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Abstract 
Recently, under the circumstances of pandemic of COVID-19 much attention 
has been paid to titanium dioxide TiO2 as bactericidal agent; however, con-
ventional TiO2 requires ultraviolet radiation or visible light to exercise its pho- 
tocatalytic properties and its induced antimicrobial activity. In order to ex-
pand its applications directed at wide civil life, antibacterial TiO2 being usable 
under dark conditions has been demanded. The present paper describes the 
powder characterization of newly developed potassium K and phosphorous P 
co-doped nanometer-size anatase TiO2 powders using X-ray diffraction (XRD), 
scanning and transmission electron microscopies (SEM & TEM), Brunauer- 
Emmett-Teller method (BET), fourier-transform infrared spectroscopy (FT-IR), 
X-ray absorption fine structure (XAFS), electron spin resonance (ESR) and 
chemiluminescence (CL). It was found for the first time that thus prepared 
anatase TiO2 could submit much reactive oxygen species (ROS) even in the 
dark, which has close relation with bactericidal activity in light interception. 
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1. Introduction 

Three crystal structures of titanium dioxide are mainly reported: low-temperature 
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form tetragonal anatase (a-TiO2), high-temperature stable tetragonal rutile (r-TiO2) 
and middle temperature orthorhombic brookite (b-TiO2) [1]. The first a-TiO2 
and third b-TiO2 transform easily into r-TiO2 at higher temperatures than 1188 
K and 923 K, respectively [2]; these temperatures depend on their particle and 
crystallite sizes, purity and synthetic process conditions [3]. Among them, r-TiO2 
has been widely used in the industry that is textiles, electronics, wastewater treat-
ment, and catalysis [4] [5] [6]. Recently, TiO2 nanoparticles (TiO2 NPS), have 
been attracting much attention due to their functional and physicochemical prop-
erties, such as, a white pigment and a personal skin care product (due to its bright- 
ness and high refractive index with high safety margin), and bactericidal agents 
(photocatalytic properties and its induced antimicrobial activity under ultravio-
let (UV) radiation or visible light) [7] [8] [9]. Up to now, many papers and reviews 
concerning about toxicity mechanism have been published from the viewpoints 
of reactive oxygen species (ROS) [10]-[17], that is hydroxyl radical ·OH and su-
peroxide anion 2O−  which are generated by hole-electron pairs in the valence 
and conduction bands of TiO2, respectively. Their bactericidal mechanism has 
been explained by introducing bio-cell wall damage and lipid peroxidation of mem- 
brane, and TiO2 NPS’s adherence to intercellular organelles and biological macro 
molecules [17] [18] [19] [20] [21]. 

The authors have been studying metal oxide powders which can reveal strong 
antimicrobial activity in the shade for long time. Biocompatible zinc oxide ZnO 
also has been interested due to its microbial toxicity. However, its activity is a lit-
tle lower than TiO2 NPS. Recently, ZnO powders have been prepared by hydro-
thermal treatment in zinc nitrate aqueous solution with a concentration of 3 
mol·L−1 at 443 K for 2.52 × 104 s, followed by re-oxidation heating at 873 K for 
3.6 × 103 s in air. And then it has been cleared that thus obtained ZnO powders 
can reveal strong antibacterial activity even under dark conditions [22] [23] [24]. 
During investigation of antibacterial ZnO, the authors found that 1) among com-
mercially available TiO2 powders, some a-TiO2 could submit a small amount of 
ROS in the dark, however, r-TiO2 did not, and furthermore, 2) among a-TiO2, 
ROS were submitted from a-TiO2 which contained a trace amount of potassium 
K and phosphorus P as impurities. 

The effects of potassium K doping on physicochemical properties of TiO2, such 
as their crystallinity, surface areas SA, solubility, photocatalytic activity, and band 
gap Eg, were studied by several researchers [25] [26] [27] [28]. Their results were 
summarized as follows; K-solubility was a very low around 0.2 at%, therefore, Eg 
was not changed and photocatalytic activity was decreased under visible light con-
ditions. Hao et al. [29] studied the antibacterial activity of K-doped TiO2 pow-
ders, which were prepared using molten potassium nitrate KNO3 and metal Ti 
under various calcination temperatures. The obtained samples consisted of a-TiO2 
as well as metal Ti. Doped (2.6 - 10.6 at% K) TiO2 samples showed a photocata-
lytic activity under visible light conditions, despite having a small change in the 
band gap (3.14 eV), contradicting a previous study [27]. They assumed that K+ 
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ions decreased Eg of a-TiO2 and the doped samples killed bacteria under visible 
light conditions. Under dark conditions, the samples also showed some antibac-
terial activity. 

Yu et al. [30] studied phosphorus-doped TiO2 powders and reported their mi-
crostructures; phosphate P doping inhibited the grain growth during calcination, 
significantly increasing SA, and decreased the pore size. About the values of Eg, 
opposite results were reported, Eg became larger [30] and smaller [31] [32] than 
those of undoped one. This might be explained in terms of a different source of 
P and way of synthesis method. Shi et al. [32] investigated the bonding of P in 
the crystal structure and reported that P was only present as P5+, and only 
Ti-O-P bonds were detected. This substitution consequently led to a charge im-
balance, which needs to be compensated. The compensation was proved through 
the decrease in oxygen vacancies. It is known that decreasing oxygen vacancies 
improved photocatalytic activity, because oxygen vacancies acted as recombina-
tion centres for electron-hole pairs [33] [34]. In addition, they also observed an 
increase in the photocatalytic activity with increasing the P content. Jin et al. 
[35] found that P doping increased hydroxyl radical emission from the surface, 
which was also favourable in terms of photocatalytic activity. 

Up to now, there is no report on the generation of ROS from a-TiO2 NPS un-
der dark conditions. Then, we started to investigate the relationship between the 
amount of ROS and the contents of K, P, and their combined doping, from the 
viewpoint of the microstructure and physicochemical properties. Finally, we 
found that anatase (a-TiO2) powders which could submit a lot of ROS even in 
the dark; the amounts of ROS were much higher than our previous antibacterial 
ZnO, in addition, this powder could be prepared with much simpler process. 
The present paper treats the physicochemical properties in relation with the mi-
crobial toxicity of thus prepared anatase (a-TiO2) as a function of impurity con-
tents and its doping method. 

2. Experimental Procedure 
2.1 Preparation of Doped TiO2 Powders 

As shown in Figure 1, fine anatase TiO2 powder (W-4038, 99.92% of purity, Sa-
kai Chemical Industry Co., Ltd., Osaka, Japan) with a BET SA of 55.1 m2/g, i.e., 
particle size Ps of 0.0280 µm, which was calculated from the values of SA and 
theoretical density Dx of 3.895 Mg·m−3 (Powder Diffraction File PDF: #21-1272), 
was used as the starting material. 0.1 mol of this powder and a certain amount 
of KHCO3 (99.7%, Sigma Aldrich, Japanese agency Nacalai Tesque Chemicals, 
Kyoto, Japan) and (NH4)2HPO4 (≥98%, Sigma Aldrich) with various inner atomic 
ratios (0.01 - 10.0 at%) of K and P for single or double additions (co-doping), as 
shown in Table 1, were mixed together in 1.5 × 10−5 m3 (15 mL) ethanol for 9.0 
× 102 s at room temperature. The mixtures were subsequently dried at 393 K for 
4.32 × 104 s in air, and then heated at 973 K for 3.6 × 103 s in air or oxygen atmos-
phere. These doped TiO2 powders were pulverized in ethanol with a planetary  
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Figure 1. Flowchart of preparation and evaluation of K and P doped anatase TiO2. SEM 
photo shows the starting material of a-TiO2 W-4037, BET surface area of SA = 55.1 m2·g−1, 
theoretical density Dx = 3.895 Mg·m−3, particle size of Ps = 0.0280 µm. 

 
Table 1. The sample numbers of TiO2 doped with various amount of K and P. 

 
 

ball milling apparatus (P-7, Fritsch Japan, Yokohama, Japan) for 1.8 × 103 s (30 
min) using yttria-stabilized tetragonal ZrO2 (YTZ) balls with a diameter of 2.0 × 
10−3 m (2.0 mmφ), at a rotating speed of 6.67 round per sec (400 round per min-
ute rpm; centrifugal force about 11 G, gravitation acceleration unit) under the 
ratio of the powder, YTZ balls, and ethanol were 1.0 × 10−3 kg: 1.0 × 10−2 kg: 1.0 
× 10−5 m3 (10 mL). 

2.2. Evaluation 
2.2.1. Physicochemical Property 
X-ray diffraction (XRD; Smartlab, Rigaku, Tokyo, Japan) analysis using CuKα 
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radiation (wavelength of 0.15418 nm) with a graphite monochromator was uti-
lized for the crystalline phases and lattice parameter determinations. Micro-
structural observation with a field emission-type scanning electron microscope 
(FE-SEM; SU8020, Hitachi High-Technologies Corporation, Tokyo, Japan) and 
a transmission electron microscope (TEM, JEM-2100F, JEOL, Tokyo, Japan) 
equipped with energy-dispersive X-ray spectroscopy (EDS, JED-2300/F, JEOL). 
BET surface areas SA of powders were measured using an automatic surface area 
and porosimetry analyzer (Tristar II, Micromeritics, Japanese agency Shimadzu, 
Kyoto, Japan) at room temperature. X-ray photoelectron spectroscopy (XPS) or 
electron spectroscopy for chemical analysis (ESCA) (ESCA3057, ULVAC-PHI. 
Inc., Chigasaki, Kanagawa, Japan) was utilized to analyze the surface chemical 
state of K and P in TiO2 powders. A monochromatic AlKα X-ray source (1486.6 
eV) was used and operated at 150 W in a pressure of 1.333 × 10−12 Pa. All the 
binding energies were referenced to the Au4f7/2 peak located at 84.2 eV attributed 
to the sputtered-Au on the surface. Fourier transform infrared spectroscopy 
(FT-IR, IRAffinity, Shimadzu) was performed under the following conditions; 
measuring method was attenuated total reflection (ATR, MIRacle 10, Shimadzu) 
with the resolution capacity of 4.0 cm−1, cumulated number is 20, measuring 
wavenumber domain was 600 - 4000 cm−1 at room temperature. The local chemi-
cal structure around metal ions in anatase TiO2 crystalline structure had also 
been investigated by extended X-ray absorption fine structure (EXAFS) and 
X-ray absorption near edge structure (XANES) both of which were performed at 
Aichi synchrotron radiation research center. The storage ring was operated at 
the ring-energy of 1.2 GeV and a stored current of 300 mA. Data were collected 
in transmission mode with two flat Si (311) crystals as a monochromator with a 
RH-coated double mirror (0.8 mrad) to reject the higher harmonics. The EXAFS 
data were processed using the computer program “Athena”. The EXAFS func-
tions were Fourier-transformed (FT) in the region 0.4 - 0.9 nm−1 to obtain the 
radial structure function (RSF). These were powerful tools for studying intera-
tomic bonding- and electronic-states, and can provide information on the struc-
ture of a metal and an oxide ion, and/or a reactant. However, the local structure 
around K and P ions in TiO2 crystal were not well known. Instrument and at-
tachment, integrating sphere: ISR-2200 and UV-Vis spectroscopy: UV-2400PC, 
were used for the band gap Eg measurement. The values of Eg of a-TiO2 powders 
were estimated by measuring reflectance spectrum intensity and transformed 
into absorbing spectrum intensity using Kubelka-Munk transformation [36]. 

The pH dependence of the emission of reactive oxygen species (ROS) which is 
emitted from the surface of a-TiO2 immersed in various PH buffer solutions was 
analyzed using an electron spin resonance apparatus (ESR, JES FA-100, JEOL) 
with the maximum magnetic field of 0.65 T. Among all ROS, as hydroxyl radical 
OH· has the highest redox potential (2.8 V/SHE) and the longest life-time [37], 
this ROS is the most powerful to kill bacteria. At ESR measurement, [power: 4 
mW, central field: 328.3 mT, sweeping width: 1 ± 10 mT, sweeping time: 30 s, 
modular width: 0.3 × 1 mT, time constant: 0.03 s, at 293 K], 5,5-dimethyl- 
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1-pyrroline-N-oxide (DMPO) was used as a scavenger in order to trap OH·. As 
DMPO traps both hydroxyl radical and superoxide oxygen anion O2·−, the reac-
tion of O2·− with DMPO is very slow when compared with OH· and the collected 
radical is less stable than the one formed with OH·. Moreover, a small fraction is 
subsequently decomposed into DMPO-OH. 

2.2.2. Evaluation of Reactive Oxygen Species (ROS) 
Chemiluminescence (CL) of TiO2 powders (10 μmol) in a 2.5 × 10−7 m3 (0.25 
mL) aqueous luminol solution with a concentration of 5.0 × 10−9 mol·m−3 (5.0 
μmol·L−1) mixed with 3.0 × 10−6 m3 (3.0 mL) carbonic acid buffer solution (NaOH/ 
NaHCO3, pH = 10.8) was observed under dark conditions using a CL detector 
(CLD-100FC, Tohoku Electronic Industrial Co., Ltd., Sendai, Japan). After drop-
ping the luminol solution in a 1.2 × 102 s’ warming up of the detector, the inten-
sity of CL was integrated between 1.2 - 6.0 × 102 s. Chemiluminescence (CL) with 
scavengers such as, 2-5 dimethyl furan (for singlet oxygen, 1O2, Fuji-film Wako 
Pure Chemical Co., Ltd., Osaka, Japan), nitro blue tetrazolium (for superoxide, · 2O− , 
Nacalai Tesque Chemicals), 2-propanol (for hydroxyl radical, OH·, Nacalai Tesque 
Chemicals), and riboflavin (for hydrogen per oxide, H2O2, Fuji-film Wako Pure 
Chemical Co., Ltd.) measurements were performed at room temperature in the 
dark to identify the reactive oxygen species (ROS) of TiO2 powders. 

3. Results and Discussion 

Figure 2 shows SEM photographs of a) No. 18: TiO2 doped with 5.0 at% P heated 
at 973 K for 3.6×103 s in air with a surface area of SA = 35.6 m2·g−1, here No.18 is 
the sample number displayed in Table 1, afterward the same manner, b) No. 23: 
5.0 at% K doped TiO2 with SA = 29.0 m2·g−1, c) No. 35: K:P = 0.75:2.25 at% (K/P 
= 1/3 atomic ratio) doped TiO2 with SA = 28.3.0 m2·g−1, and d) No. 38: K:P = 
1.5:4.5 at% (K/P = 1/3 atomic ratio) TiO2 doped with SA = 21.0 m2·g−1g. From 
these SA values, as they showed also anatase phase confirmed by XRD as will be 
described later, their particle sizes Ps were calculated to be Ps (No. 2)1 = 0.103 
µm, Ps (No. 18) = 0.0433 µm, Ps (No. 23) = 0.0531 µm, Ps (No. 35) = 0.0544 µm 
and Ps (No. 35) = 0.0734 µm using the same theoretical density of anatase Dx = 
3.895 Mg·m−3 (PDF#21-1272). They were nanoparticle powders (NPS). It is in-
teresting that after heating, a small amount of P doped sample gave high SA value 
(35.6 m2·g−1) and decreased gradually with increasing the content of K or/and P, 
from 35.6 to 21.0 m2·g−1. It is easily noticed that P addition has much effect to 
suppress the particle growth at 973 K. 

The effect of P-doping on the decrement of Ps and increment of SA agreed well 
with the previous results reported by Yu et al. [30] and Shi et al. [32]. About the 
other K-doping effects have been described by Chen et al. [25] and Yan et al. 
[27]; the former pointed out that decrease in SA with more than 4.6 at% K, on 
the other hand the latter increase in SA with a 3 at% K addition. 

 

 

1No. 2 sample was the powder without K and P addition, which was heated at 973 K for 3.6 × 103 s in 
air as a reference. 
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Figure 2. SEM photographs of K and P doped anatase TiO2, No. of samples are shown in 
Table 1: (a) No. 18, K:P = 0:5, SA = 35.6 m2·g−1, Ps = 0.0433 µm, (b) No. 23, K:P = 5:0 at%, 
SA = 29.0 m2·g−1, Ps = 0.0531 µm, (c) No. 35, K:P = 0.75:2.25, SA = 28.3 m2·g−1, Ps = 0.0544 
µm, and (d) No. 38, K:P = 1.5:4.5, SA = 21.0 m2·g−1, Ps = 0.0734 µm. 

 
Figure 3 shows XRD patterns of the representative TiO2 powders without and 

with a small amount of K and P; a) No. 18 (5.0 at% P), b) No. 23 (5.0 at% K), c) 
No. 35 (K:P = 0.75:2.25 at%), and d) No. 38 (K:P = 1.5:4.5 at%). There were no 
other phases except anatase, even though the diffraction intensity of anatase was 
much scattered. This X-ray diffraction peak broadening caused by decreasing 
both crystallinity and crystallite sizes is the same result as Chen et al. [25] and 
Yan et al. [27]. 

Then the lattice parameters a and c of anatase phase were estimated by the 
method of least squares refinement using Si as an internal standard. As the 
amount of P is much higher than that of K, the lattice parameter changes in both 
a and c were evaluated as a function of input P. Figure 4 shows, (i) a of the com-
bined (K/P = 1/3 atomic ratio) added a-TiO2 powders, (ii) a of the single addi-
tion of P, (iii) c of the single addition of P, and (iv) c of the combined (1·K+3·P; 
K/P = 1/3 atomic ratio) addition are displayed. It is clear that the single addition 
gives the decrease in both a and c values. This might be explained due to the 
small ionic radius r of P5+ with the coordination IV, r(P5+)VI = 0.038 nm, in 
comparison with r of Ti4+, r(Ti4+)VI = 0.0605 nm. However, (i) a and (iv) c values 
of the combined addition of (1·K+3·P) are almost constant; this could be ex-
plained by that the average r of (1·K+3·P), calculated from r(K+)VI = 0.138 nm, 
and r(P5+)VI = 0.038 nm, [(0.138 + 3.0.038)/4 = 0.063 nm], is almost the same as 
Ti4+. These ionic radii values were reported by Shannon [38]. Furthermore, the 
combined addition could make it easy to dope into a-TiO2 lattice, because its av-
erage electric valence is +4, the same as titanium. In addition, single addition of 
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Figure 3. XRD patterns of (a) No. 18 (K:P = 0:5), (b) No. 23 (K:P = 5:0), (c) No. 35 (K:P = 0.75:2.25), and (d) No. 38 (K:P = 1.5:4.5). 
 

 

Figure 4. Lattice parameters of a-TiO2 doped with various contents of P (at%). 
 

K+ and P5+ introduced the formation of oxygen excess and deficiency, respec-
tively. These results are accordance with the previous studies that the solubility 
limit of K was around 0.2 at% by impregnation method (Yildizhan et al., [28]), 
and a charge imbalance induced by P5+ resulted in the reduction of oxygen defi-
ciency (Shi et al., [32]). 
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As the amount of chemiluminescence CL corresponding to that of ROS which 
can disinfect bacteria, the CL emitted from the surface of a-TiO2 was observed 
under dark conditions as described before. 

At first as preliminary experiment, ROS from various co-doped powders pre-
pared by heating in air was investigated; their results were displayed in Figure 5. 
From the CL curves of No. 28 (K/P = 0.1/0.3 at%) heated at 973, 1073, and 1173 
K, it was confirmed that 973 K heating gave the highest CL. Then, the CL values 
of other co-doped powders such as No. 35 (K/P = 0.75/2.25 at%), No.38 (1.5/4.5 
at%), and No. 41 (3.0/9.0 at%), were investigated using CL-scavenger combined 
system; this system indicated which ROS was submitted from a-TiO2 powders. 
For example, the much reduction in CL intensity from No-scavenger to 2-popanol 
(scavenger for OH·) added samples, suggests that the ROS is hydroxyl radical 
OH·. 

Then, the effect of the heat-treatment atmosphere during solid state reaction 
for doping was investigated. Figure 6 shows the CL values of various a-TiO2 as 
a function of input P content. After heating at 973 K for 3.6 × 103 s in oxygen, 
co-doped (1·K + 3·P) a-TiO2 showed significantly high CL values comparing 
with those of other K or P single added samples heated in air at same condi-
tions. 

In order to research the inner structure of doped TiO2, XPS measurement has 
been performed. Figure 7 shows the spectra of (i) TiO2, Ti 2P1/2, Ti4+ 2P3/2, (ii) P2p, 

 

 
Figure 5. CL values of various a-TiO2 co-doped with K and P; their atomic ratio is a constant of 1:3, varying K/P = 
0.1/0.3 (sample No. 28), 0.75/2.25 (No. 35), 1.5:4.5 (No. 38), and 3.0:9.0 (No. 41). 
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Figure 6. CL values of various single or co-doped a-TiO2 as a function of P, which mate-
rials were heated at 973 K in air or O2 atmosphere. 

 

 

Figure 7. XPS spectra of a-TiO2 doped with various K and P prepared by heating in air, 
corresponding to (i) TiO2, (ii) P, (iii) K, and (iv) O. Here, No. 1, starting material, No. 2, 
non doped anatase, No. 18, K:P = 0:5, No. 23, K:P = 5:0, No. 35, K:P = 0.75:2.25, No.38, 
K:P = 1.5:4.5, No.41, K:P = 3:9 at%. 

 
(iii) K2s, and (iv) O1s of various a-TiO2, such as No. 1 (as-received a-TiO2), No. 
2 (973 K-heated No. 1), and No. 18, 23, 35, 38 and 41 samples which are de-
noted in Table 1. From these XPS spectra, there is not so much difference 
among all, except for O1s spectra in (iv). In these spectra, the peaks of 529.9 eV 
@ TiO2 lattice oxygen, 530.3 eV @ Ti2O3, and 531.6 eV @ non-lattice are mixed 
at around 530 eV. However, the weak shoulder peaks of P doped samples (No. 
18, 35, 38, 41) are observed around 532 eV; these could be attributed to O in 
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O-H or P-O. 
Then, we measured FT-IR spectra of the same doped anatase samples to check 

the presence of O-H and P-O. As shown in Figure 8, it was clearly detected 
phosphate group ( 3

4PO − ) around 1000 cm−1. However, OH group (OH−) was not 
found. Furthermore, the inner structure of doped TiO2 was studied by using 
XAFS [39]; the results are presented in Figure 9; (i) local chemical environment 
around K+ (XANES), all the spectra except for K2SO4 (the reference substance) 
were measured by partial fluorescence yield (PFY) mode. From upper the 2nd to  

 

 

Figure 8. FT-IR spectra of a-TiO2 doped with various K and P prepared by heating in air; 
No. corresponding to the samples shown in Table 1. 

 

 
Figure 9. EXAFS of (1.5 at%·K + 4.5 at%·P) co-doped a-TiO2 prepared by heating in air. 
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5th curves, 5 at% K, 1·K + 2·P, 1·K + 3·P, 1·K + 4·P (here, K = 0.75 at%) doped 
samples; small differences are seen for the peak at ~3614 eV and the shoulder 
structure in the higher energy side of the peak. And (ii) shows local chemical en-
vironment around P5+ (XANES), as the same as (i) in which all the spectra except 
for Ca3(PO4)2 (the reference substance) were measured by PFY mode. K-edge 
XANES spectrum of P elements in P-doped a-TiO2 was very similar to single ad-
dition of 5 at% P and compound addition. Therefore, the local chemical envi-
ronment around P5+ is almost the same. EXAFS results of P K-edge spectrum of 
(1·K + 3·P, K = 0.75 at%)-doped a-TiO2 are shown in Figure 10, Fourier trans-
formation of K-range had been done from 0.3 to 1.25 nm (3.0 - 12.5 Å) (upper 
right side), then radial structural function (lower right side) was obtained. The 
distance between P-O ions was considered to be shorter than the distance of P-O 
in 3

4PO −  i.e., from 0.145 to 0.15 nm (1.45 to 1.50 Å). However, the coupling 
distance, calculated based on the radial structure function obtained through Fou-
rier transformation of EXAFS oscillation depends on a factor which called as 
phase factor. The details are still unknown because it is several orders of magni-
tude shorter than the actual coupling distance. Therefore, O was present in the 
nearest neighbor of P, the same results reported by Shi et al. [32], and there was 
almost no ordering beyond that. 

Then, the band structure of undoped and doped a-TiO2 were evaluated; their 
results are shown in Figure 11. These figures contain the function expressed as 
F(R) * hν2 on the ordinate, here, F(R) is reflectance spectrum intensity, hν (eV) 
(h: Planck constant, ν: wave number), and eV on the abscissa. Band gap Eg val-
ues were determined at the point of intersection between the line of tangency of 
each F(R) * hν2 curve and horizontal axis [40]. The Eg values of No. 38 (K:P =  
 

 

Figure 10. (i) K of K-edge XANES and (ii) P of K-edge XANES of (1.5 at%·K + 4.5 at%·P) 
co-doped a-TiO2 prepared by heating in air. 
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Figure 11. Band gap energy spectra of various a-TiO2; No. corresponding to the samples shown in Table 1. 

 
1.5:4.5 at%) 3.43 eV and 41 (K:P = 3:9 at%) 3.46 eV are almost the same. How-
ever, their energy levels were smaller than those (3.61 and 3.64 eV) of No. 1 and 
2, respectively; this might be due to the co-doping (K and P) effect (this phe-
nomenon is usually called as red shift [26] [27] [41]. In addition, these values of 
pure anatase (No.1 and No. 2) are much higher than those (3.2 - 3.3 eV) re-
ported for the previous papers on anatase; this could be originated from the high 
purity more than 99.92% and fine particle (Ps of 0.028 µm: 28 nm). As it is very 
difficult to synthesize high purity/single-phase/fine anatase powder, for example, 
a very popular nano titanium dioxide powder (Ps ~ 30.3 nm, BET: 50 m2/g), 
“P25” AEROXIDE®, consists 80% anatase and 20% rutile phases. Therefore, the 
smaller band gap ~3.2 to ~3.3 eV for the anatase powder could be explained due 
to a small amount of impurities or double phases; because there are a few de-
scriptions about their purity in the previous papers. 

In the present study, pure a-TiO2 (No. 1 and heated 2) reveal only one Eg val-
ue, however, the doped samples have one or more energy gaps. Based on the 
viewpoints of Eg, it is difficult to explain the reason why these anatase can pro-
duce ROS even under dark conditions, because if we presume that the photo-
catalytic property of TiO2, i) generation of electrons and holes in the conduction 
and valence bands, respectively, should be occurred by absorbing excitation en-
ergy which is greater than Eg (3.43 - 3.64 eV). ii) It has been explained that these 
excited electrons and holes can produce ROS, such as, 2O−  from O2 and ·OH 
from OH−, respectively [42]. iii) However, as visible light energy, around 1.59 - 
3.10 eV, is lower than Eg, visible light cannot excite the electrons in valence band 
of K&P doped anatase TiO2. iv) Therefore, the present a-TiO2 cannot submit 
much ROS under dark conditions. By the way, ultra violet wave (UV: λ < 387 
nm) in solar light is only 5%, then effect of UV excitation could be ignored. 

TEM images were taken to investigate the particle sizes of co-doped a-TiO2. 
As shown in Figure 12, it can be seen that the prepared powders calcined in O2 
atmosphere possess a spherical shape and nanoparticle sizes irrespective of 
ball-milling. The crystallinity of the powders may be confirmed from crisp pic-
tures. Ball-milling effect on the CL amount is described as follows. 
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Figure 12. TEM images of 1·K + n·P (n = 2, 3, 4, here K = 1.5 at%), co-doped a-TiO2 prepared by heating in O2 followed by ball 
milling. 
 

 

Figure 13. Integrated CL values of 1·K+ n·P (n = 2, 3, 4, here K = 1.5 at%) co-doped 
a-TiO2 prepared by heating in O2 (non BM), and followed by ball milling (BM). 

 
The integrated CL emission from the K and P co-doped a-TiO2 powders cal-

cined in O2 at 973 K without and with ball-milling (BM) are represented in Fig-
ure 13. It appears that the TiO2 doped with 1.5 at% K and 4.5 at% P, i.e., (1·K + 
3·P) shows the highest CL value, however, after BM, 1·K + 4·P doped a-TiO2 re-
vealed much higher CL value, that is, the peak-top of CL amount shifted to the 
higher P content. Here, the surface area SA values of these powders are also indi-
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cated at the top of each bar graph. At first we thought that this increase might be 
originated from the increment in SA introduced by BM. However, on the con-
trary to this expectation, the change in SA is not so much. Therefore, a small 
amount of strain, which was introduced in the anatase lattice by ball-milling 
(BM), might have some effect on the submission of CL. Based on our prelimi-
nary experience to check the effect of ball-milling time on CL value, it was 
cleared that 1.8 × 103 s (30 min) BM gave the best results and after much longer 
than it, the integrated CL values decreased, suggesting that too much strain could 
reduce the CL emission. 

Then, different scavengers corresponding to each ROS were added to the 
highly efficient powder (No. 39, 1·K + 4·P with BM) during CL measurement in 
order to determine which ROS was emitted. All CL values with scavengers were 
compared to those without scavenger. It can be seen in Figure 14 that all ROS— 
hydroxyl radical OH· (2-propanol, PrOH, as scavenger [43] [44] [45]), superox-
ide radical · 2O−  (nitroblue tetrazolium, NBT [46] [47] and singlet oxygen 1O2 
(dimethylfluran, DMF [48])—are emitted. By comparing i) (No. 39) with iv) 
(No. 39 + PrOH), and v) (No. 39 + BM) with viii) (No. 39 + BM + PrOH) CL 
curves, hydroxyl radical OH· seems to be the least emitted ROS, whereas super-
oxide radical · 2O−  is emitted the most by comparing i) (No. 39) with iii) (No. 39 
+ NBT), and v) (No. 39 + BM) with vii) (No. 39 + BM + NBT) CL curves. Re-
garding singlet oxygen 1O2, its emission was proved by comparing i) (No. 39) 
with ii) (No. 39+DMF), and v) (No. 39 + BM) with vi) (No. 39 + BM + DMF) 
CL curves, an interesting comment should be made. As a matter of fact, accord-
ing to previous study [32], the emission of singlet oxygen requires a hole. There-
fore, it is a photo-induced ROS as it requires an electron-hole pair to be formed 
as well. However, obtained results suggest that there is also presence of singlet 
oxygen 1O2 even in the dark. Hence, further study must be made on the exact 
mechanisms of formation of singlet oxygen under dark conditions. Table 2 shows  

 

 

Figure 14. CL values of 1·K + 4·P (K = 1.5 at%) co-doped a-TiO2 (No. 39) with various 
scavengers. 
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Table 2. ROS of TiO2 doped with various amounts of K and P. 

Sample No. K (at%) P (at%) ROS 

18 0 5 1
2, 2O .O− , ·OH 

14 0 10 1
2, 2O .O− , ·OH 

35 0.75 2.25 1
2, 2O .O−  

37 1.5 3 1
2, 2O .O− , ·OH 

38 1.5 4.5 1
2, 2O .O−  

39 1.5 6 1
2, 2O .O− , ·OH 

41 3 9 1
2, 2O .O−  

Both single doped and co-doped anatase powder heated in O2 submitted ROS under dark conditions. 

 
the summary of what kinds of ROS were emitted from K/P doped a-TiO2. It 
should be noted that hydroxyl radical OH· which is much harmful to many 
kinds of bacteria was produced by K/P doped a-TiO2 with the atomic ratios of 
1·K+ n·P, where n was 2 and 4. This means that a little deviated valance from 
+4, i.e., 1·K + 2·P  3.66 (−0.34) and 1·K + 4·P  4.2 (+0.2) could be close 
relation to form ·OH. 

In order to evaluate the amount of ROS which were produced in various pH 
buffer solutions, ESR measurements [49] were performed without protection 
from light on the most efficient powder above mentioned, i.e., 1.5 at% K and 6 
at% P co-doped, calcined in O2 and ball milled powder (No.39+ BM). Applying a 
spin trapping method with a spin-trap agent of 2,2-oxo-5,5-dimethyl-1-pyrroline- 
1yloxyl (DMPO), thus obtained ESR results are presented on Figure 15. In Fig-
ure 15(a), ESR spectra measured at various pH values from 7 to 10 are shown; it 
appears that from the detected signal which is originated from the DMPO-OH 
radical, the ROS emitted from K/P doped a-TiO2 is mainly hydroxyl radical, in-
dicating the opposite result shown in Figure 14. This could be explained that the 
difference in measuring conditions between CL and ESR; the former and the lat-
ter were performed under dark and light conditions, respectively. 

In order to investigate the pH dependence of the ROS emission, an integral 
ESR signal was calculated. The result is shown in Figure 15(b). To this purpose, 
noise was eliminated and the integral was performed on the characteristic peaks 
of DMPO-OH radical only. From this figure, it was clear that ROS emission was 
the highest around pH = 9.5. 

The ROS generation mechanism in doped anatase could be explained based 
on their non-stoichiometry as shown in Figure 16, metal-rich structure  

( )1 2Ti O 0x x+ >  [29], x in the formula represents the amount of interstitial tita-
nium iTi  which is the main source to produce ROS [23] [24]. After doping of K 
or/and P and heating at high temperatures, iTi  will be created and increased. 
These Tii will react with oxygen as following reaction: 4

i i 2Ti 2O Ti 4e O⋅ −+ ⇔ + + . 
Then, ROS could be formed on the surface of TiO2 by the equations below. 
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Figure 15. (a) ESR spectrum of co-doped a-TiO2 (No. 39) measured under various pH values. (b) Peak integral intensity of the 
ESR spectra at different pH values. 
 

 

Figure 16. Proposed antibacterial mechanism for doped a-TiO2 under dark conditions. 
 

4
i iTi Ti 4e⋅ −→ +                         (1) 

4
i 2 iTi 4H O 4 OH Ti 4H⋅ ++ ↔ ⋅ + +                  (2) 
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2 2 24H 4e 2 O 2H O+ −+ + →                     (3) 

Eventually 2 2 2 24H O 2O 4 OH 2H O+ → ⋅ + . 
Thus, one of reactive oxygen species, hydroxyl radical ·OH could be produced 

from the surface of a-TiO2. 

4. Conclusion 

Anatase titanium dioxide (a-TiO2) nanoparticle powders (NPS) have been pre-
pared by combined doping of K and P with the atomic ratio of K/P = 1/3 into 
high purity (≥99.92%) a-TiO2 powder, followed by heating at 973 K for 3.6 × 103 
s in oxygen atmosphere and ball-milled. These powders can submit much reac-
tive oxygen species (ROS) under dark conditions. The microstructure and phys-
icochemical properties such as lattice parameters, particle sizes Ps, and oxygen 
deficiency, reactive oxygen species (ROS) of thus prepared powders were exam-
ined using XRD, SEM, BET, XPS, FT-IR, XAFS, ESR and chemiluminescence 
(CL). The amount of ROS submitted from a-TiO2 NPS in the dark reached about 
10 times higher than pure a-TiO2. Addition to this much hydroxyl radical OH·, 
one of ROS, has been recognized in 1·K + 2·P or 1·K + 4·P doped a-TiO2 NPS in 
light interception. The mechanism of generation of ROS from the doped anatase 
powder has been also proposed. The present results will open new academic and 
industrial fields in which metal oxides can sterilize both bacteria and virus even 
under dark condition for better civil life in a future. 
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