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Quantitative evaluation of photocatalytic activity of oxide nanoparticles in aqueous solution 

is quite challenging in that the kinetic reaction rate is determined by a complicated interplay 

among various limiting factors such as light scattering and absorption, diffusion and adsorption 

of reactants in condensed liquid phase, photoexcited charge separation and recombination 

rate, and the exact nature of active sites determined by detailed morphology and crystallinity of 

nanocrystals. Here, we present our simple experimental results showing that the kinetic regime 

of a typical photocatalytic degradation experiment over UV-irradiated TiO2 nanoparticles in 

aqueous solution is in that dominated by the photoactivity of TiO2 and its concentration. 

This result lays a firm ground of using the measured kinetic reaction rate in evaluating 

photocatalytic efficiency of oxide nanocrystals under evaluation.
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I. Introduction

TiO2 is a chemically stable oxide material under 

ambient condition with a bandgap of about 3 eV 

which can absorb UV light and induce fascinating 

photocatalytic processes [1-4] such as photooxidation 

of organic dyes [5-9] and water splitting [10-14] via 

photoexcited charge carriers [12,15,16]. This has 

initiated numerous researches on size and shape- 

controlled TiO2 nanocrystals [17-27] and nanostructures 

[28-34]. However, the exact evaluation of photocatalytic 

activity of the oxide particles is often hampered by 

the complex interplay among various physicochemical 

processes imposed by the heterogeneous reaction 

condition at the liquid-solid interface coupled with 

photoexcitation and relaxation dynamics [13,35]. 

Under this condition, the factors that have an impact 

on the measured reaction rate could come from 

various unknown sources and the quantitative 

evaluation of the kinetic reaction rate is rarely 

performed since the rate is not simply related to the 

concentration of reactant under the reaction condition 

and the active sites are not well defined [13].

Here, we show our results on the quantitative 

evaluation of photocatalytic activity of shape- 

controlled TiO2 nanocrystals. By measuring initial 

rate constant under a well-controlled reaction condition, 

we find that the photocatalytic reaction rate can be 

used to evaluate the properties of surfaces of the 

nanocrystals in connection with the active sites and 
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Figure 1. SEM images (upper) and XRD spectra (lower)
of as-synthesized TiO2 nanocrystals and 
those after calcination at 300 and 600oC.

the efficiency of reaction rates induced by 

photogenerated hot carriers.

II. Experimental Details

1. Synthesis of TiO2 nanocrystals

TiO2 nanocrystals were synthesized by a hydrothermal 

method starting from tetrabutyltitanate (TBT, 25 g) 

in butanol (25 ml) and a concentrated HF aqueous 

solution (48 wt%, 4 ml) as described earlier [19]. 

After the reaction in an autoclave at 200oC for 24 h, 

white powders were collected by filtration, rinsing 

with deinonized water, and drying at 80oC. Post- 

annealing treatments were performed in a quartz 

tubing under O2 atmosphere (1 atm, 50 sccm), which 

was kept at elevated temperatures (300∼600oC) for 2 

hours. 

2. Characterization of TiO2 nanocrystals

The SEM images of the as-synthesized TiO2 powders 

shown in Fig. 1 clearly indicate a planar square shape 

with quite uniform size distribution. It confirms that 

TiO2 nanocrystals with large {001} facets are 

reproducibly synthesized by the present synthetic 

method [36-38]. XRD (Rigaku, Ultima III) spectra 

were obtained using Cu Kα radiation (λ=0.15406 

nm). EPR (JES-TE200, JEOL) spectra were taken by 

sweeping magnetic field under an X-band (9.43 GHz, 

1.5 mW) microwave and at room temperature (RT). 

3. Photoactivity measurements 

Photo-oxidation rate of methylene blue (MB) were 

measured in an aqueous solution of MB (0.005∼0.025 

mM) with TiO2 nanocrystals (0∼0.03 g/L) suspended 

in it at RT. During the reaction, the pH was kept in 

the range of 5∼6 and the absorbance at 665 nm was 

collected over time under the UV (15 W, 365 nm) 

irradiation. The variation of the absorbance (C) with 

respect to the initial absorbance (C0) was used to 

obtain initial first-order rate constants (k) in units 

of min-1, from a plot of ln (C0/C) vs. reaction time 

(min). For a systematic evaluation of the photocatalytic 

reaction characteristics, either the MB concentration 

or the amount of TiO2 was varied and the rate 

constants were monitored.

III. Results and Discussion

For a quantitative evaluation of photocatalytic 

properties of anatase TiO2 nanocrystals of well- 

defined shapes, we have synthesized regular shaped 

TiO2 nanocrystals by employing well-practiced synthetic 

approaches as shown in Fig. 1. The TiO2 nanocrystals 

are in anatase phase as is clear from the sharp (101) 

and (200) peaks at 25 and 48o, respectively (see XRD 

spectrum in Fig. 1). After calcination at higher 

temperatures, the shape of the TiO2 nanocrystals 

changes into thicker and larger nanocrystals (SEM 

images in Fig. 1) due to agglomerate of small 



Byungwook Jeon and Yu Kwon Kim

98  Appl. Sci. Conv. Technol. 24(4), 96-101 (2015)

Figure 2. EPR spectra of as-synthesized TiO2 nano-
crystals and those after calcination at 300 
and 600oC, respectively.

Figure 3. Photo-degradation rate constants (k, min-1)
plotted against MB concentration ([MB], 
0.006∼0.021 mM) for anatase TiO2 nano-
crystals after calcination at 300 and 600oC 
(aTiO2-300C and aTiO2-600C, respectively) 
(upper). Also, shown in the lower panel is the
actual reaction rate (k×[MB]) plotted 
against [MB].

nanocrystals into bigger particles under the calcination 

condition [39]. XRD spectra also confirm such changes 

from the growth of sharper anatase peaks (XRD 

spectra in Fig. 1). As a result, the surface area of the 

TiO2 nanocrystals gradually decreases from 68 m2/g 

(for the as-synthesized TiO2) to 56 m2/g (after 

calcination at 600oC) as determined from the N2 

adsorption characteristics at liquid nitrogen temperature 

(BET measurements).

Since photocatalytic activity is strongly influenced 

by the presence of defects in oxide nanocrystals, we 

show EPR spectra of our TiO2 nanocrystals in Fig. 2. 

The EPR spectrum of as-synthesized TiO2 shows no 

signal, indicating no paramagnetic defect center exists 

in the oxide crystals. After calcination at 300oC, 

strong EPR signals appear at 1.96∼2.01, which are 

attributed to the presence of O- [40-42] and Ti3+ 

species [43-46]. The EPR spectra are taken at 

ambient condition and surfaces of TiO2 may interact 

with O2 as well as H2O in the air to produce surface- 

bound species which can be paramagnetic such as O- 

as can be detected from EPR in Fig. 2. In addition, 

the presence of Ti3+-related EPR signals in Fig. 3 for 

those TiO2 calcined at 300 and 600
oC reflects that the 

growth of the TiO2 nanocrystals into bigger particles 

during the calcination (Fig. 1) involves the generation 

of reduced Ti3+ species [47,48], diffusion into the 

bulk and reoxidation under the oxidizing environment. 

As the calcination temperature increases up to 600oC, 

the defect densities in the bulk as well as on the 

surface may be reduced as can be confirmed from the 

smaller EPR signals in Fig. 2. This variation in defect 

density of TiO2 nanocrystals has a critical role in 

determining the overall photocatalytic activity of the 

oxide nanocrystals [49].

Photocatalytic activity of TiO2 nanocrystals can be 

evaluated from photooxidation rate of organic dye 

such as MB in aqueous solution. It is known to 

involve ·OH radical species which are generated by 

photogenerated holes in TiO2 and the kinetic rates are 

often assumed to follow first-order reaction kinetics 

[5-7]; that is, the reaction rates increase in 

proportion to the first power of the concentration of 

reactant (in this case, [MB]). However, the actual 
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Figure 4. Photodegradation rates of MB over TiO2

nanocrystals after calcination at 600oC (TiO2-
600C) plotted against the amount of TiO2

([TiO2], 0∼0.028 g/L) used. Here, [MB] was
fixed to 15.0 μM.

reaction kinetics may vary possibly due to the 

presence of other limiting factors. For example, as 

shown in Fig. 3, the rate constant determined from 

the photodegradation of MB under our given condition 

is observed to increase as the MB concentration 

decreases. By assuming first order kinetics, the 

actual reaction rate may be obtained by multiplying 

the MB concentration and k (as shown in the lower 

panel of Fig. 3). Interestingly, the result shows a 

constant reaction rate irrespective of the MB 

concentration. At first glance, it may look incorrect 

since the rate is thought to be first-order; that is, 

the rate is expected to increase in proportion to the 

MB concentration. However, the amount of TiO2 in 

the aqueous solution is fixed to 0.02 g/L in this case. 

Here, the MB concentration is in an excess limit and 

the limiting factors in this case are the concentration 

of active sites on TiO2 particles and the efficiency of 

generating catalytically active charge carriers as a 

result of UV absorption. 

One more interesting observation in Fig. 3 is that 

higher reaction rates are obtained in an order of 

aTiO2-600C＞aTiO2-300C＞as-synthesized TiO2. This 

observation, again, is understood from changes of those 

TiO2 nanocrystals annealed to higher temperatures in 

shape and size [50-53], surface area [54], defect 

distribution and density [55-59], morphology and 

crystallinity. That is, the measured photocatalytic 

reaction rate constant is not determined by the MB 

concentration, but represents the absolute efficiency 

(and the number) of those active sites on the TiO2 

surfaces where photogenerated holes are used to 

induce oxidation of organic dyes.

The effect of increasing the amount of TiO2 

nanocrystals used is shown in Fig. 4. In this case, the 

rate constant is monitored as the TiO2 concentration 

(g/L) is raised. It is shown to increase quite in 

proportion to the concentration up to about 0.004 

g/L, but at higher TiO2 concentrations, the effect of 

adding more TiO2 gradually diminishes and the slope 

becomes lower. At low TiO2 concentration limit, the 

aqueous solution under UV illumination is quite 

transparent and the whole solution can be assumed to 

be exposed to the UV light. Adding white TiO2 

powders makes the solution murky and the depth 

under the UV exposure becomes shorter due to light 

scattering by TiO2 particles. Shorter penetration 

depth of UV light may be compensated in part by the 

increased particle density in the solution to some 

extent. Here, the net effect is observed to be a 

gradual decrease in the contribution of added TiO2 to 

the overall reaction rate.

IV. Conclusions

We have evaluated photocatalytic activity of 

anatase TiO2 nanocrystals under UV irradiation by 

measuring photodegradation rate of MB in aqueous 

solution. The effect of concentration of catalysts (or 

reactants) is often complicated by the complex interplay 

among various contributions such as light scattering, 

diffusion of reactant and mysterious roles of different 

type of defects in photoexcited charge separation and 

reactions at active sites of TiO2 surfaces. Here, our 
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results show that the experimental condition given 

for the evaluation of photocatalytic activity of TiO2 in 

this case ensures that the overall photocatalytic 

reaction rate is limited by the concentration of TiO2 

nanoparticles which is closely related to the number 

of active sites for photooxidation reactions induced 

by photoexcited charge carriers.
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