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Carbon and boron co-doped TiO, photocatalysts were prepared firstly by the gel-hydrothermal method,
that is, synthesized through sol-gel process followed by hydrothermal in the glucose solution. The pre-
pared photocatalysts were characterized by XRD, Raman spectra, TEM, N, physical adsorption, XPS, and
UV-vis absorption spectra. It was found that the co-doped TiO, has a larger BET surface areas and a nar-
rower band gap than undoped TiO,. The experimental results show that the coke carbon generated on the
carbon doped TiO, surface act as a photosensitizer and has the photosensitization effect under the visible
light. Except for carbon sensitization effect, the boron and carbon co-doped TiO, has synergistic effect
which is responsible for effective photo-degradation of 2,4-dichlorophenol in the visible light irradiation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As one of the semiconductor photocatalytic materials exten-
sively used in the fields of environmental purification, titanium
dioxide is most widely studied due to its advantages of inex-
pensiveness, chemical stability, and nontoxicity in addition to its
favorable optoelectronic property [1,2]. However, its wide band
gap (3.0-3.2 eV) allows it to absorb only the ultraviolet light which
accounts for merely 5% of the solar photons, thereby hampering its
wide applications. In order to utilize the solar energy efficiently,
many studies on nonmetal element doping have been carried out
to extend the spectral response of TiO, into the visible region and
enhance its photocatalytic activity, such as N [3-6], C[7], S [8,9], P
[10], halogen atoms [11-13] and B [14]. Among these anions doped
TiO,, boron doping TiO, attracted more attentions in the applica-
tion studies of electrochemical and functional materials due to its
prompting creation of electron acceptor level. Lambert et al. [15]
have reported that low level of boron doping TiO; lead to significant
absorption of visible light and better photoactivity for degrada-
tion of methyl tert-butyl ether (MTBE) than undoped TiO,. Zaleska
et al. [16] synthesized boron modified TiO, using boric acid and
boric acid triethyl ester (BATE) by the sol-gel method and by grind-
ing anatase powder with boron dopant. They found boron doping
could result in absorption of the visible light and these B-TiO, sam-
ples have higher activity for photo-oxidation of phenol under the
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visible light irradiation than pure TiO,. Except single boron dop-
ing, the co-doping of boron with other nonmetal element also has
been studied in recent years. It was found that B and N co-doped
TiO, [17], B and F co-doped TiO, [18] showed higher photocatalytic
activity and peculiar characteristics compared with single element
doping into TiO,. However, few reports are published on B and C
co-doped TiO, photocatalysts[19]. Our previous work have found
that carbon modified TiO, presents high visible light performance
and the carbon photosensitization plays an important role for its
efficient visible light photocatalytic activity [20].

In this study, C and B co-doped TiO, photocatalysts were syn-
thesized firstly by the gel-hydrothermal method, which showed
efficient visible light photo-degradation of 2,4-dichlorophenol (2,4-
DCP) compared with C-doped TiO, and B-doped TiO,, resulting
from the carbon and boron synergistic effect. Our significant work
may provide new insights into the preparation of effective visible
light photoactive TiO,.

2. Experimental procedure

The carbon and boron co-doped TiO, was prepared by two steps
process. Firstly, the boron doped TiO, was synthesized by sol-gel
method. 6 ml tetrabutyl titanate was dissolved into 17 ml anhy-
drous ethanol (solution A), solution B consisted of 35 ml anhydrous
ethanol, 0.1 ml concentrated nitric acid (68% weight percent), 1.6 ml
water, 0.5 g PEG600 and 0.05 g H3BOs. Then solution A was added
drop-wise to solution B under magnetic stirring. The resultant mix-
ture was stirred at room temperature for 4 h until the transparent
sol was obtained. The sol was then aged for 1 day and the gel
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was obtained. The gel was dried at 120°C for 8 h to obtain B-
doped amorphous TiO,. Secondly, 0.75 g of amorphous B-doped
TiO, and required amount of glucose (C/Ti=0.16, 0.32, 0.48 mol%)
were added into 50 ml of deionized water in a 100 ml Teflon-inner
stainless steel autoclave. The autoclave was maintained at 180°C
for 10h. The precipitate gained was washed by distilled water,
dried at 100 °C for 24 h and calcined in the presence of air at 300°C
for 2h in the muffle oven. The pure TiO, and B-doped TiO, were
hydrothermal treated in the distilled water without glucose. The C-
doped TiO, was also prepared in the presence of glucose solution
(C/Ti=0.16).

The structural properties were determined by X-ray diffrac-
tometer (a Rigaku D/max 2550 VB/PC) using graphite monochro-
matic copper radiation (Cu-Ka) at 40kV and 100 mA over the 260
range of 20-80°. BET surface area measurements were carried out
by N, adsorption at 77 K using an ASAP2020 instrument. The bind-
ing energy was identified by X-ray photoelectron spectroscopy
(XPS) with Mg Ko radiation (ESCALB MK-II). The UV-vis absorption
spectra of samples were observed with Varian Cary 500 equipped
with an integrating sphere. The surface morphologies and parti-
cle sizes were observed by high-resolution transmission electron
microscopy (HRTEM, JEM-2011), using an accelerating voltage of
200 kV. Raman measurements were performed at room tempera-
ture using a Via+Reflex Raman spectrometer with the excitation
wavelength of 514 nm.

2,4-Dichlorophenol (2,4-DCP) was selected as a target pollu-
tant to evaluate the photocatalytic activity of prepared samples
under visible light irradiation because there was no absorption for
2,4-DCPintheregion of visible light. 0.05 g of photocatalyst was dis-
persed into a 50 ml 2,4-DCP aqueous solution (30 mg1~1) and then
irradiated with a 1000 W tungsten halogen lamp equipped with a
UV cut-off filters (A >420 nm) under continuous stirring. The dis-
tance between the light and the reaction tube was fixed at 24 cm.
The lamp was cooled with flowing water in a quartz cylindrical
jacket around the lamp, and ambient temperature was maintained
during the photocatalytic reaction because of good ventilation.
Before the irradiation, the suspension was maintained in the dark
for 1 h in order to reach the adsorption-desorption equilibrium. At
each given time interval, about 4 ml suspensions was withdrawn,
centrifuged and filtered to remove the remained particles. The con-
centration of 2,4-DCP was determined from the absorbance at the
wavelength of 284 nm. For comparison, the same procedure was
also done for commercial titania P25 (BET surface area 50 m2/g!).

3. Results and discussion
3.1. Characterization of carbon and boron co-doped TiO»

Fig. 1 shows the XRD patterns of pure TiO,, B-TiO,, C-TiO,, and
(C,B)-TiO, with different carbon contents. The pure TiO, and B-TiO,
contain trace amounts of brookite (JCPDS, No. 29-1360). However,
C-TiO, and (C, B)-TiO, with different carbon contents consist of
anatase as a unique phase (JCPDS, No. 21-1272), indicating that
introducing carbon prohibits the formation of brookite. Accord-
ing to the line width analysis of the anatase (10 1) diffraction peak
based on the Scherrer formula, the average crystalline sizes of all
these samples are estimated and summarized in Table 1. All the
samples have similar crystalline sizes of about 10 nm, which sug-
gests that increasing carbon amount has little effect on the average
crystalline sizes of co-doped TiO, due to the reason that most of car-
bon only possibly covered the surface or subsurface. It was reported
that the presence of boron in the bulk of TiO, would result in lower
crystallite dimensions [21]. When in the case of high B concen-
tration, the boron ions could be expelled from the TiO, structure
during the calcinations, forming a layer of diboron trioxide, which
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Fig. 1. XRD patterns of different samples: (a) TiO; (b) B-TiO; (c) C-TiO,; (d) (0.16C,
B)-TiO,; (e) (0.32C, B)-TiO,; and (f) (0.48C, B)-TiO,.

retards the crystal growth [21]. However, in our study, no separate
B, 03 phase was observed for any of the boron-containing samples,
possibly due to the low B concentration. It is worth noting that at
low B concentration, the effect of Bon the crystal size and the crystal
phase of TiO, are dependent on the preparation method (synthe-
sis route, precursors, calcinations condition) [19,22]. Compared to
undoped TiO,, introducing B or co-doping with B and C have little
effect on the average crystalline sizes of B doped TiO, and (C, B)-
doped TiO,, indicating that most of the B atoms only substitute for
the surface or subsurface O atoms.

Raman spectra are divided into two parts: from 100 to
1000 cm~! for the TiO, (Fig. 2(a)) and from 1000 cm~! t0 2000 cm~!
for the carbon structures (Fig. 2(b)). The Raman spectra of (0.32C,
B)-TiO, are characterized by a strong band at 144 cm~!, three bands
at394cm~!,514cm~! and 638 cm~!, which can be assigned to the
fundamental vibration modes of anatase TiO, with the symme-
tries of Eg, B1g, A1g and Eg [23], respectively. The bands at 1400 cm
-1 and 1600cm ~! in Fig. 2(b) are from coke species [24]. Some
other researchers also found that surface-bound coke was easier
to generate when using glucose as the carbon source through gel-
calcination method [25].

Fig. 3(a) shows the TEM images of the (0.32C, B)-doped TiO,
sample calcined at 300°C. The image shows that sample con-
sists of large number of small particles with the size of around
10nm, which is in the agreement with the XRD results cal-
culated by the Scherrer equation. Fig. 3(b) shows the nitrogen
adsorption-desorption isotherms and pore size distribution curves
(inset) of the (0.32C, B)-TiO, sample. The adsorption isotherm can
be classified as type IV with hysteresis loops in the IUPAC classifica-
tion, which is characteristic of mesoporous materials [26]. The pore
size distribution is calculated from desorption branch of a nitro-
gen isotherm by the Barret-Joyner-Halenda (BJH) method using
the Halsey equation. The pore size distribution of (0.32C, B)-TiO,
sample is shown in the inset of Fig. 3. It reveals that the average
pore size is about 3.1 nm. The other samples have the similar N,
adsorption—-desorption isotherms and BJH pore size distributions
to (0.32C, B)-TiO, sample (not shown). Their textural properties
are listed in Table 1. Compared to pure TiO; (115 m?/g) and B-TiO,
(108 m2/g), the surface areas of C-TiO, and (C, B)-TiO, increased
significantly due to their hydrothermal treatment in different solu-
tions. The undoped TiO, and B-TiO, samples were treated in the
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Table 1
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Crystallite size, band gap and textural properties of different samples.

Sample Crystallite size (nm) Specific surface area (m?/g) Pore diameter (nm) Pore volume (cm?/g) Eg (eV)
TiO, 9.9 115 4.2 0.215 3.10
B-TiO, 10.1 108 4.2 0.206 2.95
C-TiO, 9.9 171 2.7 0.219 2.55
(0.16C, B)-TiO, 103 164 3.1 0.212 247
(0.32C, B)-TiO, 10.1 205 3.5 0.234 239
(0.48C, B)-TiO, 9.8 113 32 0.134 1.97
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Fig. 2. Raman spectra (a) and (b) for (0.32C, B)-TiO,.

distilled water, while both C-TiO, and (C, B)-TiO, samples were
hydrothermalled in the presence of glucose solution. The (0.32C,
B)-TiO, sample has the highest BET surface areas of 204 m?/g. How-
ever, the BET surface area of the (0.48C, B)-TiO, sample decreases
intensively to about 113 m?/g, and its pore volume also drops to
0.134 cm3/g, indicating that increased carbon amount might result
in the aggregation of the particles.

Fig. 4(a) shows the XPS spectrum for B 1s of (0.32C, B)-TiO,.
We know that the XPS is a surface inspection measurement. All the
structures detected by the XPS are present on the catalyst surface
or subsurface. The B 1s appears at the binding energy of 189.2 eV
and 191.2 eV, which are ascribed to a substitutional B occupying O
sites (O-Ti-B) and interstitial boron atoms (Ti-O-B) in the bulk of
anatase, respectively [15,27,28]. As it is known that the complete
substitutional B of B-Ti-B bond shows the characteristic peak at
197.5 eV, and the boron oxides of B, O3 presents the peakat 193.0eV
[28]. However, in our investigation the peak shifts from 187.5 to
189.2 eV due to the higher electronegativity of O than B, resulting to

the incomplete substitutional B occupying only one O site to form
the O-Ti-B bond. Identically, the Ti-O-B formation also induces
the peak change from 193.0 to 191.2 eV due to the high electron
supplying capacity of Ti atom. Moreover, the above results are con-
sistent with the DFT calculation results proposed by Di Valentin
et al. [29]. They found both substitutional and interstitial B atoms
are all stable existence in the bulk of anatase after annealing at high
temperature on the basis of DFT calculation. Fig. 4(b) shows the XPS
spectrum for C 1s of (0.32C, B)-TiO,. After using Gaussian peak fit-
ting, the deconvoluted XPS spectra present three peaks at 284.6,
285.3 and 288.2 eV. The lower binding energy at 284.6 eV is associ-
ated with the adventitious elemental carbon [30]. The second peak
at 285.3 eV can be assigned to coke carbon [31], which is confirmed
by the Raman spectra results. The small peak at 288.2 eV suggest
the existence of C=0 and COO [20]. Therefore, there are two differ-
ent carbon species existing in the co-doping samples, one is surface
coke carbon and another is carbonate species. The former is with
major responsibility for its visible light response.
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Fig. 3. TEM image (a) for (0.32C, B)-TiO, and N, adsorption-desorption isotherm (b) and BJH pore size distribution curve (inset) of (0.32C, B)-TiO5.
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Fig. 4. XPS spectra of (0.32C, B)-TiO,: (a) B 1s and (b) C 1s.

The optical properties of different samples were investigated by
the UV-vis absorption spectroscopy as shown in Fig. 5. The band
gaps of samples were also estimated from the intercept of UV-vis
spectra by the equation (Eg =1240/A) (see Table 1). Pure TiO, has
the band energy of 3.10eV, while B-doped TiO, shows a little red
shift to 2.95 eV. The origin of absorption bands in the visible spectral
range for anion doped TiO, specimens remains a hot topic of dis-
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Fig. 5. UV-vis absorption spectra of all samples.

cussion. It was reported that anion modification in titania increased
visible light absorption by the introduction of localized states in
the band gap [32]. While some of studies revealed that intrinsic
defects, including those defects associated with oxygen vacancies,
contributed to the absorption of light in the visible spectral region
[33]. A recent study by Kuznetsov and Serpone has proposed that
the commonality in all these doped titania rested with formation
of oxygen vacancies and the advent of color centers that absorb the
visible light radiation [34]. Gopal et al. have proposed that Batom in
the interstitial position TiO, favors formation of oxygen with two
excess electrons, which would further reduced from Ti** ions to
Ti3* [35]. Therefore we assume that B doping may lead to increase
the formation of oxygen vacancies, which is responsible for the red
shifted optical absorption. However, a noticeable shift of absorp-
tion edge to the visible light region was observed for C-TiO,, and
(C, B)-TiO, samples compared with pure TiO, and B-TiO,. More-
over, the absorption of co-doped sample increases with increasing
of carbon content in the visible light region, which indicates the
carbon dopant is responsible for its strong visible light response.
Our XPS results also demonstrate the presence of substitutional B
atoms and coke carbon, which result in the visible light absorption
and band gap reduction for co-doped samples due to the synergis-
tic effect between substitutional boron and coke carbon discussed
as follows.

3.2. Photocatalytic activity

The visible photocatalytic activity of C and B co-doped TiO,
samples were evaluated by measuring the decomposition of 2,4-
DCP under visible light irradiation (A>420nm) for 5h. P25 as a
typical reference TiO, was used for comparison. Fig. 6(a) shows
the concentration change of 2,4-DCP for different samples against
the reaction time. The photocatalytic degradation of 2,4-DCP with
reaction time is first order as confirmed by the linear transforms
of In(Cy/C)~t shown in Fig. 6(b), from which the apparent rate
constants can be obtained. The apparent rate constants obtained
with various catalyst samples are shown in Table 2. It can be seen
that the degradation rate of pure TiO, and P25 is very low due to
their bigger band-gap energy [36]. After B introduction into TiO,,
its photocatalytic activity has a little increase. That is because of
only a little narrowed band gap caused by the substitutional B dop-
ing (see Table 1). However, after carbon doping, samples exhibit
much higher degradation rates for 2,4-DCP compared with pure
TiO,, P25 and B-TiO,. During the photo-degradation process of car-
bon doped samples, surface coke carbon acted as a photosensitizer,
which can absorb visible light and generate photo-excited elec-
trons. These excited electrons are injected into the TiO, conduction
band (CB) to form Ti3*, 0,*~, *OH and other reactive superoxide
species, resulting in the oxidation of 2,4-DCP as shown in Scheme 1
[37]. Therefore, coke species coating on the surface of TiO are likely
to carry out a charge transfer process and responsible for its pho-
tosensitized photocatalysis. It is noteworthy that the degradation
rate of 2,4-DCP is further enhanced by the carbon co-doped with
boron, and the (0.32C, B)-TiO, presents high photocatalytic activ-
ity. To B and C co-doped TiO,, the boron and carbon synergistic
effect plays an important role in the photocatalytic process. From B
1s XPS results, the presence of substitutional B atoms indicates the
oxygen atom in TiO, is substituted by boron and a narrow substi-
tute band is formed above valence band (VB). Simultaneously, the
sensitization effect of surface coke carbon induces Ti3* level gen-
erated below the CB [35,38]. As a result, the band energy of TiO, is
lowered by a significant shift, which induces the easier transition of
photo-excited electrons from boron dopant level to the Ti3* level as
shown in Scheme 1. Thereby, the carbon sensitization effect com-
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Table 2

The apparent rate constant (k,) of all samples and their comparison with that of P25.

Sample P25 TiO, B-TiO,

C-TiO,

(0.16C, B)-TiO, (0.32C, B)-TiO, (0.48C, B)-TiO,

ka (x1072,h1) 2.32 437 5.79

20.75

22.67 31.55 28.30

Photosensitization

c* C*
;,Visible Light

Ti 3d
Tid*

Visible Light

B-C Synergistic Effect | Coke Carbon

OH

Scheme 1. Mechanism for the synergistic effect of carbon and boron.

bination with boron and carbon synergistic effect are responsible
for its efficient photocatalytic activity of (C, B)-TiO5.

4. Conclusions

Carbon and boron co-doped TiO, photocatalysts with larger sur-
face area were prepared by the gel-hydrothermal method for the
first time. The co-doped TiO, samples exhibit a stronger adsorp-
tion in visible-light region than pure TiO,. To the carbon doped
TiO,, surface coke carbon photosensitization effect is responsible
for its high photocatalytic activity in the visible light irradiation.
When carbon is co-doped with boron, the carbon photosensitiza-
tion and B-C synergistic effects play a major role in its efficient
photo-degradation of 2,4-DCP under the visible light. Furthermore,
the (0.32C, B)-TiO, showed highest photocatalytic activity, which
was eight times higher than that of undoped TiO,.
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