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Crystalline mesoporous ZnO/Zn(OH), nanocomposite
spheres were prepared by a simple method and sub-
sequently used as a hard template for the preparation of
amorphous mesoporous TiO,, which showed a very large
surface area, 525 m?g~'. The hydrolytically unstable nature
of the ZnO/Zn(OH), spheres made the etching process sim-

ple and efficient. Zn,Ti,O,,,, material was also obtained
from different etching processes. The large-surface amorph-
ous TiO, was crystallized above 350 °C, and the surface area
decreased to 202 m?g~t. The crystalline mesoporous TiO, ex-
hibited a good photocatalytic activity in the decomposition of
methyl orange under UV irradiation.

Introduction

One of the crystalline forms of titania (i.e., anatase) with
a large surface area is a key material for photovoltaics, pho-
tocatalysis, and other photon-related applications.'! The
high-quality crystalline nature of porous TiO, is also re-
quired for these applications.!”! There are several reports for
the preparation of anatase with a decent surface area.l>-!
In general, the mesoporous titania is prepared by using soft
liquid-crystal templates such as tetraalkylammonium sur-
factants, neutral amines, and neutral block copolymers.
This approach, however, has a drawback caused by the in-
stability of the final titania product during the calcination
step for the removal of organic templates. The surface area
of the titania is generally small. For example, mesoporous
anatase TiO, obtained from a conventional liquid-crystal
template approach by using a triblock copolymer P123 ex-
hibited a BET surface area of 106 m?>g'.[?l Further im-
provement of the preparation only gave a thin film with a
surface area of 266 m?g'.3) Application of 1-dodecylamine
as template in the synthesis resulted in an amorphous TiO,
with a surface area of 260-390 m?>g .1 Despite these re-
ports on mesoporous TiO,, the preparation of high-quality
crystalline TiO, particles with mesoscale porosity is still
challenging.[®!
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Herein we report a new preparation method of crystal-
line mesoporous TiO, with a surface area of 202 m?g ! as
well as amorphous TiO, having a surface area up to
525m?g . In this new method, we employed mesoporous
Zn0O/Zn(OH), spherical material as a hard template for the
sol-gel preparation of TiO, by using Ti(iPrO), as precursor.
Because of the poor hydrolytic stability of ZnO/Zn(OH),
as template, it may be suited for the preservation of the
mesoporosity and large surface area of TiO, during the
template removal step. The basic surface of the ZnO/
Zn(OH), template may also be ideal for the hydrolysis and
condensation of the Ti(iPrO)4 precursor directly on the sur-
face of the ZnO/Zn(OH), hard template. Moreover, pure
ZnO is a direct band gap material with a variety of applica-
tions such as dye-sensitized solar cells,/”? light-emitting di-
odes,'® and photocatalysts.”) An enormous range of appli-
cations will also be possible in the form of mesoporous
ZnO. In fact, several attempts to prepare porous ZnO have
been reported.[') However, the preparation methods are
rather complex and tedious.

Results and Discussion

We found a facile single-step synthetic route for mesopo-
rous ZnO/Zn(OH), spherical particles with high crystal-
linity, decent surface area, and well-defined mesoporosity.
Although the mesoporous ZnO/Zn(OH), spheres contain a
minor Zn(OH), phase, it was revealed that the spherical
particles could be successfully used as a good hard template
for other nanoporous oxide materials such as TiO,. The
mesoporous ZnO/Zn(OH), spheres with large surface area
were prepared by a modified procedure, which has been de-
veloped to prepare ZnO nanorods based on the epitaxial
growth of nanorods on the surface of ZnO nanoparticles.['!]
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Initially formed Zn(OH), could not completely dehydrate
into ZnO when the reaction solvent (methanol) contained
a certain amount of water (= 0.3 wt.-%). Mesoporous ZnO/
Zn(OH), spheres were formed instead of ZnO nanorods.
The mesoporous ZnO/Zn(OH), spheres were prepared by
dropwise addition of 0.03 M NaOH in methanol to a solu-
tion of 0.01 M zinc acetate dihydrate in methanol at 60 °C.
Exhaustive preparation attempts indicated that the addition
rate of the NaOH solution and a low relative humidity are
critical factors for large surface area porous ZnO/Zn(OH),
spheres. The Brunauer-Emmett-Teller (BET) surface area
and pore volume of the ZnO/Zn(OH), spheres were
163m?>g! and 0.31 cm’g!, respectively. The ZnO/Zn-
(OH), spheres also exhibited well-defined bimodal porosity
centered at 3.77 nm and 7.18 nm, respectively, as shown in
Figure S1 based on the Barrett-Joyner-Hallenda (BJH)
pore size distribution. The smaller pores showed a narrower
distribution than the larger mesopores.

Photoluminescence (PL) spectra of the ZnO/Zn(OH),
spheres are shown in Figure S2. Two sharp peaks were ob-
served at 372 nm (3.33 eV) and 390 nm (3.18 eV) at a laser
power of 0.2 mW, and merged at 382 nm (3.25¢eV) as the
laser power increased to 2 mW. Those two peaks in the UV
region are attributed to the free-exciton emission (FX),
which are typically observed in ZnO PL spectra at low-tem-
perature measurements.['>13 Two peaks were merged as the
sample was heated with an elevated laser power. However,
a deep-level emission associated with an oxygen vacancy in
the visible region (ca. 520 nm) was negligible.'* This indi-
cates that the alkaline hydrothermal system used for the
synthesis contains an oxygen source like water molecules on
the surface during the growth, giving an “oxidation-hydro-
thermal” atmosphere. The PL spectra demonstrate that the
ZnO substructure in the ZnO/Zn(OH), spheres has a high-
quality crystallinity with minimum defects.

Figure 1a shows the powder X-ray diffraction (PXRD)
patterns of the as-prepared ZnO/Zn(OH), spheres and a
sample obtained by annealing at 500 °C. The diffraction
peaks of both Zn(OH), (JCPDS No. 38-0385) and ZnO
(JCPDS No. 36-1451) are combined in the XRD patterns of
the as-prepared spheres. The diffraction peaks of Zn(OH),
disappeared completely, and only the peaks of ZnO were
materialized by annealing, because the Zn(OH), completely
converted to ZnO.['>) Considering the fact that the conver-
sion of Zn(OH), to ZnO initiates at a temperature of
125 °C, the annealing temperature of 500 °C is high enough
to drive the crystallization of the resulting ZnO.!'>1 In ac-
cordance, the surface morphology of annealed spheres was
drastically changed as shown in Figure S3, and the internal
pores of the parent ZnO/Zn(OH), spheres collapsed by de-
hydration of Zn(OH), to ZnO during the annealing as sug-
gested by N, sorption measurements (from 163 m?>g! to
16 m2gt).

The surface morphology and nanostructures of the ZnO/
Zn(OH), spheres were characterized by electron micro-
scopic techniques. The scanning electron microscopy (SEM)
image in Figure 1b demonstrates a wiggly surface as in co-
ral reef, consisting of nanosized pores and leading to a large
4748
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Figure 1. (a) PXRD patterns, (b) SEM image, (¢, d) TEM images of
the mesoporous ZnO/Zn(OH), composite spheres examined under
different magnifications.

surface area as confirmed by N, sorption measurements. A
similar morphology has been obtained in an electrochemi-
cally grown ZnO nanoporous structure.!'® Energy-disper-
sive X-ray (EDX) analysis indicated the presence of Zn and
O elements (Figure S4). The transmission electron micro-
scopy (TEM) images in Figure lc and d indicate the highly
crystalline nature of the nanoparticles, whose size ranges
from 50 to 200 nm in diameter; the nanoparticles lump to-
gether to generate porous microstructures. The selected-
area electron diffraction (SAED) pattern is shown in Fig-
ure S5. The Zn?* ions are supposed to react with NaOH in
methanol. Although a certain amount of water is necessary
for the control of the growth of ZnO colloidal particles,
excess amounts of H,O hamper the complete condensation
of Zn(OH), to ZnO.'T As a result, there is residual
Zn(OH),. The peculiar morphology may also be associated
with the excess amount of water, because the zinc species
react with water and produce hydrogen bubbles, which pre-
vent smooth deposition and leave behind nanosized pores
on the growing surface.['®]

We envisioned that the mesoporous ZnO/Zn(OH),
spheres might be a good hard template for other porous
metal oxides because of their poor hydrolytic stability.
Based on this idea, the mesoporous TiO, was prepared in
three steps: an infiltration of the Ti(iPrO), precursor into
the ZnO/Zn(OH), spheres at room temperature followed by
heat treatment of the TiO,/ZnO/Zn(OH), hybrid at 300 °C,
and an acid etching of the ZnO/Zn(OH), template by a
1.0 M HCI solution. After acid-etching, the template-free
amorphous TiO, was further crystallized into a crystalline
form at 350 °C for 24 h (TiO,-350-24). HR-TEM images
and SAED patterns confirmed the high-quality crystalline
nature of the Ti0O,-350-24 sample as shown in Figure 3
compared with amorphous TiO,-300-3. On the other hand,
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a direct crystallization of the TiO,/ZnO/Zn(OH), hybrid at
450 °C in air for 3 h followed by acid-etching only afforded
Zn,Ti,O,,,, instead of anatase-rich TiO, based on PXRD
measurements and EDS analysis (Figures S6 and S7).
Therefore, it is crucial to etch out the ZnO/Zn(OH), tem-
plate from the TiO,/ZnO/Zn(OH), hybrid before crystalli-
zation at the optimal temperature. The BET surface area
and pore volume of crystalline TiO,-350-24 were 202 m?>g !
and 0.26 cm3g™!, respectively (Figures S8 and S9). The
phase purity of the sample was confirmed by PXRD as
shown in Figure 2¢c. Neither a rutile nor a brookite phase
was observed. A broad single peak at 20 = 1.88° was ob-
served in the small- angle region as shown in Figure S10.
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Figure 2. PXRD patterns of mesoporous TiO, crystallized at dif-
ferent temperatures after an acid-etching process. Anatase-rich
TiO, materials have been obtained above 350 °C after varied
periods. (a) 350 °C for 2 h (TiO,-350-2), (b) 300 °C for 72 h (TiO»-
300-72), (c) 350 °C for 24 h (Ti0,-350-24), (d) 400 °C for 2 h (TiO,-
400-2), and (e) 500 °C for 2 h (Ti0,-500-2).

The crystallization temperature is an important factor
governing the crystalline nature of the final mesoporous
TiO,. A sample obtained by heat treatment of the template-
free amorphous TiO, at a lower temperature such as 300 °C
for 3 h afforded mesoporous amorphous TiO, (TiO,-300-3)
with a surface area reaching 525 m?g! (Figures S8 and
S11). A crystallization of the template-free amorphous TiO,
at higher temperature (500 °C) was not favorable. Only ana-
tase TiO, with a much lower surface area (65.0 m?>g') was
obtained based on PXRD and N, sorption analysis (Fig-
ure 2e). These results indicate that the aforementioned crys-
talline sample Ti0,-350-24 may contain a small portion of
amorphous TiO,, which we did not quantify. However, the
decrease of the surface area upon increase of the crystalli-
zation temperature to 500 °C can be mainly attributed to
the framework contraction of anatase-rich Ti0O,-350-24,
based on the relative intensity of (101) diffraction peaks of
Ti0,-350-24 and TiO,-500-2.

Figures 3a and S12 are the TEM images and SAED
pattern, respectively, of the amorphous TiO, after acid-
etching. Despite the lack of crystallinity, well-developed
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mesoscale porosity is clearly discernible. In contrast, the
crystallized sample showed well-defined ring patterns inde-
xed as pure anatase as shown in Figure 3b. The particles
were consisted of very small spherical nanocrystalline TiO,
particles agglomerated to generate large voids.

Figure 3. (a) TEM images of amorphous TiO, (Ti0,-300-3) and (b)
crystalline TiO, (Ti0,-350-24). Insets are the corresponding SAED
patterns. (¢, d) HR-TEM images of the crystalline mesoporous
Ti0,-350-24.

The photocatalytic degradation of methyl orange in an
aqueous solution by Ti0O,-350-24 was investigated under
UV irradiation (Figure 4). The methyl orange completely
disappeared within 3 h (Figures S13 and S14). Interestingly,

Concentration (M)

100
Irradiation Time (min)

Figure 4. Photocatalytic decomposition profiles of methyl orange
catalyzed by crystalline mesoporous TiO, and Degussa P25 under
UV irradiation. (a) Blank run, (b) mesoporous TiO,-350-24, (c)
0.1 M HCl treated TiO,-350-24, and (d) P25.
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the decomposition rate of methyl orange could be further
enhanced with an acid treatment of TiO,-350-24 owing to
the exposure of reactive metal centers on the TiO, surface.
Although it is not a fair comparison, we compared the reac-
tivity of Ti0,-350-24 with that of Evonik Degussa P25,
which contains 25% of rutile phase.') The measured BET
surface area of P25 was 51.2 m?g!. Provided that we used
the same mass of the catalysts, the reactivity of TiO,-350-
24 is comparable to P25 based on catalyst amount as shown
in Figure 4. However, P25 is more active than the acid-
treated Ti0,-350-24 based on the reactivity per unit surface
area. The main reason for the lower reactivity of our meso-
porous Ti0,-350-24 per unit surface area could be attribut-
able to the different crystallites’ surface structures such as
particle size and morphology as reported by Balazs et
al.2%l Also the bicrystalline nature of P25 is beneficial to
prevent the recombination of photogenerated electrons and
holes as reported by Li et al.[>P]

Conclusions

Highly crystalline mesoporous ZnO/Zn(OH), spheres
with decent surface area were prepared by a simple single-
step method. The spheres were fully characterized by PL
studies, gas sorption analysis, and electron microscopy. The
hydrolytically unstable nature of the ZnO/Zn(OH), com-
posite makes it an ideal hard template for other metal ox-
ides. For example, amorphous TiO, (TiO,-300-3) with a
high surface area of 525m?g! was obtained after acid-
etching of the ZnO/Zn(OH), template from the TiO,/ZnO/
Zn(OH), hybrid material. This amorphous TiO, material
could be crystallized into an anatase-rich phase with a sur-
face area up to 202 m?>g! for Ti0,-350-24, which is a good
photocatalyst for the decomposition of methyl orange un-
der UV irradiation. Currently, we are exploiting prepara-
tions of other catalytically active metal oxides through a
ZnO/Zn(OH), composite templating approach.

Experimental Section

Preparation of Mesoporous ZnO/Zn(OH), Spherical Material:
Mesoporous ZnO/Zn(OH), spheres were prepared by dropwise ad-
dition of a solution of 0.03 M NaOH in methanol (65mL) to a
solution of 0.01 m zinc acetate dihydrate in methanol (125 mL) at
60 °C. The addition rate was about 2 mL/min. The mixture was
stirred at 60 °C for 2 h. The white solids were retrieved by centrifu-
gation and washed with distilled water and methanol. The solids
were dried at 80 °C for 1 h.

Preparation of Mesoporous TiO,: Large surface area amorphous
TiO, was prepared by a nanocasting process using ZnO/Zn(OH),
as hard template; 1.0 g of ZnO/Zn(OH), (pore volume 0.31 cm?/g)
was suspended in 10 mL of ethanol with gentle stirring at room
temperature for 30 min by using a 40 mL vial. Then 1.0 mL of tita-
nium(IV) isopropoxide [Ti(iPrO),, 3.4 mmol] was directly injected
into the solution, and stirring was maintained at room temperature
for 48 h. The resulting white TiO»/ZnO/Zn(OH), suspension was
filtered, washed with ethanol and dried in air at 80 °C for 1 h. The
TiO,/ZnO/Zn(OH), composite was heated in a muffle furnace at
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300 °C for 3h and cooled to room temperature. After thermal
treatment, ZnO/Zn(OH), was removed by etching with 20 mL of
1.0 M HCl for 1 h. The etched product was filtered and washed with
ethanol/H,O then dried in air at 80 °C for 1 h. In order to obtain
mesoporous TiO, with a crystalline framework (Ti0,-350-24), ad-
ditional crystallization was done at 350 °C in air for 24 h. To pre-
pare an acid-treated TiO,-350-24 sample, 50 mg of mesoporous
Ti0,-350-24 was treated with 1 mL of 0.1 m HCI (aq), dispersed
and shaken for 30 min. Solids were separated by centrifugation
(13000 rpm for 10 min) and dried in an oven at 80 °C for 1 h.

Photocatalytic Decomposition of Methyl Orange: The photocata-
Iytic activities of the crystalline mesoporous TiO, samples and P25
(Evonik Degussa Korea) were investigated by monitoring the de-
gradation of methyl orange in an aqueous solution with the as-
prepared TiO, (TiO,-350-24), the acid-treated TiO,-350-24, and
P25 under UV irradiation (LC8 UV Spot Light Source, Mercury-
Xenon lamp, 200 W, Hamamatsu 1.9588-01). 45 mL of 0.06 N TiO,
samples were mixed with 750 pL of a 0.001 M methyl orange solu-
tion in a quartz flask. UV light was focused on the reaction flask
in a darkroom with gentle stirring; 3 mL samples were withdrawn
every 20 min from the flask, and absorbances were measured with
a UV/Vis spectrophotometer.

Physical Measurements: The N, sorption analysis was performed
with a Belsorp-minill at 77 K (BEL Japan). The samples were dried
at 393 K under high vacuum for 2 h. Powder X-ray diffraction pat-
terns were obtained by using a Rigaku MiniFlex (30 kV, 15 mA).
FE-SEM images were gathered by using a FEI Nova NanoSEM
200 (10 kV) equipped with an EDAX for EDS spectra. The meth-
anolic suspension of the ZnO/Zn(OH), composite was dropped
and dried on a Cu grid supported by a holey carbon film for FE-
TEM measurements with an FEI Tecnai G2 F20 S-Twin (200 kV)
equipped with an HAADF detector and an EDAX. The PL system
consisted of a monochromator (Jobin Yvon HR640), a power-ad-
justable He-Cd laser (KIMMON), and a PMT detector (Hamam-
atsu C4877).

Supporting Information (see footnote on the first page of this arti-
cle): Detailed preparation methods, gas sorption data, PL spectra,
SEM and TEM images, EDX analysis result, and UV spectra dur-
ing the photocatalysis.
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