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Iron-carbon-codoped mesoporous titania nanocrystallines were synthesized by a modified sol-gel method based
on the self-assembly technique using polyethylene glycol sorbitan monostearate (Tween 60) as template. The sam-
ples were characterized by X-ray diffraction, Ny adsorption, UV-vis diffuse reflectance spectroscopy, X-ray pho-
toelectron spectroscopy, photoluminescence, electrochemical impedance spectroscopy, and transient photocurrent
responses analysis. The photocatalytic activity of Fe-C-codoped TiO2 nanoparticles were evaluated by the degra-
dation of methyl orange (MO), p-nitrophenol (PNP) and biphenol A (BPA) under visible light irradiation. It
was found that the as-prepared Fe-C-codoped TiOs sample showed excellent photocatalytic activity compared to
undoped TiO2. The highest activity was obtained for Fe-C-codoped TiO2 sample calcined at 520 °C. The enhanced
photocatalytic performances were attributed to the synergetic effects of good crystallizing action, appropriate phase
composition and slow recombination rate of photogenerated charge carriers. Based on the experimental results,
a reasonable photocatalytic mechanism of as-prepared Fe-C-codoped TiO2 photocatalysts was also proposed and

discussed.
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1. Introduction

Nowadays with industrialization and urbanization, the
excessive emission of organic pollutants, heavy metal,
and atmospheric pollutants has become an overwhelm-
ing problem all over the world. On this background,
semiconductor-based photocatalysis technique provides
a “green” method for completely decomposing harmful
contaminants especially some azo dyes and endocrine dis-
rupting compounds [1, 2|. Among the plentiful semicon-
ductor materials, semiconductor TiO, has undoubtedly
proven to be an excellent photocatalyst for the removal
of aqueous pollutants. Nonetheless, due to its wide band
gap (3.20 eV) and fast recombination rate of photoin-
duced electron-hole pairs, TiOs has a low efficiency for
the utilization of solar energy, which limits its practical
application. Therefore, the development of visible-light-
driven (VLD) photocatalysts has attracted great inter-
est [3-10].

In recent years, huge amount of work is published cur-
rently on doped titanias as depollution photocatalysts.
Meanwhile several strategies have been developed to shift
the optical response of TiO5 from the UV to the visible-
light region for more efficient solar energy harvesting, the
most prominent being metal/non-metal doping, metal
deposition, surface sensitization, and coupling in com-
posite semiconductors [11]. In non-metal doping, be-
sides conventional doping by a single type of heteroatom
species [12], co-doped TiO2 with two or more non-metals
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has been confirmed to be an effective way for achieving
higher visible-light photocatalytic activity. For example,
N-C [13], N-B [14], S-N [15] and F-N [16] co-doped TiOq
were reported to significantly enhance the photocatalytic
efficiency under visible light illumination. However, the
surface area of nonmetal doped TiO5 will decrease with
the increase of calcination temperature, which is not fa-
vorable to the catalytic efficiency of the photocatalysts.
In order to further improve the photocatalytic activity,
co-doped titania with combination of metal-nonmetal el-
ements have been conducted. Some studies demonstrated
that the co-doping with transition metal and nonmetal
elements could effectively modify the electronic struc-
tures of TiO9 and shift its absorption edge to a low en-
ergy [17, 18]. Therefore, it would be valuable to take a
choice of co-doping with the two types of ions for get-
ting the visible light-induced photocatalytic activity of
titania. Besides, it becomes a challenge to find a facile,
more cost-effective method for large-scale preparation of
metal-nonmetal codoped mesoporous TiOy materials.

Recently, the use of sol-gel method based on the self-
assembly technique with nonionic surfactant has been re-
ported as an effective approach to synthesize nonmetal-
doped TiO2 [19-21]. Hydrocarbon surfactants can serve
as pore directing agents to control the hydrolysis and
condensation rates of the titanium precursor in the sol
formulation, yielding tailor-designed TiO5 with high sur-
face area, high porosity, small crystal size with narrow
pore size distribution, and high photocatalytic activity
under visible light irradiation. To the best of our knowl-
edge, the synthesis of iron-carbon-co-doped TiOy with a
modified surfactant-assisted sol-gel method has not been
reported yet in the literature.
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In this work, mesoporous Fe—C-co-doped titania photo-
catalyst was synthesized via a combination of a modified
sol-gel process using hydrocarbon surfactants (Tween 60)
as template or nonmetal doping precursor and calcination
treatment technique. Herein Fe—C-codoping was used as
an effective technique not only to extend the visible light
response but also to achieve the optimum anatase/rutile
mixed phase component in crystalline TiO5. All mod-
ern physical methods have been applied to perform the
characterization of the prepared material. The synergy
effect is claimed to be observed between iron and car-
bon dopants. The photocatalytic degradation of typical
pollutants such as MO, PNP, and BPA were selected as
probe reactions to evaluate the photocatalytic activities
of Fe—C-codoped TiO5 sample under visible light irra-
diation. It was shown that the Fe—C-co-doping induces
the red-shift of the absorption spectrum and reduces the
electron—hole recombination, which results in the increase
of the photocatalytic activity compared to pure titania.
Based on above experimental results, a plausible mecha-
nism was proposed to elucidate the facts.

2. Experimental section
2.1. Materials preparation

All reagents used in this work were used as received
without further purification. Millipore Co. MilliQ (MQ)
water with resistivity of 18.0 M{cm was used through-
out the experiment. Titanium(IV) isopropoxide (TIP,
M,, = 284.2, p = 0.954 g/cm?®) and Fe (NO3)3-9H,0
(M, = 404, p = 1.68 g/cm?) were used as the precur-
sors of TiO9, and iron, respectively. A nonionic surfac-
tant Tween 60 (T60, polyethylene glycol sorbitan monos-
tearate, Guoyao Chemical Co.) was employed as the pore
directing agent and carbon precursor in the modified sol—
gel solution. Fe-C-TiO2 nanoparticles were prepared by
the self-assembly surfactant-based sol-gel method under
mild conditions as follows. 10 ml T60 was dissolved in
40 ml isopropyl alcohol (i-PrOH, 99.8%, Guoyao Chemi-
cal Co.) and then 6 ml titanium(IV) isopropoxide (TIP,
97%, Sigma-Aldrich) and 0.40 g Fe (NOg3)3-9H2O were
added into the above solution under vigorous stirring.
Finally, 7 ml acetic acid (AcOH, Guoyao Chemical Co.)
was added into the solution for the formation of water in
the mixture. The sol-gel was aged at 70°C for 24 h. To
synthesize particles, the sol was dried at room temper-
ature for 4 h and then calcined at 400, 520, and 600 °C
for 3 h. For comparison, the control sample was pre-
pared though the same method, without adding the cor-
responding dopants and calcined at 400°C for 3 h. The
catalysts produced are denoted as TiO9, Fe-C-Ti02-400,
Fe-C-Ti02-520 and Fe-C-TiO2-600.

2.2. Characterization

The crystal structures of as-prepared samples were an-
alyzed by the powder X-ray diffraction method (D/MAX-
RB, Rigaku Corporation, Japan) with Cu K, radi-
ation (A = 0.154056 nm). The Brunauer-Emmett—
Teller (BET) surface area, pore volume, porosity, Barret—
Joyner—Halenda (BJH) pore size and distribution (based
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on nitrogen adsorption and desorption isotherms) were
determined by a Tristar 300 (Micromeritics) porosime-
ter analyzer. UV—vis absorption spectra were recorded
using a UV-vis spectrophotometer (Shimadzu 2450PC)
mounted with an integrating sphere accessory employing
BaSO, as white standard. A VG Multilab 2000 elec-
tron spectrometer (Thermo electron corporation, USA)
with Mg K, source was used for X-ray photoelectron
spectroscopy (XPS) measurement. Photoelectrochemi-
cal properties including electrochemical impedance spec-
troscopy (EIS) as well as transient photocurrent re-
sponses analysis were conducted by a standard three-
electrode configuration using an electrochemical work-
station (CHIG60E, Shanghai China). To gain the photo-
electrochemical performance of as-prepared samples, the
sample is dispersed into 0.5 wt% nafion solution to form
a homogeneous suspension (the amount of powder cat-
alyst is adjusted to be 3 mg/ml) which is used as the
precursor for the coating of film on the fluorine-doped
tin oxide (FTO) glass surface by a spin coating method.
Meanwhile, a platinum electrode and a saturated calomel
electrode served as the counter and reference electrode,
respectively. The working electrode was irradiated by in-
cident light (A > 400 nm) through a UV-cutoff filter from
a 300 W xenon arc lamp and 0.5 M NaySO,4 aqueous so-
lution was employed as the electrolyte.

2.8. Photocatalytic reaction

The photoactivity of the catalyst is evaluated using the
photocatalytic oxidation of aqueous methyl orange (MO)
or p-nitrophenol (PNP) as the test reaction. A 300 W
medium-pressure xenon arc lamp with a 400 nm cutoff
filter were placed in front of the reaction vessel to obtain
simulated solar light. For each experiment, 50 mg of pho-
tocatalyst was added to 100 ml of 1075 mol/1 MO solu-
tion stirred with a magnetic stirrer. Herein the used cata-
lyst dosage is not more than 0.5 g/1 to make an optimiza-
tion of the catalysts dose since scattering effects may re-
sponsible for reducing degradation extent at high dosage.
The aerated suspension was first stirred in the dark for
60 min before illumination, which was sufficient to reach
adsorption equilibrium. At the given time intervals, the
sample of 5.0 ml was taken from the mixture and immedi-
ately centrifuged at 10000 r/min for 5 min, then filtered
through a 0.22 mm Millipore filter. The concentration
of aqueous MO was determined with a Hitachi UV-3010
spectrometer by measuring the maximum absorbance at
463 nm. The remaining percentage of MO was deter-
mined by the formula: Removal% = (Co—C)/Cp x 100%,
where Cy and C represent the initial and residual concen-
trations of MO dye. Since PNP shows a major absorption
band centered at 317 nm, the progress of photocatalytic
degradation was monitored through measuring the tem-
poral spectral traces during the course of the photodegra-
dation reaction. The chemical oxygen demand (COD) of
biphenol A (BPA) or MO solution was measured by a rep-
resentative chemistry method (KoCroO7-AgsSO,). The
removal of COD (W) was calculated according to the fol-
lowing formula: W% = [COD, — COD,]/COD, x 100%,
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where CODg and COD; represent the COD of BPA or
MO solution before and after illumination, respectively.
All reported data were the average values of three parallel
determinations.

2.4. Hydrozyl radicals (¢ OH) determination

The active species produced on the catalyst surface is
measured by means of photoluminescence (PL) method
using terephthalic acid as indicator, which involves the
formation of hydroxyl radical (éOH). The ¢OH radicals
can react with terephthalic acid (TA) in basic solution
to generate 2-hydroxyterephthalic acid, which emits a
unique fluorescence signal with an emission peak at ap-
proximately 426 nm.

3. Results and discussion
3.1. Phase composition

The photocatalytic activity of catalyst was greatly af-
fected by its crystal structure and phase composition.
Generally, TiO4 has three crystallite phases, whereas the
anatase phase is reported with high photocatalytic activ-
ity than rutile or brookite phase with limited activity [22].
Therefore, phase composition of the as-prepared pure
TiOs and Fe-C-codoped TiOs, were analyzed by routine
XRD technique. Figure 1 shows the effect of calcination
temperature on the phase structures of as-prepared cat-
alysts. For the reference TiOs and the Fe-C-TiO5-400
samples, the major crystalline phase detected was pure
anatase according to the standard data (JCPDS card
numbers 21-1272). By comparison, the annotated pat-
terns of the Fe-C-Ti03-520 and Fe-C-Ti02-600 samples
are similar since both of them contain the anatase/rutile
mixed phases of TiOg, the main peak of the rutile phase
being located at 20 = 27.32° (110 plane) according to the
known database (JCPDS no. 21-1276), while the remain-
ing characteristic peaks located at 260 = 36.3°, 41.4°, and
56.9° can be ascribed to (101), (111), and (220) planes,
respectively.
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Fig. 1. XRD spectra of as-prepared catalysts obtained

at different calcination temperature. (a) reference TiOs2,
(b) Fe-C-Ti02-400, (c¢) Fe-C-TiO2-520 and (d) Fe-C-
TiO2-600.
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It can be found that the calcination temperature ob-
viously influences the crystallization and phase composi-
tion of the TiOy nanoparticles. At 400°C, only anatase
TiO4 crystal phase could be identified in Fe-C-TiO5 and
reference TiO, samples and no other crystal phases could
be resolved. The absence of reflections from the dopants
can be attributed to their low concentration or these
species were highly dispersed since X-ray powder diffrac-
tion is unable to detect lower percentages than 5% of
an impurity or crystalline phase [23], and the incorpo-
rated amount of Fe is not more than 5 mol% Fe:Ti in
the current Fe-C-codoped TiO; samples. In addition,
the width of the (101) plane diffraction peak of anatase
(260 = 25.3°) becomes sharp as the calcination temper-
ature increases and the corresponding peak intensities
of anatase enhanced for the iron-carbon-codoped titania
samples.

Nonetheless, the rutile phase appears when the calcina-
tion temperature reached to 520°C, and a large number
of rutile phase emerges when the calcination temperature
was further elevated to 600 °C. Since rutile is thermody-
namically more stable than anatase at high temperatures,
a certain amounts of rutile TiO4 is produced naturally as
secondary products. Usually, the phase transformation
for anatase to rutile occurred at about 550°C, whereas
there already exists considerable rutile phase when calci-
nation temperature was fixed at 520 °C. Therefore, it can
be deduced that the presence of dopants favor the phase
transformation from anatase to rutile during the ther-
mal treatment in some degree. The mixture of anatase
and rutile phases was found to significantly improve the
photocatalytic activity of pure anatase in some catalytic
applications [22].

For example, Degussa P-25, as a commercial photocat-
alyst consisting of an anatase—rutile proportion of 70/30,
is more active than pure anatase. It has been proposed
that both the photocatalytic activity and the efficiency
of mixed phase (rutile and anatase) TiO2 were enhanced
due to synergic interactions between the two phases,
which leads to spatial charge separation and hindered
recombination [24]. The rutile and anatase contents in
the as-prepared Fe-C-TiOy samples can be estimated us-
ing the Spurr equation

1
Mr = T 08maon Iaaio) ~ 100% (L)

1

1+ 0.8[14(101)/Ir(110)]
where Mr and M4 are, respectively, the mass fraction
of rutile and anatase in the composite sample, Iz and
14 are the integrated intensities of the main peaks of
rutile (110) and anatase (101), respectively. The phase
content of the Fe-C -Ti0,-520 is estimated to be 62.8%
anatase and 37.2% rutile, whereas Fe-C-Ti03-600 sample
contains 39.9% anatase and 60.1% rutile according to the
above formula. The average grain size of Fe-C-codoped
TiO4 or pure TiO5 sample was estimated from the Scher-
rer equation based on the anatase (101), rutile (110) main

M, = 100 x 100%,  (2)
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diffraction peaks along with the relative phase content.
The results were 19.8, 28.7, and 37.6 nm for the as-
prepared Fe-C-TiO3-400, Fe-C-Ti0O2-520 and Fe-C-TiO,-
600 samples (shown in Table I), respectively, which is
increased as the calcination temperature increases.
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Fig. 2. Ng adsorption—desorption isotherms (a) and

pore size distribution (b) of the as-prepared Fe-C-TiO-

samples calcined at different temperatures.

TABLE I

Crystalline size a [nm|, phase composition, Sprr [m?g ™|
values and average pore size d [nm| of the Fe-C -TiOz-n

samples.
n Phase comp. SBET d a
TiO2 (ref.) anatase 24.1 4.97 | 46.3
400 anatase 98.5 6.54 | 19.8
520 62.8%A /37.2%R | 67.0 8.90 | 28.7
600 39.9A/60.1%R 28.6 10.92 | 37.6

As shown in Fig. 2, the BJH pore size distribution of
as-prepared Fe-C-Ti02-400 catalyst was relative narrow
implying good homogeneity of the pores and the pores
were mainly in the range of 0-15 nm indicating the ex-
istence of mesoporous structures. With the calcination
temperature increase, the BJH pore size distributions of
the as-prepared Fe-C-TiO- catalysts displayed in the in-
set of Fig. 2 exhibit a steady shift toward larger pores
which can be attributed to the severe collapse of the ini-
tial porous structure occurring as the calcination temper-
ature increases.

It has been already known that the surface area plays
a necessary role in the photocatalytic activity of TiOa,
and the adsorption is the prerequisite condition since any
surface reaction in the adsorbed phase should have ad-
sorption as the first step and dye molecule adsorption
on the sample will be promoted due to notable effect
of Fe-C-codoping in TiOy catalyst. In the present case,
Fe-C-TiO5 sample calcined at 400 °C gives a largest spe-
cific surface area among all the catalysts and the value
is 98.5 m?/g. However, the specific surface area starts
to drop with increase of calcination temperature due to
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the growth of TiOs crystallite. At 600°C, the specific
surface area decreased to a value of 28.6 m?/g. It can
be simply found that all samples demonstrate a mono-
tonic increase in the average pore size with increase of
calcination temperature. These results indicate that the
calcination temperature greatly affects the physical or
structural properties of TiO;. Overall, the crystallite
sizes of the samples after carbon and iron modification
were smaller than that of reference TiOs. Since photo-
catalytic reactions are believed to take place on the il-
luminated surface, the smaller crystallite sizes or greater
surface area will consequently help rapid mass transfer of
the adsorbed molecules from bulk solution onto the cat-
alyst surface, causing the photocatalytic process to be
accelerated in a certain degree.

8.2. Optical properties and XPS, PL characteristics

Figure 3 shows the UV-vis absorption spectra of the
reference TiO5 and various Fe-C-TiO5 samples. The typ-
ical onset of absorption near 387 nm can be assigned to
the intrinsic band gap absorption of pure anatase TiOo
(E4 =~ 3.2 €V) and thus the absorption of reference TiO,
is limited only to the ultraviolet light region. The ref-
erence TiOs shows intense absorptions in the UV range,
but poor absorption in the visible range, whereas the
absorption threshold values of the Fe-C-codoped TiO9
nanoparticles prepared by modified sol-gel method are
extended up to the visible light region. It can be seen
that there is a moderate shift in the onset absorption to-
ward the longer wavelength for the Fe-C-TiO5 samples.
The reason may be due to the new electronic state in
the middle of the TiOy band gap, charge-transfer tran-
sition between the d electrons of the dopant and the CB
of TiO3, the narrowed band gap resulted by C-doping,
allowing visible light absorption [25].
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Fig. 3. UV-vis absorption spectra of reference TiOq

and Fe-C-TiO2 samples obtained with different calci-
nation temperature.

It has been reported that non-metal elements could
reduce the band gap energy of TiOs by mixing their p
orbital of non-metal with O 2p orbital via substitution of
crystal lattice O or Ti to dopant species and the doping of
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Fig. 4. High resolution Ti 2p core level spectrum of the
Fe-C-codoped TiO; sample calcined at 520 °C (inset: C
1s and Fe 2p core level spectra).

various transitional metal ions into TiO5 could shift its
optical absorption edge from UV to visible light range
without a prominent change in TiO, band gap. More-
over, the carbonaceous species as photosensitizer might
result in the extended band tailing. It has been accepted
that metal doping can introduce a new dopant energy
level into the band gap of TiO3, close to and above the
valence band [26, 27]. Therefore, the red shift of the
absorption edge for the Fe-C-TiOy samples can be as-
cribed to electronic transitions from the dopant level to
the conduction band of TiOy partly. From our results,
the absorption intensity of Fe-C-TiO9 samples in the vis-
ible light region increased with the annealing tempera-
ture increase, which demonstrated that Fe-C-co-doping
can effectively improve the absorption of visible light.

In the present case, co-doping facilitates the transfor-
mation from anatase to rutile phase to a certain extent,
which is another reason for the red shift since the rutile
phase has a band gap smaller than that of the anatase
phase. The red shift in the visible range is of practical
importance since an efficient utilization of visible light
for photocatalytic degradation reactions will be possible.
The enhanced ability to absorb visible light makes the as-
prepared Fe-C-TiOy an effective photocatalyst for solar
driven application.

The XPS investigation was conducted for representa-
tive Fe-C-Ti05-520 sample and the core level spectrum
of Ti 2p is given in Fig. 4. It can be found that two
peaks ascribed to Ti** 2p; 5 and Ti*T 2ps 5 are located
at 464.1 eV and 458.4 €V, respectively, which show slight
shift to lower binding energy compared with those of pure
TiOy (464.3 €V and 458.6 €V) [25]. This is probably at-
tributed to the change of chemical environment after C
doping. It is known that the binding energy of the ele-
ment is influenced by its electron density. A decrease in
binding energy implies an increase of the electron density.
The electrons of C atoms may be partially transferred
from C to Ti and O, due to the higher electronegativ-
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ity of oxygen, leading to increased electron densities on
both Ti and O. The increase in electron density in the
conduction band upon substitution of Ti** with Fe3*
brought about corresponding increase in the generation
of surface state of Ti**. The existence of the Ti** sur-
face state would retard the recombination of the h™ /e~
pairs to increase the lifetime of the charge carriers [28].

Besides, the high-resolution XPS spectrum of the C 1s
region was depicted in inset of Fig. 4. It can be seen that
C 1s spectrum spans over a broad energy range from 277
to 290 eV, which can be well separated to two peaks. The
first peak at 284.8 €V can be assigned to adventitious hy-
drocarbon or carbon residues from the XPS instrument
itself. The second peak at 288.8 €V can be attributed to
the appearance of C=0 bonds arising from the formation
of carbonated species, whereas the underlying carbona-
ceous species incorporated could act as photosensitizer
to induce the visible-light absorption and response. Nor-
mally, the C=0 band at 288.8 eV has been considered
as the formation of Ti-O-C bond due to the substitu-
tion of carbon for some of the lattice Ti atoms, though
this peak may come from the surface functional group of
carbon black. The peak at around 281.5 €V reported as
Ti—C bond was not observed in the Fe-C-TiO5 sample,
which suggests that carbon did not substitute for oxy-
gen atom in the lattice of TiO9 in the current system.
The Fe 2p core leve spectrum was also shown in inset of
Fig. 4, which demonstrates a main peak of 711.4 eV. It is
reported that the binding energy in Fe 2p3/, region was
located at 710.8 and 711.1 eV in the formation of Fe3Oy4
and FeyO3 [28]. Therefore it is proposed that Fe species
did not exist as oxide but inserted interstitial position
of TiOs by coordinating to O atoms. This peak shows
that Fe existed in the 3+ oxidation state (Fe3*). Low-
lying Fe3T level can be deemed responsible for the weak
signals. The shift of electrons binding energy as com-
pared to that in Fe;O3 (711.1 eV for Fe 2p3/5) indicated
the successful Fe3t incorporation into the lattice of TiO5
nanoparticles to form Fe-O-Ti bonds in the sample [28].

The XPS results verify that Fe and C were success-
fully co-doped into the TiO5 lattice. The photoinduced
charge separation rate is characterized by photolumines-
cence (PL) emission spectrum and it will help with dis-
cussion of results. If separation of electron—hole pairs has
been enhanced relative to the pure counterparts, inten-
sity of it should be lower than those of the other sam-
ples [29].

Figure 5 illustrates that the PL spectra of reference
TiOg and Fe-C-TiO2 samples calcined at 400, 500, and
600 °C in the range of 350-600 nm under a 300 nm wave-
length excitation source, respectively. As is displayed,
reference TiOs has the greatest intensity implying the
rapid combination of electrons and holes, which means
that electrons and holes in single-phase anatase TiO9
matrix are easy to recombine. For comparison, the as-
prepared Fe-C-TiO5 samples show slight decrease in PL
intensity since doped species which act as electron trap-
ping site can enhance the charge separation and suppress
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Fig. 5. The photoluminescence spectra for reference

TiO2 and Fe-C-TiO2 samples calcined at different tem-
peratures.

the recombination between electrons and holes. More-
over, Fe-C-Ti03-520 and Fe-C-TiO5-600 samples show
efficient quenching of photoluminescence because of the
formation of mixed anatase/rutile phases. The gener-
ated electrons will automatically drift from the conduc-
tion band of light-activated anatase to that of rutile from
the thermodynamic consideration and thus the weak-
ened intensity can reflect decrease in electron—hole re-
combination rate. In the present case, Fe-C-Ti03-520
sample with phase content of 62.8%A /37.2%R. exhibits
an optimum composition due to the lowest PL intensity
and the lifetime of electron—hole pairs will be long lived.
The more effective electron—hole separation of the Fe-C-
codoped TiO, samples will be expected to improve the
catalytic activity and benefit the photocatalytic degra-
dation reaction. From this point of view, Fe-C-Ti02-520
sample will be expected to possess the best photocat-
alytic performance.

3.8. Photoelectrochemical measurements

The transient photocurrent responses of different elec-
trodes can be recorded via several on-off cycles of irradia-
tion and the results are shown in Fig. 6. As can be seen,
reference TiOs almost does not response to simulated
visible light (A > 400 nm) because the wavelength em-
ployed is insufficient to activate the undoped TiO, and
the corresponding current intensity for TiOs electrode
is close to zero. For comparison, in each Fe-C-codoped
TiO5 sample there exists an anodic photocurrent peak,
which decays rapidly followed by a steady current, ap-
pears at the initial time of irradiation. When the light
is interrupted, the holes accumulated in the surface state
still continue to recombine, and a cathodic peak is ob-
served. It is discernible that each sample was prompted
in generating photocurrent with a reproducible response
to on-off cycles, demonstrating the effective charge trans-
fer and successful electron collection. In comparison with
pure anatase Fe-C-TiO2-400 sample, mixed-phase Fe-C-
codoped TiO5 sample exhibited an increased photocur-
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rent density. The photocurrent density of the Fe-C-TiO5-
520/FTO is greater than 0.045 mA cm ™2, whereas that of
Fe-C-Ti02-600/FTO and Fe-C-TiO2-600/FTO are 0.024
and 0.005 mA cm™2, respectively. The photocurrent of
the Fe-C-Ti02-520 sample is about nine times as great
as that of pure anatase Fe-C-TiO2-400 sample. The pho-
tocurrent improvement indicated a higher separation effi-
ciency of photo-induced electron and holes, which partly
attributes to the synthetic interaction between rutile and
anatase phase in Fe-C-Ti02-520 and Fe-C-TiO2-600 sam-
ples. As a result, the recombination of photogenerated
charge carriers was inhibited. According to the results of
these photocurrent experiments, it was considered that
the introduction of a mesoporous structure decreased the
electron and hole recombination rate and the mesostruc-
ture of Fe-C-codoped TiO5 may be favorable for the inter-
facial separation of electron—hole pairs, which facilitate
charge transport reflection over longer distances. There-
fore, the mesostructure is beneficial for multiple reflec-
tions by incident light.
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Fig. 6. Transient photocurrent response of the as-
prepared reference TiO2 and Fe-C-TiO2 samples under
simulated visible light irradiation.

To provide additional evidence for the above mech-
anism, electrochemical impedance spectroscopy (EIS)
were carried out under dark condition. The separation
and transfer of electron and hole pairs was identified us-
ing EIS method [30]. The radius of the arc on the EIS
Nyquist plot reflects the reaction rate occurring at the
surface of electrode. The smaller the radius of the EIS
Nyquist plot, the lower the electric charge-transfer resis-
tance is.

It can be seen from Fig. 7 that the arc radii of the sam-
ples are arranged similar to the trend of the photocur-
rent. Fe-C-TiO2-520 shows the smallest arc radius, which
further confirms that the Fe-C-Ti05-520 electrode has a
higher separation efficiency of photo-generated electron—
hole pairs and faster charge-transfer than the other sam-
ples at the solid-liquid interface. Therefore, the results
confirm that the Fe-C-co-doped TiO4 samples, especially
Fe-C-Ti02-520, can effectively inhibit the recombination
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Fig. 7. Nyquist impedance plots of the as-prepared ref-
erence TiOz and Fe-C-TiO2 samples in 0.5 M Na2SOy4
aqueous solution.
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Fig. 8. The degradation conversions of MO (a) using
different catalysts under simulated visible light irradia-
tion (A > 400 nm), (b) plots of In(Co/C') of MO as well
as linear fit against reaction time and (¢, d) temporal
spectral traces during the course of the photodegrada-
tion of MO and PNP with Fe-C-TiO2-520 sample.

of photo-induced electron—hole pairs, which in turn leads
to the high photocurrent response and improved activity
in photocatalytic reaction.

3.4. BEvaluation of photocatalytic activity

Photolysis tests were carried out as a control exper-
iment including the dark adsorption results. The pho-
tocatalytic performances of as-prepared catalysts toward
the decomposition of MO under simulated visible light
irradiation were shown in Fig. 8. Before the light switch
on, the MO adsorption ability of TiO5 catalysts was mod-
erately improved after Fe-C-co-doping, which is probably
due to the larger Sgrr. Control experiment results im-
plied that the MO degradation performance can be ig-
nored in the absence of either irradiation or photocata-
lyst, indicating that MO was degraded via photocatalytic
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Fig. 9. COD removal of MO and BPA photolyzed over
as-prepared Fe-C-codoped TiOs samples under simu-
lated visible light irradiation (A > 400 nm) for 1.0 h
(a), trapping experiment of active species during the
photocatalytic degradation of MO using Fe-C-TiO2-520
catalyst (b) and change of fluorescence spectrum with
addition of Fe-C-Ti0-520 catalyst in 3.0x10~*M basic
solution of terephthalic acid (c).

process. Thus the result indicates self-photodegradation
of MO or dye-photosensitized reaction is almost negli-
gible in the current situation. Also adsorption of the
organic substrate is not a crucial process. Generation of
reactive oxygen species, usually responsible for the pol-
lutant degradation, does not require adsorption of the
organic molecule, and this issue will be discussed later.
The photocatalytic efficiency of MO over the above
samples for such kind of experiments was shown in
Fig. 8a. It can be seen that the Fe-C-TiO2-520 and Fe-
C-Ti0O2-600 catalysts display high photocatalytic activ-
ity, as almost 96% and 77% of MO was degraded for
only 60 min, respectively. That is, during 60 min pho-
tocatalysis the Fe-C-TiO2-520 sample was able to com-
pletely bleach MO dye and the color of MO solution re-
mained obvious after the adsorption process of MO by
catalyst while it disappeared absolutely after the photo-
catalytic reaction. By comparison, Fe-C-TiO2-400 and
reference TiOs only resulted in a partial and negligi-
ble decomposition, respectively. The kinetic behaviors
of photocatalytic decomposition of MO treated with as-
prepared samples under simulated light source were ex-
plored by using the Langmuir-Hinshelwood model, given
as: In(Cy/C) = kt, where C' is the dye concentration at
fixed time t, Cy is the initial concentration of the dye
solution, and k is the pseudo-first order rate constant.
The linear plot between In(Cy/C) and time ¢ of light
exposure for all the used catalysts are shown in Fig. 8b.
The reaction rate of the MO decomposition over Fe-C-
Ti0,-520 sample is estimated to be about 0.052 min—!,
which is about two and four folds higher than that of
Fe-C-Ti02-600 (k = 0.024 min~!) and Fe-C-TiO2-400
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(k = 0.012 min~1!), respectively. The reaction rate of
Fe-C-Ti05-520 sample is far beyond than that of refer-
ence TiOz (k = 0.0007 min~!) based on kinetic theories
for catalytic reactions. For the Fe-C-TiOs sample, the
sample calcined at 520 °C shows the highest photocalytic
activity, which reached to the 96% after the irradiation
for 60 min. With the calcination temperature increase to
600 °C, the degradation rate of methyl orange decreased.
For TiO, catalysts, the activities were further improved
by Fe-C-co-doping. This is probably due to the syner-
gistic effect of co-doping which improved the Spgr, en-
hanced absorption of visible light, and inhibited the re-
combination of photoinduced electron—hole pairs.

The excellent photocatalytic performance for the Fe-
C-co-doped TiOy samples especially for Fe-C-TiO2-520
sample can be attributed to the following factors. One is
that Fe-C-TiOs calcined at 520 °C has a mesoporous and
mixed-phase structure, which favors interfacial charge
transfer and catalytic reaction, but further increased
calcination temperature will lead to the sintering and
growth of TiO4 crystallites resulting in the significant de-
crease of surface area of the Fe-C-TiO2 sample. Another
is that the Fe-C-TiO3-520 sample has a lowest PL inten-
sity or a highest photocurrent response due to a decrease
in the recombination rate of photogenerated electron—
holes and effective charge separation under light irradia-
tion. These causes may result in the superior photocat-
alytic activity for Fe-C-Ti02-520 sample.

Furthermore, changes in the absorbance profiles of MO
solution in the presence of Fe-C-TiO3-520 sample under
simulated visible-light irradiation are shown in Fig. 8c.
Two characteristic peaks (273 nm, 463 nm) are observed,
and maximum absorption occurs at 463 nm. With the ir-
radiation time increase, the peaks at 273 nm and 463 nm
reduced quickly. The band at 273 nm and 463 nm be-
came very weak in 60 min, suggesting almost complete
photodegradation of MO.

In order to exclude the dye sensitization under visible
light, degradation of typical colorless organic contami-
nant is a good choice. In this regard, aqueous PNP was
selected as a model pollutant to estimate the photocat-
alytic performance in our study. The photodegradation
process of PNP under visible light irradiation over Fe-C-
TiO2-520 catalyst is given in Fig. 8d, which illustrates
temporal evolution of the spectral changes during pho-
todecomposition of PNP. It displays that the main peak
intensity of PNP at 317 nm decreased obviously with in-
crease of irradiation time, suggesting that PNP can be
effectively decomposed over Fe-C-Ti0O2-520 catalyst un-
der visible light. Because colorless PNP cannot sensitize
photocatalyst, this can be used a forceful proof to confirm
the photocatalytic activity of the representative Fe-C-co-
doped TiOs (Fe-C-Ti0O2-520) catalyst.

Additional test such as COD analysis was applied for
approved mineralization of degradation products. An ap-
propriate substrate can be used for the evaluation of pho-
tocatalytic reaction, which usually refers to a colorless
pollutant such as BPA. In order to further evaluate the
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photocatalytic performance, the removal of COD for MO
and BPA after 1.0 h irradiation was investigated and is
shown in Fig. 9a. It was found that the COD removal
efficiency was 32.0 = 77.0% after 60 min. It is easy to
found that the COD removal efficiency for MO removal
was lower than the corresponding degradation efficiency
(by ca. 20%) within the studied reaction period. These
results further indicated that MO dye was oxidized via a
number of intermediates prior to its final product of CO5.
As is displayed, it is clear that the removal efficiency
of COD for BPA or MO was increased in the presence
of these catalysts with the order following Fe-C-TiO2-
520 > Fe-C-Ti02-600 > Fe-C-Ti02-400. The efficiency
of COD removal was strongly affected by the structure
and physical properties of Fe-C-co-doped TiOy samples,
whereas the COD removal rates were similar to degrada-
tion of BPA or MO by Fe-C-Ti0O2-520 alone. The result
confirms the superior photocatalytic properties of Fe-C-
Ti02-520 than other Fe-C-co-doped TiOs samples, and
BPA or MO can be effectively decomposed to smaller or-
ganic molecules such as carbonate, CO5 and other harm-
less or less harmful inorganics at last.

3.5. Photocatalytic mechanism

It is already accepted that lots of reactive oxygen
species (ROSs) including h™, eOH and eO3 perhaps in-
volved in photocatalytic oxidation process [31, 32]. Three
factors, namely surface area of the photocatalyst, light
absorption capability, and charge separation or transfer
are of paramount importance for the efficient degrada-
tion reaction. High surface area in codoped TiOs can
be effective in increasing the absorption of the reactants
on the active sites as compared to reference TiO5. How-
ever, Fe-C-Ti02-400 exhibits the highest surface area but
the activity is lower than the Fe-C-Ti02-520 suggesting
that the surface area is not the major reason for the en-
hancement. Radiative recombination of photogenerated
charges is the most important factor that is responsible
for the observed advanced catalytic activity. In this re-
gard, increase charge separation is also held liable for the
higher activity for the codoped TiO,. Compared with
reference TiOg, there is reduction in emission intensity
for Fe-C-codoped TiO2 and intensity is further decreased
for Fe-C-Ti0O2-520. This shows that upon codoping the
radiative recombinations of charge carrier is considered
to be decreased due to their trapping in the dopant sites
or effective charge transfer take place from interface be-
tween anatase and rutile. Therefore, radical and hole
trapping experiments were undertaken to verify the exis-
tence of oxidative species and to reveal the internal mech-
anism. The experimental procedure is similar to photo-
catalysis reaction. In brief, 0.60 mM tert-butanol (TBA,
a quencher of ¢OH), sodium azide (NaNj, a quencher of
10,), ammonium oxalate (AO, a quencher of h™), and
formic acid (HCOOH, a quencher of ¢O; ) were added to
MO solution. As shown in Fig. 9b, compared to without
any scavenger on this occasion, the photocatalytic ac-
tivity in Fe-C-TiO5-520 catalytic system is greatly sup-
pressed by the addition of TBA (eOH radical scavenger )
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and AO (hole scavenger), indicate the main roles of ¢OH
and h™ for MO degradation. The addition of HCOOH
which acting as a sacrificial electron donor (eO; radi-
cal scavenger) and NaNj3 (105 scavenger) exerted only a
feeble influence in PCO process of MO, suggesting that
¢0; and 'O, played comparatively minor role for MO
degradation. It is clear that the degradation of MO
was restrained in the presence of these scavengers with
the order of significance following TBA>AO>HCOOH
>NaN3. Thus, it is postulated that eOH followed by h™
significantly contributed to the degradation of MO, while
the roles of #O; and 'O, was less significant. On the
basis of the experimental observations, a tentative mech-
anism for photocatalytic degradation of dye may be pro-
posed as below. Dissolved oxygen reacts with the electron
located in the conduction band of semiconductor form-
ing oxygen radical anion. This radical anion reacts with
proton forming hydrogen peroxide radical, which in turn
will oxidize the dye to its leuco form. This leuco form
ultimately degrades to the products. Also ¢O; radicals
formed in-situ during the reaction, leading to termination
of the chain reaction to successfully produce hydroxyl
radicals. Thus it was confirmed that eOH radical does
act as main oxidizing species, as the reaction rate greatly
affected in the present of «OH radical scavenger, TBA.

In order to further detecting hydroxyl radicals by em-
ploying terephthalic acid as a probe molecule, photolu-
minescence (PL) data should be provided since «OH was
speculated as the predominant active species that partic-
ipate in the reaction. The eOH radicals can react with
terephthalic acid (TA) in basic solution to generate 2-
hydroxyterephthalic acid, which emits a unique fluores-
cence signal with an emission peak at approximately 426
nm. The fluorescence intensity is directly proportional to
the amount of OH radicals formed in water. It can be
seen from Fig. 9c that Fe-C-TiO3-520 catalytic system
can produce eOH after illumination and the fluorescence
intensity of PL signal at 426 nm increases along with
irradiation time. This suggests that the fluorescence is
caused by chemical reactions of TA with eOH formed in
Fe-C-Ti02-520 catalytic system, while the fluorescence
intensity was proportional to the amount of eOH pro-
duced. Hence, #OH is the reactive oxygen species to get
rid of MO straightforward.

4. Conclusions

We have synthesized the iron and carbon-codoped
mesoporous TiOs nanocrystallines as novel catalysts by a
modified sol-gel method based on the self-assembly tech-
nique using polyethylene glycol sorbitan monostearate
(Tween 60) as template. The presence of carbon and iron
species have been inferred to play a key role in extending
the photoactivity to visible light region, effectively nar-
rowing the band gap, and inhibiting the recombination
of excitions. The high photoactivity of the Fe-C-TiO2
can be attributed to the large surface area, the red shift
in adsorption edge, and low recombination probability of
electron/hole pairs. The results presented in this work
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demonstrate that simultaneous carbon and iron doping
is an ideal route for the development of effective photo-
catalyst performing under visible light illumination. The
mesoporous Fe-C-codoped TiOs is a promising photocat-
alytic material which has good potential for environmen-
tal remediation.
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