the remaining electrons are detected by TRMC measurements. This suggests that the ΦCGµ values in Fig. 

6 are mainly controlled by the generation efficiency ΦCG of TRMC-detectable charges. 

 

As discussed above, ΦCG is related to the density of trap sites Dtrap; thus, ΦCG can be expressed 

as 

 

photon

trap

photon

trapphotonpri

photon

trappri

photon

free
CG 1

D

D

D

DDΦ

D

DD

D

D
Φ −=

−
=

−
== ,   (4) 

 

where Dphoton, Dfree, Dpri and Dtrap are the densities of absorbed photons, detectable electrons, primary 

generated electrons and trapped electrons, respectively. Because the efficiency Φpri of primary generated 

electrons is almost unity, ΦCG can be expressed as the right-hand-side of eq. (4). If we assume that trap 

sites are located only at the surface of the particle, Dtrap is expressed as  

 








== s

trapP

S

trapPtrap

6
D

d

P
DDSD ,      (5) 

  

where SP (= πd2
) is the surface area of the particle and Dtrap

s
 is the density of traps per unit area of the 

surface of a TiO2 particle. Thus, ΦCG is expressed as 

 

photon

s

trap

CG

6
1
dD

PD
Φ −= .       (6) 

 

When ΦCG is small compared with Φpri, ΦCG is roughly proportional to d, which is consistent with the 

correlation shown in Fig. 8. This clearly indicates that the TRMC signal intensity from the TiO2 powder 

sample is mainly controlled by the density of traps located on the surface of the particle. In other words, 

the traps for electrons are located only at the surface. 

 

In Fig. 8, the data point for P25 slightly deviates from the straight line obtained by correlation of 

the data points of the other samples. This suggests that the trap density in P25 is lower than that in the 

other samples. P25 has a high photocatalytic activity and is one of the best photocatalysts developed to 

date.
5
 The origin of the high photocatalytic activity of P25 is frequently attributed to the presence of the 
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rutile phase.
5
 However, in the present study, F1 and F2, both of which contain a rutile phase, have about 

the same photocatalytic activity as that of samples containing only an anatase phase. Therefore, the 

presence of a rutile phase is a necessary but not sufficient condition to explain the high photocatalytic 

activity of P25.  

 

Conclusion 

We studied charge carrier dynamics in various commercially available TiO2 photocatalysts by 

means of the TRMC technique. The intensities of the TRMC signals strongly depended on the 

photocatalyst, indicating that the TRMC technique is potentially useful for characterizing photocatalytic 

activity in TiO2 photocatalysts. We found good correlation between [Iex]peak and d, suggesting that charge 

recombination becomes dominant when one or more charges are generated primarily in a particle. 

[ΦCGµ]max and d were well correlated, which was explained on the basis of a model in which traps are 

located only at the surface of TiO2 particles. P25, which is one of the best photocatalysts developed to 

date, slightly deviated from the [ΦCGµ]max vs. d straight line obtained by plotting data for other TiO2 

photocatalysts, suggesting that the TRMC technique can be used as a tool to explore novel 

photocatalysts with high activity.  
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Table 1 Properties of the TiO2 photocatalysts studied 

 

  Supplier d R/A 

    (nm)   

P25  Evonik Degussa 21 0.2 

ST01  Ishihara Sangyo 7 0 

ST21  Ishihara Sangyo 20 0 

ST41  Ishihara Sangyo 200 0 

F1  Showa Titanium 90 0.22 

F2  Showa Titanium 60 0.26 

F4A  Showa Titanium 30 <0.05 

F6A  Showa Titanium 15 <0.05 

 

 

 

Table 2 Values of [Iex]peak and [ΦCGµ]max for the TiO2 photocatalysts studied 

 

  d [Iex]peak [ΦCGµ]max 

  (nm) (mJ s–2) (cm2 V–1 s–1) 

P25 21 0.01 0.015 

ST01 7 0.2 0.002 

ST21 20 0.003 0.007 

ST41 200 ~0.0001 0.05 

F1 90 ~0.0005 0.03 

F2 60 0.001 0.015 

F4A 30 0.007 0.008 

F6A 15 0.05 0.003 
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Figures 

 

Fig. 1 Schematic view of the sample cavity. 

 

Fig. 2 ΦCGµ as a function of Iex for the standard sample (ST) and a powder sample of P25 under the same 

experimental conditions. 

 

Fig. 3 Decay profiles of the TRMC signal of P25 (Iex = 1.3 mJ cm
–2

) and ST01 (Iex = 1.5 mJ cm
–2

) before 

and after thermal treatment at 300 °C for 1 h.  

 

Fig. 4 Decay profiles of –(∆P/P) for the TiO2 samples listed in Table 1 (Iex = 2 mJ cm
–2

).  

 

Fig. 5 TRMC signals of G1 (Showa Titanium, d = 250 nm) and ST41 (Ishihara Sangyo, d = 200 nm). 

 

Fig. 6 ΦCGµ as a function of Iex.  

 

Fig. 7 [Iex]peak as a function of the particle diameter d. 

 

Fig. 8 [ΦCGµ]max as a function of the particle diameter d. 
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Fig. 1 
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Fig. 8 
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Graphical abstract 

e 

e h 

h 

Recombination becomes 
dominant when one or 

more (e-…h+) are generated 
in a particle. 

Electron traps are 
located at the 

surface 

TiO2 Dynamics of charges can be 
detected by time-resolved 

microwave conductivity 

Page 21 of 21 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


