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Abstract: A bi-crystalline mesoporous titania (meso-TiO,) with anatase and rutile composite nanocrystal frameworks

was prepared and then modified by carbon doping (C-meso-TiO,), silver nanoparticle loading (Ag-meso-TiO,), and

carbon-silver codoping (Ag-C-meso-TiO,). The visible-light photocatalytic activities of the samples were evaluated by

the degeneration of aqueous methylene blue (MB) solution under visible-light irradiation (wavelength >420 nm). The

prepared bi-crystalline mesoporous samples showed obviously higher visible-light photocatalytic activity than that of

the commercial anatase titania nanoparticles (NPs). Ag-C-meso-TiO, exhibited the highest visible-light photocatalytic

activity which could be attributed to the band gap narrowed by the doped carbon and the plasmon electron transfer

from Ag NPs to the titania matrix, and the corresponding MB degeneration rate reached 65% after 180 min visi-

ble-light irradiation while that of the commercial titania NPs just reached 7%.
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Titania is an important semiconductor for photoca-
talytic application and regarded as the environmentally
sustainable photocatalyst. However, it only exhibits phot-
ocatalytic activity under UV light due to the large band
gap energy of 3.2 eV. Most of the sun energy reached the
earth is concentrated in visible-light region. In order to
efficiently utilize the solar energy, many research efforts
have been paid to the visible-light photocatalysis of tita-
nia'"). One promising method is to narrow the band gap
energy of the titania*® by element doping, such as nitro-

1 carbon!, jodine!” and so on. Carbon doped titania

gen
have been reported to show smaller band gap energy of
2.32 eV and improved visible absorption'. Silver NP
loaded titania can improve the photocatalytic activity since
the silver NPs can effectively separate the photogenerated
electron-hole pairs and decrease their recombination rate
When carbon and silver codoping is adapted, the dopants
can not only narrow the band gap energy but also improve
the visible-light absorption of titania®’.

Meso-TiO, is an interesting material for photoc-
atalytic application due to its high surface area and contin-
uous framework compared with the separated individual
NPs™®. Currently, many research efforts have been done to
improve the photocatalytic activity of the mesoporous

o}

titanjal'®1¥.

Most of the research attentions are concentrated on
the photocatalytic activity of the anatase titania. Recent
reports showed that the composites with two kinds of
semiconductors or two phases of the same semiconductor
were beneficial for impeding the recombination of the
photogenerated electron-hole pairs and thus enhanced the
photocatalytic activity!'>.

The visible-light photocatalysis of meso-TiO, with
anatase and rutile bi-crystalline frameworks has not been
investigated very well until now, except for the report''
where the influence of inorganic precursor on the phase
composition of the meso-TiO, frameworks was investi-
gated.

Herein we prepared a bi-crystalline meso-TiO, with
anatase and rutile composite frameworks and further
modified with carbon and silver NPs. We investigated the
visible-light photocatalytic activity of the samples by the
degradation of the aqueous methylene blue (MB) solution
under visible-light irradiation (wavelength>420 nm). The
results showed that the bi-crystalline meso-TiO, samples
presented obviously higher visible-light photocatalytic
activity than that of the commercial anatase NPs. And the
carbon-silver codoped bi-crystalline meso-TiO, exhibited
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the highest visible-light photocatalytic activity.
1 Experimental

1.1 Sample preparation

The commercial anatase NPs with particle diameter
of 5-10 nm were purchased from Aladdin.

The blank bi-crystalline meso-TiO, powder was prep-
ared according to the report!'”. A post thermal treatment
was adapted. The prepared meso-TiO, was firstly calcined
at 350°C for 5 h under N, atmosphere and then kept at
350°C for 2 h in air.

The carbon doped meso-TiO, sample (C-meso-TiO,)
was prepared as follows. Firstly, the new prepared meso-
TiO, powder and glucose were dropped and dissolved into
deionic water with stirring until the water evaporated.
Then the remains were collected and calcined under N, at
350°C for 5 h and then kept at 350°Cfor 2 h in air, to ob-
tain the C-meso-TiO;.

The silver NPs loaded meso-TiO, sample (Ag-meso-
TiO,) was prepared as follows. Firstly, the template re-
moved meso-TiO, powder and AgNO; were dropped into
deionic water with stirring for 30 min. Secondly, appropri-
ate amount of urea was dissolved into the above solution
to deposit Ag’ onto the titania surface. Several minutes
later, the mixture was transferred to 50°C water bath and
stirred for 30 min. Afterwards, the mixture was filtered
and dried in a vacuum oven, and finally calcined at 200°C
for 2 h in Hy/Ar atmosphere to obtain the Ag-meso-TiO,.

The carbon-silver codoped meso-TiO, sample (Ag-C-
meso-TiO,) was prepared in the similar way of the Ag-
meso-TiO,, with the only difference of using the C-meso-
TiO; to replace the meso-TiO..

1.2 Characterization

Small-angle (SAXRD) and wide-angle X-ray diffra-
ction (WAXRD) were used to characterize the samples
with Rigaku Rotaflex diffractometer using Cu Ko radia-
tion. Transmission electron microscope (TEM) and simu-
Itaneous energy-dispersive spectroscope (EDS) were used
to analyze the microstructure and the elements using JEOL
2100F electron microscope operating at 200 kV. N, ad-
sorption-desorption isotherms were measured at 77 K with
a Micromeritics Tristar 3000 analyzer. The Brun-
auer-Emmett-Teller (BET) method was used to calculate
the surface areas. And the pore size distribution was de-
rived from the adsorption branches of the isotherms by
using Barrett-Joyner-Halenda (BJH) model. UV-visible
absorption spectra were measured on Shimadzu UV-3101
spectrometer.

1.3 Visible-light photocatalysis

The visible-light photocatalytic activities of the sam-
ples were evaluated by the degradation of aqueous MB
solution. A 50 W Xe lamp (CEL-HXF300) was used as
visible-light source. The samples were tested under the
irradiation with the wavelength above 420 nm. The con-
centration of the aqueous MB solution was around
1.0x10”° mol/L. The photocatalyst amount was chosen to
be 5 g/L. Typically, 0.3 g photocatalyst was dropped into
60 mL aqueous MB solution followed by 30 min stirring
and ultrasonic treatment under dark in order to reach ab-
sorption equilibrium between photocatalyst and MB. Then
the MB concentration after the absorption equilibrium was
denoted as Cy. The MB concentration with the visible-
light irradiation was denoted as C and monitored by a
UV-2000 Spectrometer.

2 Results and discussion

Figure 1 shows the SAXRD pattern of the bi-cryst-
alline meso-TiO, after calcination (350°C for 5 h in N,
and then 350°C for 2 h in air), which has two diffraction
peaks that could be indexed as (100) and (110) plane dif-
fractions of the two-dimensional hexagonal meso-stru-
cture!'”). The latter diffraction peak is not distinct, which
might be due to the partial collapse of the ordered meso-
porous channels after calcination. The hexagonal meso-
structure of the sample could be further confirmed by the
next TEM results.

Figure 2 gives the TEM image and EDS spectrum
of the bi-crystalline Ag-C-meso-TiO,. The ordered 2-
dimensional hexagonal mesoporous channels could be
clearly seen in the TEM image, which is consistent
with the above SAXRD result. The average diameter
of the mesoporous channels is estimated to be 5.5 nm
from Fig. 2(a). The EDS spectrum presents obvious C, O

(100)

Intensity / (a.u.)

(110)

1 " 1 " 1 L 1

3
20/(%)

Fig. 1 SAXRD pattern of the bi-crystalline meso-TiO, after
calcination
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Fig. 2 TEM image (a) and EDS spectrum (b) of the bi-crystalline Ag-C-meso-TiO,

and Ti signals but weak Ag signal. This confirms the
existence of the Ag, Ti and O elements in Ag-C-meso-
TiO, sample, but it is hard to ensure the existence of
carbon in the sample due to the sample support copper
mesh containing carbon thin films. The Ag NPs could
hardly be observed in the TEM image because of the
small particle size and low amount of the Ag NPs, as
the weak peak intensity of Ag element seen in the EDS
spectrum. The low Ag content of the sample could
avoid the Ag NPs aggregation or growth, which would
decrease the photocatalytic efficiency!'®.

Figure 3 shows the WAXRD patterns of the blank
bi-crystalline meso-TiO, and Ag-C-meso-TiO,. Both
patterns display the diffractions of rutile and anatase
phases, indicating that the titania frameworks of the two
samples are composed of rutile and anatase. The
bi-crystalline titania frameworks might be resulted by the
composite inorganic precursors of titanium tetrachloride
and titanium isopropoxide. Because a certain amount of
HCl and/or C1" could favour the growth of rutile nucleus
due to their weak steric effect on the TiO¢>~ octahedron

under acidic conditions!'. The anatase percentage (A%)

# # Anatase
# Rutile
s
z
g
E
L 1 L 1 L 1 L 1 L 1 L
20 30 40 50 60 70 80
20/ (%)

Fig. 3 WAXRD patterns of bi-crystalline meso-TiO, (a) and
Ag-C-meso-TiO; (b)

of the bi-crystalline frameworks could be estimated from
the integrated intensity of the diffraction peaks at
20=25.3° for anatase and 20=27.4° for rutile by the foll-
[16]

A(%) = 100/(1+1.2651,/1,)

Where I, and |, are the peak intensities of rutile at 26=27.4°

owing equation

and anatase at 26=25.3° respectively. The anatase per-
centages are calculated to be 51.2% and 74.2% for the
blank meso-TiO, and Ag-C-meso TiO,.

Figure 4 shows the N, adsorption-desorption isothe-
rms of bi-crystalline meso-TiO, and Ag-C-meso TiO,,
which exhibit a type IV curve with a steep rise in adso-
rption region at 0.5-0.8 relative pressure (P/Pg) implying
an uniform cylindrical pore geometry. The pore size dis-
tribution of meso-TiO, is shown in the inset in Fig. 4. The
average pore size of meso-TiO, is calculated to be 5.3 nm
from the BJH adsorption data, which is consistent with the
above TEM result. The surface areas are calculated to be
123.5 and 95.9 m*/g for meso-TiO, and Ag-C-meso TiO,
by BET method.

Figure 5 gives the UV-visible adsorption spectra of
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Fig. 4 N, adsorption-desorption isotherms of the bi-crystalline
meso-TiO, and Ag-C-meso-TiO,
The inset is the pore size distribution of the blank meso-TiO,
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Fig. 5 UV-visible adsorption spectra of (a) the blank bi-crystalline
meso-TiO,, (b) Ag-meso-TiO, and (¢) C-meso-TiO,
The insets are the curves of (ahv)"? against hv of the samples

the bi-crystalline meso-TiO,. The bi-crystalline meso-TiO,
does not show any absorption at visible region from 380 nm
to 800 nm. In contrast, Ag-meso-TiO, presents improved
visible-light absorption with a broad absorption peak at
around 520 nm, which is corresponded to the surface
plasmon resonance (SPR) absorption of the loaded Ag
NPs!"”!. The semiconductor absorption edge of Ag-meso-
TiO, did not change greatly, still at around 350 nm.
C-meso-TiO, also presents strong absorption in visible
region, which could be attributed to some carbon coat-
ings on the surface of the titania matrix. Meanwhile the
absorption edge of C-meso-TiO, moves toward the
higher wavelength at around 360 nm, which could be
attributed to the doped carbon within the titania lattice.
The band gap energy of the samples are estimated from
the intercept of the linear fitting in the plots of (ahv)"?
against hv, where o and hv are the absorption coefficient
and photon energy™. The fitting results of the band gap
energy are 3.12, 3.05 and 2.77 eV for sample meso-TiO,,
Ag-meso-TiO, and C-meso-TiO,, as shown in the insets
in Fig. 5. The band gap energy of C-meso-TiO, is obvi-
ously smaller than the others.

Figure 6 shows the visible-light photocatalysis results
of the samples. When the commercial anatase NPs with
diameter of 5—10 nm were used, the MB concentration did
not vary too much and just slightly decreased after 180 min
visible-light irradiation. In comparison, the bi-crystalline
mesoporous samples show obvious visible-light phot-
ocatalytic activities indicated by the dramatic decrease of
MB concentration after irradiation.

When the bi-crystalline meso-TiO, is used, upon the
visible-light irradiation starts, the MB concentration dis-
tinctly decreases. The corresponding C/C, reaches 0.45
after 180 min irradiation. The carbon doped sample C-
meso-TiO, presents nearly the same MB degradation rate.
This result indicates that carbon doping in meso-TiO, is

cl/C,
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Fig. 6 Visible-light photodegradation of aqueous MB solution
by different titania samples. The data in the graph are averaged
by five points and the offsets are less than 7% of the averaged
data

not necessary for improving the visible-light photocatal-
ytic activity although the band gap of the C-meso TiO; is
narrowed. The Ag NPs loaded sample Ag-meso-TiO,
shows an improved photocatalytic activity compared with
that of the blank meso-TiO, sample. Furthermore, the
carbon-silver codoped sample Ag-C-meso-TiO, presents a
more improved photocatalytic activity compared with
those of the single element doped samples C-meso-TiO,
and Ag-meso-TiO,, and the corresponding C/C, reaches
0.35 after 180 min irradiation. These results indicate the
visible-light photocatalytic activity of the bi-crystalline
meso-TiO, could be further improved by carbon-silver
codoping.

The band gap narrowing of the titania matrix by car-
bon doping has been demonstrated by the result in Fig. 5
and other report™!. This band gap narrowing effect could
improve the visible-light absorption of the sample C-
meso-TiO, as curve (c) seen in Fig. 5, but without impro-
ved visible-light photocatalytic activity compared with
that of the undoped sample meso-TiO,. However, the Ag
NP loading on meso-TiO, could improve the visible-light
photocatalytic activity compared with that of meso-TiO,.
Meanwhile the photocatalytic activity of Ag-C-mesoTiO,
is further improved compared with that of Ag-meso- TiO,.
Therefore we inferred that Ag NPs would supply or in-
crease an apparent surface charge carriers””),

When the photocatalysis processed under visible-
light, the matrix of Ag-meso-TiO, could not generate suf-
ficient photogenerated electrons and holes. In addition,
titania was known as a good electron-accepting metal ox-
ide through many transient absorption experiments, prob-
ably due to its high state density. Therefore, the electrons
resulted by the SPR of Ag NPs under visible-light could
transfer to the meso-TiO, matrix and therefore enhance the
photocatalytic

activity of the Ag-meso-TiO, and
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Ag-C-meso-TiO,*'2,
3 Conclusions

In summary, a bi-crystalline meso-TiO, with anatase
and rutile composite frameworks was prepared and further
modified with carbon-silver codoping. The visible-light
photocatalytic activities of the samples were investigated
by the degradation of aqueous MB solution. The prepared
bi-crystalline mesoporous samples showed obviously im-
proved visible-light photocatalytic activity, which could be
attributed to the bi-crystalline frameworks and their high
surface areas. The carbon-silver codoped sample Ag-C-
meso-TiO, presented the highest visible-light photoca-
talytic activity, which could be attributed to the band gap
narrowing by carbon doping and the SPR electron transfer
from Ag NPs to the titania matrix.
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