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Abstract 9 

Photocatalytic activities and electronic properties of famous commercial photocatalyst − P25 has been 10 

investigated in detail. First, the active components have been isolated, i.e., anatase and rutile, 11 

characterized and tested. Although physical methods of phase separation are more recommended to 12 

keep original properties of polymorphs and to obtain the original amorphous phase, vibration and 13 

sonication-assisted vibration show to be ineffective for the phase separation. In contrast, chemical 14 

dissolution is effective, but resulting in impurification of titania surface, i.e., anatase with nitrogen and 15 

hydrogen peroxide, and rutile with fluorine. Therefore, purification methods must be applied, 16 

including thermal treatment and washing. Indeed, these post-treatment operations have resulted in 17 

preparation of almost pure anatase and rutile phases. However, annealing results in the particles’ 18 

aggregation and might activate impurities adsorbed on the titania surface. Accordingly, the isolated 19 

rutile samples have additionally been washed with NaOH (to remove adsorbed HF) and then annealed. 20 

It has been confirmed that the high photocatalytic efficiency of P25 could be explained by the intrinsic 21 

properties of anatase and rutile, i.e., high activity in oxidation and reduction reactions, respectively. 22 

The mobility of charges and lifetime of electrons, studied by time-resolved microwave conductivity 23 

(TRMC), as well as density of electron traps, investigated by reverse double beam photoacoustic 24 

spectroscopy (RDB-PAS), allow to explain the common higher activity of anatase than rutile. 25 

Accordingly, it is thought that the higher activity of rutile for hydrogen evolution might be caused 26 

either by the more negative position of conduction band level or the more efficient light harvesting 27 

ability. Interestingly, the isolated samples have exhibited the visible-light response, especially those 28 

washed with NaOH and annealed, and thus suggesting that sodium (and/or its compounds), despite 29 

being not-recommended for UV activity, might initiate vis response of titania. At the same, it should 30 

be concluded that up to now the perfect method of isolation of active phases from P25 does not exist, 31 

as each method (even followed by purification) results in some changes in the composition and/or the 32 

surface properties of anatase, rutile and amorphous phase 33 

 34 
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 37 

1. Introduction 38 

Heterogeneous photocatalysis has been intensively investigated for more than forty years, considering 39 

various aspects of environmental purification (water, wastewater, air, surfaces) and solar energy 40 

conversion into fuels and electricity [1,2]. Among various photocatalysts, titania is probably the most 41 

widely investigated and even commercially applied, including water treatment, and for “intelligent” 42 

surfaces with antimicrobial, self-cleaning and antifogging properties [3-6]. It has been proposed that 43 

for high photocatalytic activity, large specific surface area, high crystallinity and anatase polymorph 44 

are mainly recommended. However, it has also been found that commercial titania photocatalyst – P25 45 

(mixed-phase titania: anatase>rutile>amorphous phase), despite not having the best surface properties, 46 

possesses the highest photocatalytic activity among different photocatalysts, and thus has commonly 47 

been used as a “standard material” for activity evaluation of various photocatalysts [7-19]. For example, 48 

P25 has exhibited very high activity in various reaction systems [20], such as: decomposition of organic 49 

[10,21-24] and inorganic [25] compounds, degradation of gas-phase pollutants [26-30], purification of 50 

indoor air [31], inactivation of microorganisms [17,32-34], self-cleaning surfaces [35-37], and solar 51 

energy conversion [38]. Various possible reasons of exceptional high activity of P25 have been 52 

proposed, including small particle sizes [39], large specific surface area [40], high crystallinity, co-53 

existence of different polymorphs (anatase and rutile) [41-44], the presence of some impurities/dopants, 54 

such as Fe3+ [45] and/or the amorphous phase [46]. In 1991, Bickley et al. suggested that high activity 55 

of P25 (and other mixed-phase titania photocatalysts) was caused by the enhancement in “the 56 

magnitude of the space-charge potential” as a result of the contact between different phases and by the 57 

presence of localized electronic states in amorphous phase [46]. Commonly, the synergy (synergistic 58 

effect) has been applied for the explanation of high activity of P25, considering the interparticle charge 59 

transfer (IPCT) between phases (anatase-rutile), and thus inhibition of charge carriers’ recombination 60 

[20,47-51]. However, usually there is no experimental evidence for the IPCT, which is speculated based 61 

on the results showing the higher activity of P25 than that of single titania phases (anatase and rutile). 62 

Moreover, in many cases, the activity of P25 has been only slightly higher than that of most active 63 

phase (usually anatase), but not higher than the simple sum of its parts (synergy), and thus even the 64 

term of “synergy” has been used incorrectly.  65 

  To confirm the “synergistic effect” (or/and IPCT), usually physical methods have been used, such as 66 

mixing and thermal treatment. The phase mixing can be performed either in the aqueous suspension 67 

of different titania particles under stirring or by the grinding of powder samples. The higher activity 68 

of the mixed-phase samples than that of sole anatase or rutile has been considered as a proof for 69 
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“synergistic effect”. For example, Ohno et al. in 2003 reported the synergism between rutile and 70 

anatase in the photocatalytic oxidation of naphthalene for titania samples prepared by two methods: 71 

mixing of anatase and rutile and thermal treatment of anatase [52]. The synergetic effect was found in 72 

both kinds of samples (activity higher than the simple sum of its parts), and it was proposed that IPCT 73 

was responsible for this observation. Moreover, the activity of the most active mixed-phase titania was 74 

like that of P25. Based on these data, similar “synergy” was proposed for P25, i.e., electron transfer 75 

between anatase and rutile, resulting in its high photocatalytic activity. 76 

    Interestingly, Ohtani et al. have found that anatase and rutile, successfully isolated from P25 by 77 

chemical dissolution methods, are responsible for high photocatalytic activity in different reaction 78 

systems, i.e., oxidative decomposition of acetic acid and acetaldehyde in air, and oxygen liberation 79 

from a deaerated solution of aqueous silver sulfate, respectively [20]. Our recent study has also 80 

confirmed that anatase isolated from P25 is an active phase in oxidative decomposition of organic 81 

compounds, whereas rutile (also isolated from P25) for reductive pathway (methanol dehydrogenation) 82 

[53]. Therefore, the intrinsic properties of both phases (high activity for different reactions) could 83 

explain the exceptionally high activity of P25 in various systems without considering IPCT mechanism. 84 

Moreover, Ohtani et al. have confirmed that amorphous titania was almost inactive in all tested 85 

reactions. However, a commercial sample was used for this study since amorphous titania could not 86 

be isolated from P25 by chemical dissolution methods. Therefore, other methods, allowing physical 87 

separation of phases, have been tried in the present study to separate all components from P25, i.e., 88 

anatase, rutile and non-crystalline phase. Anyway, it is not expected that the influence of amorphous 89 

phase on the overall activity could be significant, due to its low content and negligible activity 90 

independently on the preparation procedure (large content of defects as charge carriers’ recombination 91 

sites). Although P25 is composed of only one chemical compound – TiO2, its polymorphs are different 92 

by particle size (smaller for anatase) and density (3.78 and 4.23 g cm-3 for anatase and rutile, 93 

respectively) [54-56], and thus it is expected that physical vibration might result in phase separation [57-94 

60]. On the other hand, it should also be considered that vibration could result in the energy release, 95 

causing the aggregation due to the high friction between titania particles [61,62]. Moreover, it should 96 

be pointed out that also original amorphous titania could be isolated by physical methods.  97 

Although it has been found that chemical dissolution methods, used for anatase and rutile isolation 98 

from P25, are efficient, the possibility of co-existence of some impurities on the surface of isolated 99 

phases (due to chemical etching) [53], which could participate in the overall photocatalytic activity, 100 

should be examined. Therefore, both the physical methods (vibration, sonication-assisted vibration) 101 

and the purification of phases after chemical separation have been investigated in this study. 102 

 103 

 104 
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2. Experimental part 105 

 106 

2.1 Phase separation 107 

 108 

2.1.1 Physical methods     109 

Physical separation was carried out by two variants of vibration systems. In the first type of 110 

experiments, only a muscle massager (SHAKER HM-162, the frequency of ca. 20 Hz and amplitude 111 

of 1.5 mm) was used for the sample vibration, whereas in the second one, the additional sonication 112 

was applied. In brief, 1-kg portion of sample (original P25, without any treatment), supplied by Nippon 113 

Aerosil, was mechanically vibrated (from the bottom) in a plastic measuring cylinder with 18 sampling 114 

holes, localized at different positions from the cylinder bottom, as shown in Fig. S1 (A-C). The samples 115 

were taken from different positions, e.g., vib. 1 means the first sampling hole from the bottom, as 116 

drawn in Fig. S1 (A-B). In the case of second type of experiments, the sonication was used additionally 117 

(Fig. S1 D) to avoid the aggregation of titania particles. An ultrasonication probe, supplied by SONICS 118 

& MATERIALS INC (VCX 130, the frequency of 20 kHz), was immersed inside P25 powder from 119 

the top part of the cylinder. The samples were taken from the top at different time for checking the 120 

crystalline composition.  121 

 122 

2.1.2 Chemical isolation     123 

It should be mentioned that P25, despite being used as a standard, is not uniform in the composition, 124 

and even samples taken from the same container but at different position (e.g., bottom vs top) show 125 

different properties, e.g., anatase, rutile and noncrystalline content could vary as follows: 76-80%, 13-126 

15% and 6-11%, respectively [53]. Therefore, P25 was homogenized first, according to the procedure 127 

reported before [53]. In brief, original P25 (1 kg) was suspended in Milli-Q water (5 L) under 128 

mechanical stirring for 24 h and then dried by freeze-drying. The homogenized sample with uniform 129 

composition, i.e.,  78 % anatase, 14 % rutile and 8 % noncrystalline phase [53], was named as HomoP25. 130 

Anatase particles were obtained from HomoP25 by selective dissolution of rutile phase in a hydrogen 131 

peroxide-ammonia mixture (H2O2-NH3) under magnetic stirring for 15 h at 25 °C, as previously 132 

reported [53,63]. The residual titania was washed several times with Milli-Q water, centrifuged under 133 

15,000 rpm, freeze dried, and named as iso-ana (isolated anatase). Post-treatment was applied to 134 

remove impurities, originated from the isolation process. Annealing in air was carried out at four 135 

different temperatures, i.e., 120 ºC, 200 ºC, 300 ºC and 500 ºC, in a rotary furnace for 2.5 h. The 136 

samples were named respectively to annealing temperature, e.g., [iso-ana-200] means the iso-ana 137 

sample annealed at 200 ºC. 138 

Rutile particles were isolated from HomoP25 by selective dissolution of anatase phase in a diluted 139 

hydrofluoric acid (HF) solution under magnetic stirring for 24 h at room temperature, as was proposed 140 

by Ohno et al. in 2001 [64]. The residual titania was washed 5 times with Milli-Q water, centrifuged 141 
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(4,500 rpm), freeze dried, and named as iso-rut (isolated rutile). Similar to anatase samples, to remove 142 

the impurities originated from the isolation process, the post-annealing was applied using the same 143 

conditions, i.e., 2.5-h heating in a rotary furnace at 120 ºC, 200 ºC, 300 ºC and 500 ºC. The samples 144 

were named respectively to the annealing temperature, e.g., [iso-rut-300] means the iso-rut sample 145 

annealed at 300 ºC. In order to remove hydrofluoric acid from the surface of iso-rut and to avoid the 146 

formation of F-modified titania (during annealing), iso-rut was additionally washed with an aqueous 147 

solution of NaOH (1 M) under magnetic stirring for 30 min, then 5 times with water, and finally 148 

annealed. The samples were named respectively to the annealing temperature, such as iso-rut-NaOH-149 

200 means the iso-rut sample washed with NaOH and annealed at 200 ºC. 150 

 151 

2.2 Sample characterizations 152 

Samples were characterized by various methods and techniques. The crystalline composition was 153 

investigated by X-ray diffraction (XRD) analysis on Rigaku Intelligent X-ray diffraction system 154 

SmartLab equipped with following parts: a sealed tube X-ray generator (a copper target; operated at 155 

40 kV and 30 mA), a D/teX high-speed position sensitive detector system and an ASC-10 automatic 156 

sample changer. Analysis data acquisition conditions were as follows: range: 10-90°, scan speed: 157 

1.00°/min and scan step: 0.008°. The obtained XRD patterns were analyzed by Rigaku PDXL, crystal 158 

structure analysis package including Rietveld analysis, installed in a computer controlling the 159 

diffractometer. The crystallinity of the samples was evaluated by the internal standard method, where 160 

highly crystalline nickel oxide (20.0 wt%) was used as a standard.  161 

Absorption properties of samples were measured by diffuse reflectance spectroscopy (DRS), 162 

carried out on a spectrophotometer (Jasco V-670) equipped with a PIN-757 integrating sphere. The 163 

baseline was recorded using BaSO4 as a reference.  164 

The lifetimes of charge carriers (electrons) were estimated by time-resolved microwave 165 

conductivity (TRMC) method. The incident microwaves were generated by a Gunn diode of the Ka 166 

band and the tests were done at 36.8 GHz. The pulsed light source was a Nd: YAG laser providing IR 167 

radiation at a wavelength of 1064 nm. The full width at half maximum of one pulse was 10 ns, and the 168 

repetition frequency of the pulses was 10 Hz. UV light (355 nm) was obtained by tripling the IR 169 

radiation.  170 

Reversed double-beam photoacoustic spectroscopy (RDB-PAS), was used for measuring the 171 

energy-resolved distribution of electron traps of titania powders. In RDB-PAS measurement, electrons 172 

in the valence band of a powder sample are directly excited to electron traps (ETs) and accumulate in 173 

the ETs from the deeper side (anodic) to the shallower side (cathodic) by wavelength-scanned 174 

continuous light, and an increase in photoabsorption of electron-filled ETs is measured by modulated 175 

light as a fix wavelength by PAS [65,66].  176 

The morphology of samples was investigated by scanning transmission electron microscopy 177 

(STEM, Hitachi HD2000).  178 
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2.3 Photocatalytic activity tests  179 

The photocatalytic activity tests were performed in 35-ml Pyrex test tubes under UV/vis (λ > 290 180 

nm) irradiation with a 400-W high-pressure mercury arc lamp (Eiko-sha; emission spectra shown in 181 

previous study [67]) under magnetic stirring (ca. 500 rpm), while the temperature of the suspension 182 

during photoirradiation was maintained at 298 K in a thermostatically controlled water bath. The 183 

photocatalytic activities were examined in two reaction systems: oxidative decomposition of acetic 184 

acid (CO2 system) and dehydrogenation of methanol (H2 system). In the case of CO2 system, 185 

photocatalytic activity was examined by measuring the amount of evolved carbon dioxide from 186 

continuously stirred suspensions of a sample (50 mg) in an aqueous solution of acetic acid (5.0 mL, 187 

5.0 vol%). The sample tubes were sealed with rubber septa before irradiation. During irradiation, a 188 

portion (0.2 mL) of the gas phase was withdrawn from the testing tube with a syringe and subjected to 189 

gas chromatographic analysis (TCD-GC, Shimadzu GC-8A-IT). Whereas, in the case of H2 system, 190 

platinum (Pt) was in-situ photodeposited on titania (Bare titania is almost inactive and co-catalyst, e.g., 191 

platinum, is necessary.). Similar conditions to CO2 system were used, i.e., 50 mg of titania, 5 ml of 192 

solution (50 vol% of methanol) and sealing of testing tubes with rubber septa, but the reaction mixture 193 

was first pre-bubbled with argon to remove oxygen (electron scavenger) from the system. The activity 194 

was evaluated by measuring the amount of evolved H2 by TCD-GC. The amount of photocatalyst (50 195 

mg) was estimated experimentally in the previous studies to ensure the absorption of all photons for 196 

reliable comparison of different photocatalysts, as clarified by Kisch [68]. 197 

Visible-light activity was also analyzed for 2-propanol oxidative decomposition to acetone. The 198 

50-mg sample was suspended in 2-propanol (5 vol%), the Pyrex tube was sealed with a rubber septum 199 

and irradiated in a photoreactor [69], equipped with Xe lamp, a cut-off filter (λ > 450 nm; spectral 200 

distribution shown previously [70]), a cold mirror and a water bath (298 K, thermostated) under 201 

continuous stirring. The samples were taken from the testing tube, filtrated via a syringeless filter, and 202 

analyzed by GC-FID (Shimadzu GC-14B) for acetone concentration.   203 

  204 

3. Results and discussions 205 

 206 

3.1 Physical separation   207 

    First, the vibration was used to separate titania components from original P25 sample. However, 208 

24-h vibration hardly changed the P25 composition, as almost same data were obtained for the samples 209 

taken at different sampling positions of the cylinder (vib.1 to vib.5), as shown in Fig. S1 F. Interestingly, 210 

it has been found that the volume of the sample has decreased significantly during the vibration (first 211 

1000 min), which could be caused by the aggregation of particles. Indeed, the large aggregates, i.e., 212 

the balls of a few mm, were formed, as shown in Fig. S2 A-B. It has been reported that, during 213 

mechanic vibration, the vibration energy could be transfer to the particles, causing their easy 214 

aggregation by van der Waals force between particles [61,62]. During the further long-term vibration (> 215 
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1000 min), the volume did not change, suggesting that aggregation was completed. It should be pointed 216 

out that aggregation of particles makes the separation of crystalline phases almost impossible.  217 

    To avoid the aggregation of particles, the ultrasonic agitation was additionally applied (Fig. S1 D). 218 

Indeed, the sonication inhibited the balls’ formation during the mechanical vibration. Moreover, the 219 

partial phase separation could be observed for the short vibration duration (till 4 h), as shown in Fig. 220 

1. Surprisedly, prolonged vibration caused the mixing of all particles again, probably due to the intense 221 

movements of all particles in the cylinder, as already reported [62]. Under the vertical vibration, the 222 

particles move from the top to the bottom near the walls of the cylinder and from the bottom to the top 223 

in the cylinder center. Interestingly, a decrease in photocatalytic activity with an increase in the 224 

vibration duration has been observed (Fig. 1 C). One could expect that the change in an anatase to 225 

rutile ratio could result in an activity change, but the samples sonicated and vibrated for 2, 6 and 8 h 226 

are characterized by almost the same composition, and thus other factors should be considered. 227 

Accordingly, it has been proposed that sonication-assisted vibration could destroy a crystalline surface 228 

of titania (similar to ball milling [71]), resulting in the higher density of deep electron traps (ETs), and 229 

thus the lower level of photocatalytic activity.  230 
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Fig. 1 The characterization and activity of treated P25 for different durations of sonication-assisted vibration: crystalline 232 

composition (A), ratio of anatase/rutile (B), and photocatalytic activities (C). 233 

   234 

 235 
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3.2 Phase isolation by chemical dissolution 236 

 237 

3.2.1. Characterization of samples 238 

First, P25 sample was homogenized (as reported previously [53]) to use its uniform form 239 

(HomoP25). It has been confirmed that the proposed homogenization method is effective, and thus 240 

HomoP25 is well homogenized, containing ca. 78% anatase, 14% rutile and 8% non-crystalline phase, 241 

as confirmed by XRD analysis (in comparison to nonuniform original P25 sample − OP25) (Fig. 2). 242 

Then, HomoP25 sample was used for phase isolation (rutile and anatase), and also as the standard 243 

(reference) sample for the photocatalytic activity tests. 244 
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Fig. 2 The crystalline content of OP25 (original P25) and HomoP25 (homogenized P25); SD - standard deviation. 246 

   247 

The properties of isolated samples are shown in Fig. 3. It is clear that the isolation has resulted in 248 

the shift of photoabsorption edge to the shorter wavelengths for iso-ana (Fig. 3 A) and to the longer 249 

wavelengths for iso-rut (Fig. 3 A), as a result of efficient removal of rutile and anatase, respectively. 250 

The stronger absorption of iso-ana at the visible range (400-500 nm) is not surprising since this sample 251 

is slightly yellow (inset in Fig. 3 A). It is thought that some impurities from the isolation process, i.e., 252 

inclusion of nitrogen from ammonia or surface peroxy species from hydrogen peroxide, could be 253 

responsible for this yellow coloration. The nitrogen-modified titania or titania with adsorbed H2O2 (or 254 

the complex of [TiO2-H2O2] formed during the isolation process) usually exhibits similar 255 

photoabsorption features [72-75]. In contrast, in the case of iso-rut, its photoabsorption is only 256 

bathochromically shifted in the comparison to HomoP25, proving the anatase removal since rutile has 257 

slightly narrower bandgap than anatase. The slightly stronger photoabsorption at the visible range 258 

(400-700 nm) does not result in any change of sample color (the color of iso-rut sample is as white as 259 

HomoP25), and thus stronger light scattering on large rutile NPs has initially been considered as the 260 

reason of this observation.  261 
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The XRD patterns of HomoP25, iso-ana and iso-rut are shown in Fig. 3 (B). The unnoticeable 262 

presence of anatase and rutile in XRD patterns of iso-rut and iso-ana, respectively, confirms that the 263 

applied isolation process is efficient to remove anatase and rutile crystallites, respectively. For iso-ana 264 

and iso-rut, the width of the most intense anatase and rutile peaks, reflecting the crystallite size, is 265 

almost the same as that in HomoP25, confirming that the crystallite sizes do not change during the 266 

isolation processes (Table 1), as already reported [63]. The slight decrease in anatase size, i.e., from 267 

25.3 nm to 23.7 nm (and from 39.6 nm to 10.6 nm for rutile), for iso-ana sample suggests the possible 268 

co-dissolution of also anatase crystallites together with rutile during titania treatment with the 269 

hydrogen peroxide-ammonia mixture. Therefore, the suggested mechanism of dissolution of both 270 

crystalline phases but with faster speed for rutile [63] has been proven. For iso-rut sample, the slight 271 

increase in crystallite size of rutile (from 39.6 to 42.1 nm) and the disappearance of anatase indicate 272 

that the treatment with F could slightly change the surface properties of rutile and preferably dissolve 273 

anatase, confirming that anatase is less stable than rutile [76]. Although crystalline phases are separated 274 

efficiently, the content of non-crystalline (NC) components has increased in both isolated samples, as 275 

shown in Table 1. This could result from: i) dissolution of titania crystallites during the isolation 276 

process with the subsequent re-formation into amorphous titania particles, and ii) the formation of NC 277 

phase during isolation process from HF, NH3, H2O2, amorphous titania and/or compounds formed 278 

during titania dissolution. 279 

In order to remove the possible impurities, originated from the isolation process (such as N and 280 

H2O2 in iso-ana sample and F in iso-rut sample), the post-treatment annealing has been applied. The 281 

DRS data for the annealed samples are shown in Fig. 3 C and D. Indeed, the annealing causes the 282 

disappearance of vis absorption for iso-ana sample, indicating an efficient removal of contaminants. It 283 

should be pointed out that the crystalline content of anatase does not change significantly by the post-284 

treatment (84-90%). On the other hand, the content of NC part and the crystallite sizes for both anatase 285 

and residual rutile are quite different in the samples annealed at different conditions. It is known that 286 

thermal treatment results in both the acceleration of the crystal growth and the phase conversion, i.e., 287 

from amorphous phase via anatase to rutile. However, a decrease in rutile size could not be explained 288 

by the crystal growth mechanism. Therefore, it is expected that the formation of new rutile NPs from 289 

amorphous phase and/or fine anatase NPs could be responsible for the formation of fine rutile NPs. 290 

Anyway, it is thought that rutile as well as amorphous phase (7-17%) might be neglected in the overall 291 

photocatalytic activity since rutile content is too low (1-4%) [64] and amorphous phase is considered 292 

as inactive under UV irradiation [20,77]. 293 

Interestingly, quite different behavior is noticed for the annealed iso-rut samples, as shown in Fig. 294 

3 D. The shapes of DRS spectra, especially for the samples annealed at 120 ºC and 200 ºC, differ 295 

significantly from that of iso-rut, with significant photoabsorption in the vis range, as clearly observed 296 

even by the change in sample color, i.e., from white to light brown (inset in Fig. 4). It is proposed that 297 
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a shoulder at 400-800 nm could originate from either trivalent titanium species or titania modified with 298 

adsorbed hydrofluoric (HF) acid. Moreover, the post-treatment annealing has caused the change in the 299 

crystalline composition, as NC content has increased significantly, i.e., from 11 to 16, 21, 23 and 28% 300 

for samples annealed at 120, 200, 300 and 500 C, respectively. It is proposed that HF etching has 301 

resulted in the dissolution of titania crystals and the simultaneous formation of F-modified titania of 302 

amorphous nature. Moreover, a high amount of NC phase and a decrease in rutile content for the 303 

samples annealed at higher temperatures indicate that annealing accelerates the reaction between rutile 304 

and HF adsorbed on its surface, and thus new amorphous compounds containing titanium, fluorine, 305 

hydrogen and oxygen could be formed. It should be pointed out that much different behavior is 306 

observed for the annealed iso-ana samples, where annealing has caused a disappearance of vis 307 

absorption for all materials, as well as a decrease in the NC content for iso-ana-120 and iso-ana-300 308 

samples. However, an increase in annealing temperature to 500 ºC has caused an increase in the NC 309 

content, which could be caused by a similar mechanism to already proposed for annealed rutile, i.e., 310 

chemical compounds, used for anatase isolation (NH3, H2O2), adsorbed on the titania surface, could 311 

react with crystalline anatase at high temperature, causing its dissolution and the formation of new 312 

amorphous compounds consisting of titanium, oxygen, nitrogen and hydrogen. 313 

 314 

Fig. 3 The photoabsorption properties (A) and XRD patterns (B) of isolated samples: HomoP25, iso-ana (with photo) and 315 

iso-rut, and photoabsorption properties of annealed isolated samples: (C) anatase samples and (D) rutile samples. 316 

To remove hydrofluoric acid from the surface of isolated rutile (iso-rut) and to avoid the formation 317 

of F-modified titania (during annealing), iso-rut has been washed with aqueous solution of NaOH, and 318 
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then annealed. Indeed, the removal of HF by NaOH washing is very efficient, and the surface content 319 

of fluorine, measured by XPS, has been reduced from 9% to less than 1% (Fig. S4 and Fig. S5). 320 

Moreover, the high vis photoabsorption of isolated rutile sample has disappeared, as shown in Fig. 4. 321 

The crystalline compositions of washed samples annealed at different temperatures are shown in Table 322 

2. The content of NC phase in these samples is much lower than that in unwashed ones, proving the 323 

removal of formed impurities from the surface of the iso-rut. Interestingly, only non-annealed sample 324 

(iso-rut-NaOH) possesses higher NC content than that in unwashed sample (iso-rut), suggesting that 325 

not only acidic, but also alkali treatment might cause the dissolution of crystalline phases and the 326 

formation of amorphous compounds. Accordingly, it has been concluded that iso-ana-200 and iso-rut-327 

NaOH-200 are the most adequate samples to be used (as the purest) for further detailed studies.  328 

Table 1. The phase content and crystallites size of isolated sample and HomoP25 329 

sample calcination temp. (℃) 
phase content (%) crystallite size (nm) 

anatase Rutile NC anatase rutile 

HomoP25 - 78 14 8 25.3 39.6 
       

iso-ana - 86 1 13 23.7 10.6 

iso-ana-120 120 84 4 12 25.9 6.8 

iso-ana-200 200 86 1 13 28.9 3.9 

iso-ana-300 300 90 3 7 31.6 7.8 

iso-ana-500 500 83 0 17 39.1 -        
iso-rut - 0 89 11 - 42.1 

iso-rut-120 120 0 84 16 - 44.6 

iso-rut-200 200 0 76 21 - 49.6 

iso-rut-300 300 1 76 23 17.4 55.1 

iso-rut-500 500 1 72 28 1.3 70.9 

NC: non-crystalline phase 330 

 331 

Fig. 4 Photoabsorption of iso-rut-200, iso-rut-NaOH-200 and HomoP25. 332 

 333 
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Table 2. Crystalline composition of washed samples 334 

Sample calcination temp. (℃) 

phase content (%) crystallite size (nm) 

anatase rutile NC anatase Rutile 

iso-rut-NaOH - 0 84 16 - 47.3 

iso-rut-NaOH-120 120 0 89 11 - 47.1 

iso-rut-NaOH-200 200 1 97 2 10.4 46.6 

iso-rut-NaOH-300 300 0 80 19 - 47.3 

iso-rut-NaOH-500 500 0 84 16 - 53.1 

 NC: non-crystalline phase 335 

 336 

Next, the morphology of samples has also been investigated, and exemplary STEM images are 337 

shown in Fig. 5. The presence of titania particles of different sizes (from 15 to 150 nm) is observed in 338 

HomoP25 sample. The comparison with isolated samples allows to conclude that particles of rutile 339 

and anatase are larger and smaller, respectively. The particle size of rutile varies from 20 to 150 nm, 340 

whereas that in anatase from 15 to 60 nm. The existence of rutile and anatase in the form of larger and 341 

smaller NPs, respectively, is not surprising since usually rutile forms larger NPs (Rutile is the most 342 

stable polymorph of titania, and thus particles of metastable anatase coalesce and transform to rutile 343 

[78].). It should be mentioned that average sizes of isolated phases, estimated from STEM images, are 344 

only slightly smaller than crystallite sizes, i.e., for anatase of ca. 23.3 nm (STEM) and 28.9 nm (XRD) 345 

and for rutile of ca. 40.2 nm (STEM) and 46.6 nm (XRD), indicating that many particles are single 346 

crystals. Moreover, the average size of NPs in HomoP25 (27.5 nm) is practically same as weighted 347 

average size of anatase and rutile crystallites (27.4 nm). Therefore, it might be concluded that 348 

multiphase particles (anatase-rutile, anatase-amorphous, rutile-amorphous) are not the main 349 

component of P25, in contrast to some previous reports, suggesting that anatase/rutile composites are 350 

mostly responsible for the high activity of P25, e.g., anatase with rutile overlayer [46]. However, it is 351 

also possible that some multiphase particles exist in P25, and that the charge transfer between anatase 352 

and rutile is still possible, even if the contact between them is not perfect. Additionally, it must be 353 

mentioned that in the contrast to HomoP25, isolated samples contain also large aggregates, resulting 354 

from thermally initiated particles’ sintering. Therefore, even if the composition and crystallite sizes of 355 

isolated samples are almost the same as expected (after phase separation from P25), the physical 356 

properties have been slightly changed during isolation, e.g., NPs’ aggregation.     357 
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 358 

Fig. 5 STEM images (A-C) and estimated data for particle size (D-E): A) for HomoP25, B) iso-ana-200, and C) iso-rut-359 

NaOH-200; iso-ana-200 (ANA), iso-rut-NaOH-200 (RUT). 360 

 361 

3.2.2. Photocatalytic activity  362 

  The photocatalytic activities of isolated samples and HomoP25 were checked for oxidative 363 

decomposition of acetic acid (CO2 system) and dehydrogenation of methanol (H2 system). The 364 

summarized results in respect to activity of HomoP25 (normalize activity when 1.0 is taken for 365 

HomoP25) are shown in Fig. 6. Isolated samples without any purification (iso-rut and iso-ana) have 366 

shown low activity in the H2 system, but iso-ana exhibits higher activity in the CO2 system than 367 

HomoP25, as already reported [20]. The higher activity of iso-ana than that of HomoP25 and iso-rut 368 

could be caused by: i) slightly more negative position of CB of anatase than that of rutile [65,66,79-81], 369 

or in contradiction ii) more positive position of VB of anatase, as recently suggested by Buchalska et 370 

al. [82], and thus stronger oxidation ability by positive holes. The purification by annealing does not 371 

change the overall activities drastically in CO2 system, i.e., similarly to no-treated samples, where 372 

anatase is the most active phase. Interestingly, iso-rut-200 with the strongest vis-absorption shows also 373 

the highest activity among rutile samples, which could be caused by titania modification with fluorine. 374 

Some recent reports have indicated that such modification might enhance the photocatalytic activity 375 

[83,84]. Moreover, the purification of isolated rutile by washing with NaOH has resulted in a slight 376 

decrease in the activity in CO2 system, which could be caused by the presence of sodium. It is well 377 

known that sodium hinders the photocatalytic activity of titania, being a recombination center (the 378 

largest problem of titania coatings applied on the sodium glass) [32,85].  379 
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Interestingly, much higher activity of HomoP25 in H2 system than that of single crystalline phases 380 

could confirm the “synergy” between two phases (the activity of P25 is higher than the sum of activities 381 

of iso-ana and iso-rut), e.g., via IPCT (inter particle charge transfer). However, it should be 382 

remembered that these isolated samples are not pure. Interestingly, the activity of two purified rutile 383 

samples (iso-rut-NaOH-200 and iso-rut-NaOH-300) are higher than that by HomoP25. It seems that 384 

sodium does not influence the activity since co-deposited platinum works also as an inhibitor of charge 385 

carriers’ recombination. Accordingly, it has been confirmed that the high activity of P25 could be 386 

explained by high intrinsic properties of its components, i.e., anatase and rutile, in oxidation and 387 

reduction reactions, respectively. Similar findings have recently been found by Macyk group, i.e., rutile 388 

with more negative CB level, resulting in more efficient reduction pathway, and anatase as a stronger 389 

oxidant with efficient HO• generation [82].    390 

 391 

Fig. 6 The photocatalytic activity of isolated samples in two reaction systems (photocatalytic activity of HomoP25 = 1); 392 

“-”: without annealing. 393 

   394 

To understand the difference between anatase and rutile in P25, i.e., charge carriers’ migration, 395 

electron lifetime and electron traps (ETs) distribution, TRMC and RDB-PAS investigations have been 396 

carried out for three samples: HomoP25, iso-ana-200 and iso-rut-NaOH-200, and obtained data are 397 

shown in Figs. 7 and 8. After UV-excitation, TRMC signal appears, as shown in Fig. 7 A. Most 398 

intensive TRMC signal (Imax) for pure isolated anatase than for HomoP25 and the less intensive for 399 

pure isolated rutile might confirm that anatase is responsible for high photocatalytic activity, as usually 400 

reported [86-88], i.e., the high content of generated charge carriers. The similar decay (speed of charge 401 

carriers’ recombination, Fig. 7 B) for iso-ana-200 and HomoP25 confirms that the high activity of P25 402 

is caused by the anatase presence. The faster decay for rutile sample as well as the lowest Imax indicate 403 

that photogenerated electrons are trapped fast at the recombination centers. It is thought that even if 404 
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co-deposited platinum hinders the charge carriers’ recombination, its presence does not explain the 405 

highest activity of rutile-based samples for methanol dehydrogenation since not only the fastest signal 406 

decay but also much less intensive TRMC signal (and thus lower number of photogenerated electrons) 407 

have been observed in rutile. Therefore, high activity of rutile in H2 system should be caused by more 408 

negative CB position, and thus its higher reduction ability than that in anatase and HomoP25 (with 409 

majority of anatase).  410 

TRMC data confirm that usually anatase is more active than rutile (as also shown here for CO2 411 

system) due to longer lifetime (slower decay) and a larger number (more intensive signal) of 412 

photogenerated charge carriers. Accordingly, it is proposed that the higher activity of anatase than 413 

rutile is caused by the intrinsic properties of both phases, i.e., the larger content of deeper electron 414 

traps (ETs) in rutile than that in anatase, resulting in fast charge carriers’ recombination. Indeed, RDB-415 

PAS experiments have confirmed this hypothesis, showing the larger content of shallow ETs in isolated 416 

anatase sample (inside or just below bottom of CB) and the larger content of deeper ETs (inside 417 

bandgap) in isolated rutile samples, as shown in Fig. 8.  418 

 419 

Fig. 7 The TRMC results of HomoP25, iso-ana-200 (ANA) and iso-rut-NaOH-200 (RUT): A) original and B) 420 

normalized data. 421 

Based on TRMC and RDB-PAS data, it is difficult to explain the surprisingly high activity of rutile 422 

sample in H2 system, i.e., by mobility and lifetime of electrons, as well as distribution of ETs. There 423 

are two possible explanations: i) narrower bandgap, and thus ability to absorb more photons, and ii) 424 

more negative CB of rutile than that of anatase, as suggest by Scanlon et al. [89] and Buchalska et al. 425 

[82], and discussed above. Moreover, it should be stressed that in H2 system, Pt deposits are used as a 426 

co-catalyst (Titania is practically inactive in this system due to high activation overpotential for 427 

hydrogen evolution.). Therefore, Pt NPs works as active sites for hydrogen evolution, but also as an 428 

electron pool (as a result of higher work function than electron affinity of titania), hindering the 429 

recombination between electrons and holes, as firstly reported by A. J. Bard in 1970s [90,91]. Therefore, 430 

also properties of platinum deposits could influence the overall activity, as already discussed in our 431 
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previous study [53]. 432 

 433 

Fig. 8 The RDB-PAS results of HomoP25, iso-ana-200 (anatase) and iso-rut-NaOH-200 (rutile); Data shown in 434 

brackets indicate the total density of ETs in the unit of mmol g-1. Specific surface area in the unit of m2 g-1 is shown in 435 

the third row. Abbreviations ‘‘A’’ and ‘‘R’’ in the bottom row is for majority component, i.e., anatase and rutile, 436 

respectively, and ‘‘a’’ and ‘‘r’’ are anatase and rutile as minor component, respectively. 437 

 438 

 Since some of the isolated samples show vis absorption, the vis activity has also been measured, 439 

and obtained data are presented in Fig. 9. Indeed, the samples with vis absorption ability exhibit also 440 

vis activity. In the case of the anatase samples, iso-ana with yellow color shows the highest response, 441 

and thus confirming that titania modification with either nitrogen [92-95] or hydrogen peroxide [96-100] 442 

might cause the vis response. In the case of rutile samples, simple isolation followed by annealing 443 

results in the coloration of two samples (iso-rut-120 and iso-rut-200) with also the highest vis activity. 444 

Interestingly, washing with NaOH causes a significant increase in vis activity, especially for the sample 445 

annealed at 200 C (iso-rut-NaOH-200). Therefore, it might be concluded that sodium-based modifiers, 446 

which are not recommended under UV irradiation (working as charge carriers’ recombination centers), 447 

might initiate vis action of titania. However, it is also possible that co-present fluorine is also involved 448 

as clearly seen by the comparison between iso -rut-NaOH-200 and iso -rut-200-NaOH-200. Both 449 

samples were washed with NaOH and then annealed at 200 C, but the most active sample (iso -rut-450 

200-NaOH-200) was also annealed just after isolation (similar to the most active non-washed sample 451 

− iso-rut-200), which might indicate that the present fluorine on the rutile surface could be partially 452 

doped/adsorbed under the thermal treatment. Then, washing with NaOH might cause the co-453 

modification (F/Na) of titania. Interestingly, NaF is commonly used for the preparation of F-454 

modified/doped titania samples, and NaOH is applied for the sample washing [101]. Additionally, the 455 

possibility of an existence of additional energy levels inside the bandgap of titania, due to doping and 456 

self-doping (the formation of defective titania because of thermal treatment [102]) should also be 457 
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considered. The further studies on these aspects are now in progress, including the detailed 458 

characterization of all samples (RDB-PAS and XPS), as well as the preparation of other vis responsive 459 

materials. 460 

 461 

Fig. 9 The vis activity of samples for 2-propanol oxidation (λ > 450 nm). 462 

 463 

Summary and conclusions 464 

Two isolation methods have been used for the separation of the active components in P25, i.e., (i) 465 

physical by vibration and sonication-assisted vibration, and (ii) chemical by dissolution. Unfortunately, 466 

though physical method is more recommended since it does not result in any change in the chemical 467 

composition of sample (impurity), it is not efficient for the separation of anatase, rutile and amorphous 468 

phase. Interestingly, it has been found that the sonicated-vibrated samples have lost some 469 

photocatalytic activity, and thus it is suggested that the thermal energy has caused a slight destruction 470 

of the particles’ surface (possible formation of deep ETs), similar to the ball-milled samples [71].    471 

In contrast, the chemical methods, used for the isolation of anatase and rutile from homogenized 472 

P25 (a uniform sample) show to be effective. However, at the same, chemical compounds used for the 473 

samples’ etching are adsorbed on the titania surface as impurities. Accordingly, their removal must be 474 

applied. It has been found that: (i) the thermal treatment of isolated anatase, and (ii) the washing with 475 

NaOH followed by thermal treatment of isolated rutile, are quite efficient in the removal of these 476 

impurities. The purified anatase and the purified rutile exhibit high photocatalytic activity in oxidative 477 

decomposition of acetic acid and dehydrogenation of methanol, respectively, reaching higher levels of 478 

activity than those by homogenized P25 (HomoP25), and thus confirming that the origin of the high 479 

activity of P25 is due to the intrinsic activities of both phases rather than the charge carriers’ migration 480 

between them. The TRMC and RDB-PAS data have confirmed the higher mobility, longer lifetime of 481 
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charge carriers’ and shallower ETs for anatase than for rutile, and thus its commonly better activity 482 

(especially in oxidative reactions). Interestingly, the isolated samples also exhibit some vis activity due 483 

to the surface modifications with impurities, e.g., N, H2O2, F and Na. Therefore, it might be concluded 484 

that sodium, despite detrimental effect on UV-titania activity, might activate titania towards vis 485 

response.   486 

Although, the chemical isolation followed by the purification has resulted in an efficient separation 487 

of almost pure polymorphs with similar properties as those in original P25, the isolated particles are 488 

not exactly same as those in P25 since the physical properties have slightly been changed during the 489 

isolation, e.g., NPs’ aggregation. Moreover, it is impossible to get an original amorphous titania by the 490 

chemical dissolution methods, as probably the amorphous phase dissolves first. Accordingly, other 491 

“non-invasive” methods (e.g., physical separation) are highly wanted to confirm the properties, and 492 

thus activities of rutile, anatase and amorphous titania in famous P25 photocatalyst.  493 

 494 
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