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ABSTRACT: Titanium(IV) oxide, titania, photocatalyst particles
were prepared from titanium alkoxide in the presence of several
kinds of ionic liquids, and it was clarified that a group of samples
exhibited photocatalytic activity for phenol degradation under the
irradiation of light of wavelength >400 nm higher than those of the
other group of samples. Although the conventional structural
analytical results could not be related to the activity, electron-trap
distribution measured by reversed double-beam photoacoustic
spectroscopy suggested that a part of the ionic liquid induced the
creation of a surface amorphous layer covered with hydrophobic
organic residues to enhance the adsorption of phenol on the
surface.

■ INTRODUCTION

Surface properties of advanced materials are crucial for their
activities regarding relevant applications, especially when
chemical reactions occur on the surface. Electron-trap
distribution analysis is usually performed by using a wide
spectrum of techniques, including X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), UV−visible (vis)
photoabsorption spectroscopy, Fourier transform infrared
(FT-IR), Raman and photoluminescence (PL) spectroscopy,
and surface area analysis according to Brunauer−Emmett−
Teller (BET) theory. Nevertheless, the results obtained by
those methods usually do not provide any remarkable
differences between active and relatively inactive samples or
are very difficult to correlate changes in surface properties with
activity in specific applications. Thus, the results obtained by
currently available techniques are usually not sufficient to draw
conclusions about the mode of action of the material.
Therefore, new, complementary methods, providing deeper
analysis of the surface, are needed to elucidate the issue.
Among all materials, solid matters possessing photocatalytic

properties attract our attention due to their possible employ-
ment in pollutant degradation, hydrogen generation, and
carbon dioxide photoconversion using solar or low-powered
light. It is known now that surface electronic properties
determine the photoactivity and the mechanism of their
photocatalytic performance; however, there is no quantitative
method that allows for certainly the prediction of activity based
on the measured electronic structure properties. In view of this,
identifying those features may answer the main question about

the reason for the enhanced activity of the modified titania
(TiO2) photocatalysts under visible irradiation. Modification of
titania is performed to activate them under vis irradiation from
the viewpoint of practical applications and commercial
benefits.1 One of the effective methods is the application of
ionic liquids (ILs) as structuring agents, which possess surface
activity during titania synthesis.2

To date, the proposed mechanisms of the vis-light
photoactivity enhancement of titania prepared in the presence
of ILs were as follows: (i) doping of the titania lattice with
non-metal elements derived from the IL structure;2,3 (ii)
favoring the formation of oxygen vacancies and the Ti3+ species
(electron traps, ETs) by IL;2,4 (iii) promoting titania hollow
structure formation, thereby shortening the diffusion length of
the charge carriers as well as increasing the number of reactive
sites;4 (vi) interaction of the bromide anion and molecular
oxygen with the titania surface with formation of surface
complex.5

To elucidate the surface electronic properties of the
photocatalysts, Ohtani et al. developed a novel analytical
method, namely, reversed double-beam photoacoustic spec-
troscopy (RDB-PAS).6 This approach enables us to determine
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the energy-resolved distribution of electron trap (ERDT) and
conduction band bottom (CBB) positions reflecting a surface
structure and a bulk structure, respectively, of the materials in
the form of powder or thin films. In this method, direct
photoexcitation of electrons from the valence band (VB) to
empty (vacant) electronic levels (ETs) by wavelength-scanned
continuous monochromatic light resulted in an accumulation
of electrons in ETs (photoreaction) from the lower-energy side
to the higher-energy side. Detection of the photoabsorption
signal of the accumulated electrons in ETs by photoacoustic
spectroscopy provided information on the amount (or density)
of electron-filled ETs, and thus the total density of ETs. For a
given pair of samples, the degree of coincidence (ζ) of ERDT/
CBB patterns is determined, revealing the clear dependence
between ζ and photoactivity: the higher is the ζ value, the
higher is the degree of coincidence for the activity of the
photocatalysts (ζPC). To date, this relation was confirmed for
titania,6 copper, cerium and/or platinum-modified titania,7 and
O, S-doped carbon nitride (C3N4).

8 Moreover, the doped
atoms (unlike the precursors) were found to affect the ERDT/
CBB patterns.8 However, the surface electronic properties of
the photocatalysts formed in the presence of ILs or other
structure active agents were, to date, not analyzed. Structuring
agent-assisted methods are very popular since they are effective
in controlling the structure and morphology of the materials,
which, in turn, favor the electronic transfer and enhance the
optical absorption and photocatalytic performance.9

To date, research performed in the area of titania
modification with ILs revealed a possible linkage between
the mechanism of titania photoexcitation under vis light and
the chemical structure of the ionic liquid used during

preparation. Nevertheless, we still do not know how the IL’s
composition affects the surface properties of titania and
thereby photoactivity. One of the premises is the relatively low
thermal stability of IL under the preparation conditions
(possible decomposition).10 However, there are also ILs which
are thermally stable and still reveal relatively high photo-
activity.
In this regard, we characterized the surface and bulk

electronic properties of the titania photocatalysts modified
with the selected ionic liquids using the RDB-PAS technique to
obtain ERDT patterns as a fingerprint of different ILs used for
synthesis as well as IL-titania precursor (TBOT) molar ratio.
For these experiments, the IL-titania samples with exception-
ally high photoactivity determined by the model phenol
degradation reaction under vis irradiation were selected. These
are photocatalysts prepared by using ethylammonium nitrate
[EAN][NO3], 1-butylpyridinium chloride [BPy][Cl], hexade-
cylpyridinium chloride [HDPyr][Cl], tributylmethylammo-
nium chloride [TBMA][Cl], and 2,3,5-triphenyltetrazolium
chloride [TPTZ][Cl]. Four of these ILs undergo decom-
position during solvothermal titania preparation to a large
extent. In such a way, IL may become a source of elements
incorporated in the titania structure. The fifth one, [HDPyr]-
[Cl], is characterized by high photoactivity, but the efficiency
of ILs decomposition during synthesis was much lower in
comparison with above-mentioned ILs (more stable IL). For
determining additional possible fingerprints, the samples
prepared with various [EAN][NO3]-TBOT and [BPy][Cl]-
TBOT molar ratios, with much lower photoactivity, were also
analyzed.

Table 1. Physical and Structural Properties of Samples Prepared with or without ILs Measured by Conventional Analytical
Methods2,11,12,a

unit-cell parameters surface content (%)d

codeb
specific surface
area (m2 g−1)

pore volume
(cm3 g−1) a (nm) c (nm)

volume
(nm3)

crystallite
size (nm) Ti Ti3+c C N

phenol degradation
under Vis (%)e

no-IL 184 0.069 0.379 0.950 0.136 6.3 29.44 2.41 4.15 0.14 4
BPy (1:8) 214 0.104 0.377 0.951 0.135 5.3     18
EAN
(1:8)

211 0.102 0.377 0.951 0.135 5.5 24.32 4.56 11.61 0.31 19

BPy
(1:10)

213 0.104 0.377 0.949 0.135 5.8     22

EAN
(1:10)

190 0.093 0.377 0.951 0.135 5.5     28

EAN
(1:5)

216 0.105 0.377 0.951 0.135 6.5     33

BPy (1:1) 198 0.097 0.379 0.949 0.137 8.5     34
EAN
(1:3)

216 0.105 0.379 0.953 0.137 6.0     36

BPy (1:5) 213 0.104 0.378 0.952 0.136 4.8     45
BPy (1:3) 215 0.105 0.377 0.951 0.136 4.9 26.80 6.66 10.55 0.07 58
TPTZ
(1:10)

227 0.110 0.379 0.949 0.136 5.7 24.36 7.87 13.20 0.17 74

HDPyr
(1:1)

188 0.092 0.378 0.950 0.136 5.4 23.51 6.58 14.90 0.15 79

EAN
(1:1)

221 0.108 0.378 0.948 0.136 6.0 23.31 6.66 13.24 0.38 82

TBMA
(1:2)

215 0.103 0.378 0.951 0.136 6.3 26.45 4.17 8.55 0.83 91

aSorting was made with an increasing order of photocatalytic activity (phenol degradation). bno-IL: prepared without using IL. BPy, EAN, TPTZ,
HDPyr, and TBMA show 1-butylpyridinium chloride ([BPy][Cl]), ethylammonium nitrate ([EAN][NO3]), 2,3,5-triphenyltetrazolium chloride
([TPTZ][Cl]), hexadecylpyridinium chloride ([HDPyr][Cl]), and tributylmethylammonium chloride ([TBMA][Cl]), respectively. Ratios in
parentheses show the molar ratio of IL and TBOT. cAn XPS peak at 457 eV. dDash means “not measured”. eDegradation (decrease in
concentration) of phenol by vis irradiation (>420 nm) under aerated conditions for 1 h.
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■ EXPERIMENTAL SECTION

Materials. Titanium(IV) butoxide (TBOT, 99%, Alfa
Aesar, Germany), anhydrous ethyl alcohol (99.8%, POCh
S.A. Poland), hydrochloric acid (36%, POCh S.A. Poland), and
ionic liquids (ethylammonium nitrate, 1-butylpyridinium
chloride, hexadecylpyridinium chloride, tributylmethylammo-
nium chloride, and 2,3,5-triphenyltetrazolium chloride)
(purveyed with at least ≥97% of purity, IOLITEC, Germany)
have been applied during synthesis.
Preparations of IL-Assisted Titania Microspheres. The

synthesis of the IL-TiO2 particles was carried out according to
the procedure described previously by our group.2,5 Briefly,
TBOT, used as a precursor of titania, was dispersed in absolute
ethanol under constant vigorous stirring. In the next step,
hydrochloric acid, distilled water, and appropriate IL were
added. The amount of IL, calculated as the IL:TBOT molar
ratio, was presented in Table 1. Afterward, the mixture was
transferred into a Teflon-lined stainless-steel autoclave and
incubated at 453 K for 24 h. Subsequently, the autoclave was
cooled to room temperature and the resultant product was
washed with ethanol and deionized water several times, dried
overnight at 60 °C, and finally calcinated at 473 K for 2 h. For
comparison, the pristine titania sample was synthesized using
the same procedure except for IL addition.
Characterization by Conventional Techniques. The

phase composition of the titania samples was estimated from
power X-ray diffraction (XRD) measurements using a Rigaku
MiniFlex 600 diffractometer equipped with copper Kα
irradiation in the 2θ range of 20−80°. The average crystallite
size was calculated using the Scherrer equation. The
Brunauer−Emmett−Teller (BET) surface area and pore size
of the photocatalysts was calculated by a Micromeritics Gemini
V200 instrument (provided by Shimadzu) equipped with a
VacPrep 061 Degasser. All samples were degassed at 473 K
prior to the nitrogen adsorption measurements. The surface
area was determined by using the multipoint BET method
using the adsorption data in the relative pressure (P/P0) range
of 0.05−0.3. All data analysis were repeated and checked three
times. The standard deviation of the BET surface areas was in
the range of 1−4%. The physical and structural properties of a
part of those titania samples have been reported previously.
Photocatalytic Activity Measurements. Photoactivity

under vis irradiation was determined using phenol as a model
compound, as we described previously.2,11,12 The photocatalyst
(0.125 g) was dispersed in 25 mL of phenol solution (0.21
mmol dm−3) and poured into a cylindrical reactor with a
quartz window. The suspension was aerated (5 dm3 h−1) and
degradation experiments were performed at a temperature of
10 ± 0.5 °C, which was maintained via a water bath. As an
irradiation source, a 1000 W xenon lamp (Model 6271H,
Oriel) with an optical filter of >420 nm, GG 420 was used (the
illumination intensity was equal to approximately 3 mW/cm2).
The phenol concentration was determined by the spectropho-
tometric method (λmax = 480 nm) using a UV−vis
spectrophotometer (Evolution 220, Thermo Scientific). The
photocatalytic degradation runs were preceded by a blind test
in the absence of photocatalysts or illumination. All data
analysis was repeated and checked three times. The average
standard deviation of the photoactivity measurements was
below 1%.
Measurement of ERDT/CBB Patterns. In this study, a

laboratory-made RDB-PAS instrument (code name BK1) was

used. BK-1 is composed of a grating monochromator with a
xenon lamp (Bunkokeiki M10-RP/BXL-150), a 625 nm LED
(Luxeon LXHL-ND98) intensity modulated at 35 Hz by a
digital function generator (NF Corporation DF-1906), a UV
quartz combiner light guide (Moritex MXS5-1000S-UV3), a
digital lock-in amplifier (NF Corporation LI5630) and a
laboratory-made photoacoustic (PA) cell equipped with a
quartz window, gastight bulbs, a MEMS (microelectro-
mechanical system) microphone module (SparkFun MEMS
Microphone Breakout, INMP401 (ADMP401)) and a
stainless-steel sample holder.
Typical RDB-PAS measurement procedures are as fol-

lows.6−8 Sample powder (ca. 50−100 mg) was loaded on a
stainless sample holder and placed in a PA cell. The cell was
transferred to a cubic acrylic box. Methanol-saturated nitrogen
was introduced in the cell for at least 30 min to remove oxygen,
and then the cell was sealed tightly. Two light beams were
introduced to the cell through a quartz window. One is a
continuous monochromatic light wavelength scanned from a
longer wavelength to a shorter wavelength (typically 600−300
nm) with a 5 nm step. The other is an intensity-modulated (35
Hz) 625 nm LED light. The PA signal was amplified with a
lock-in amplifier and recorded as RDB-PA spectrum showing
the accumulation of electrons in ETs as shown in Figure 1. The
spectrum was differentiated from the lower energy side to
obtain an ERDT pattern followed by calibration with
experimentally determined conversion coefficient6 to the
absolute density of ETs. The energy of ETs is shown regarding
the valence band top (VBT) energy for convenience and thus
the obtained ERDT pattern was replotted as a bar graph with a
pitch of 0.05 eV as shown in, e.g., Figure 2.
The conduction-band bottom (CBB) energy was estimated

by (single beam) PAS using the same setup. The sample in a
PA cell was irradiated by a modulated (80 Hz) monochromatic
light wavelength scanned from a longer wavelength to a shorter
wavelength to obtain the PA spectrum, which was then
calibrated with a spectrum of carbon black. To determine the
absorption edge wavelength, the bandgap energy in the unit of
eV was calculated and plotted as CBB regarding VBT as shown
in, e.g., Figure 1.

■ RESULTS AND DISCUSSION
Physical and Structural Properties Measured by

Conventional Analytical Methods. To identify the surface
and bulk electronic properties of IL-modified titania, the
samples with particularly high photocatalytic performance, as
determined by the model phenol degradation reaction under
vis irradiation, were selected and synthesized by the
solvothermal method. These photocatalysts were prepared
with addition of ethylammonium nitrate (EAN_TiO2), 1-
butylpyridinium chloride (BPy_TiO2), tributylmethylammo-
nium chloride (TBMA_TiO2), 2,3,5-triphenyltetrazolium
chloride (TPTZ_TiO2), or hexadecylpyridinium chloride
(HDPyr_TiO2). Precise characteristics of the EAN_TiO2,
BPy_TiO2, and TPTZ_TiO2 samples were previously
published.2,10−12 Nevertheless, the most crucial elements
needed for the analysis and discussion presented in this
manuscript were repeated below. Basic description of the
samples and their photocatalytic activity determined under vis
irradiation (the range of 51−91% of phenol degradation) is
shown in Table 1.10

Different levels of thermal decomposition of the selected
ionic liquids were detected during solvothermal treatment
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performed at 473 K. The most susceptible ones to thermal
decomposition in the chosen conditions were three of them,
namely, [TPTZ][Cl], 100%, [EAN][NO3], 97%, [TBMA]-
[Cl], 95%. The fourth one, [BPy][Cl], decomposed by 50%,
whereas the last one, [HDPyr][Cl], was the most stable (12%
of decomposition).10 Additionally, samples with various
concentrations of IL ([EAN][NO3] and [BPy][Cl]) in the
reaction environment, represented as the IL:TBOT molar
ratio, were also prepared (Table 1). These samples revealed
much lower photoactivity, also shown in Table 1.
All IL_TiO2 photocatalysts revealed developed surface area

in comparison with pristine titania used as a reference sample.
This parameter increased from 184 m2 g−1 detected for the
reference titania (no-IL) to 215−227 m2 g−1 determined for
TiO2 prepared in a presence of [EAN][NO3], [BPy][Cl],
[TBMA][Cl], and [TPTZ][Cl], except for a few samples of
EAN_TiO2 (1:10), BPy_TiO2 (1:1), and HDPyr_TiO2 (1:1)
with their specific surface area ranging 188−198 m2 g−1. The
pore size of IL-modified samples was approximately 0.1 cm3

g−1, being a little larger than that of no-IL (0.065 cm3 g−1).
Nevertheless, these results suggested that the use of ILs in the

preparation process tended to give slightly higher specific
surface area and larger pore size, although such properties
seem not to be directly related to their photocatalytic activity.
The XRD analyses confirmed that anatase was solely formed

(no other crystalline phase was found), although this does not
exclude the possible presence of XRD-inert amorphous phase
in the samples. All diffraction peaks were well indexed to the
tetragonal structure (space group number 141, I41/amd). The
size of the crystallites was estimated from the Scherrer formula,
based on the 101-peak width (25.3°). Reflecting the observed
relatively broad XRD peaks, a small size of crystallite in the
range of 4.8−8.5 nm was estimated. Unit-cell parameters,
length of a (a = b) and c and volume, were almost constant,
suggesting a negligible influence on the crystalline structure of
the preparation in the presence of IL and those crystalline
structural properties seem not to account for the difference in
photocatalytic activities.
The contents of titanium, carbon, and nitrogen in the part of

the samples were listed in Table 1. The appreciable contents of
carbon and nitrogen in no-IL were attributable to the
remaining organic residues of a source titanium alkoxide and
unknown contamination, respectively. Compared with those
contents in the no-IL sample, the titania samples prepared in

Figure 1. ERDT/CBB patterns of IL-TiO2 samples and no-IL. The
bottom dashed line of each gray box (conduction band) represents
CBB conduction band bottom. Figures in < > show the total density
of electron traps in the unit of μmol g−1. Three gray dotted lines
correspond to the energy of the valence band top of 3.4, 3.2, and 3.0
eV.

Figure 2. Deconvoluted ERDT/CBB patterns of IL-TiO2 samples and
no-IL. Blue, green, and red peaks correspond to 3.15, 3.28, and 3.43
eV peaks with peak widths (fwhm) of 0.09, 0.09, and 0.11 eV,
respectively. Circles and solid lines are the actual measured data and
the summation of deconvoluted peaks, respectively.
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the presence of ILs has appreciably low titanium content and
high carbon and nitrogen contents, indicating the existence of
remaining IL or its decomposed products. It seems no clear
correlation of carbon and nitrogen contents with the
photocatalytic activity as less active EAN (1:8) showed high
carbon and nitrogen contents, but these remaining organic
residues for ILs will be discussed later.
The XPS measurements suggested the presence of trivalent

titanium species (Ti3+; ca. 457 eV) in titania particles in the
amount differing with the type of ILs chosen for preparation
(Table 1). Since even no-IL possessed Ti3+, Ti3+ might be
created during sample preparation and/or evacuation in the
XPS chamber caused by the remaining organic residues from
TBOT and/or ILs. The slightly yellow color, due to
photoabsorption of blue light for a part of the samples also
suggested the Ti3+ formation. According to experimental
results and theoretical calculations, the Ti3+ centers could
create donor levels in the electronic structure of TiO2, and the
excess electrons affect the surface adsorption and reactivity of
key adsorbates such as O2 or H2O on TiO2.

13,14 However, the
amount of Ti3+ species at ca. 457 eV in XP spectra seemed not
to account for the difference in the photocatalytic activities
(Table 1).
Thus, the structural and physical properties of the present

samples measured by the conventional analytical techniques
could not interpret the difference in their photocatalytic
activity. It is worth noting that the conclusions were drawn
from a study involving only one photocatalytic test considering
one model pollutant (phenol). Nevertheless, the response of
the photocatalyst may vary for contaminants with different
structures, which may be due to differences in the affinity of
the contaminant for the photocatalyst surface.13,15 In this
regard, to achieve a deeper understanding of the properties of
titania obtained in the presence of ILs, it is worthwhile to use a
wider range of model impurities with different structures,
which will be the subject of further research.

Structural Properties Measured by RDB-PAS. Figure 1
shows the ERDT/CBB patterns of the samples used in this
study.
The energy of CBB, position and shape of a peak (peaks),

and total density of electron traps seemed similar to the
ordinary commercial anatase titania particles,6,16 but some
samples showed a little different ERDT-pattern position and
shape, i.e., peak position of EAN (1:1), TPTZ (1:10), HDPyr
(1:1), and TBMA (1:2) were a little shifted to the higher-
energy side compared with those of the others. Table 2
summarizes the parameters of ERDT/CBB patterns of the
samples as well as their photocatalytic activity (same as those
in Table 1).
Conduction-band bottom (CBB) position (energy), corre-

sponding to the bandgap energy, was all in the range of 3.10−
3.15, similar to the commercial anatase powders reflecting the
bulk crystalline structure, anatase, of the samples. The total ET
density of the samples was also not different from each other
except for the reference sample no-IL. It has been reported that
ETs in, at least, titania samples are predominantly located on
the surface and thereby the total ET density is increased
roughly in proportion to the specific surface area.6 Therefore,
the total ET density might reflect the similarity/slightly
differentness of the specific surface area of samples. However,
it is noticeable that the higher photocatalytic activity samples
(>70% phenol degradation) contained appreciably low total
density, although their specific surface areas were almost the
same as those other samples, presumably due to the relatively
low density of amorphous phases as discussed below.
On the other hand, the peak position (energy) of ERDT

patterns showed the clear tendency that the higher the peak
energy was, the higher the photocatalytic activity was observed.
Taking into account that ETs measured in RDB-PAS are
predominantly located on the sample surface, it is suggested
that the surface of the samples was modified to improve the
photocatalytic activity in the solvothermal process in the
presence of ILs, from the original anatase surface without the

Table 2. Parameters of ERDT/CBB Patterns of Samplesa

deconvolution

codeb
CBB
(eV)

peak energy
(eV)

total ET density
(μmol g−1)

total
density d3.15:d3.28:d3.43

d3.28 (+ d3.43)
(%)

phenol degradation under Vis
(%)c

no-IL 3.10 3.175 86 82 41:33:08 40 (50) 4
BPy (1:8) 3.15 3.125 91 87 68:08:11 9 (22) 18
EAN (1:8) 3.15 3.125 96 93 74:10:09 10 (20) 19
BPy (1:10) 3.15 3.175 84 81 54:19:08 23 (33) 22
EAN (1:10) 3.15 3.175 90 87 67:11:09 12 (23) 28
EAN (1:5) 3.15 3.125 79 73 65:00:08 0 (11) 33
BPy (1:1) 3.15 3.175 89 91 60:26:05 30 (34) 34
EAN (1:3) 3.15 3.125 78 75 68:00:07 0 (9) 36
BPy (1:5) 3.15 3.175 87 83 63:09:11 11 (24) 45
BPy (1:3) 3.15 3.175 90 90 59:27:04 30 (34) 58
TPTZ (1:10) 3.10 3.275 50 45 00:32:13 71 (100) 74
HDPyr (1:1) 3.10 3.275 42 40 00:30:10 75 (100) 79
EAN (1:1) 3.15 3.225 34 30 08:20:02 67 (73) 82
TBMA (1:2) 3.10 3.275 45 37 00:27:10 73 (100) 91
aSorting was made with an increasing order of photocatalytic activity (phenol degradation). bno-IL: prepared without using IL. BPy, EAN, TPTZ,
HDPyr, and TBMA show 1-butylpyridinium chloride ([BPy][Cl]), ethylammonium nitrate ([EAN][NO3]), 2,3,5-triphenyltetrazolium chloride
([TPTZ][Cl]), hexadecylpyridinium chloride ([HDPyr][Cl]), and tributylmethylammonium chloride ([TBMA][Cl]), respectively. Ratios in
parentheses show the molar ratio of IL and TBOT. cDegradation (decrease in concentration) of phenol by vis irradiation (>420 nm) under aerated
conditions for 1 h.
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change in bulk structure. Then, what does the higher energy
shift mean?
Recently, it has been reported that the braying (grinding)-

induced surface amorphization of rutile17 and anatase/brookite
powders was detected by RDB-PAS;17 the ERDT peak of
nonbrayed sample was slightly shifted by grinding, attributable
to the amorphization of crystallite surface and further braying
(grinding)-induced the appearance of a high-energy (ca. 3.4
eV) amorphous peak. Since the high-energy and slightly shifted
peaks were observed for a commercial amorphous sample
alone and its mixture with crystalline titania, respectively, they
were attributed to an isolated amorphous phase and
amorphous layer in contact with the crystalline surface.17

Such a shift of the amorphous peak by contacting with
crystalline titania is accounted for the interparticle charge-
transfer excitation (ICTE).16 On the basis of these
considerations, the slight high-energy shift of the IL-TiO2
samples is attributable to the formation of the surface
amorphous layer. Their asymmetrical peaks with longer tailings
in the high-energy side seem consistent with the presumed
surface amorphization, since the amorphous peaks tend to have
a larger width compared with those of crystallites.17

Then, peak deconvolution was performed by assuming that
the actual peak is composed of anatase and two kinds of
amorphous peaks of Gaussian-function curves with appropriate
peak positions and peak width (full width at half maxima =
fwhm). Reasonable results (Figure 2) were obtained by
assuming three peaks of position, 3.15, 3.28, and 3.43 eV,
and fwhm, 0.09, 0.09, and 0.11 eV, respectively, with the
exception of a less reproduced pattern of EAN (1:5). Based on
the reported discussion, these three peaks are assigned to
electron traps on the surface of anatase, an amorphous phase in
contact with anatase, and an isolated amorphous phase,
respectively. Compared with the photocatalytic activity for
phenol degradation, it was obvious that the titania samples
showing higher photocatalytic activity, >70% phenol degrada-
tion, contained higher content, d3.28 > 70%, of those
amorphous phases. The relatively low total electron-trap
density of those samples might be explained by the low
surface density of electron traps of the amorphous phase
compared to anatase.
It has been reported that amorphous titania without any

crystalline phase showed negligible photocatalytic activity in a
few reactions systems,18 and amorphization of a rutile titania
photocatalyst induced the deactivation. As far as the authors
know, there have been published no papers reporting
appreciable photocatalytic activity of the amorphous phase of
metal-oxide photocatalysts and/or enhancement of photo-
catalytic activities by amorphous phases. Therefore, it is
reasonable to assume that the amorphous phases themselves
do not enhance the activity of IL-TiO2 samples, but the
formation of those amorphous phases is related to the
modification of the surface structure(s) during the fabrication
process in the presence of ionic liquids to enhance the activity.
This is consistent with the fact that the no-IL sample,
containing rather high amounts of amorphous phase (>40%),
showed negligible activity.
One of the possible explanations is the surface coverage by

ionic liquids or organic hydrophobic residues as a decom-
position product of ionic liquids to promote surface
amorphization and termination of the amorphous surface
with organic residues; the adsorption of the substrate, phenol,
may be enhanced by the hydrophobic surface. It seems

reasonable to find such amorphization for the samples
prepared in the presence of relatively more hydrophobic
cation ILs such as TPTZ, TBMA, or HDPyr and in the
presence of large amounts of IL such as EAN (1:1) and their
relatively low total electron-trap density as describe in the
preceding section. For the enhance phenol adsorption,
however, blank experiments on phenol adsorption on the
surface showed that the change in concentration of phenol by
suspending titania samples was too small to determine and
thereby it was impossible to confirm the enhanced phenol
adsorption with sufficient accuracy.
Figure 3 shows ERDT patterns of the EAN (1:1) sample

before and after ozone treatment; ozone-containing oxygen

was made to flow through the PAS cell under ambient
temperature before the RDB-PAS measurement. The ozone
treatment clearly increased the total electron-trap density,
negligibly changing the ERDT-pattern shape; the degree of
coincidence of ERDT patterns (ζS)6 before and after ozone
treatment was >0.90, suggesting almost the same shape. This
result can be reasonably interpreted on the assumption that the
possible organic residues capping electron traps on the surface
of amorphous phases were removed, at least partly, by
undergoing oxidative degradation by ozone.

■ CONCLUSIONS
On the basis of the studies on energy-resolved distribution of
electron traps on titania samples prepared in the presence (and
absence) of ILs, it was revealed that a group of samples
exhibiting relatively high photocatalytic activity of phenol
degradation contained surface amorphous layers, giving higher
energy side peaks in their ERDT patterns, while a group of
samples of the low activity had negligible such amorphous
layers. This information could not be obtained by the results of
conventional structural analyses such as XRD and XPS.
Considering the reported negligible photocatalytic activity of
amorphous titania, the reason for the high photocatalytic
activities of the samples can be assigned to ILs or organic
residues originated from ILs giving surface hydrophobicity to
enhance the adsorption of the reaction substrate, phenol, on
the photocatalyst surface. The XPS analysis also gave results on
the amount of organic residues, although the carbon and/or
nitrogen surface contents were not directly related to the

Figure 3. ERDT/CBB patterns of EAN (1:1) before and after room-
temperature ozone treatment. Figures in < > show the total density of
electron traps in the unit of μmol g−1.
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photocatalytic activity. The possible explanation is that the
organic residues induce two types of surface structure; one is
the amorphous surface layer covered with hydrophobic organic
residues and the others is the (crystalline) surface covered with
hydrophilic, probably ionic, organic residues, and both residues
were equally detected in the XPS analysis.
Thus, ERDT/CBB patterns of samples measured by RDB-

PAS provide structural information closely related to the actual
photocatalytic activity, which cannot be suggested using only
the conventional structural analyses methods.
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