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Phase Characterization of TiO, Powder by XRD/and TEM

Kheamrutai Thamaphat'*, Pichet Limsuwan' and Boonlaer Ngotawornchai?

ABSTRACT

In this study, the commercial TiO, nanopowder and micropowder of anatase phase and rutile
phase have been characterized by x-ray diffraction (XRD) and transmission electron microscopy {TEM),
XRD patterns of nano-TiO, in rutile and anatase phases exhibit broad peaks whereas both phases of
micro-TiO, demonstrate very sharp peaks. TEM images show that the grain size of TiO, micropowders
and TiO; nanopowders are 0.3-0.7 um and 10 nm, respectively. The selected-area electron diffraction
patterns of TiO, nanopowders in rutile and anatase phases are consistent with XRD results.

Key words: TiO,, anatase, rutile, micro and nanopowders, TEM, XRD

INTRODUCTION

Titanium dioxide or titania (TiO,) was
first produced commercially in 1923. Itis obtained
from a variety of ores. The bulk material of TiO,
is widely nominated for three main phases of rutile,
anatase and brookite (Kim ef al., 2005). Among
them, the TiO, exists mostly as rutile and anatase
phases which both of them have the tetragonal
structures. However, rutile is a high-temperature
stable phase and has an optical energy band gap
of 3.0 eV (415 nm), anatase is formed at a lower
temperature with an optical energy band gap of
3.2 ¢V (380 nm) and refractive index of 2.3 (Brady,
1971).

TiO, is mainly applied as pigments,
adsorbents, catalyst supports, filters, coatings,
photoconductors, and dielectric materials. In
recent years, TiO, has been well known as a
semiconductor with photocatalytic activitics and
has a great potential for applications such as
environmental purification, decomposition of

carbonic acid gas, and generation of hydrogen gas
(Zhang et al., 2000). In most of these cases, the
size of the TiO, particles is an important factor
affecting the performance of the materials. It is
not surprising; therefore, that much research has
been focused upon the reduction of the particle
Much effort has been devoted to the
preparation of TiO, nanopowders, including sol-

size.
gel route, homogeneous precipitation,
hydrothermal methods, flame synthesis and
relatively new molten salts method (Bilik and
Plesch, 2007). They were usually found that
different routes often produced different results.
Even for the same route, using different amount
of the starting materials, the obtained powder size
is different (Li ef al., 2002),

Consequently, phase and particle size are
the important parameters that influence physical
propertics of material. Several techniques could
be used for the investigation of them. However,
the particle size determination can be based on
direct observation of particles by transmission

! Department of Physics, Faculty of Science, King Mongkut’s University of Technology Thonburi, Bangkok 10140, Thailand.
2 Scientific and Technological Research Equipment Centre, Chulalongkorn University, Bangkok [0330, Thailand.

Corresponding author, e-mail: opticslaser@yahoo.com
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electron microscopy (TEM) or scanning electron
microscope techniques, in this case, we can also
receive the important information on the shape of
particles. Data on particle size can be obtained by
X-ray diffraction (XRD) technique as the particle
size is related to the diffraction peak broadening.
It is important to note that TEM and XRD methods
allow not only to measure the particle size, but
also to identify crystalline phases.

MATERIALS AND METHODS

Four commercial TiO. samples used in
this experiment were provided by Aldrich: (i)
99.7 % anatase, nanopowder; (ii) 99.8 % anatase,
micropowder; (iii) 9.5 % rutile, nanopowder; (iv)
99.9 % rutile, micropowder.

XRD measurements were performed on
the Bruker D8 Advance diffractometer operating
in the reflection mode with Cu-Kq radiation (35
kV, 30 mA) and diffracted beam monochromator,
using a step scan mode with the step of 0.075°
(28) and 4 s per step. Diffraction patterns of both
anatase and rutile TiO, powders were compared
with reference to JCPDS database. Additionaily,
the morphology of the powder was observed by
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Figure I X-ray diffraction of rutile TiO, (a)
micropowders and (b) nanopowders.

TEM with a JEOL JEM-2100 ultra high resolution
TEM operating at 160 kV,

RESULTS AND DISCUSSION

XRD

XRD patterns of nano-TiO, and micro-
TiO; in rutile and anatase phases are shown in
Figure 1 and Figure 2, respectively, In Figure 1,
XRD patterns exhibited strong diffraction peaks
at 27°, 36° and 55° indicating TiO, in the rutile
phase. On the other hand, in Figure 2, XRD
patterns exhibited strong diffraction peaks at 25°
and 48° indicating TiO, in the anatase phase. All
peaks are in good agreement with the standard
spectrum (JCPDS no.: 88-1175 and 84-1286).
From Figure 1 and Figure 2, they were shown that
the diffraction pattern peak intensity of the Ti0,
increases with increasing particles size. These
results suggested that the nano-TiO, powder is
composed of irregular polycrystalline. Amorphous
revealed a broad pattern with low intensity:
however, the effect of the amorphous materials on
the broadening of the XRD patterns of nanosized
TiO, is negligible.
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Figure 2 X-ray diffraction of anatase TiO, (a)
micropowders and (b) nanopowders.



Kasetsart J. (Nat. Sci.) 42(5) 3359

TEM

TEM was used to further examine the
particle size, crystallinity and morphology of
samples. TEM bright ficld images of TiO,
micropowders in rutile and anatase phases are
shown in Figure (3a) and (4a), respectively. It is
clearly seen that the TiO, powders in rutile phase
consist of both spherical and rod shapes but the
particle of TiO, powders in anatase phase are
mostly spherical morphology. Furthermore, it can
be estimated that the particle size of samples in
Figure (3a) and (4a) are microscale with the grain
size about 0.3-0.7 um.

TEM bright field images of TiO,
nanopowders in rutile and anatase phases are
shown in Figure (3b) and (4b), respectively. It can
be estimated that the particle size of powders in
Figure (3b) and (4b) are nanoscale with the grain
size lese than 10 nm. The corresponding selected-
area electron diffraction (SAED}) patterns of nano-
TiO, powders in rutile and anatase phascs are
shown in Figure (3c) and (4c¢), respectively. These
are in agreement with XRD results in Figure (1b)
and (2b), respectively. In Figure (3c), the SAED
patterns of nano-TiO, powders in rutile phase
shows spotty ring patterns without any additional

(110)
&
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Figure 3 Images of rutile phase. (a) TEM image of micro-TiO, powder; (b) TEM image of nano-TiO,
powder; (¢) SAED pattern of nano-TiO, powder and (d) HRTEM image of nano-TiO, powder.
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diffraction spots and rings of second phases,
revealing their well crystalline. On the other hand,
the SAED patterns of nano-TiO, powders in
anatase phase (Figure (4c) shows that the
brightness and intensity of polymorphic ring is
weak, so they are poorly crystallized and partly
amotphous.

The crystallinity of nano-TiO, powders
can also be observed by phase-contrast images or
Moire patterns. Figure (3d) and (4d) show crystal
lattice planes of nano-TiO, in rutile and anatase
phases, respectively. It is seen that, for rutile phase,

{200)
I
|

only one crysta) lattice plane(210) with d-spacing
of 0.301 nm is obtained, whereas those of anatase
give many crystal lattice planes with d-spacing of
0.313 nm for the plane (101).

CONCLUSION

In this work, 2 study has been carried out
on the identification of phase and particle size of
TiO, powders using XRD and TEM techniques.
All high purities samples were commercial TiO,.
From the resuits, X-ray diffraction patterns can

Figure 4 Images of anatase phase. (a) TEM image of micro-TiO, powder; (b) TEM image of nano-
TiQ, powder; (c) SAED pattern of nano-TiO, powder and (d) HRTEM image of nano-TiO,
powder.
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confirm the TiO, phases. Furthermore, the particle
size can be clearly indicated by characteristic of
XRD pattern; the diffraction pattern peak intensity
of the TiO, increases with increasing particles size.
Additionally, TEM was used to further examine
the crystallite/particle size, the crystallinity and
morphology of samples. TiO, powders in rutile
phase consist of both spherical and rod shape; on
the contrary, the particle of TiO, in anatase phase
has mostly spherical morphology.
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Cordierite honeycomb monoliths loaded with N/TiO; and Cu/TiO; nanocatalysts for dynamic photocat-
alytic CO; reduction with H; to CO in a continuous phetoreactor illuminated with UV-light irradiations
have been investigated. The nanocatalysts, loaded over the monoliths channels using sol-gel dip-coating
method, were characterized by X-ray diffraction (XRD}, field emission scanning electron Mmicroscopy
(FESEM), N; adsorptien-desorption, X-ray phatoelectron spectroscopy (XPS), UV-vis diffuse reflectance
and photoluminescence (PL) analysis. Crystalline and anatase TiO; structure with nanoparticles evenly

ge_;; ‘:xid::co reduction supported over the cordierite monolith channels were observed. Cu and N presented over TiOs, shifted
Hf reductamz band gap energy towards visible region and hindered charges recombination rate. Leading Cu and N
Cu-N doping greatly improved TiO photoactivity for dynamic CO, reduction to CO. Due to high photoactivity and

selectivity, CufTiO; assisted system yielded 14 times higher CO than the N/TiQ; and 64 times the amount
of copper abserved over pure Ti0; in a continuous operation of photoreactor. This significant improve-
ment in CufTiO, activity was noticeable due to efficient trapping and transport of electrons by Cu-metal,
With unique properties, N/TiO; showed good activity for continuous CO; reduction to CHy. In addition,
a photocatalytic reaction mechanism is proposed to understand the experimental results over Cu and N

Cordierite honeycomb monolith
Continuous operation

modified TiO; catalysts in a continuous operation of photoreactor.

© 2016 Elsevier B.V, All rights reserved.

1. Introduction

The rise in atmospheric CO; concentration due to fossil fuel
combustion is causing major concerns of energy sustainability and
environmental protection [ 1]. Numerous efforts are devoted to €0,
capture, storage and utilization; yet photocatalytic CO5 transfor-
mation to fuels provides one prospective path for the storage of
solar energy to chemical energy [2.3]. During the recent decades,
photocatalytic CO; reduction te carbon menoxide |4}, methane
[2]. methanoi |5] and hydrocarbons [G] over different types of
semiconductor materials has been consistently drawing increasing
attention. The state-of-the-art photocatalytic CO5 reduction, how-
ever, requires photocatalysts that meet certain stringent criteria
[r=39%,

Most of the research on CO; photoreduction has been related to
TiOz due to its numerous advantages which include low cost, avail-

" Corresponding author. Permament address: Department of Chemical Engi-
neering, COMSATS Institute of Information Technology Lahore, Defence Road, Off
Raiwind Road Lahore, Pakistan,
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able in excess, nontoxic, chemically/thermally stable and strong
oxidative potential [10,13 ). However, TiO, is active only under Uv-
light due to its wide band gap energy (~3.2eV for anatase), The
shorter lifetime of photo-generated electron-hole pairs in TiOy
is another challenge, resulting in lower photoactivity, Different
noble metals such as Au, Ag, Cu, Ni, and Pt are considered effi-
cient to improve TiO; photoactivity and selectivity [12-15]. The
noble metals serve as electron traps to suppress the recombina-
tion rate of the photo-generated charges. Among all, copper has
been reported as an efficient dopant to enhance TiO;, photoactivity
for selective COy reduction {16-19], Incorporating Cu-metal ions
(Cue, Cu*, Cu®*) into TiO; could lead to stimulate electron transfer
between metalfsemicenductor junction to improve photoactivity
[20;. In addition, copper has low price, nen-toxicity, environmental
acceptability and goed photoactivity [21].

Non-metallic elements such as C, S, F and N are considering as
economical dopants te improve TiO; photoactivity. However, spe-
cial considerations were paid for N since it has particular doping
property and visible light sensitivity. In different studies, it has
been reported that N shifted TiOy band gap energy for efficient CQo
reduction to fuels under visible light irradiations [22,23], However,
there is a lack of systematic study about the function of N/TiO,
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Table 1
Summary of physicochemical characteristics and products analysis over various catalysts.
Samplc BET Pore volume Crystal size Eyg” Yield rate’ {pmole Selectivity (%) Quantum yield® (%)
g-catal.=" h-1)
{mifg) (cm3fg) (nm} (ev) €0 CH, o CHq co
TiD; 42 013 19 312 12 046 96,31 3.69 0.0013
3% NTi0a 47 0.15 14 3.06 56 2.15 96.30 3.70 0.0061
3% Cu/Ti0: 50 0.18 13 302 763 4.20 99,45 0.55 0.0826

@ Crystal size calculated using Scherrer equation based on 101 peak of Ti0;.
b Band gap energy calculated using Tauc eqthatmn from a plot of {whv}?versus photon energy (hv).

€ Vield rate of G miery) ~ Ao W BN Q,‘az,eQ XQD

9 Selectivity of product C(%} = yyqearietit, x 100,

* Quantumyield of CO(%) = 2xmoleafCOproduttionrate(mpte/s) )ﬂ-? M

e (e 1)

A anatase

Intensity (a.u)

of N in TiO; for CO, photoreduction under UV and visible light irra-
diations. Besides, there are limited reports up te date on dynamic
and selective CO; photoreduction with H; to CO; therefore, it is
noteworthy to explore Cu and N doped TiO; catalysts.

Onthe other hand, if the exposed surface area of catalystis lower
and if the photons are not effectively distributed over the photocat-
alyst than the system efficiency will be lowered [24.25). During the
past years, slurry photoreactors in liquid phase are the most used
in €Oy reduction, but they have poor light penetration in the sus-
pension [26]. In addition, it is very difficult to achieve uniform light
distribution over the entire catalyst surface in slurry systems, which
is critical to activate photocatalyst [27]. Due to the complex nature
of photocatalytic reactions, the efficient interaction between light
irradiation, reactants and catalyst is one of the major challenges in
the design of photoreactors. The catalyst support is efficient only if
it has a high ratio of active surface area to reactor volume, efficient
light distribution and greater photonic efficiency [28].

Presently, gas phase and in particular structured photocatalytic
systems has been suggested for many photocatalytic processes
'22]. Among the structured supports, monolithic substrates are
exploited for many industrial processes due to unique structure
with high surface area to volume ratio, thus could increase inter-
action between light irradiation and catalyst. We have recently
reported gas phase photocatalytic CO; reduction in a batch mode
monolith photoreactor, where Au-In{Ti0O; [50] and Ni-In/TiQ3 '31]
photocatalysts were immobilized on the monolith channels. With
this new configuration, enhanced yield rate, improved selectivity
and high photonic efficiency were attained.

In this study, dynamic photocatalytic CO; reduction with Hp
to CO over Cu/TiO; and N/TiO; nanocatalysts loaded on cordierite
honeycomb monoliths in a continueus photoreactor speration has
been investigated. The effects of Cu and N on the photocatalytic

uw\r‘»{p 9“

properties of TiO; based structured systems for selective COy
reduction via reverse water gas shift (RWGS) reaction under UV
lightirradiation are discussed ini detail, The quantum yield and reac-
tion pathways were analyzed to elucidate the role of each metal in
the CO; reduction process,

2. Experimentai
2.1, Photocatalyst preparation

Cordierite honeycomb monoliths {100 cells per square inch,
cylindrical in shape} measuring 20 mm in length and 60 mm diam-
eter purchased from China were used. The nanocatalysts were
prepared and supported over the monolith channels using modified
sol-gel method as reported previously [3]. In a typical procedure,
15mL acetic acid (1 M) was added dropwise to an agueous solu-
tion of 20 mL titanium tetra isopropoxide (Ti(C3H70)4) in 60mL
isopropanol (C4H70), The obtained mixture was stirred at ambient
ternperature for 12 h to get titanium sol, Next, an adequate amount
of copper nitrate or urea dissolved in deionized water was added
to titanium sol and then aged for another 6 h to get clear sol. The
sol obtained was poured into a glass container for coating over the
monolith channels.

Before catalyst loading, monoliths were washed with acetone
and isopropanol to remoeve any organic material, dried at 80°C for
12h and then cooled to room temperature, The initial weight of
the dried monolith was noted and then dipped into the titanium
sol to a specific time for the catalyst coating. The excess sol was
blown off using hot compressed air. The coating procedure was
repeated to reach an expected catalyst loading. The honeycomb
moenoliths were finally calcined at 500°C for 5h (5°Cmin~1). The
amount of catalyst loaded was calculated by subtracting the final
weight of catalyst coated monolith from the initial weight of bare
monolith. For every coating, three readings were noted and their
average values are reported.

2.2, Catalyst characterization

The crystalline phase was investigated using powder X-ray
diffraction (XRD). The XRD patterns were collected between 10-80°
of 20 with a step size 0.05° and a step time of 1 5 using a Bruker D8
advance diffractometer equipped with Cu- Ko incident radiation
(A=1.54 A%, 40kV and 40 mA). The morphology of the samples was
examined by field emission scanning electron microscopy (FESEM,
Hitachi 5U8020). The elemental states were analyzed using X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD Shimadzu). The
XPS spectrum was calibrated with respect to the binding energy
of the Cls signal at 284.60eV as the internal standard. The sur-
face area measurements {BET) of the photocatalyst powders were
carried out using N; adsorption-desorption isotherms with Surfer-
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Fig. 2, SEM and FESEM images of cordierite honeycomb substrate loaded with catalysts nanoparticles; (a-c) SEM images of top and side view of catalyst loaded cordierite
honeycomb channels, (d-f} FESEM images of TiOz, N/TiOz and CufTiOz nanoparticles, (g-i) elemental mapping of TiO;, N/TiO; and Cu/TiC; samples, (j-1} EDX plots of TiO,,

N/TiO; and Cu/TiO; nancparticles,

Thermo-Scientific after degassing at 250°C for 4 h. UV-vis diffuse
reflectance absorbance spectra were determined in the wavelength
range of 200-800nm using UV-vis spectrophotometer (Agilent,
Cary 100) equipped with an integrated sphere. The charges recom-
bination rate was analyzed using PerkinElmer LS 55 Luminescence
Spectrometer.

2.3. Photocatalytic activity testing

The design of continuous monolith photoreactor used in this
work was described in detail in our previous work [29]. The reac-
tor was consisted of a stainless steel cylindrical vessel with a total
volume 150cm3, equipped with a quartz window and a reflector
lamp located above the reactor. The catalyst coated cordierite hon-
eycomb monoliths (100CPS], L=20mm, d =60 mm) were inserted
inside the reactor chamber. 200 W Hg reflector lamp was used as
a source of light with a maximum light intensity of 150 mW cm—2
and wavelength 254 nm. An optical process monitor ILT OPM-1D

and a SEDQO8/W sensor was used to measure the light intensity.
The reactor was purged using helium (He) flow before gas mixtures
(COz and Hp, purity = 99.99%) was continuously passed through the
reactor at a flow rate of 20 mL{min. The operating conditions used
were CO;/H; feed ratio 1.0, temperature 100°C and pressure 1 atm.
All the experiments were carried out in a continuous mode of oper-
ation and products were analyzed after regular intervals.

The CO; reduction products were analyzed using an on-line gas
chromatograph (GC-Agilent Technologies 6890 N, USA) equipped
with TCD and FID detectors. FID detector was connected with a HP-
PLOT Q capiltary column {Agilent, length 30m. ID 0.53 mm, flm
40 wm) for separation of C;—Cg paraffin and olefins hydrocarbons,
glcohols and oxygenated compounds. The TCD detector was con-
nected to UCW982, DC-200, Porapak Q and Mol Sieve 13X columns.
Porapak Q and DC-200 columns were used for separation of C1—Cs
compounds and light gasses (Hy, O, Ny, CO) were separated using
MS-13X columns,
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Fig. 3. N; adsorption-desorption isotherms of TiOz, NfTiQz and CufTi0, samples.

3. Results and discussion
3.1. Nanocatalysts characterization

XRD patterns of TiQ,, CufTiO; and N/TiQ; samples are presented
in iz, 1, Pure crystalline and anatase phase TiO; could be seeninail

Cils

the TiO, samples. All the peaks of TiO» and Cu/N loaded TiQ; sam-
ples were identical, thus shift in peaks were not observed. The peaks
attributable to Cu or N in metal or oxide states were not detected,
possibly due to the low amount, or they were uniformly distributed
inside the TiO, structure [32,33]. The crystallite sizes were esti-
mated from the XRD patterns using Scherer equation and the data is
presented in Table 1. The TiO; crystallite size was gradually reduced
with Cu and N Ipading, This was probably Cu and N presented gver
the TiOz structure prohibited crystal growth, resulting in reduced
crystallite sizes [4,32].

The morphology of cordierite support, catalyst particles, and
metals distribution is presented in Fig. 2. SEM micrographs in
Fig. 2(a-c) depict catalyst deposited evenly over the cordierite sur-
face with no broken layer. The sol-gel dip-coating method used to
support catalyst over the monclith channels resulted in‘a good dis-
persion of catalysts over the cordierite surface, The mesoporous and
uniform nanoparticles of TiOz, N/TiO; and Cu/Ti0O; could be seen in
Fig. 2(d-f), respectively. Fig. 2(g-i) shows the elemental mapping
images of pure TiOz, NfTiO; and Cu/TiO; samples. Noticeably, N
and Cu metals, evenly distributed over the TiO, surface, can pro-
vide more active sites for the reactants. The EDX plots in Fig. 2(k-1}
further confirmed the presence of N and Cu metals in TiQ5.

The N3 adsorption-desorption tests were performed to deter-
mine the surface area, pore volume and pore width of the catalysts.
The isotherms of TiO3, NfTiO; and Cu/TiO; samples are illustrated in
Fig. 3. Evidently, all the samples exhibited typical type IV isotherms
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Fig. 4. XPS spectra of 3% N/TiOz and 3% Cu/TiO; samples: (a) Ti2p spectra of NjTiO; and CufTiO;, (b-c) O1s and C1s spectra of NjTiOz and CujTiO; samples, (d) Cu2p spectra

of Cu/TiOz and (e} N1s spectra of NfTiOz.
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Fig. 5. UV-vis diffuse reflectance absorbance spectra of TiO; and doped Ti0; sam-
ples,

with an increase in the volume of gas uptake, The hysteresis loops
observed in all the samples, indicating mesoporous pore structure
of TiO,. Suggestively, capillary and condensation reflections were
observed in the TiO; sample, while the similar trends appeared in
the N and Cu doped TiQ; samples. BET surface area was measured
from Nz adsorption-desorption isotherms and the results are listed
in Tobi:: 1. The BET surface area of TiO; was 42 increased to 47 and
50 m?/gin N/TiO and Cu/TiO; samples, respectively. Itis noticeable
to see there i5 no significant effect on TiO; surface area by loading
Cu and N metals. However, pore volume gradually increased with
Cu and N loading.

X-ray photoelectron spectroscopy {XPS) was used to determine
the oxidation state of Ti, and chemical states of the component ele-
ments in 3wt.% N/TiOz and 3 wt.% CufTiOz samples as presented
in Tir. i The Ti 2p3p and Ti 2pyyp binding energies (BE) in Fiz. 4(a)
attributed to the presence of titanium as Ti** oxidation state in
both N{TiQ; and CujTiO; samples. iiy. 4(b) shows spectra of O1s
for the N/TiO; and Cu/TiO; samples. The XPS spectrum of O1s in
N/TiO; reveals a peak with main components, one at 528.37 eV,
characteristics of lattice oxygen (0?~) and a high bending energy
component at 531.57 and 533.11 eV related to metal-OH bond or
free hydroxyl group (OH) on the surface. The same kind of analy-
sis fitting can be determined for Cu/TiO; sample. The C1s peaks for
N/Ti0; and Cu/TiO; samples are presented in iy -!(c), The main
peak at 284.60 eV is assigned to C—C and C—H hydrocarbon bonds.
The peak at 288.31¢eV can be attributed to carbon atoms bound
to oxygen with double bond (=0. The relative concentration of
peak at 284.60 eV was much more and may be recognized as the
carbon from carbon tap used for sample analysis. Fiv. 4(d) shows
the spectra of Cu 2p peaks for Cu/TiO; with BE regions centered
at~931.41eV (2ps;; and 947.48 €V (2py3). respectively, indicating
copper as Cu®* or copper oxide (CuQ) [34]. Fig. -i{e) shows spec-
trum of N/TiQ; contains N 15 peak at approximately 400 eV, which
reflects a chemical structure like O-Ti-N [2].

Fiz. 5 shows UV-vis diffuse reflectance absorbance spectra of
pure TiOz, N/TiO; and Cu/TiO; catalysts. The addition of N and Cu
can obviously enhance the absorbance of TiO; under visible light
jrradiations. The band gap energy was measured from a plot of
(ahv}zversus (hv) using the direct method and the results are pre-
sented in Tavic 1. The band gap energy of TiD; shifted towards the
visible region by doping with Cu and N which is in good agreement
with previous reperts [23,35].

The photoluminescence (PL) spectra of TiOz, N/TiOz and CufTi04
samples are displayed in /'i-. 6. The fluorescence peaks of TiO; and
doped TiO, samples were in the range of 450-550 nm excited at
wavelength 350 nm. The pure TiO; and doped TiO;z peaks exhibited
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Fig. 6. Photolurninescence {PL) emission spectra of TiOz and Cu/N doped TiO; sam-
ples under the excitation wavelength of 350 nm.
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Fig. 7. Preliminary analysis of cordierite honeycomb lcaded phetocatalyst for CO;
reducticn with H; to CC and CH4 under the lamp off and on condition in a continuous
operation of photoreactor.

wide and strong PL signals in the identical regions. The existence of
PL attributed to the recombination of e~{h* pairs. In N/TiQ;, lower
PL intensities compare to pure TiO3, confirming hindered charges
recombination rates by N, However, a significant decrease in PL
intensity detected in CufTiO; sample probably Cu traps more elec-
trons, thus prevents efficient charges recombination rate compared
to N/TiO2 and pure TiO; samples. Thus, it is anticipated that Cu
would be more efficient than N to enhance TiQ, photoactivity.

3.2. Photocatalytic CO; reduction with Ha

The control experiments were conducted for CO; reduction with
Hz under UV light irradiation at 100°C, COz/H; ratio 1.0 and feed
flow rate 20 mL{min. In all the experiments carbon containing com-
pounds were not detected in the reaction system when the lamp
was off as shown in Fig. 7. However, a continuous CO and CHy pro-
duction could be seen under light irradiation. This confirmed that
the catalysts and monoliths were cleaned while carbon containing
compounds were produced from CO; reduction only.

The effect of N-doping into TiD; photoactivity for CO; pho-
toreduction with Hz to CO and CH, under UV-light irradiation in
a continuous monclith photoreactor is depicted in Fig. 8(a). CO
was detected as the major CO; reduction product with a smaller
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Fig. 8. Effect of N and Cu loading on TiQ; photoactivity for dynamic COz reduction
to CO and CHy in a continuous operation photoreactor at C0;/H; ratio 1.0 and feed
flow rate 20 mL{min; (a) effect of N-loading, {b) effect of Cu-loading.

amount of CHy4 over both un-doped TiO; and N/Ti0Q; samples. Pure
TiO; scarcely reduced €O, and showed very poor activity for CO
formation, but loading N enhanced CO production rate, The CO
evolution increased remarkably with increasing N-doping up to
an optimum and then gradually decreased. The large quantity of
N-doping would result in more defect sites resulting in decreased
photocatalytic activity [22]. Owing to the overall effects of defect
sites, 3wt.% N is an optimum amount to achieve the best photocat-
alytic activity in the present system,

Fiz. 8(b) shows the effect of different amounts of Cu-loading
(1wt 3wt.% and 5wt.% Cu contents) on the TiO, photoactivity
for dynamic CO; conversion with Hp under UV light irradiation.
In all the cases, CO was the main product during CO; photore-
duction with the smaller amount of CHy. Noticeably, Cu-loading
can increase CO; reduction efficiency for both CO and CHy4 pro-
duction. In the presence of a small amount of Cu-content (1 wt.%),
the photoactivity of TiO, was obviously enhanced. The activity of
Ti0, sample was further improved with increasing Cu-loading to
3 wt.% and the amount of CO detected was 1981 wmole g-catal.~!.
This yield of CO production was higher than that of pure TiO; by
more than 99 times. When Cu-leading was more than 5wt.%, a
reduction of photoactivity was observed. This was probably due to
loading of excess Cu over the TiO;, surface (shielding effect), causing
a decrease of Ti0O; surface active sites or perhaps due to recom-
bination centers over the TiO, surface [4.32]. Therefore, 3 wt.%
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Fig. 9. Effect of irradiation time on CC; photoreduction with Ha to CHy over Ti0O,
and doped TiO; catalysts in continucus monolith photoreactor at COz/H; ratic 1.0
and the feed flow rate 20 mlfmin.

Cu/TiO; has the highest activity cver which maximum CO yield
observed, considerably more than the amount of CO preduced over
N/TiOz and TiO; catalysts. This enhancement in the Cu/TiO; activ-
ity for CO production was probably due to the higher mobility of
charges with hindered recombination rate by Cu-metal in monolith
microchannels. Hence, Cu-metal has more ability to trap electrons
as evidenced by PL analysis and due to the reduction potential
difference of Cu/TiOy system, resulting in enhanced productivity
[2].

Further investigations were cacried out to study the effect of
irradiation time on dynamic photocatalytic CO; reduction in a con-
tinuous photoreactor operation. Fig. 9 presents a dynamic CHy
production over Cu/TiO» and NfTiO; catalysts at different jrradi-
ation time, Noticeably, Cu and N metals have different effects on
CH4 production. Increasing formation of CH4 was observed over the
N/TiO; catalyst during the entire irradiation time. CH, formation
over CufTi0; presented a different behavior, initially reaching max-
imum concentration, and then gradually decreased. The decreased
in CH4 production over the irradiation time was possibly due to
oxidation of CH4 with Oy te €O, in the presence of an efficient
Cu/TiO; menolithic catalyst {36]. On the other hand, N enables
trapping heles, resulting in a continual increase in the yield rate of
CH,4. This alsc revealed prolonged stability and efficiency of NfTiO,
catalyst for dynamic CH,4 production in a continuous operation of
photoreactor [23].

Previously, it has been reported that both Cu and N doped TiO,
photocatalysts could enhance CHy4 photo-generation over the irra-
diation time. We investigated cortinuous CH, and hydrocarbon
production over a Cu-InfTiQ, catalyst in a batch mode operation
of monoelith photoreactor under UV-light irradiation [4]. Liu et al.
[37] reported increased in CHg yield rate with the irradiation time
using CufTiO; catalysts in a slurry type photoreactor system. How-
ever, in the current study, different trends in CH4 production over
the cordierite honeycombs were perhaps due to gas phase reac-
tion in a continuous monolith photoreactor operation. Similarly, Li
et al. [23] observed CH, evolution rate increased with the irradi-
ation time over N/TiOz during gas phase CO; reduction in a batch
photoreactor under visible light irradiation. In this case CHy4 pro-
duction trends are similar to current results, confirming N loading
helps to produce CH4 both in the gas phase and continuous opera-
tion of photoreactoer. This also confirms higher stability and activity
of NfTiO; for dynamic CH4 production,

The yield of CO preduction during CO; reduction over TiQ; and
doped TiQ, samples at different irradiation times is presented in
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Fig, 10. Production of CO during COz reduction with Hz over TiO; and modified TiOz
samples in continuous monolith photereactor at COz fH; ratio 1.0 and the feed flow
rate 20 mL/min.

Fiz. 10, Initially, the yield of CO production is much faster, but
gradually decreased after 4h of irradiation time. However, the
amount of CO over a CufTiO; monolithic catalyst was significantly
higher than N/TiO; and pure TiQ;. The much higher photoactiv-
ity for CO productien confirms the potential of COy reduction
with H; in a continuous operation of photoreactor loaded with
Cu/TiC; nanoparticles. However, the CO producticn rate was grad-
ually decreased at a prolonged irradiation time due to oxidation of
CO to CO; in the presence of Oz or perhaps due to detericrating
catalysts photoactivity in the course of continuous CO; reduction
over the irradiation time [27,36],

Table 1 summarizes yield rates and selectivity of different
products over TiO; and doped TiO, catalysts. The main products
observed were CO and CH, over TiO; and doped TiO; monolithic
catalysts. However, in the case of Cu/TiOz, smaller amount of hydro-
carbons namely C;Ha, C3Hg, C3Hg and CyHy were also detected in
the gas mixture. The performance of CufTiO; was found to be the
highest, giving a dynamic CO yield rate of 763 wmole g-catal.—’h
-1 a 14 fold more efficient than N/TiO; and 64 times more CO pro-
duction over copper than un-doped TiO; catalyst. The selectivity of
CO production over TiQ; and N/TiO; were much closer (96%} but
increased to 99% in Cu/TiO, catalyst, However, the production of
CO as the main product over CufTiO;z and N/TiOz was due to ther-
modynamic reduction potential difference between TiO3 (~0.5eV)
and CO,/CO (=0.48eV) [2].

Photocatalytic CO; reduction by H; via reverse water gas shift
(RWGS) reaction also contributed to CO production, Recently,
it has been reported that CO; was firstly converted to CO and
then transformed to CH,4 over TiO» based photocatalysts [38,5%).
However, in the present study, due to continucus operation of
photoreactor and efficient adsorption-desorption process inside
monolith microchannels, CO was dynamically removed from the
reactor over the irradiation time. Previously, we have investi-
gated photocatalytic CO; reduction to CO over different co-doped
TiO; nanocatalysts in a batch mode of monolith photoreactor.
[4.50.31,29-41,. Therefore, it can be established that CO would be
a major CO; reduction product via RWGS reaction in a monolith
photoreactor operated in a batch or continuous mode of operation.

From Taile 1, itis obvicus that surface area, crystal size and band
gap energy of CufTiO, and N/TiOz are much closer to each other, The
higher CufTi0O4 photoactivity could not be linked to surface area or
band gap energy. Therefore, enhanced Cu/TiO; photoactivity could

be due to higher mobility of electrons in Cu-doped TiO; samples as
illustrated in Eqgs. (1)-(3) [1,42].

Cu®+h'—= Cu"+e- {1)
Cu' +hto Cu¥ +e- (2)
Cu*/Cu®* + e~ f2e~— Cu+hT/2ht (3)

The generation of Cu jons takes place through the oxidation of
Cu metal by phote-generated holes {Eq. (1)). Due to rapid trans-
fer of excited electrons to the Cu particles, e~/h* pair's separation
is enhanced as illustrated in Eqgs. {2) and (3). Therefore, role of
Cu in CO; reduction over CufTiO; is noticeable. As a consequence,
higher photoactivity could be seen over CufTiO; monolithic pho-
tocatalyst for CO preduction. Recently, similar observations have
been reported for photocatalytic CO, reduction to CO and CH, over
Cu/TiOz photocatalyst in a gas phase system [43],

In order to investigate the performance of Q5 photoreduction
with H; over Cu and N doped TiO; photocatalysts in a contin-
uous monolith photoreactor, the results are compared with the
work reported by various researchers. N/TiO; catalyst was used
for CH30H production and yield rate of 23 wmole g-catal.~' h-!
was measured using a batch mode photoreactor [22]. CO; reduc-
tion with Ha0 to CO was reported over g-C3Ny-N-TiQ; in batch
mode operation with a maximum yield of 14,73 umole after 12h
irradiation time [44). Over 1/TiC; and Cu-ljTiQ;, a CO yield rate
of 3.9 and 12 pumole g-catal.~! was reported after 3.5 h during gas
phase CO, reduction in a batch mode operation [20]., Similarly,
photecatalytic CO; reduction with Hy O to CH, over different photo-
catalysts such as CHy yield 0f 100.22 ppm cm—2 h~1 over MgQ/TNTs
[45]. 17 wmole g-catal.! of CH, yield after 7h over CaqgTii O3
[<6], rGO-Pt/TNTs with CH, yield rate of 10.96 pmole m—2 [13],
CH, yield rate of 23.10 pmoleg-catal,~? after 480 min over 3-D
Au/TiO, nanoparticles [47] and a CH4 producticn of 184 pmole g-
catal.”! after 24 h over Zn-Cu promoted TiQ; has been reported
by various researchers [38]. A comparison study between previ-
ous reports and current study revealed that monolith geometry
facilitated in improving the photoactivity and selectivity of pho-
tocatalysts. Therefore, the role of cordierite honeycomb monolith
loaded with Cu and N is obvious for dynamic CO production in con-
tinuous photoreactor operation, This is perceptibly due to a larger
illuminated surface area with higher photon energy consumption
inside the monolith channels [39].

The perfermance of cordierite honeycomb support loaded with
Cuand N metals was further examined based on the quantum yield,
calculated for each experiment, as the ratio of the product rate
(mole per s) with photonic flux {mole per s). The quantum yield
of COz photoreduction to €O can be defined as the ratio of produc-
tion rate (mole per s) with photenic flux (mole per s) as shown in
Eq. (4; [48],

Quantum yield of CO(%}

_ 2 x moles of CO production rate (mol/sec)
- moeles of photon flux{mol/sec)

x 100 (4)

The quantum yield was calculated based on the CO production
rate and moles of photon input energy over the catalyst surface
as presented in Table ', The quanturmn yield for dynamic CO pro-
duction over cordierite honeycomb monoliths loaded with Cu/TiO;
was greatly enhanced (0.083%) than N/TiO; and TiOz samples, Liou
et al. [26] reported quantum efficiency of 0.012% and 0.057% for
methanol and acetaldehyde, respectively, during photocatalytic
CO,, reduction with HO over NiO/InTa0; catalysts in an internally
illuminated continuous monolith photoreactor, Obviously, higher
quantum yield in the current study was due to a larger illuminated
surface area because of monolith microchannels and using H; as a
reductant.
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Fig. 11. Schematic of photocatalytic COz reduction with Hz over cordierite honeycomb loaded CufTiOz and NJTIO; catalysts,

3.3. Reaction mechanism

In the photocatalytic CO; reduction process, photo-generated
electrons (e~} and holes (h*) involve in breaking 0—C—0 and H—H
bonds with the formation of C—0 and C—H bonds. The reaction
mechanism was studied to get insight of CO, photoreduction over
Cu/TiO; and N/TiQ; catalysts. The electron-hole pairs separation
and preoduction of CO and CHy are illustrated in Egs. (3)~(10)
A2A349].

TiO; + hv—h, + e, (5)
Cu®* + 2e; > Cu?t — 2e; (6)
COz+e; —'CO; (7)
Hz + i}, — H* + H' (8)
COp + 2H* + 2e~—»>CO + H30 (9)
CO; +8H™ + 8¢~ — CHg +2H20 (10)

As the photocataiytic activity is closely related to the band
structure of photocatalysts, separation and transportation of photo-
generated carriers (i.e., electrons and holes) as well as the
redox potential, the enhanced photocatalytic mechanism can be
explained by the scheme presented in Fir. 11 [43,57)]. Under the
light irradiations, VB electrons of TiO; excited to CB creating holes
in VB, Without metals-loading, these charges recombine back and
only a fraction of electrons and holes participate in reduction and
oxidation process, thus, TiO; shows a quite low photocatalytic
activity. When Cu metal was loaded on TiQ3 surface, the CB electron
of TiQ; can transfer to these metals which cause electron-hole pair
separation (Eq. (3)). Furthermore, more electrons could be trapped
if the metal reduction potential is more positive than the CB of
TiO3. As the redox value of Cu is lower (+0.35) than the CB of TiO;
(—0.50 V), thus electron can effectively be transferred to copper to
prolong their lifetime [4,51.52]. H; molecules were dissociated to
H* iens while CO; reduced to CO and hydrocarbons by accepting the
trapped electrons and H* ions as explained in Egs, (7)-/10., Some
previous works have reported that all of the N/TiQ; contributed to
the visible light absorption by creating a new N 2p state slightly
above the valence band of TiO; {23]. As to the current NfTiO; pho-
tocatalyst, upon UV-light irradiation, holes may be trapped by N to
react with CO to produce CHy.

The expressively enhanced in CO yield rate over CufTi0O; was
clearly due to higher trapping and mobility of electrons by Cu
metal for COy reduction inside menolith channels, On the other
hand, centinuous producticn of CH, over N/TiQ; was perhaps due
to adsorbed CO converted to CH,4 over N/TiO; in the presence of
holes. In general, dynamic CO; conversion to CO and CHy at a higher
yield rate was due to using cordierite honeycomb monolith support
loaded with doped TiO; nanoparticles.

4, Conclusions

In this study, cordierite honeycombs loaded CufTi0, and N/TiO,
nanocatalysts were developed for dynamic photocatalytic CO;
conversion with Hz under UV-light irradiation in a continuous
operation monolith photoreacter, CO was the major CO; reduc-
tion product with a smaller amount of CHy over Cu and NJTiO;
catalysts. Cu could improve TiO; photocatalytic activity by trap-
ping electrons while N prclonged the lifetime of photo-generated
charges by trapping holes. N-loading also promoted the forma-
tion of CHy during dynamic CO; reduction. The performance of
Cu/Ti0, was found to be the highest, giving a CO yield rate of
763 pwmole g-catal,~" h —! a 14 fold more efficient than N/TiO; and
64 times more than un-doped TiO; catalyst. The photoactivity of Cu
and N/TiO, samples gradually reduced after 4 h of irradiation time,
However, NfTiO; found very stable for CH, production over the
entire irradiation time, In summary, by means of Cu and N doping,
highest efficiency for dynamic CO,; conversion was cbtained due to
a larger illuminated surface area, higher photon energy and better
charges separation inside menolith microchannels. Both Cuand N
are equally important to exert a substantial impact on the enhance-
ment of CO and CH4 production. This development confirmed a
high perfermance of cordierite honeycomb menolith loaded with
CuTiOz than NfTiOz for dynamic COz conversion to fuels,
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ABSTRACT

A novel hybrid nanocomposite based on N-doped TiO; nanoparticles was prepared and sensitized
with hematoporphyrin for visible light utilization, The product was characterized by thermogravimet-
ric analysis (TGA), different thermal analysis ( DTA), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), BET surface area analysis, UV-vis spectroscopy and field emission scanning electron
microscopy {FE-SEM). The results showed that the N-doped TiO; has smaller crystalline size and larger
specific surface area than bare TiO; particles, Surface oxygen defects, produced by nitrogen doping, would
improve the advantage of hematoporphyrin placement and then Facile electron exciting and transferring

ﬁ?g;;f&o ping to the conduction band of N-doped Ti0s. The crystal structure of N-doped TiO; was not affected by the
Vistble-light sensitizing sensitizing; however, the surface area was significantly increased, Application of the hybrid nanocom-
Titania posite exhibited higher visible-light absorption leading to an enhancement of about 1.7 and 4.2 times in
Hematoporphyrin photocatalytic degradation of methyl orange compared with N-doped Ti0; and just bare TiO; utilization,

Methyl orange

respectively, The photocatalytic degradation of methyl orange with the preducts was dernonstrated to

follow first order kinetic model. The produced nanocomposite can be reused at least four times recycling
without significant loss of activity,

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Today, the presence of injuricus organic pollutants in wastew-
aters has caused serious environmental preblems and thereupon
purification of contaminated water is one fascinating challenge [1].
Accordingly. use of renewable energy has become an interesting
research area because of its sustainability and positive effect on
environment and the limited utilization of fossil fuels [2,3]. Selar
energy, because of its great availability, its cleanliness as well as
easy operation and use, has become the first choice in the field of
renewable energy sources |4,5).

Ancther matter of interest is utilizing efficient and selective
metal oXide semiconductors in the process of the photocatalytic
degradation of organic pollutants [6,7]. A well-known semiconduc-
tor is TiO, with excellent photocatalytic properties that make it
highly valuable for the oxidation of organic pollutants. It is a supe-
rior photocatalyst for both purification of water and air due to its
nontoxicity, long-term stability, inexpensiveness and chemical sta-
bility over a wide pH range and also in a large number of solvents

14.L]
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One problem with pure TiO; nanoparticle is its large band gap
energy that can be activated under UV light irradiation. However,
this situation limits its application under direct solar light, as Uv
light accounts for only a small fraction (<5%) of the solar spectra
compared to visible region (45%) [10]. In order to eliminate this
drawback and enhance the visible region absorption of TiOy, dif-
ferent approaches have been propused in the literature, Since the
discovery of activity of nitrogen-doped TiO; under visible lightirra-
diation by Asahi etal. [11], great attention has been givento doping
TiOz by nitrogen atom [12-15,. Insertion of N atom produces a
tocalized energy state above the valence band of TiO3, thus when N
doped TiO; is exposed to visible light, electrons are transferred from
these localized states to the conduction band [16]. Compared to the
other non-metal dopants (S, P and C}, N-doped TiO; materials rep-
resent a considerable photocatalytic activity and strong absorption
under visible light irradiation [17,18]. Evidently, the mechanism of
nitregen doping to increase the visible-light absorption and photo-
catalytic activity of TiO5 is different from that of dye sensitization.
Itis therefore, concluded that coupling of nitrogen doping with dye
sensitization is a good way to significantly improve the visible-light
absorption and photocatalytic activity of TiQ,,

The sensitization of TiO; by dyes such as ruthenium polypyridyl
complexes [19], squaraines [20], porphyrins [21] and natural dyes
[22] has been widely used for achieving desired electronic and
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optical properties. As a surface modification technology, dye sensi-
tization can solve two major drawbacks of ultrafast recombination
of photogenerated electron-hole pairs and a low quantum yield |5 I
Highly efficient dye sensitizers should meet the following needs:
(i) a wide range of absorption Spectrum, intense substrate adsorp-
tion capacity efficiency; (ii) high quantum yield and excited states
with long lifetime; and (iii) matching band structure to decline
energy 1955 during the process of electron transfer [23-25]. Por-
phyrin and porphyrin derivatives, because of their strong light
absorption in the region of 400-450 nm (Soret band), as well as
500 -700nm (Q band), are dppropriate candidates for sensitiz-
ing different structures of TiO; semiconductors. One of porphyrin
derivatives, hematoporphyrin ( HP),is of natural origin derived from
acid extraction of blood, The chemical structure of HP is simjlar to
chlorophyll and the “hem” of hemoglobin, that are well known in
nature 23], HP consists of very large conjugated double bonds of
tetrapyrrole, this extended conjugation leads to strong absorption
of the visible spectrum with a thermal and photochemical stability,
In this case, the sensitizer dye molecules bonded on the surface of
TiO; can be excited by visible light and then the photoinduced elec-
trons transfer into the conduction band (CB) of TiO5 is facilitated.
While CB injected electron reacts with accepter molecules, i.e. with
dissolved oxygen in solutions around TiOz surface and forming
Oz"~ and HO*; the valence band (VB) remains unaffected 27,25
The use of HP has been reported to meet the requirements relating
to cost efficiency, non-toxicity and complete biodegradation.

In the present investigation, we present a novel hybrid
nanocomposite, preduced from N-doped TiC, nanoparticles and
hematoporphyrin (HP/N-TiO,). Nanoparticles of N-doped TiQ;
(N-TiO} are used as a matrix to prepare a dye-sensitized and
visible-light active photocatalyst. The synthesized N-TiQ» nanopar-
ticles and the hybrid nanocomposite are then characterized by
different techniques and the photocatalytic activity of the prod-
ucts are evaluated by the degradation rate of methyl orange (MO)
as a modei pollutant. Accordingly, the synergism effect of nitrogen
doping and HP sensitizing is discussed.

2. Experimental
2.1, Materials

Sigma-Aldrich HP (>45% } was used without further purification.
The tetraisopropyl-orthotitanate (=98%), urea (=99.5%), ethanol
(=99.9%), acetyl acetone (=99.0%), mannitol (>99.0%) and methyl
orange (C.. 13025) were purchased from Merck and used as
received without any further purification. Fresh deionized water
was prepared from a deionizer apparatus (Hastaran Co.) and used
in the preparation of solutions.

2.2. N-TiO; and HP/N-TiO, preparation

The nitrogen-doped titania, N-TiO,, product were prepared
by the sol-gel method. For this aim, tetraisopropyl-orthotitanate
(2.5mL) was slowly added to a mixture of anhydrous ethanol
{20mL) and acetyl acetone (2.5 mL} with stirring at room tem-
perature. Acetyl acetone was used as chelating agent to prevent
precipitation of the tetraisopropyl-orthotitanate, After stirring for
atleast 50 min, the clear and yellow solution was obtained. We then
added 3.0 mL dicionized water and stirred the mixture for 30 min,
A few drop of concentrated HC! solution was then added to the
sol to adjust the pH at about 1.7, At the next step, urea (4.0g) was
dissolved in ethanol and then added to the above solution. The mix-
ture was stirred for 180 min at room temperature, The final soluticn
was left overnight to form a wet gel. The wet gel was dried at 60°C
and the resultant precipitate was ground in agate mortar, Finally

Fig. 1. Scheme of the used photoreactor; (1) dye solution; (2) magnetic stir bar; (3}
magnetic stirrer, (4) visibie lamp; (5} cooling water in; (6) cooling water out; (7)
quartz tube,

the precursor was calcined at 550°C for 1 h. The bare TiOy was also
prepared using a similar method unless urea addition,

The main product, HP/N-Ti0Q, nanocomposite, was prepared
in the way that the synthesized N-TiO; (1.0g} was added into
3.0 x 10-3M of HP solution in ethanol and the suspension was
sonicated for 30 min. The mixture was stirred for48 h atroom tem-
perature to obtain the absorption/desorption equilibrium. Finally,
the solid was separated by centrifugation, washed several times
with ethanol in order to remove the unloaded HP molecules and
dried at room temperature. For the ajm of activity comparison,
HP[TiO; nanocomposits was also prepared by following the same
procedure. The amount of adsorbed HP was estimated by measur-
ing the concentration of the dyes desorbed from the N-TiO; surface
which was attained by immersing 25 mg of the HP/N-TiO, samples
into 5 ml of NaOH solution (0.1 M) [29,30]. The absorbance of the
resulting solution was measured at HP maximum wavelength of
397 nm using a UV-vis Spectrophotometer (Jasco-V630) and com-
pared with reference solutions (HP concentrations of: 0.003, 0.006,
0.009 and 0.012mM in 8.1 M NaOH solutions).

2.3, Products characterization and photocatalytic activity

The prepared xerogels were thermally analyzed in air by
a PerkinElmer Pyris Diamond apparatus at a scanning rate of
5°C/min. All samples were analyzed by a Structures-APD 2000
X-Ray Diffractometer using Cu Ka radiation (A =0.15406 nm) radi-
ation in the 2€ range of 10-80°. The crystalline size of TiO; was
determined according to the Scherrer equation using the full-
width at half maximum (FWHM)} of peak broadening. The FT-IR
spectra were recorded on a PerkinElmer 65 spectrophotometer,
Specific surface area of the sample was measured by BET method
on Phschina 1020 at —196.15°C nitrogen adsorption-desorption
mode, The UV-vis spectra of TiOz samples in the 200-1100 nm
were recorded. The morphology of hybrid nanocomposite was
determined using Zeiss-Sigma field emission scanning electron
microscopy.

Photodegradation of MO in the presence of photocatalyst prod-
ucts was examined in a Pyrex reactor with a magnetic stirring
bar and water circulating jacket (Fig. 1), The visible light source
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Fig. 2. TGA curves of the N-TiO; dry gel and HP{N-TIO; nanccomposite, and DTA
curve of the N-TiD; dry gel.

was an Osram HCI-T 150 W metal halide lamp [31] (light intensity
specification presented in Fig. S1), placed centrally in the reactor.
The HP/N-Ti0; nanocomposite (0.3 g) was added to 300 mL of MO
solution (5.0 mg/L). In order to reach the adsorption-desorption
equilibrium, the suspension was magnetically stirred in dark for
1h, and the lamp was then switched on, The suspension was sam-
pled at regular time intervals and rigorously centrifuged for 10 min
to separate suspended nanoparticles and the concentration of MO
was immediately analyzed. For comparison, the MO degradation
experiment was conducted under the same conditions with each
of N-TiOz, HP/TiO; and bare TiO; nanoparticles as photocatalysts,
The role of HO® radicals on the degradation of MO was determined
by adding mannitel (0.1 M) as HO" scavenger.

2.4. Anaiytical method

The absorption spectrum of methyl orange shows a peak
at 464nm. The change of absorbance at this maximum wave-
length indicates the MO degradation, The UV absorbance of the
samples was measured by means of a UV-vis spectrophotome-
ter (UV, Jasco-V630} and using the appropriate calibration curve
(Fig. 52). The degradation efficiency was then calculated from
[(Co —Ci)/Co] x 100, where Cp and C; denote the appropriate MO
concentration at initial and any reaction time, respectively.

3. Results and discussion
3.1. Surface and structure characteristics of the samples

TG-DTA curve of the dried gel of N-doped Ti0, nanaparticles
and TGA diagram of HP/N-TiO; nanocomposite are shown in Fig, 2.
The TG curve of N-Ti0, dry gel includes mainly two steps. The
initial weight loss (~25%) appears at the temperature range from
room temperature to 150°C. This is attributed to the evaporation
of physically adsorbed water and alcchol in the xerogel. The sec-
ond weight loss (~20%) between 150 and 350 °C corresponds to the
combustion of organic compounds like acetyl acetone, In additicn,
the DTA curve reveals exothermic peaks at 425 and 700°C. These
can be attributed to the anatase phase formation and anatase to
rutile phase transformation, respectively. Several endothermic and
exothermic peaks are observed before 425 °C, which means that the
calcining process of the composite gel includes a series of dehydra-
tion, decomposition and combustion/oxidation reacticns [32]. For
the HP/N-TiO; nanecomposite the TGA diagram shows that the loss
of weight follows two steps. The first step (~3.5%) occurs from 25
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Fig. 3. XRD patterns of bare Ti0; (a), N-TiQ; nanoparticles (b} and HP/N-TiQ,
nanocemposite [c).

Table 1

Crystallite sizes and Eg values of the synthesized products.
Product Size (nm} Ey (eV)
bare TiO; 404 3.26
N-TiQy 297 2.91
HP/N-TiO; 298 2.53

te 125°C which could be attributed to the evaporation of phys-
ically absorbed water and alcohol molecules. During the second
toss (~2.5%), within the range of 125-450°C, organic matters such
as HP are combusted.

XRD analysis was carried out to investigate the crystal identity
of TiO; samples and the effect of nitrogen and HF on the crystal
structure of TiO,. The XRD patterns of bare Ti05, N-TiO; nanopar-
ticles and HP/N-TiO3 nanccomposite samples are shown in Fig. 3.
XRD patterns of all samples demonstrate the anatase phase as the
sole crystalline phase. It can be seen that the diffraction peaks of
anatase phase widen and their intensity is weakened with N dop-
ing, showing the lower crystallinity and smaller size nanoparticles.
No new diffraction peaks are observed in the N containing phase,
The close ionic radius of N*- (0.171 nm) and 02~ (0.144 nm) leads to
the substitution of oxygen by nitrogen [33]. Using Debye-Scherrer's
formula, the size of the particles was calculated from the [101]
diffraction peak as [34]:

0.9A
= Bos? (1)

where dis the particle size, A is the X-ray wavelength corresponding
to Cu Ko radiation (0.15406 nm), B is the full width at haif maxi-
mum (FWHM) of the XRD peak and # is the diffraction angle. The
crystallite sizes are listed in Table 1. The obtained size of N-TiOs
sample is smaller than that of bare TiO;. Peaks of the HP/N-TiO,
nanocemposite are similar to N-TiO; nanoparticles. The diffraction
peaks of HP were not detected in the hybrid nanocomposite which
could be assigned to its complete dispersion into TiO; nanoparti-
cles and low loading quantity. The peak position and peak width
of HP/N-TiO; is same as that of N-TiOa, indicating that the HP
adsorbed on the surface of N-Ti0, has no influence on the crystal
structure and particle size of the N-TiO; catalyst [13,17.35].

The FT-IR spectra of pure HP, TiO;, N-Ti0O; and HP/N-TiO; sam-
ples are shown in Fig. 4. The broad band at low wavenumber range
from 400 to 800 cm~! can be ascribed to the strong stretching vibra-
tions of Ti~—O bend. Meanwhile, the intensity of IR band related
to Ti—0—Ti vibration mode in pure TiO, sample is increased com-
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Fig 4. FT-IR spectra of TiG;, N-TiCz and HP/N-TiO, nanoparticles and HP,
pared with N-TiQ;, indicating that the corresponding anatase Ti0, Spr— -
crystallinity is decreased | 36] as nitrogen is doped on TiQ5, in accor- : HO-.\ -~
dance with the XRD analysis, Additionally, two main peaks located '
at 3415 and 1620 cm~! can be assigned to the stretching and bend- : '
ing vibration of hydroxy! group on the catalyst surface and water » '
absorbed on the surface {5 7]. It is well known that hydroxyl groups : T 3 i
play an important role in photocatalytic reaction. Comparing the i '
obtained spectra, it is revealed that the intensity of the two absorp- i |
tion bands in the N-TiQ; sample assigned to the hydroxyl Eroups is i L
stronger than that in bare TiO,, indicating that doping with nitro- HP

2en favors the increase of hydroxyl groups, which was considered
beneficial for the photocatalytic process {36].

After immobilization of HP on N-Ti0,, the basic characteristic
pealss for TiQy is hardly changed. The stretching vibrations of C—C,
C—H bonds can also be observed in the supported catalyst, indicat-
ing the presence of HP on the surface of N-TiQ;. Further, the spectra
show that the peaks corresponding to the stretching vibrations of
hydroxyl groups are broader and stronger in N-TiO; than that of
supported catalysts, due to the decrease of hydroxyl groups after HP
immobilization [38]. The dye used in this study. HP, contains two
carboxylic groups, which possesses strong binding ability to the
surface of N-TiQ, through the O=C—0—Ti bonds, For the pure dye,
stretching frequencies of the carboxylic group are located at 1710
and 1440 cm-! for the antisymmetric and symmetric stretching
vibrations, respectively. After coordinating te N-TiO, surface, the
stretching frequencies of the carboxylic groups are located at 1660
and 1452cm™? for the antisymmetric and symmetric stretching
vibrations, respectively, providing clear evidence for deprotona-
tion of the carboxylic group upon addition of N -TiO; nanoparticles,
The frequency difference between the antisymmetric and symmet-
ric stretching vibration (A =Vasym — Vsym) i5 useful in identifying
the binding mode of the carboxylate ligand [39], Therefore, the A
value estimated for HP loaded on the N-TiQy is found to be 208 cm—?
(1660 — 1452 =208 cm=1}, which is a smaller value than that of the
pure HP (270 cm~'} and suggests that the binding mode of HP on
N-Ti0; is predominantly bidentate (Fig. 5}

The surface area of the N-TiO; and TiO2 nanoparticles, based
on BET measurements, were 24.46 and 18.32 mé/g, respectively.
The incorporation of nitrogen ionic increases the extent of the sur-
face area '35,40]. These results are consistent with the results of
XRD analyses. The amount of HP adsorbed onto N-TiO, and TiO,
powders was found to be 21.29 and 13.49 pmol/{g, respectively (see
Section 2.2}, The adsorption amount of HP on N-TiD; is higher than
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Fig. 5. Schematic illustration of bidentate binding of HP on N-Ti0;.

that of TiO,, When particle diameter decreases, the quantity of TiO;
increases per unit mass, i.e. dye loaded sites should increase [41],

The effect of N-doping and HP loading on the band structure
and band gap energy is shown by absorbance spectra (Fig. 6), The
visible absorption spectra illustrate that the N-doped TiO; is a pho-
tocatalyst with the capability of photocatalysis under visible light
irradiation, Furthermore, the prepared N-Ti0Q; sample has absorp-
tion band at visible light region and that the band gap energy of
N-doped TiQ; was lower than that of anatase TiO,. The band gap
energy of the sampies were determined by the following equation
[42]:

1239.8
== (2)

where Eg is the band gap (eV) and A (nm) is the wavelength of the
absorption edge in the spectrum. Compared with bare TiO,, the
band gap was changed from 3.26 to 2.91eV. In a previous study it
was showed that the reduction of the width of band gap of TiO;
is attributed to the inclusion of nitrogen and the presence of OXy-

Eg
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Fig. 6. UV-vis absorption spectra of different samples.

gen defects in the structure [12}, It could be educed that mix of
the O 2p states and substituted N 2p contributes in the band gap
narrowing. This narrower bandgap will facilitate the transfer of
electron from valance band to conduction band in the doped oxide
semiconductor under visible light illumination, which can result
in higher photocatalytic activities [13,43]. Thus it can be expected
that the N-TiO; photocatalyst would demonstrate better photo-
catalytic activity than pure TiOy. Obviously, there is no absorption
above 400 nm for TiO;, while the HP{TiO3 and HP/N-TiO, nanocom-
posites exhibit the characteristic peaks of HP, indicating that HP
successfully is loaded onto the TiO; surface while the porphyrin
framework has been safely maintained, These characteristic bands
were attributed to HPs Soret band and Q-band absorption [41!, Val-

—-—
L T

e

T e YA

ues of the band gap energies of preducts (E;) have been reported in
Table 1, where a red shift in the visible region from 3.26 to 2.53 eV
for the bare TiO; and HP/N-TiQ; photocatalyts respectively, can be
seen, HP makes Ti0; and N-TiO; to have a strong absorption in
the region of 350-500 nm. The absorption intensity of HP/N-TiD,
nanocomposite is much higher than that of HP/TiQ; in the region
of 350-500 nm which confirms the higher dye loading,

In order to determine the complex formation between the
anchoring group of HP and N-TiQ;, we have conducted stud-
ies using UV-vis spectroscopy that is shown in Fig. $3. The HP
in ethanol solution exhibits a strong Soret absorption at 397 am
together with wealk Q bands between 500 and 700 nm [44], It was
therefore found that the absorption bands of the HP coupled N-TiC»
are all red shifted relative to those of the HP in ethanol solution.
The red shift of the Soret band is reasonable to conclude that HPN-
TiO; nanocomposite is formed by the covalent binding of N-Ti05
and anchoring groups of HP rather than only physical adserption
[45]. Thus the change in the absorption spectra again confirms the
formation of the HF/N-TiO; complex. The UV-vis absorption spac-
trum of the HP/N-TiO; nanocomposite was also obtained after 1
month in the dark. The UV spectrum of the aged sample was kept
unchanged compared to the fresh sample, indicating that HP/N-
TiO; was stable.

Scanning electron micrographs were used to show the morpho-
logical situation of the N-TiO; and HP{N-TiO, powders. As shown in
Fig. 7(a), the N-TiO; has a lumpy structure, and its surface is smooth.
After being treated with HP solutions, shown by Fig. 7(c), N-TiO,
loads porphyrin and the surface contains irregular particles and
becomes rough. The micrograph of N-TiQ, with a roughly 37.9nm
diameter can also be seen in Fig. 7(b) indicating almost spherical
shapes. When HP is loaded on the surface of N-TiOy, aggregates
could be observed clearly from the micrographs of HPJN-Ti05, as

Figaer
W)

[

Fig. 7. SEM micrographs of N-TiQ; (a,b) and HP/N-Ti0Q; (c.d) products with different magnifications,
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Fig. 8. Degradation efficiency vs. irradiation time of MO with different
photocatalysts under visible light irradiation, [TiO; ] =[N=Ti0z ] =|HP/TiO; ] = [HE{N-
TiOz)=1.0g/L; MO initial concentration=>5 mgj/L. (inset is the image of the changes
in the cotor of MO under visible-light illurnination),

shown in Fig. 7(d). This indicates the strong adsorption occurred
between HP and the TiO; support. As well, after HP impregnation,
the micrograph of the HP/N-TiO; is blurred and the visualization of
the N-TiO; structure is not clear. This confirms the presence of HP
on the surface of N-TiQ.

3.2. Photocatalytic activity of products

The phatocatalytic activity of the samples was evaluated by
measuring the degradation of the organic dye MO under visi-
ble light irradiation. Fig. 8 shows the degradation efficiency with
reaction time without any catalyst as well as in the presence of
bare TiC,, N-TiOz and HP/N-TiO, samples. The direct visible light
illumination without any catalyst can ead to only about 7.0% degra-
dation within 180 min, whereas bare TiO; nanoparticles exhibited
21.2% degradation of MO under the same conditions. This can be
accounted presumably to the self-sensitization capability of MO
molecules {46]. Using N-Ti0y, however, can lead the degradation
to enhance to about 51.4% degradation, and use of HP[TiO, gave
an efficiency of 33.1%. The improvement of the catalytic activities
through N-doping is due to the narrowed band gap of TiOy, as was
mentioned in the previous section. After sensitizing N-TiO; by HP,
much higher photoactivity was obtained so that degradation effi-
ciency reached to 88.5%. It can be calculated, therefore, that the
photocatalytic activity, after sensitizing of bare Ti0y and N-TiQ,
samples, enhances to about 1.7 times. Interestingly, the photocat-
alytic activity increment of HP/N-Ti0O, compared with bare TiQy is
more than the sum of increments coming from dye sensitization
of just TiG; and N-TiO,. This result indicates a synergism effect
between HP sensitization and nitrogen doping.

To investigate the role of MO initial concentration, different
amounts of this dye were utilized under similar operating condi-
tions, Results (Fig. 54} show a decreasing trend of degradation with
initial concentration which is expected due to limited photocatalyst
surface area and the light emission in contact with concentrated
solutions.

The rate of the heterogeneous photocatalytic degradation of
MO (5mg/L initial concentration) has been described with the
Langmuir-Hinshelwood kinetic model which can be expressed as
1475

dC _ kiGuC
df = T+KqC
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Fig.9. The kinetics of MO phetocatalytic degradation with different photocatalysts
under visible light irradiation, [TiOz] =[N-TEQ3 ] = |[HP/TiO2] = [HPIN-TiDz] = 1.0 g/L:
MQ initial concentration=5mg/L.

Table 2

Kinetic parameters for the photocatalytic degradation of MO under visible light.
Case Nocatalyst  BareTiD; N-TiO;  HP/TiO; HP{N-TiQz
kipp (min-'}  0.0005 0.0013 0.0042  0.001 0012
t1;2 (min) 1386 5332 165 693.1 57.8

where r represents the initial rate of photooxidation, € is the MO
concentration at any time £, k is the reaction rate constant, and Ko
is the adsorption coefficient of the MO molecules on photocatalyst.
At the low concentrations of MO (K,4C << 1) which is the case in
this work, Equation (3) can be simplified to an apparent first order
equation:

IHCTCD = —kKadC = —kappt - (4)

where kapp = kK4 is the apparent rate constant and Cp is the initial
concentration of MO. In order te evaluate qualitatively the rate of
photodegradation of MO under visible light illumination, the lin-
ear relationship of the natural logarithm of the ratic between the
initial concentration of MO and its concentration at different times
{InC/Cq) versus the corresponding irradiation time is presented in
Fie, 9, The results indicate that the photocatalytic degradation of
MO can be described by the apparent first order kinetic model.
Kinetic parameters for the photocatalytic degradation of MO are
listed in Tablc 2.

Previous studies indicate that hydroxyl radical, HO®, was the
major oxidant for photocatalytic degradation in wastewater treat-
ment [20]. To determine the contribution of HO* radical on
degradation, mannitol scavenger (0.1 M) was added to HP/N-TiO,
aqueous dispersion. In comparison with the main reaction (noscav-
enger), the MO degradation decreased to about 58% (Fig. S5) which
is due to hydroxyl radical scavenging by mannitol. These results
indicate that the hydroxy! radical has a significant contribution of
about 42% while the peroxy! radical (O,*~} and the reactive holes
provide the remaining activity,

The photocatalytic mechanism of N-TiO, sensitized by HP can
be deduced based on above discussions and is shown schemati-
cally in Fig. 10, When the visible light irradiares on the surface of
HP/N-TiO; nanocomposite, the electrons can be produced via two
different paths. In one path, nitrogen doping can modify the band
structure of TiOz by creating the intra-band-gap states close to the
valence band edges, and the flat band potentiat finds a level higher
than that of the conduction band of pure TiO,. Thus, when the vis-
ible light irradiates on the surface of the N-TiOy, the electrons can
be excited easier from the intra-band-gap states to flat band [13].
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Fig. 10. Schematic illustration of the proposed mechanism for N-TiQ, sensitized by HP in photocatalytic degradation.
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Fig. 11. Four consequtive cycles of photocatalytic degradation of MO; [HFjN-
TiOz]=1.0g/L; MO initial concentration=5 mgfL.

On the other path, the HP on the surface of the N-T i0; nanopar-
ticles generates photo-induced electrons by absorption of visible
light. Then the photo-induced electrons transfer to the conduction
band or flat band of N-TiQ;. Meanwhile HP cationic form (HP*) gets
the electrons from the solution to reproduce HF. The reactive elec-
trons present on the conduction band and flat band of N-T i0 can
reduce adsorbed 0; molecules on the surface of TiO; to peroxyl rad-
ical (02"}, which in-turn become highly oxidative hydroxyl radical
(HO")through a series of reactions, resulting in the oxidation of MO,
as the final step 18] Meanwhile, the reactive holes can oxidize MO
to its radical cation either directly or through a primarily formed
HO* produced by the oxidation of water. The synergistic effect of
the HP sensitization and nitrogen doping make HP/N-TiO, cataiyst
to exhibit accelerated photoexited electron transfer and therefore
so much degradation,

3.3, Catalyst stability evatuation

In order to investigate the stability, the repeating use of the
HP/N-TiO; nanocomposite for MO degradation was investigated.
At the end of each experiment, the solution residue from the pho-
tocatalytic degradation was filtered and the HP/N-TiO, sample was
washed and dried. The dried catalyst sample was used again for the
degradation of MO under identical experimental conditions, The
results show a very mild decrease (Fig, 11 ) confirmed that HP/N-

TiO; catalyst can be recycled at least four times without significant
loss of activity. At the first time of HP/N-TIiO, usage, 88.5% degra-
dation of MO was achieved and after four cycles, the degradation
efficiency retained as high as 82.1%. In addition, in UV-vis spectra
(Fig. 56), it is clear that the characteristic peak of HP remains the
same after four times repeating usage of the photocatalyst and that
the bind between N-TiO; and HP is still strong and is not separated
by disselution. So, the HP/N-Ti0; is an efficient and stable photo-
catalyst, merit for the degradation of organic pollutants in water
under visible irradiation,

4. Conclusions

In summary, titania and nitrogen-doped titania (N-TiO3)
nanoparticles were sensitized by HP for improving the visible-
light response. The new hybrid nanocomposite was methodically
characterized with the aid of standard optical and microscopic
techniques. Accordingly, UY-vis absorbance analysis of the pre-
pared nanocomposite indicated that HP in hybrid nanocomposite
extends the absorption of N-TiO; into the visible region such that
visible light could be harnessed. FT-IR analysis also indicated suc-
cessful binding of the dye to the N-TiO; surface. Due to the presence
of carboxyl groups, HP can be chernisorbed on the surface of N-
TiOz nanoparticles through the 0=C—0—Tij bonds. Exarnining the
photocatalytic activity ofthe hybrid nanocomposite on degradation
of methyl orange under visible light showed superior degradation
over pure N-Ti0; and TiO, (about 4.2 and 1.7 times enhancement,
respectively, compared with bare Ti0y ). This high visible light activ-
ity of HP/N-TiO; can be attributed to the synergistic effect of titania
nitrogen doping and sensitization with HP,
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