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In this study, we develop a novel salt-assisted approach to adjusting the pore size of ionic-liquid-
templated TiO, photocatalysts by simply changing the concentrations and types of the inorganic salts.
Four types of salts, including NaCl, CaCl,, NH4Cl, and NH4NOs, are selected in order to investigate the
effects of the ionic radii and the charges of the constituent ions on the resulting textures. In addition, a
mechanism that the salts assist the self-assembly of hydrophilic 1-butyl-3-methylimidazolium chloride
(C4mimCl) molecules in hydrophobic benzyl alcohol is proposed. The templated TiO, powder, which
incorporates phosphate species to enhance its structural stability, exhibits a small pore size of 4.2 nm
and a high surface area of 164m? g-!. Small amounts of the salts increase the ionic strength, slightly
shrinking the template and the pore size, and pore expansion results when the salt/Ti ratio is above
0.2. The salts at a salt/Ti ratio of 1.0 remarkably extend the pore size to 8.7-16.8 nm in the order of
NH4NO3 (16.8 nm)>NH4Cl (13.7 nm) > CaCl, (12.4nm) > NaCl (8.7 nm). Moreover, high surface areas of
154-199 m? g1 are still achieved. The ions that have large radii and high valence numbers are more capa-
ble of expanding the pores because of strong volume exclusion and Coulomb repulsion. The critical pore
size for the adsorption of hydrated bisphenol A molecules within the pores is ca. 4.2 nm. Pore expansion
facilitates mass diffusion in the channels and turns internal surface areas available for reactions, thus
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greatly enhancing the activity of the mesoporous photocatalyst by 2.7-5.5 times.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) is one of the most used photocatalysts
for water and air purification because of its high photon-to-current
conversion efficiency, high chemical stability and low toxicity [1,2].
A great deal of effort has been devoted to the construction of
porous structures that increase the surface areas of photocatalysts
for high activity. Surfactant-based templating method is commonly
adopted to build up mesoporous structures [3,4]. By introducing
amphiphilic substances into metal oxides and then removing them
from the matrix, only voids with shapes similar to the templates
remain.

Ionic liquids (ILs) are organic molten salts which are com-
prised of large organic cations and inorganic anions. Recently,
ILs have been considered as a promising alternative to structural
directing reagents in nanocasting [5,6]. Compared to traditional
surfactants, their physicochemical features, including tunable sol-
vent properties, adjustable polarities, and low vapor pressures,
allow the salts more functionality in morphology control and
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more feasible for a variety of solvents and operating conditions.
ILs, which serve as the templates for micro- and meso-open-
framework materials, have been demonstrated. Cooper et al.
[7] prepared zeolites in ILs and reported that the interaction
of the negatively charged building blocks with the organic
cations of the IL is the basis of the templating. Antonietti’s
group [8] used ILs consisting of 1-alkyl-3-methylimidazolium
(abbreviated as Cymim*, where the n represents the number of
carbon atoms in the alkyl chain) cations together with differ-
ent anions to prepare highly ordered microporous or wormlike
mesoporous silica. It is believed that the templating is a result
of the self-assembly of the ILs through the - stacking interac-
tions between the imidazolium rings and the hydrogen bonding
between the inorganic anions and the metal oxides. The size of
the anion determines the quality of the self-assembly of the ILs
[9]. Large anions sterically hinder the organization of the imid-
azolium cation, and consequently resulting in wide pore-size
distribution.

Zhou and Antonietti [10] prepared TiO, nanocrystals through
hydrolysis of TiCly in [C4mim][BF,4]. Aggregation of the nanocrys-
tals resulted in a mesoporous structure with an average pore size
of 6.3 nm and a high surface area of 554m2 g~1. Yoo et al.[11] used
four types of water immiscible ILs, including [C4mim][PFg],
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[C4mim][BF4], [C4mim][CF3S03], and [Cgmim][PFg] as the
templates, to prepare mesoporous TiO, powders in a sol-gel
process, and removed the templates using solvent extraction.
They found that the [C4mim][PFg] exhibited the highest quality
of templating behavior among these ILs, and resulted in a porous
structure with a high surface area of 273m2g-! and an average
pore size of 4.5 nm. The CF3SO3 anion had the least capability for
directing the mesoporous structures because its strong hydrogen
bonding with hydrated metal oxides prevented the aggregation
of the ILs from blocking the w-r stacking of the imidazolium
rings. On the other hand, the Cgmim cation, which contains the
longest alkyl chain, contributed to the largest pore size (ca. 8.0 nm)
and pore volume (0.9cm3g~!). Thermal treatment is efficient
for removing organic templates and crystallizing photocatalysts
in order to promote high activity. However, porous materials
are highly challenged by thermally induced pore collapse, which
remarkably reduces their surface areas at elevated temperatures.
The surface areas of IL-templated TiO, powders are generally
smaller than 100m?2 g~ after calcination at 500°C, even though
they are 253-478m2?g-! at 100°C. By comparing the thermal
stability of the porous TiO, powders prepared using [C4mim][PFg]
and [C4mim][BF4], Choi et al. [12] found that the PFg anions were
more capable of suppressing the solid-state aggregation of crystals
and preserving the porous structures during the calcination than
the BF, anions. In addition, they further used a non-ionic surfac-
tant, Tween 80, as the co-template, and successfully increased
the surface area of the [C4mim]|[PFg]-assisted sample from 96 to
215m?% g1 at 500°C.

Mesoporous photocatalysts are basically fabricated to provide
a large quantity of active sites for high reactivity. However,
the contribution of surface area to reactivity is over-expected
in some cases [12,13]. The [C4mim][PFg]-modified TiO, pow-
der prepared by Choi et al. [12] showed a higher surface area
(96m2g-1), but a lower photocatalytic activity than the unmo-
dified sample (surface area: 71m2g-1). Han et al. [13] loaded
dye molecules onto [C4;mim][BF4]-templated TiO, electrodes and
also found lower photo-to-current conversion efficiency on the
electrodes with higher surface areas. They attributed the unex-
pected low performance to the small pore sizes which avoid
the reactants entering the pore channels. Pore sizes, in fact,
determine the mass diffusion within the pore channels and
the effective surface areas for reactions [14,15]. The enhanced
photocatalytic activities of TiO, photocatalysts that have large
pore sizes or are loaded on the large-pored substrates have
been demonstrated [16-18]. Pore-size-tailoring is of impor-
tance for the design of advanced catalysts. However, related
approaches for IL-templated oxides have not been extensively
developed.

For the first time, in this study, inorganic salts are used as
the auxiliary agent to easily adjust the pore size of IL-templated
TiO, photocatalysts. The presence of the salts in the hydrophobic
benzyl alcohol (BA) medium assists the self-assembly of water-
miscible C4;mimCl molecules into micelle-like aggregates, and
controls the size of the IL-aggregates based upon their concentra-
tions and the radii and charges of the constituent ions. To enhance
the stability of the porous structures during thermal treatment,
phosphate species is incorporated into the TiO, surface lattice.
We have successfully enlarged the pore size of the templated
TiO, photocatalysts from 4.2 to 8.7-16.8 nm through the addi-
tion of four types of salts, including NH4NO3, NH,4Cl, CaCl, and
NaCl. Moreover, large surface areas of 154-199m? g~! are main-
tained. We clearly demonstrate that the pore expansion effectively
improves the photocatalytic activities of the mesoporous TiO;
samples for the degradation of bisphenol A (BPA). The pore-size-
dependent activities are understood in terms of their adsorption
behavior.

2. Experimental
2.1. The IL-templated sol-gel process

Porous TiO, powders were prepared using a sol-gel pro-
cess in the presence of IL molecules in a benzyl alcohol
(BA, Sigma-Aldrich, 99.0%) medium. Titanium tetra-isopropoxide
(TTIP, Acros, 98.0%) and 1-butyl-3-methylimidazolium chloride
(C4mimCl, Sigma-Aldrich, >95.0%) were dissolved into the BA
solvent with vigorous stirring, followed by addition of HCI (JT
Baker, 36.5%) and H3PO4 (Sigma-Aldrich, 85.0%) to initiate the
sol-gel reaction. The molar ratio of these reagents was fixed as
TTIP:C4mimCl:BA:HCIl:H3PO,4 = 1.0:1.0:30:25:1.0. The sol solution
was heated at 70 °Cunder constant stirring for 24 h to evaporate the
solvent and induce the self-assembly of the TiO, colloids and the IL
molecules. The resulting powders were dried at 150 °C to increase
their condensation level. Prior to the calcination for the template
removal, the powders were washed three times with methanol. The
IL-templates were burned out in air using a heating program: the
temperature was increased from room temperature to 550°C at a
rate of 10°Cmin~! and kept at 550 °C for 5 h. To adjust the textures
of the porous TiO, sample, NaCl, CaCl,, NH4Cl, and NH4NO3 salts
were added to the sol solution, with a salt/Ti ratio of 0.1-1.0.

2.2. Characterization

Nitrogen adsorption/desorption isotherms were measured
using a gas sorption analyzer (Micromeritics, Tristar 3000) at 77 K.
The Brunauer-Emmett-Teller (BET) model was used to estimate
the surface areas of the samples based on the adsorption data. Pore-
size distribution and pore volume were derived from the desorption
branch and calculated by using the Barrett-Joyner-Halenda (BJH)
model. Before the measurement, the samples were heated at 130°C
under vacuum for 12 h to remove adsorbed water and volatile con-
taminants. The morphology of the porous powders was examined
by using a high-resolution transmission electron microscope (HR-
TEM, Phillip TECNAI 20) operated at an accelerating voltage of
200kV. The elemental compositions and states at the surface were
determined using an X-ray photoelectron spectrometer (XPS, Phys-
ical Electronics, ESCA PHI 1600) with Al Ka radiation (1486.6eV).
The photoelectrons were collected into the analyzer with a pass
energy of 23.5eV and at a collection step of 1.0 and 0.1 eV, respec-
tively, for wide and high-resolution scans. Chemical shifts resulting
from charging effects were calibrated by fixing the C 1s peak of
the surface carbonaceous contaminants at 284.8 eV. The crystalline
structures of the TiO, powders were examined using an X-ray pow-
der diffractometer (XRPD, Brucker D2 phaser) with Cu K« radiation
(A=1.5406A), an accelerating voltage of 30kV, and an emission
current of 10 mA. Diffraction patterns were recorded at the 20-80°
20 positions with a sampling width of 0.03° and a scanning speed
of 11°min~!. The band gaps of the samples were analyzed using
UV-Vis spectrometry (HITACHI 3010) in a diffused reflectance
mode with a scanning range from 700 to 200 nm. Aluminum oxide
(Al,03), which is considered to exhibit total reflection, was used as
the reference for all measurements. The diffused reflectance was
then converted into absorptions using the Kubelka-Munk formula
[19].

2.3. Photocatalytic activity

The photocatalytic activities of the porous TiO, photocata-
lysts were examined in terms of degradation of 20mgl-! BPA
aqueous solution under illumination of UV light at 305 nm. Prior
to the illumination, the TiO, suspension (1.0gl~!) was purged
with O, for 60 min to reach a saturated state. Meanwhile, the
adsorption/desorption of BPA and O, molecules on the TiO,
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surface achieved an equilibrium in the darkness. The photocat-
alytic degradation of BPA molecules was examined by analyzing
their remaining concentration in the TiO, suspension sampled at
different time intervals after illumination. To remove the TiO,
photocatalyst, the suspension was centrifuged at 10,000 rpm for
5min. The BPA concentrations were analyzed using a high per-
formance liquid chromatograph (HPLC, Waters Alliance 2695)
equipped with a C18 column (5um, 4.6 mm x 250mm) and a
photodiode array detector (PDA, Waters 2996). The mobile phase
was a methanol-water mixture (80/20, V/V) at a flow rate of
1.0mlmin~!. The photocatalytic activities of the TiO, photocata-
lysts were represented by the rate constants derived from the
degradation curves using the Langmuir-Hinshelwood model.

2.4. Adsorptions

Adsorption tests were carried out in a series of vials in the dark-
ness. The dosage of the TiO, powders and the initial concentration
of BPA were fixed at 1.0g1-! and 20 mg1-!, respectively, in all the
vials. The TiO, suspensions were sampled from the vials sequen-
tially after different time intervals and centrifuged to remove the
powders. The BPA concentrations in the supernatants were mea-
sured using the LC to calculate the adsorbed amounts.

3. Results and discussion
3.1. IL-templated TiO, photocatalysts

Fig. 1 shows the N, adsorption/desorption isotherms and the
corresponding pore-size distributions of the non-templated and IL-
templated TiO, samples. Type IV adsorption curves with hybrid
H2-H3 hysteresis loops were observed in these two samples,
indicating their mesoporous structures. The non-templated TiO,
powders had a mean pore size (D, ) of 6.6 nm, and the pore size was
extended to 8.7 nm in the presence of the C4,mimCI molecules. Both
the non-templated and IL-templated TiO, samples exhibited wide
pore-size distributions, small pore volumes (Vp: 0.11-0.26 cm? g 1)
and low specific surface areas (SA: 45-56 m2 g~1). These were the
consequence of sintering and crystallization, which rearrange the
elements and collapse the pores. Phosphation of TiO, powders has
been demonstrated to inhibit the elemental rearrangement in the
oxide [1,2]. To enhance the thermal stability of the porous struc-
ture, phosphate species was incorporated into the TiO, lattice via
the addition of phosphoric acid into the sol-gel reaction. This doped
TiO, sample is called P-TiO,. The templated P-TiO, powder ended
its hysteresis loop at a lower P[Py value (0.4) compared to the pure
TiO, samples (P/Py=0.6-0.7), indicating smaller pore sizes (see
Fig. 1). A narrow pore-size distribution with a Dy, of 4.2 nm and
a high SA of 164 m2 g~! were obtained after the phosphation.

In addition to the structural stabilization, the phosphoric acid
helps the aggregation of the IL molecules in the BA medium. At
350°C, which was still a low enough temperature to induce sig-
nificant structural transformation, the P-TiO, sample also showed
a smaller pore size (3.4nm) and a larger specific surface area
(341 m2 g1) than the templated TiO, powders (Dpy: 9.0 nm, SA:
155m2 g~1). This phenomenon reveals that a higher templating
level resulted in the phosphated system. Fig. 2 displays the pro-
posed mechanism of the self-assembled C4mimCl molecules in
the BA medium and the salt-assisting processes. The - stack-
ing and non-covalent interactions between the imidazolium rings
and butyl chains are believed to drive the self-assembly of the
C4mimCl molecules into micelle-like aggregates. The aggregates
template the porous structures of the TiO, samples through the
electrostatic attraction with the hydrated colloids. The phosphoric
acid increases the ionic strength of the solution, thus triggering
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Fig. 1. The N, adsorption/desorption isotherms and the corresponding pore-size
distributions of the (a) non-templated, (b) IL-templated TiO, and (c) IL-templated
P-TiO, samples.

the separation of the water-miscible IL from the hydrophobic BA
medium to form denser and more well-defined aggregates. More-
over, chelation of the phosphate ions to the Ti** centers inhibits the
growth of the colloids. It is easier to orient the small colloids along
with the templates and achieve high templating quality. Hereafter,
the phosphated sol-gel system is exploited to study the effects of
inorganic salts on pore-size tailoring.
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The n-n stacking and non-covalent interactions
between the imidazolium cations drive the self-
assembly of C,mimCl molecules in the BA medium.

Small amounts of salts improve the phase
separation and shrink the IL-aggregates.

The salts swell the IL-aggregates upon volume
exclusion and Coulomb repulsion at high
concentrations.

Fig. 2. The self-assembly of the C4mimCl molecules in the BA medium and the salt-induced shrinkage and expansion of the IL-aggregates.

3.2. Salt-assisted pore-size expansion

Inorganic salts, which are less soluble in the BA medium, were
used as the auxiliary reagents to enlarge both the IL-aggregates
as well as the pore sizes of the templated TiO, samples. Fig. 3
shows the pore-size distributions of the templated P-TiO, sam-
ples prepared in the presence of NH4Cl, NH4NO3, CaCl,, and NaCl
salts at a salt/Ti ratio of 1.0. The salts obviously shifted the major
pore size of the templated P-TiO, sample from 3.6 to 8.6-10.1 nm
and broadened the size distributions. Table 1 summarizes the text-
ural data of the P-TiO, powders prepared with and without the
salts. The salts significantly extended the Dy, of the P-TiO, sample
from 4.2 to 8.7-16.8 nm in the order of NH4NO3 (16.8 nm) > NH,4Cl
(13.7nm)>CaCl, (12.4nm)>NaCl (8.7 nm). Correspondingly, the
V, was increased from 0.23 t0 0.37-0.82 cm? g~!. High surface areas
in therange of 154-199 m? g~! were maintained in the salt-assisted
templating system, indicating that the expanded pore sizes mainly
resulted from the enlarged templates.
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Fig. 3. The pore-size distributions of the templated P-TiO, samples prepared in the
presence of NH4Cl, NH4NOs, CaCly, and NaCl salts.

Pore expansion in the surfactant-directed templating system is
usually conducted based on oil-in-water emulsions. Encapsulation
of hydrophobic additives, including trialkylbenzenes, alkanes, and
alkyl alcohols, into the micelles swells the micelle size, leading to
large pores in the templated materials [20]. The size and solubility
of the organic expanders in the oil-like cores of micelles determine
the expansion capability [21]. Pore-size tailoring is little addressed
in IL-templated systems. Yoo et al. [11] used water-immiscible ILs
as templates for mesoporous TiO, powders and found that the pore
size increased from 4.5 to 8.0 nm when the carbon number of the
alkyl chain in the cationic part increased from 4 to 6. Hu et al.
[22] used C4mimBr together with equal amounts of CTAB as the
co-template to prepare porous silica. Via increasing preparation
temperature from 303 to 373 K, they slightly increased the pore size
from 2.0 to 2.7 nm. In this study, for the first time, inorganic salts
are used as the expanders for pore-size tailoring in IL-templated
systems. Moreover, we have demonstrated that the salt-assisted
approach is effective for pore expansion, and even more facile and
economical than the conventional strategies. The interactions of the
salts with the IL-aggregates for expanding the template is shown
in Fig. 2. Ionic features allow the salts to better dissolve in the
IL-aggregates rather than be mixed with the BA solvent. The addi-
tional anions and cations from the salts are inserted interstitially in
the ionic layers of the IL-aggregates to increase their size. Accord-
ing to Pauling’s rule, the ionic radii of Na*, Ca2*, NH4*, Cl-, and
NO;5~ ions are 95, 99, 148, 181, and 264 pm, respectively [23]. The
NH4Cl salt resulted in a larger pore size (13.7 nm) than the NaCl
(8.7 nm) because the NH4* ion has a larger radius than the Na* ion.
The NH4NO3 salt, which combines both the largest cation and the
largest anion, extended the pore size the most (16.8 nm). Hydrated
ionic radii are not considered for the pore-size control since all the
as-prepared powders have been dried at 150 °C prior to calcination.
The cations and anions have different capabilities for pore expan-
sion. Compared the pore size resulting from the NaCl salt with that

Table 1
The textural data of the templated P-TiO, samples prepared in the absence of and
in the presence of different inorganic salts.

Inorganic salt Dy [nm]? Vp [cm?g1]P SA[m?g1]°
NH4NO3 16.8 0.82 170
NH4Cl 13.7 0.79 183
CaCly 124 0.60 199
Nacl 8.7 0.37 154
None 4.2 0.23 164

3 Mean diameter.
b Pore volume.
¢ Specific surface area.
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Fig. 4. TEM images of (a) P-TiO; and (b) P-TiO,-NH4NO3 powders.

from the NH4CI salt, the pore size increased by 5.0 nm when the
cationic radii increased by 53 nm. On the other hand, only 3.1 nm
of increment in the pore size was obtained when the NH4Cl was
replaced by the NH4NO3, where the NO3~ anion is 83 nm larger
than the Cl~ anion. This finding indicates that incorporation of the
cations into the imidazolium core is more effective than insert-
ing the anions into the outer shell for expanding the IL-aggregates.
The Ca2* (99 pm) and the Na* (95 pm) ions have similar ionic radii.
However, the resulting pore size (12.4 nm) from the CaC1, salt was
distinctly larger than the size resulting from the NaCl salt. The
higher valent number of the Ca2* ions, which are able to induce
stronger Coulomb repulsion to significantly swell the core of the
template, is mainly responsible for the high extent of the pore
expansion, even though the higher numbers of CI~ anions from the
CaCl, also expand the outer shell of the aggregates. Fig. 4 shows
the TEM images of the P-TiO, and the P-TiO,-NH4NO3; powders. It
can be seen that continuous connection of the TiO, particles forms
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Fig. 5. The pore-size distributions of the P-TiO, samples prepared with different
concentrations of NH4Cl and NH4NOs salts.

the interstitial pores. The NH4NO3 salt enlarges the pore size, but
causes irregular pore shape in the meantime. Incorporation of the
salt into the IL-aggregates separates the IL molecules from each
other. The reduced interactions between the imidazolium cations
cause the aggregates to no longer be confined to their shapes. This
is also the reason for the broadening of the pore-size distributions
in the salt-assisted samples.

Fig. 5 shows the pore-size distributions of the P-TiO, samples
prepared using different concentrations of NH4Cl and NH4NO3
salts. The corresponding textural results are listed in Table 2. The
NH4Cl and NH4NOs salts increased the mean pore sizes from
3.6 to 5.8nm and from 3.6 to 5.1nm, respectively, when the
salt/Ti ratios increased from 0.1 to 0.5. Compared to the textu-
ral results in the absence of the salts (D =4.2 nm, FWHM of the
pore-size distribution=0.7 nm), narrower pore-size distributions
(FWHM =0.4-0.5 nm) and smaller pore sizes (3.6 nm) were found
when the salt/Ti=0.1. A little amount of the salts increases the

Table 2
The textural data of the templated P-TiO, samples prepared with the NH4Cl and
NH4NOs at different concentrations.

Salt Salt/Ti Dy [nm]? Vp [em3g~1]P SA[m2g']°
0.5 5.8 0.40 208
NH4Cl 0.2 4.4 0.26 177
0.1 3.6 0.17 147
0.5 5.1 0.32 194
NH4NO; 0.2 3.9 0.22 186
0.1 3.6 0.21 170

2 Mean diameter.
b Pore volume.
¢ Specific surface area.
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Fig. 6. The swollen IL-aggregates with increasing concentrations of the salts.

ionic strength in the IL-aggregates, thus repelling the BA solvent
from the aggregates and shrinking them (see Fig. 2). Similar pore
shrinkage was also found when phosphate ions were involved in
the self-assembly. The salts started to effectively expand the pore
sizes when the salt/Ti ratio was larger than 0.2. The pore volumes
increased from 0.17-0.21 to 0.79-0.82cm3 g~! when the salt/Ti
ratio increased from 0.1 to 1.0 as a result of the pore expansion.
The specific surface areas (147-208 m2 g-1) positively correlated
to the salt concentrations when the salt/Ti=0.1-0.5. In turn, they
declined from 194-208 to 170-183m2 g~! when the salt/Ti ratio
was further increased to 1.0. To understand the effect of the salt
concentrations on the textures, we calculated the numbers of tem-
plated pores from the pore volumes (Vp, cm? g=1) and the pore sizes
(Dm, nm). Assuming each pore has perfectly cylindrical shapes and
the same length (L, nm), the numbers of pores (N) can be calculated
from the following equation:

Vp x 1021

- 1
(Dmn/2)*7 x L M

Because the length is unknown, we take the numbers at the
salt/Ti=0.1 as the base value to estimate the relative values. The rel-
ative numbers of pores are 1.05, 0.93, and 0.33 for the salt/Ti=0.2,
0.5, and 1.0, respectively, in the NH4Cl-assisted system, and are
0.91, 0.77, and 0.18, respectively, in the presence of the NH4NO3
salt. The numbers drop significantly at the salt/Ti=1.0, explain-
ing the reduced surface areas at high concentrations of the salts.
Moreover, it implies the existence of a maximum salt/IL ratio for
stabilizing the IL-aggregates. Over the ratios, the amounts of the
IL molecules are too low to generate sufficient attraction for gath-
ering. The IL molecules tend to rearrange themselves into a large
aggregate and segregate the inorganic ions to the core, so that the
density of the IL molecules in the shell can be maintained at a suffi-
cient level to confine them. The influence of salt concentrations on
the self-assembly of IL molecules is illustrated in Fig. 6.

3.3. Surface and crystalline characterizations

Fig. 7 shows the XP spectra of the P-TiO, samples prepared
both in the absence of and in the presence of the salts where the
salt/Ti=1.0. All P-TiO, samples contained Ti, O, and P photoelec-
tron lines in their spectra. The P/Ti atomic ratios, which were in the
range of 0.76-1.25, were higher than the added ratio (P/Ti=0.3),
indicating that the phosphate species is mainly doped within the
surface lattice. The Ca and Na species with Ca/Ti and Na/Ti ratios
of 1.85 and 1.71, respectively, were additionally detected in the
P-TiO,-CaCl, and P-TiO,-NaCl samples. A similar manner to the

phosphate species, the Ca/Ti and Na/Ti ratios that are higher than
the added values (salt/Ti=1.0) reveal the accumulation of these two
ions on the surface. The Ca 2p,;3 and Ca 2py; lines centered at 347.6
and 351.2 eV, respectively, indicating a Ca3(POg4);, species [24] (see
the Supplementary Material, Figure S1). On the other hand, the Na
1s peak at 1071.9eV denotes a NaPOs species in the TiO, matrix
[25,26] (see the Supplementary Material, Figure S1). These results
reveal that both the Ca%* and Na* ions preferentially bond to the
phosphate species rather than to the Ti(OH)4 colloids during the
sol-gel process. In contrast to the deposition of the Ca2* and Na*
ions, N elements were not detected in the P-TiO,-NH4NO3 and P-
TiO,-NH4Cl samples. By using NH4Cl as the N source, Reyes-Gil et al.
[27] incorporated NHyx and NO3~ into the interstitial sites of TiO,
and Iny03 crystals. Sun et al. [28] used NH4CI salt to prepare N-
doped TiO;, samples under different pH values and found that the
concentration of the doped N species decreased with decreasing

Intensity (A. U.)

L 1 L 1 L L
1000 800 600 400 200 0

Binding energy (eV)

Fig. 7. The XP spectra of the (a) P-TiO,, (b) P-TiO2-NaCl, (c) P-TiO,-CaCly, (d) P-TiO>-
NH4Cl, and (e) P-TiO,-NH4NO3; samples.
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P-TiO,-NH,NO,

P-TiO,~NH,CI |

Intensity (A. U.)

20 30 40 50 60 70 80
26

Fig. 8. The XRD patterns of the P-TiO,, P-TiO,-NacCl, P-TiO,-CacCl,, P-TiO,-NH4Cl,
and P-TiO,-NH4NO3 samples.

pH values. The doping mechanism is based on formation of
Ti(H,0)sNH3 complex. In this study, N-doped TiO, samples were
unavailable even though the C4mim, NH4*,and NO3 ~ ions contain N
elements. The protonation under acidic conditions and the intrin-
sic cationic properties make it difficult for the ions to chelate to
the Ti** centers and inhibit the doping process. These N-contained
species are burned out from the samples during the calcination in
terms of the formation of NOy gases.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2012.11.026.

The XRD patterns of these porous TiO, samples are shown in
Fig. 8. The original P-TiO, powders were crystallized into anatase
and rutile forms with the mass ratio of 82/18. Addition of the inor-
ganic salts suppressed the crystallization and the formation of the
rutile phase. The average size of the anatase crystals was 12 nm in
the P-TiO, powder, which decreased to 5-10 nm in the salt-assisted
samples. It is noted that the salt-assisted powders showed lower
surface P/Tiratios (0.76-0.89) than the original sample (P/Ti=1.25),
thus the suppressed crystallization was attributed to the high con-
centration of impurities in the bulk. The band gaps of these P-TiO,
powders were in the range of 3.12-3.30eV (see the Supplemen-
tary Material, Figure S2). The presence of the impurities in the TiO,
lattice did not significantly reduce the band gap, implying that the
energy levels of the impurities located within the bands.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2012.11.026.

3.4. Photocatalytic activity

The photocatalytic activities of the P-TiO, samples were
examined in terms of the degradation of 20mg1-! BPA under illu-
mination of UV light at 305nm. Fig. 9 shows the degradation
curves of BPA in the presence of the original and pore-
expanded P-TiO, samples. The degradation follows pseudo-first
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Fig.9. The degradation curves of BPAin the presence of (a) the P-TiO, photocatalysts
prepared both without and with various salts at salt/Ti=1.0. (b) and (c) are the
degradation induced by the NH4Cl- and NH4NOs-assisted samples with different
salt/Ti ratios, respectively.

order Kkinetics. The photocatalysts with the salt/Ti=1.0
showed that the rate constant (k) was in the order of the
P-TiO5-NH4Cl  (k=4.58 x 1072min~1)>the  P-TiO,-NH4NO3
(k=3.80 x 10~2 min~1)>P-TiO,-NaCl (k=2.98 x 10~2 min~1)>P-
TiO,-CaCl, (k=2.21 x 10~2 min~1)>P-TiO; (k=8.30 x 10~3 min~1!).
Although the salt-assisted samples had poorer crystallinity, and
some of them contained substantial amounts of additional deposits
(Ca3(PO4), and NaPOs3) from the salts, they all exhibited higher
activities than the original sample. From the results, it is obvious
that pore expansion contributes to the enhanced activities. On
the other hand, significant adsorptions were also found in the
pore-expanded TiO, suspensions after 60 min of equilibrium in
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the darkness. The P-TiO,-NH4Cl and P-TiO,-NH4NO5; photocata-
lysts reduced the concentration of the BPA by 14-16% through
adsorption, followed by the P-TiO,-CaCl, and P-TiO,-NaCl photo-
catalysts which decreased the initial concentration by 8.0-9.0%.
The adsorption of BPA was negligible in the original P-TiO, sus-
pension. The samples prepared with different concentrations of
NH4NO3 and NH4(CI salts showed increased photoactivities (from
9.55x 1073 to 2.62 x 10~2min~!) and adsorption amounts (from
0.40 to 1.60mgg-!) with their increasing salt/Ti ratios (from
0.1 to 0.5), and, correspondingly, with their increased pore sizes
(from 3.6 to 5.8 nm). These results imply that there is correlation
among the photocatalytic activities, the adsorption capability
and the pore sizes. Photocatalysis is considered to follow the
Langmuir-Hinshwood mechanism, which claims that reactions
only take place on the surface after adsorptions. We have demon-
strated the adsorption-improved photocatalytic kinetics on the
surface modified TiO, photocatalysts in our earlier work [1]. To
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insightfully understand the pore-size-dependent activity in this
study, we further examine the adsorption behavior of the porous
TiO, samples in the darkness.

The adsorption curves show that the equilibrium was reached
within 30 min in all sets (see Supplementary Material, Figure S3).
The tangent values of the adsorption curves within the first 10 min
are determined as the adsorption rates. Fig. 10 shows the photocat-
alytic activities, adsorption capability, and adsorption rates of the
porous P-TiO, powders against their pore sizes. In spite of hav-
ing large surface areas, the samples that had pore sizes smaller
than 4.2 nm exhibited poor photocatalytic performance and little
adsorption (0.4-0.5mgg~1). Such low photocatalytic activities are
mainly restricted by the limited adsorptions on the external surface
of the porous powders. Surface tension and size exclusion limit the
diffusion of BPA molecules into the small pore channels [29,30].
Although the BPA molecule is only 1.1 nm in length [31], the coag-
ulation from the w17 stacking between the phenyl groups, together
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Fig. 10. (a) The degradation rate constants (bars) and adsorption capacities (W), (b) the specific rate constants, (c) specific adsorption capacities, (d) adsorption rates, and (e)
the normalized rate constants of the porous P-TiO, samples against their average pore sizes.
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with hydration significantly increases the size of the hydrated clus-
ters. In this study, the critical pore size that is able to accommodate
the hydrated BPA clusters is about 4.2 nm. Remarkably, the degra-
dation rate constants as well as the adsorption capacities increased
with increasing pore sizes when the pore sizes were larger than the
critical pore size (4.2 nm). To eliminate the contribution of surface
areas to the apparent reactivity and adsorptions, we further nor-
malized the rate constants and the adsorption capacities with their
specific surface areas. The specific rate constants increased steeply
with the pore sizes until 8.7 nm and almost reached a plateau in the
range of 13.0-16.8 nm (Fig. 10b). Similar trends were found in the
pore-size-dependent specific adsorption capacities and adsorption
rates (Fig. 10c and d). These findings clearly indicate that expanded
pores open the internal surface areas of the porous catalysts to
the BPA molecules and facilitate their diffusion within the pore
channels, thereby improving the photocatalytic activities. When
the specific adsorption capacity reaches saturation and the adsorp-
tion rate achieve the highest value, the effects of pore sizes on
the reactivity diminish gradually. In turn, surface areas of catalysts
dominate the activities. This situation takes place when the pore
sizes are larger than 13.0 nm. The P-TiO,-CaCl, powder exhibited
a relatively lower specific activity compared to the samples hav-
ing smaller pore sizes. Its lower adsorption capacity reveals that
the Ca3(PO4), species decreases the reactivity as a consequence of
suppressing the BPA adsorptions. Regarding the influence of mass
transfer on the photocatalytic efficiency, we normalized the rate
constants with the adsorption capacities (Fig. 10e). The normalized
rate constants decrease dramatically when the pore size increases
to 4.2 nm. The slope become gentle in the range of 4.2-8.7 nm, and
is almost flat over 13.0nm. This phenomenon again proves that
the chemical reactions on the external surface of the porous cat-
alysts dominate the photocatalytic kinetics when the pore size is
smaller than the critical size. When the pore size is large enough
to accommodate BPA molecules in the pore channels, pore expan-
sion remarkably reduces steric hindrance and raises the importance
of inside-pore reactions. Under this condition, frictional hindrance
determines the mass transfer in the channels and in turn controls
the photocatalytic kinetics [32]. Both the lowest normalized and the
highest specific rate constants occur when the pore size is in the
range of 13.0-16.8 nm. It is expected that the weight of frictional
hindrance reduces when the pores size is larger than 16.8 nm, and
photocatalytic activity of the porous TiO, catalysts can be further
improved.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcatb.
2012.11.026.

Many studies have demonstrated the enhanced activity of
porous materials and claimed the improvement as the result of high
surface areas. However, the contribution of the measured surface
areas to the activity may have been over-estimated if the availabil-
ity of the internal surface for the reactants and the mass transfer
in the pores were not considered. In this study, we use inorganic
salts to effectively expand the pore size of the IL-templated meso-
porous TiO, photocatalysts from 4.2 to 16.8 nm and demonstrate
their improved photocatalytic activities with increasing pore sizes.
Moreover, the critical pore size for BPA diffusion in the pores is
determined. These results not only provide a novel approach for
texture control of catalysts, but also extend the knowledge of the
photocatalytic kinetics beyond textures.

4. Conclusions
We have successfully adjusted the pore sizes of the C4;mimCI-

templated TiO, powders through the novel salt-assisted approach.
The pore-size tailoring is controlled by the radii, the charges, and

the concentrations of the constituent ions based on the volume
exclusion, the Coulomb repulsion, and the ionic strength induced
by the salts in the IL-aggregates. Small amounts of the salts increase
the ionic strength to result in denser and smaller aggregates in the
hydrophobic BA medium. Incorporation of the ions with high con-
centrations into the aggregates swells the templates and expands
the templated pore size. The salts, which are comprised of ions with
large ionic radii and high valence numbers, induce strong volume
exclusion and Coulomb repulsion and are more capable of enlarging
the pores. As the IL-aggregates swell, reduced interactions between
the IL molecules also result in broad pore-size distributions and
irregular pore shapes. A minimum IL-interaction is required for sta-
bilization of the aggregates. Once the concentrations of the salts are
too high, the ions tend to segregate into the core of the aggregate
to maintain sufficient interactions in the shell. The photocatalytic
reactivity of the porous TiO, sample is greatly promoted by 2.7-5.5
times when its pore size is expanded from 4.2 to 16.8 nm. Pore
expansion reduces steric hindrance to facilitate the diffusion of the
target molecules into the pore channels and makes the internal sur-
face areas available for photocatalytic reaction, thus contributing to
the high activity.
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