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ABSTRACT Hierarchically ordered macro—mesoporous titania films have been produced through a
confinement self-assembly method within the regular voids of a colloidal crystal with three-dimensional
periodicity. Furthermore, graphene as an excellent electron-accepting and electron-transporting material has
been incorporated into the hierarchically ordered macro—mesoporous titania frameworks by in situ reduction of
graphene oxide added in the self-assembly system. Incorporation of interconnected macropores in mesoporous
films improves the mass transport through the film, reduces the length of the mesopore channel, and increases
the accessible surface area of the thin film, whereas the introduction of graphene effectively suppresses the charge
recombination. Therefore, the significant enhancement of photocatalytic activity for degrading the methyl blue
has been achieved. The apparent rate constants for macro—mesoporous titania films without and with graphene
are up to 0.045 and 0.071 min~", respectively, almost 11 and 17 times higher than that for pure mesoporous
titania films (0.0041 min~").
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hotocatalytic oxidation of organic

compounds in water and air has re-

ceived much attention as a promis-
ing technology for pollution abatement.
Among various oxide semiconductor
photocatalysts, titanium dioxide (TiO,) has
been recognized as the most suitable ma-
terial for widespread environmental appli-
cations because of its strong oxidizing
power, low cost, high chemical inertness,
and photostability. Its performance is often
enhanced by means of noble metal loading,
metal ion doping, anion doping, and incor-
poration of electron-accepting materials,
such as carbon nanotubes or graphene.
These are used for expanding the light ab-
sorption range or suppressing the
electron—hole recombination.’ =7

Mesoporous TiO, films with ordered

pores are among the best candidates as a
host matrix for forming composite photo-
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catalysts because of their homogeneous
nanometer-sized pores, large surface areas,
and their ability to be easily fixed, recycled,
and reused.*®~° Highly ordered mesopo-
rous TiO, films with various mesostruc-
tures, such as p6mm,"" '3 R3m,"* or
Im3m,"? have already been prepared using
surfactants as structure-directed agents
through the evaporation-induced self-
assembly (EISA) route. However, the sizes
of the mesopores in these films are often
only several nanometers, which makes it
difficult for organic molecules to diffuse
through the pores effectively and excludes
a large amount of the internal surface. Al-
though the mesopore sizes could be en-
larged to 14 nm by using swelling agents,'®
the improvement of accessibility is still rela-
tively limited, simultaneously accompanied
by the decrease of mesostructured order
and specific surface area. An attractive alter-
native is to build a hierarchically porous sys-
tem by constructing larger secondary pore
channels within the mesoporous film, which
will make pore openings more accessible
and, thus, improve the diffusivity of reac-
tants and products within the film and in-
crease the availability of the internal
surface.’®2° Kimura et al. have synthe-
sized ordered mesoporous TiO, films with
macropores by using emulsion or polysty-
rene (PS) spheres as macroporous tem-
plates but had difficulty in controlling the
interconnectivity and concentration of
macropores.?"?? Jin et al. reported the syn-
thesis of ordered macroporous TiO, film
with mesoporous walls by using PS arrays

Www.acsnano.org



TTIP +TiCl,

+GO+P123
—
Dip infiltrating

Hydrazine
vapor

Scheme 1. lllustration for the preparation of macro—mesoporous TiO,—graphene composite film.

as macropore templates and a triblock copolymer (Plu-
ronic P123) as a mesopore template but only formed
disordered mesostructures with a low specific surface
area.”® Nevertheless, it is still a challenge to indepen-
dently control the porosity at each length scale to maxi-
mize the effectiveness of large pores and minimize the
subsequent loss of surface area.

In this paper, we demonstrate the synthesis of hier-
archically ordered macro—mesoporous titania films
through a confinement self-assembly method within
the regular voids of a three-dimensional (3D) periodic
colloidal crystal, using Pluronic P123 and polystyrene
spheres as a mesostructured template and a macro-
structure scaffold, respectively. Macro—mesoporous ti-
tania films possess a well-ordered two-dimensional (2D)
hexagonal (p6mm) mesostructure and well-
interconnected periodic macropores as well as high
specific surface areas and large pore volumes. Incorpo-
ration of interconnected macropores in mesoporous
films significantly improves the mass transport through
the film, reduces the length of the mesopore channel,
and increases the accessible surface area within the thin
film. Graphene has been selected as an example to in-
corporate with the hierarchically ordered macro—
mesoporous titania frameworks. Because of the poor
dispersion of graphene in the self-assembly system, we
chose graphene oxide as a starting material and subse-
quently reduced it to graphene in situ. The results re-
veal that the composite photocatalysts based on this hi-
erarchically ordered macro—mesoporous titania films
demonstrate enhanced photodegradation of methyl
blue (MB), confirming its superior photocatalytic
activity.

RESULTS AND DISCUSSION
A pure mesoporous TiO, film (designated as Ti-Me)
was prepared according to the evaporation-induced
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self-assembly procedure reported by Tian et al.,'? ex-
cept that the gelation process was carried out at a lower
temperature to improve the mesostructural order. To
obtain macro—mesoporous TiO, films, colloidal crystals
assembled from monodisperse polystyrene spheres
with controlled sizes (240 and 300 nm; the correspond-
ing products were designated as Ti-Ma170-Me and Ti-
Ma200-Me, respectively) were additionally used as the
template for 3D ordered macropores. TiO,—graphene
composite films (designated as GR-Ti-Me, GR-Ti-Ma170-
Me, and GR-Ti-Ma200-Me) were prepared by adding
graphene oxide in the self-assembly system and subse-
quently reducing them in situ within the films (Scheme 1).
Figure 1 depicts the low-angle powder X-ray diffrac-
tion (XRD) patterns of a pure mesoporous titania film
and macro—mesoporous titania films with and without
graphene. All the XRD patterns have a sharp diffrac-
tion peak and two weaker peaks, which are characteris-
tic of a 2D hexagonal (p6mm) structure.?* Although
the broadening of the (100) peaks in Figure 1, patterns
b and ¢, confirms that the introduction of macropores
breaks the long-range order of the mesostructure, two
weaker, but obvious, (110) and (200) diffraction peaks
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Figure 1. Low-angle XRD patterns of pure mesoporous tita-
nia film (Ti-Me) (a) and macro—mesoporous titania film (b)
without and (c) with graphene (Ti-Ma200-Me and GR-Ti-
Ma200-Me).
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Figure 2. Wide-angle XRD patterns of pure mesoporous ti-
tania film (Ti-Me) (a) and macro—mesoporous titania films
(b) without and (c) with graphene (Ti-Ma200-Me and GR-Ti-

Ma200-Me).

indicate a highly periodic order with hexagonal symme-
try in the resultant macro—mesoporous materials, as
confirmed by the transmission electron microscope
(TEM) images (see below). Wide-angle XRD clearly re-
veals that all the samples are anatase TiO, (Figure 2). No
characteristic diffraction peaks of graphene in Figure 2,
pattern c, were observed, possibly due to the reduced
amount of graphene in the composite film (ca. 0.6 wt
%).%® Figure 3 shows XPS survey spectra of the
macro—mesoporous films with and without graphene.
The C 1s peak of macro—mesoporous film with
graphene is stronger than that without graphene, con-
firming that the graphene was successfully introduced
into macro—mesoporous films.2®

Figure 4 shows typical electron microscope images
of the as-prepared macro—mesoporous solid films
compared with the pure mesoporous titania films. The
SEM and TEM images show that 3D ordered
macropores are formed. The periodic ordered
macropores were derived from the colloidal crystal fab-
ricated from 300 nm diameter PS spheres. The size of
the hexagonally arrayed macropores (ca. 200 nm) in
Figure 4a,b is smaller than that of their original tem-
plate, which was due to the pyrolysis of the colloidal
crystal template and subsequent shrinkage of
macro—mesoporous frameworks during calcination
processes. Three small holes of ~60 nm (indicated by
black arrows in Figure 4a,b) are apparent inside every
macropore, which derives from necks between the
original PS spheres and also confirms that all the
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Figure 3. XPS survey spectra of macro—mesoporous titania

films (a) without and (b) with graphene (Ti-Ma200-Me and
GR-Ti-Ma200-Me).
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macropores are well-interconnected. Higher-resolution
TEM imaging (Figure 4q) reveals that the macropore
wall consists of ~3 nm mesopores. The hexagonal and
striped patterns (indicated by the white and black ar-
rows), which viewed perpendicular to, and along the di-
rection of, the hexagonal pore arrangement, respec-
tively, confirm the periodic mesoporosity with
hexagonal symmetry (p6mm), consistent with the low-
angle XRD data. The striped pattern also reveals that the
mesoporous channels confined within the macropore
walls possess a shorter length (~100 nm) and com-
pletely run through macropore walls. In addition, the
hexagonal and striped patterns were simultaneously
captured along the same direction, revealing that the
two domains have different directions of the hexago-
nal pore arrangement. Examination of multiple regions
demonstrated that the direction of the mesoporous
channels within the macropore wall is random.

The majority of the pores in the 2D hexagonal meso-
porous thin films run parallel to the surface because
the interfaces (substrate/film and film/air) prefer con-
tact with either the hydrophilic or the hydrophobic part
of the surfactants depending on the nature of the
substrate.'>?” For example, pure mesoporous TiO,
films were prepared on a hydrophilic glass substrate
without colloid crystals. These films demonstrated a
very smooth top surface over tens of micrometers (Fig-
ure 4c) and longer mesoporous channels over Tpum al-
most completely arranged parallel to the surface (Fig-
ure 4f,i). Unfortunately, these films are not very efficient
photocatalysts due to the lack of access of mass into
pores from the surface. However, there is a great differ-
ence in the formation of mesostructures within the
regular confined voids of a colloidal crystal. The con-
fined space and the interaction between surfactants
and the hydrophilic surface of PS spheres disturb the
preferred contact of the substrate surface and the sur-
factants, which not only shortens the pore channel
length but also results in the random orientation of
pore arrangement. This leads to the significant increase
in the pore openings from the film surface and im-
provement of the accessibility of diffusing species to
the films.

To evaluate the global photocatalytic activity of
macro—mesoporous TiO,, an investigation of the
photocatalytic degradation of methylene blue (MB) in
aqueous solution with the aforementioned titania films
was performed.?® The normalized temporal concentra-
tion changes (C/Cy) of MB during the photodegradation
were proportional to the normalized maximum absor-
bance (A/Ao) and derived from the changes in the dye’s
absorption profile (\ = 660 nm) at a given time inter-
val. Because the adsorption of organic molecules to the
titania surface is a pivotal step in photocatalytic degra-
dation, it is of great importance to investigate the ad-
sorption characteristics of MB onto the surface of the
differently prepared titania samples. The dark adsorp-
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tion of MB of each film was monitored, and the remain-
ing concentration fractions of MB after dark adsorption
(see the experimental details in the Methods section) on
the films were obtained from UV —visible absorption
measurements (Figure 5). It was obvious that, after
equilibrium in the dark for 20 min, most dye molecules
(ca. 99.1%) remained in the solution with pure mesopo-
rous titania film as the catalyst, whereas a large amount
of dye molecules (ca. 16.9%) was adsorbed on the sur-
face of the macro—mesoporous titania film Ti-
Ma200-Me (see Table 1).

Because of the longer channels and smaller diam-
eters of the mesopores as well as their parallel direc-
tion to the substrate, it is very difficult for MB not only
to access the pure mesoporous titania films from the
surface but also to reach the large amount of internal
surface (Scheme S1, Supporting Information). In con-
trast to the aforementioned films, the length of meso-
pore channels in the macro—mesoporous films was ef-
fectively limited by the regular voids formed from the
colloid crystals. In addition, the direction of these meso-
pore channels was random and the pore openings
from the film surface also increased, significantly im-
proving the accessibility of diffusing species (i.e., MB)
to the films, resulting in a larger adsorption of MB. The
diameters of the periodic confined voids in the colloid
crystals are related to the size of the templating PS
spheres; therefore, macro—mesoporous films with
shorter mesopore channels could be obtained by us-
ing colloid crystals composed of smaller polystyrene
spheres, which are expected to supply more accessible
surfaces. When a colloid crystal composed of 240 nm
polystyrene spheres was used as the macroporous tem-
plate, the resultant macro—mesoporous film (Ti-Ma170-
Me) indeed shows a larger adsorption of MB (ca. 23.2%),
verifying this assertion, although the periodic ordered
mesostructure could not be maintained and the specific
surface area also decreased slightly.

The photocatalytic activity of all the titania films
can be quantitatively evaluated by comparing the ap-
parent reaction rate constants, as illustrated in Figure 6.
Direct comparison of the reaction rate constants be-
tween macro—mesoporous titania films (Ti-Ma170-Me
and Ti-Ma200-Me) shows that they are markedly im-
proved compared with that of pure mesoporous tita-
nia film (Ti-Me). In addition, their photocatalytic activi-
ties were increased 11 and 3 times, respectively, versus
the pure, mesoporous titania film. This can be attrib-
uted to the significantly increased accessible surface
area of the macro—mesoporous titania films, confirmed
by their larger MB adsorption, almost 25 and 18 times
larger, respectively, than that of the pure mesoporous
titania film. After incorporating graphene into the
macro—mesoporous titania films, the MB adsorption in-
creased only slightly, while the apparent reaction rate
constants increased 1.6 and 2.1 times, respectively,
against macro—mesoporous films without graphene.

www.acsnano.org
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Figure 4. Typical SEM and TEM micrographs of macro—mesoporous
titania films (a, d, g) without and (b, e, h) with graphene (Ti-Ma200-Me
and GR-Ti-Ma200-Me) and pure mesoporous titania film (Ti-Me) (c, f,
i). The black arrows in (a, b) indicate the interconnected channels be-
tween macropores in the films, whereas the white and black arrows in
(g) suggest the mesopores in the macroporous walls.

This suggests that graphene within the macro—
mesoporous titania films plays another role in the im-
provement of photocatalytic activity, that is, in accept-
ing and transporting electrons. This results in the
effective suppression of the recombination of photoge-
nerated charge.

Previously, we have demonstrated that graphene in-
corporated into the titania anode of dye-sensitized so-
lar cells could accept and rapidly transport the photo-
generated electrons from the conduction band of
titania, resulting in the reduction of charge recombina-
tion and the improvement of photoelectrical conver-
sion efficiency.?® In the macro—mesoporous
titania—graphene composite films, graphene also
serves as an acceptor of the photogenerated electrons
from titania and effectively suppresses the charge re-
combination, leaving more photogenerated holes to
form reactive species and facilitate the photodegrada-
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Figure 5. Photocatalytic degradation of MB under UV light
irradiation using (a) Ti-Me, (b) GR-Ti-Me, (c) Ti-Ma200-Me, (d)
GR-Ti-Ma200-Me, (e) Ti-Ma170-Me, and (f) GR-Ti-Ma170-Me

films.
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TABLE 1. Physical and Structural Properties of Selected Mesoporous and Macro—Mesoporous Samples

sample Sger(m?g™") Vinesopore (cm* g™") pore size (nm) adsorption of MB (%) pp reaction rate c (min~")
Ti-Me 299 0.57 2.9 0.9 0.0041
GR-Ti-Me 235 0.56 3.1 1.1 0.0047
Ti-Ma200-Me 298 0.56 3.0 16.9 0.013
GR-Ti-Ma200-Me 256 0.49 49 18.1 0.027
Ti-Ma170-Me 277 0.48 35 232 0.045
GR-Ti-Ma170-Me 215 0.49 42 25.1 0.071

tion of MB. To confirm the effect of graphene in trans-
porting the electrons and restraining the recombination
in the macro—mesoporous titania films, electrochemi-
cal impedance spectra (EIS), a powerful tool to clarify
the electronic and ionic transport processes, were mea-
sured under the illumination of UV light at the open-
circuit potential. Figure S1 (Supporting Information)
shows the typical electrochemical impedance spectra
of macro—mesoporous titania films with and without
graphene. It is observed that the semicircle of medium
frequencies in the plot became shorter after the intro-
duction of graphene, which indicates a decrease in the
solid-state interface layer resistance and the charge-
transfer resistance on the surface.>?%?° Therefore, the
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Figure 6. Comparison of the apparent rate constants of all
the titania-based films.

METHODS

Synthesis of Graphene Oxide. Graphene oxide was synthesized
from flake graphite (average particle diameter of 4 um, Qingdao
Tianhe Graphite Co. Ltd., Qingdao, China) by a modified Hummers
method.>® All other chemicals were of analytical reagent grade and
used without further purification. Briefly, graphite powder (5 g)
and NaNO;s (3.75 g) were placed in a flask. Concentrated H,SO,4 (375
mL) was then added slowly with stirring in an ice—water bath. KM-
nO, (22.5 g) was added gradually over 1 h under stirring and kept
stirring for another 2 h. After stirring vigorously for 5 days at room
temperature, the mixture was stirred at 35 °C for 2 h and then di-
luted with 5 wt % H,SO,4 aqueous solution (700 mL) over 1 h. The
mixture was then stirred at 98 °C for 2 h and then reduced to 60 °C,
after which 30 wt % H,0, (30 mL) was added, it was cooled to
room temperature, and stirred for 2 h. The mixture was centri-
fuged and washed with an aqueous solution of 3 wt % H,50./0.5
wt % H,0, (2 L) 15 times. The solids were washed with aqueous 3
wt % HCl (2 L) using a similar procedure and one additional wash
with deionized H,0 (2 L). After adding another 2 L of deionized wa-
ter and dispersing the solid using vigorous stirring and ultrasonica-
tion for 30 min, the final water solution was treated with a weak ba-
sic ion-exchange resin to remove the remaining HCl acid. The final
solution was concentrated to 7.5 mg/mL.

electron-accepting and electron-transporting proper-
ties of graphene in the composite films could indeed
suppress the charge recombination and improve their
photocatalytic activities.

CONCLUSIONS

In conclusion, we have successfully prepared hierar-
chically ordered porous titania films with two-
dimensional (2D) hexagonal (p6mm) mesostructures
and well-interconnected periodic macropores via a con-
finement self-assembly method. Incorporation of inter-
connected macropores in mesoporous films improves
the mass transport through the film, reduces the length
of the mesopore channel, increases the accessible sur-
face area of the thin film, and significantly enhances
their photocatalytic activities. Furthermore, graphene,
as an excellent electron-acceptor and electron-
transport material, was incorporated into the hierarchi-
cally ordered macro—mesoporous titania frameworks,
effectively suppressing the charge recombination in the
films. Hierarchically ordered macro—mesoporous
TiO,—graphene composite films show the enhanced
capacity of rapidly adsorbing and photodegrading or-
ganic dyes, which are potentially suitable for waste-
water treatment and air purification to remove organic
pollutants and will provide an attractive opportunity for
industrial applications.

Preparation of Macro—Mesoporous Ti0,— Graphene Composite Films.
Polystyrene colloidal spheres were synthesized by a surfactant-
free emulsion polymerization reaction as described elsewhere'
The polystyrene opal templates were settled on a glass sub-
strate by the vertical deposition method.>? The sol was pre-
pared by mixing 1 g of Pluronic P123 (EO,,PO70EO,0, M,, = 5800,
Aldrich), dissolved in 20 g of ethanol or tetrahydrofuran (THF),
with 0.6 g of TiCl, and 2.5 g of titanium isopropoxide. The mix-
ture was stirred for 2 h. The pH value of the mother solution was
ca. 1.2. A 1.25 mL portion of an aqueous suspension of graphene
oxide (GO, 7.5 mg/mL) was added into the sol suspension (0.6
wt %). After that, it was stirred and dispersed in an ultrasonic
cleaner for about 60 min so as to disperse GO within the suspen-
sion. The glass substrate covered with the polystyrene opal film
was immersed vertically into the sol for 1 min. During the immer-
sion process, the sol penetrates the voids in the template under
the action of capillary forces. The gelation of the sol into the
voids happened shortly after the template was pulled out of
the solution, so the withdrawal rate was a critical factor in the
whole infiltrated process. In our procedure, the withdrawal rate
was 2.5 mm/s. The sample was then exposed to the atmosphere
at 35 °C for 24 h to enable complete hydrolysis of the titania pre-
cursor. At last, the films were treated under hydrazine vapor at
40 °C for 24 h to reduce graphene oxide to graphene. After the
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films were rinsed with deionized water and dried by heating to
40 °C in vacuum for 3 h, the films were annealed at 400 °C un-
der argon for 3 h. The as-prepared films were then slowly heated
in an oven (the heating rate was 5 °C/min) to 450 °C, held for

2 h at this temperature, and subsequently cooled slowly by turn-
ing off the oven. For comparison, pure mesoporous titania film
and macro—mesoporous titania films were prepared via a simi-
lar procedure without adding graphene oxide in the sol.

Characterization. The XRD patterns were obtained by using an
X'Pert PRO MDP with Cu Ka radiation (A = 1.5405 A) with 30
mA and 40 kV. XPS data were obtained with an ESCALab220i-XL
electron spectrometer from VG Scientific using 300 W Al Ka ra-
diation. SEM images were obtained using a JEOL JSM-6700F
scanning electron microscope at 3.0 kV. The nitrogen adsorp-
tion and desorption isotherms at the temperature of liquid nitro-
gen (77 K) were measured on a Quantachrome Autosorb-1MP
sorption analyzer with prior degassing under vacuum at 200 °C
overnight. Total pore volumes were determined using the ad-
sorbed volume at a relative pressure of 0.99. The multipoint BET
surface area was estimated from the relative pressure range
from 0.05 to 0.2. The pore size distributions were analyzed us-
ing the BJH algorithm. The EIS was carried out on a Zahner IM6e
impedance analyzer (Germany) in the frequency range of 0.02
Hz to 100 kHz.

Photocatalytic Reactions. All the films were irradiated with UV
light (24 W, N = 365 nm) overnight to decompose pollutants ad-
sorbed on its surfaces. The TiO, films (2.5 cm X 0.8 cm) were
placed in a Petri dish filled with 0.01 mM MB aqueous solution
(10 mL) in the dark for 20 min to allow the MB to adsorb onto the
film surface. The photodegradation of MB was initiated and con-
ducted by UV light irradiation without stirring. We monitored
the absorbance of MB corresponding to /. around 650—665
nm by UV—visible spectroscopy versus irradiation time (15 min
intervals). The amount of MB decomposition was determined by
a linear relationship between the concentration and the absorp-
tion of MB.
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Supporting Information Available: Schematic illustration for
the photodegradation of methylene blue over pure mesopo-
rous titania film and macro—mesoporous titania film and EIS
changes of macro—mesoporous titania films without and with
graphene. This material is available free of charge via the Inter-
net at http://pubs.acs.org.
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