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Abstract—TiO,-In,O; (Ti-In) was synthesized by the sol-gel method and the composite was further doped with nitro-
gen and carbon to create Ti-In-N and Ti-In-C, respectively. The dye C.I. Reactive Red 2 (RR2) was used a model com-
pound to be subjected to various composites and measured for removal by photocatalytic degradation and adsorption.
Ti-In-N possessed a larger mean diameter than Ti-In-C, while the latter possessed a greater anatase content and sur-
face area than the former. After N or C doping, the spectra of corresponding Ti-In-N and Ti-In-C showed absorption
edges at longer wavelengths than the parent Ti-In. Ti-N-O and Ti-O-C bonds were found in Ti-In-N and Ti-In-C com-
posites, respectively. Ti-In-N was more effective for RR2 photodegradation than Ti-In-C, and the Ti-In-C removed

more RR2 by adsorption than Ti-In-N.
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INTRODUCTION

Semiconductor photocatalysts are commonly used to activate
free-radical chain reactions of photocatalytic oxidation. TiO, has been
most widely used because of its chemical stability and low toxicity.
TiO, can be modified by doping with metals and nonmetals to reduce
the band-gap energy; to extend the life and utility of photogenerated
electron-hole pair, or to improve pollutant adsorption to the catalyst
surface [1]. Several studies involving nitrogen-doped TiO, [2-5]
and carbon-doped TiO, [6-8] showed a reduced band-gap energy
as well as enhanced photocatalytic activity in the modified TiO,.

Rodriguez-Gonzalez et al. [9] found doping of TiO, with In,0,
increased photocatalytic activity because of increased surface area
of the catalyst. Wu et al. [10] attributed an increased photocatalytic
activity of TiO,-In,O; composite (Ti-In) to an increased surface
area as measured by BET, as well as to increased hydrophilicity
and separation of photogenerated electron-hole pairs afforded by
the modified catalyst. Other studies involving Ti-In synthesized by
the sol-gel method also concluded in enhanced removal of organic
contaminants by Ti-In over the original TiO, [10-12]. Ma et al. [13]
doped Ti-In with Pt and found resulting photocatalytic activities in
the order of Pt/Ti-In>Ti-In>TiO,. With a strong ability to accom-
modate conduction-band electrons, the incorporated Pt enhanced
the overall photocatalytic activity via improved charge separation
of the photogenerated electron-hole pairs. Sojic et al. [14] found
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nonmetal dopants to be more effective than metal dopants. How-
ever, to the best of our knowledge, photocatalytic activities of Ti-In
with nitrogen and carbon dopants have not been examined. This
study synthesized the Ti-In photocatalyst via the sol-gel method,
doped it with N and C separately, and characterized the surface
properties of the resulting catalyst. To examine the photocatalytic
activities of N-doped and C-doped Ti-In, the removal of a com-
mon azo dye CI Reactive Red 2 (RR2) was studied. Our project
objectives were to (i) prepare an N-doped Ti-In (abbreviated as Ti-
In-N) and a C-doped Ti-In (Ti-In-C) with varied Ti/N and Ti/C
mole ratios, (i) characterize the surface properties of various Ti-
In-N and Ti-In-C, (iii) determine adsorptive changes of RR2 onto
Ti-In-N and Ti-In-C, and (iv) assess the photocatalytic activities in
decolorizing RR2 of the doped Ti-In-N and Ti-In-C relative to their
parent Ti-In.

MATERIALS AND METHODS

1. Materials

RR2 (C,oH,,CLNNa,O,S,) was purchased from Sigma Aldrich.
TiCl, (Acros) and InCl; (Alfa Aesar) were sources of Ti and In, respec-
tively. Urea (Katayama) and powder activated carbon (PAC) (Kata-
yama) were sources of N and C dopants, respectively. The solution
pH was adjusted by adding 0.1 M HNO; (Merck) or NaOH (Merck)
during reaction. All compounds were used as received without
purification.
2. Preparation of Ti-In, Ti-In-N, and Ti-In-C

Ti-In was prepared in Ti/In mole ratio of 54 by the sol-gel method
as previously described [10]. The N-doped TiO,-In,O; is denoted
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as Ti-In-N-# where # represents the Ti/N mole ratio, and the C-
doped TiO,-In,O; is likewise denoted as Ti-In-C-# where # is the
Ti/C mole ratio. To prepare the Ti-In-N-0.07 catalyst, Ti-In (2.5 g)
and urea (12.5 g) were thoroughly mixed and the mixture was cal-
cined at 450 °C for 2 h. Ti-In-N-0.06 and Ti-In-N- 0.18 were simi-
larly prepared by varied urea amounts. To prepare the Ti-In-C-13.3
catalyst, PAC (0.104 g) was first mixed with HCl (20 mL; 0.65 M)
by placing the mixture in an ultrasonic bath for 10 min; then to
this solution InCl; (0.943 g; 99.9%) and TiCl, (6.7 mL; 98%) were
added. The solution pH was adjusted to pH 8 by adding an NH,OH
solution (28%), resulting in formation of a solid precipitate. The
precipitate was collected by filtration and washed repeatedly with
distilled water; it was dried at 110 °C for 24 h and then calcined at
450°C for 2h to yield the Ti-In-C-13.3 catalyst. Ti-In-C-2.7 and
Ti-In-C-5.3 were prepared similarly by varying the PAC amount.
Since C-N co-doped Ti-In (Ti-In-C-N at Ti/N=0.07 and Ti/C=13.3)
will be generated and evaluated in our future studies, Ti-In-N-0.07
and Ti-In-C-13.3 were selected as the representative samples for
N- and C-doped Ti-In in this study.
3. Characterization of Photocatalysts

The crystalline structures of various photocatalysts were ana-
lyzed by X-ray diffraction (XRD) (Bruker D8 SSS, Germany). The
XRD patterns were recorded with 26 values of 10-90°, with accel-
erating voltage and applied current of 40kV and 30 mA, respec-
tively. The pH point of zero charge (pH,,.) of particles was determined
in the range of 3-10 using a Zeta-Meter 3.0 (USA). The morphol-
ogies and structures of the prepared Ti-In-N and Ti-In-C were char-
acterized using a JEOL 3010 (Japan) transmission electron micro-
scope (TEM). Diftuse reflectance UV-Vis spectra of the photocata-
lysts were obtained using a UV-Vis spectrophotometer (JAS.CO-
V670, Japan) and were used to calculate the band-gap energies. The
specific surface areas of samples were calculated from nitrogen ad-
sorption isotherms by BET method using a Micromeritics ASAP
2020 apparatus. X-ray photoelectron spectroscopy (XPS) measure-
ments were made by using a PHI Quantum 5000 XPS system (USA)
with a monochromatic Al Ka source and a charge neutralizer.
4. Photodegradation and Adsorption of RR2

Experiments were conducted with each photocatalyst of 0.2 g/L
at pH 3 and 25°C. RR2 of 20 mg/L was used in all experiments
except those varied to determine the concentration effect of RR2
on its decolorization. Decolorization experiments were in a 3-L hol-
low cylindrical glass reactor, illuminated by an 8-W UV lamp (254
nm, Philips) with light intensity of 1.12 W/m” that was placed inside
a quartz tube. Adsorption experiments were performed in the dark.
The reaction medium was continuously stirred at 300 rpm to main-
tain it in suspension. Aliquots, a total volume of 10 mL, were with-
drawn from the reactor at time intervals to monitor reaction progress.
Following sampling, solids were separated by filtration through a
0.22 um filter (Millipore), and RR2 remaining in the filtrate was
analyzed by absorbance at 538 nm with a spectrophotometer (Hita-
chi U-5100, Japan).

RESULTS AND DISCUSSION

1. Surface Characteristics of Photocatalysts
Fig. 1 shows the XRD patterns of Ti-In-N and Ti-In-C. The 26
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Fig. 1. XRD patterns measured of prepared composites of (a) Ti-
In-N and (b) Ti-In-C.

peaks at 25.4° and 48.1° were associated with anatase TiO, and those
at 27.5% 36.2°, 41.3° and 54.4° with rutile TiO,. No patterns included
any In,O;, N-derived, or C-derived peaks. Wu et al. [10] suggested
that the absence of In,O; peaks from Ti-In was due to its signifi-
cant dispersion in Ti-In at low level (Ti/In mole ratio of 54) and its
low crystallinity in Ti-In to be measurable by XRD. Previous investi-
gations were unable to observe N-derived peaks for N-doped TiO,
[5] or C-derived peaks for the TiO,/PAC composite [8].

The anatase content was determined from integrated intensity
of anatase diffraction peak at 260=254", 1, and the rutile content
from rutile diffraction peak at 20=27.5°, I, using Eq. (1) below
[15]. Based on the XRD patterns, the crystalline size was calcu-
lated using Eq. (2) per Scherrer [16]:

Anatase(%)= %100 )

1+12.62
IR

094
D=
PcosO

@

where D represents the crystalline size (nm), A the X-ray wave-
length (0.15418 nm), £ the line-width at half maximum of ana-
tase peak at 260=254° or of rutile peak at 26=27.5°, and fthe dif-
fraction angle (°). Table 1 lists crystalline percentages and diame-
ters of the composites. The crystalline percentage of anatase and
mean diameter of Ti-In were similar to those of Ti-In-N, because
crystalline growth of Ti-In reached completion during the sol-gel
and calcination processes. Additionally, Ti-In was used to create
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Table 1. Crystalline contents and diameters of prepared composites

Crystalline (%)  Diameter (nm) Mean
Photocatalyst .

Anatase Rutile Anatase Rutile diameter (nm)
Ti-In 30 70 25 71 57
Ti-In-N-0.06 31 69 17 60 47
Ti-In-N-0.07 27 73 17 68 54
Ti-In-N-0.18 27 73 17 70 56
Ti-In-C-13.3 57 43 13 79 41
Ti-In-C-5.3 85 15 25 40 27
Ti-In-C-2.7 77 23 13 54 22

Table 2. Band-gap energies and BET surface areas of prepared com-

posites
Photocatalyst Wavelength ~ Band-gap ~ BET surzface area
(nm) energy (eV) (m’/g)
Ti-In 418 297 35.7
Ti-In-N-0.06 431 2.88 22.0
Ti-In-N-0.07 432 2.87 30.5
Ti-In-N-0.18 429 2.89 31.8
Ti-In-C-13.3 426 291 60.6
Ti-In-C-5.3 438 2.83 77.9
Ti-In-C-2.7 464 2.67 131

Ti-In-N through a post-nitridation route. Therefore, Ti-In and Ti-
In-N did not differ significantly in crystalline percentages and diame-
ters. The XRD figures reveal that C doping retarded the transfor-
mation of the TiO, from anatase to rutile, leaving a higher content
of anatase than rutile in Ti-In-C. The suppressed phase transfor-
mation might have resulted from stabilization of the anatase phase
by the surrounding PAC. The presence of PAC inhibited TiO, aggre-
gation during calcination, resulting in reduced particle size after C
doping (Table 1). Wang et al. [17] and Slimen et al. [7] showed that
activated carbon suppressed the growth of TiO, powder and pre-
vented agglomeration. Ti-In-N showed a larger mean diameter
than Ti-In-C, while the latter a higher anatase content (Table 1).

The pH,,. values of Ti-In, Ti-In-N-0.07, and Ti-In-C-13.3 were
49, 4.8, and 5.3, respectively. In experiments at pH 3, the catalyst
surfaces were positively charged. Table 2 presents the band-gap ener-
gies and BET surface areas of the prepared catalysts. The spectra of
Ti-In-N and Ti-In-C show absorption edges at longer wavelengths
than their parent Ti-In, suggesting reduced band-gap energies of
Ti-In-N and Ti-In-C after doping. This red shift means the doped
photocatalysts can be excited by photons of lower energy to gener-
ate reactive hole-electron pairs, possibly leading to enhanced pho-
tocatalytic activity. Ti-In-C had a higher surface area than its parent
Ti-In, because dopant PAC had a high surface area (968 m’/g). The
surface areas followed the order of Ti-In-C>Ti-In>Ti-In-N. There-
fore, doping with PAC increased the surface area and reduced both
the diameter and band-gap energy of the parent Ti-In particles.

A common perception in TiO, photocatalysis literature is that
the anatase phase is more photoactive than the rutile phase; how-
ever, this is not always true. Aside from the bulk structure of the
former, the most important difference between anatase and rutile
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is band-gap energy. The general consensus is that the band gaps of
rutile and anatase TIO, are 3.03 and 3.20 eV, respectively [18]. Rutile
TiO, had higher water oxidation photocurrent under simulated
sunlight than UV, so the photocatalytic activity of anatase and rutile
can differ depending on the type of chemicals. Hurum et al. [19]
indicated that electron-trapping sites are more stable in anatase
than in rutile, so anatase exhibits greater photocatalytic activity.
Theoretically, increasing the amount of anatase to rutile in doped
Ti-In increased the band-gap energy and the photocatalytic activity
of photocatalyst. However, Henderson [20] claimed that the mixed-
phase TiO, exhibited higher photoactivity than single-phase TiO,;
moreover, the optimal anatase content in mixed-phase TiO, de-
pended on the method of preparation and the photocatalytic reac-
tion of interest. The binding energy of the valence band of anatase

Fig. 2. TEM micrographs of (a) Ti-In-N-0.07 and (b) Ti-In-C-13.3.
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was found to be 0.39 eV higher than that of rutile in composite
samples. In mixed anatase/rutile samples, electrons have been demon-
strated to flow from rutile into anatase, and holes have been shown
to move oppositely [18]. Accordingly, mixed anatase/rutile sam-
ples exhibit a better photocatalytic activity than single anatase (or
rutile) samples.

Changes in particle size affect photoactivity by changing sur-
face area, light scattering and light absorptivity. These factors can
work together or against each other in photocatalytic reactions.
Benko et al. [21] proposed that charge carrier injection and/or trap-
ping at particle surface sites depends on a particlé’s size: larger par-
ticles exhibit more stable surface sites for electron trapping. Large
surface areas facilitate contact between holes (or electrons) and pollut-
ant molecules, improving photocatalytic activities. However, it is
difficult to accurately compare different photocatalysts due to par-
ticle size and surface area differences and lack of knowledge regard-
ing what fraction of a nanoparticles surface is active.

TEM offers insight into the morphology and microstructure of
the photocatalysts. The TEM images in Fig. 2 display the struc-
tures of Ti-In-N-0.07 and Ti-In-C-13.3. A wormhole-like meso-
porous structure was observed at the edges of the TEM images of
both Ti-In-N-0.07 and Ti-In-C-13.3. The mesopores formed by
aggregation of nanoparticles were of several nanometers. The
aggregates of Ti-In-N-0.07 and Ti-In-C-13.3 were of 50-100 and
20-50 nm, respectively.

457.6 Tigap (a)

Intensity (a.0.)

4633 iy

v v v ' v T
454 456 458 460 462 464 466

—

Binding energy (V)
443.91Npgspn (b)
= 451 5 Inasy)
=
.E‘
40 442 444 446 as8  4as0  as2 454
Binding energy (V)

(©

Intensity (a.u.)

s24 526 528 530 532 534 536
Binding energy (eV)
Fig. 3. XPS spectra of Ti-In (a) Ti,, (b) Iny,; (c) Oy [10].

XPS was used to determine the chemical compositions of the
photocatalysts. Figs. 3(a)-(c) present the XPS spectra of Tiy, In,,
and O, respectively, for Ti-In. Figs. 4(a)-(d) present the XPS spec-
tra of Tiy, Iny, Ny, and O, respectively, for Ti-In-N-0.07. Figs. 5(a)-
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Fig. 4. XPS spectra of Ti-In-N-0.07 for (a) Ti,, (b) Ins,, (c) N;, and
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Korean J. Chem. Eng.(Vol. 32, No. 5)



864 C.-H. Wu et al.

(d) show the XPS spectra of Ti,, In,y, C,,, and O,, respectively, for
Ti-In-C-13.3. Ti,s, and Ti,,, spin-orbital splitting photoelectrons
were located at binding energies of 455.7-458.8 and 462.1-464.5
eV [22-24], respectively (Figs. 3(a), 4(a) and 5(a)). These binding
energies are close to reported values for Ti** in TiO, [25]. Ins,s;, and
In,,, spin-orbital splitting photoelectrons were observed at bind-
ing energies of 443.9-445 [23,26-29] and 451.5-452.2 eV [23,26,27,
29], respectively (Figs. 3(b), 4(b) and 5(b)).
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Two peaks with binding energies of 397.6 and 398.7 eV were
identified in the N, region of Ti-In-N-0.07 (Fig. 4(c)). Binding
energies of 397.0-397.4 [30-32] and 398.6 €V [30,31] in the N region
were assigned to Ti-N-O. Asahi et al. [2] proposed that nitrogen
doped at the substitutional sites of TiO, in N-TiO,; however, Reyes-
Garcia et al. [33] claimed that nitrogen atoms doped at the inter-
stitial sites. Peaks of the N, region at 396-397 eV were attributed
to substitutional nitrogen owing to the closeness of this region to
the typical binding energy of 396 eV that has been observed for N
in TiN, while observed peaks at higher binding energies are usu-
ally ascribed to a generic interstitial site [34]. Furthermore, analy-
sis of the interaction between nitrogen impurities and oxygen va-
cancies has demonstrated that interstitial sites are more stable than
substitutional sites in N-TiO, [34]. Two peaks with binding ener-
gies of 397.6 and 398.7 eV were assigned to Ti-N-O, and the nitro-
gen atoms were suggested herein to occupy interstitial positions in
Ti-In-N. Peaks at 528.5-529.2 [23,24,35] and 529.4-530.0 eV [22,27,
28] were assigned to O,; the former was attributable to Ti-O and
the latter to In-O (Figs. 3(c), 4(d) and 5(d)). Peaks at 531.4 and 533
eV indicated other oxygen species, plausibly belonging to Ti-N-O
[32] and OH™ [22], respectively (Fig. 4(d)). The binding energies
of C,, 284.8, 285.4 and 288 eV, were attributed to C-C, C-O [36,37],
and Ti-O-C [22] bonds, respectively (Fig. 5(c)). The peak of O, at
530.7-531.2 eV was attributed to oxygen associated with C-O con-
tamination [27] (Fig. 5(d)). XPS characterization thus confirmed
that Ti-N-O and Ti-O-C had been formed in Ti-In-N-0.07 and Ti-
In-C-13.3, respectively.

2. Photocatalytic Activity of Prepared Composites

Fig. 6 presents the effects of N and C dopant concentrations in
Ti-In on RR2 removal. After 180 min, the adsorptions of RR2 (in
the dark) by Ti-In, Ti-In-N-0.06, Ti-In-N-0.07, Ti-In-N-0.18, Ti-In-
C-2.7, Ti-In-C-5.3, and Ti-In-C-13.3 were 34%, 11%, 20%, 25%,
80%, 72%, and 64%, respectively, while the total removals of RR2
(adsorption and photodegradation under illumination) were 78%,
97%, 98%, 96%, 95%, 90%, and 92%, respectively. Therefore, the
net removal of RR2 attributed to photodegradation by various photo-
catalysts followed the order of Ti-In-N-0.06>Ti-In-N-0.07>Ti-In-
N-0.18>Ti-In>Ti-In-C-13.3>Ti-In-C-5.3>Ti-In-C-2.7. Both the sur-
face area of Ti-In-N (Table 2) and its adsorption of RR2 (Fig. 6(a))
decreased as N doping increased; however, the net photodegrada-
tion of RR2 increased with increasing N doping. The removal of
RR2 in all experiments followed pseudo-first-order kinetics, as has
been reported in various studies of dye decolorization [8,10,38,39].
Table 3 lists the fitted pseudo-first-order rate constants along with
correlation coefficients for various photocatalysts. Nitrogen dop-
ing greatly improved photocatalytic activity of Ti-In. Xing et al. [40]
showed that doping of nitrogen into the TiO, lattice improved its
photocatalytic activity, but adsorption of nitrogen onto the TiO,
surface hindered it.

Both the surface area of Ti-In-C (Table 2) and its adsorption of
RR2 (Fig. 6(b)) increased with increasing C doping; however, the
net photodegradation of RR2 decreased as C doping increased. The
distribution of TiO, on PAC particles might enhance charge trans-
fer between TiO, and PAC, thereby improving the photocatalyst’s
ability to absorb light. However, Ti-In-C did not exhibit this effect.
The results suggested that PAC in Ti-In-C assisted in adsorption of
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the contaminant dye but it did not prove to be an efficient accepter
of photogenerated electrons as to prevent recombination. The re-
moval of RR2 by Ti-In-N was higher than by Ti-In-C (Table 3).
Fig. 6(c) shows the effect of RR2 concentration on its decolor-
ization by UV/Ti-In-C-13.3 and UV/Ti-In-N-0.07. After 180 min,
the removals of RR2 from initial concentrations of 10, 20, and 40
mg/L by UV/Ti-In-C-13.3 were 98%, 92%, and 65%, respectively;
whereas the removals from the same set of initial concentrations
by UV/Ti-In-N-0.07 were 100%, 98%, and 65%, respectively. The
removal of RR2 at 180 min decreased as the initial RR2 concentra-
tion increased, which suggested the reaction order with respect to
RR2 was not first-order over the studied concentration range. The
varying rate constant k; (as shown in Table 3) according to vary-
ing initial RR2 concentration again reflected that the reaction was
not first-order, albeit the fitted k; rate constants still provided kinetic
comparison among the catalysts under the same conditions. Clearly;

Table 3. Pseudo-first-order rate constant (k) of removal and cor-
relation coefficient (R’) in various operation systems ([RR2]
=20 mg/L, [photocatalyst]=0.2 g/L, pH=3)

Systems k™) R?
UV/Ti-In 043 0.999
UV/Ti-In-N-0.06 1.7 0.988
UV/Ti-In-N-0.07 1.6 0.997
2.0* 0.938*
0.34** 0.997%**
UV/Ti-In-N-0.18 1.1 0.978
UV/Ti-In-C-13.3 0.76 0.979
1.7* 0.975*
0.29%* 0.991**
UV/Ti-In-C-5.3 0.860 0.941
UV/Ti-In-C-2.7 0.960 0.971

*Denotes values for [RR2]=10 mg/L
**Denotes values for [RR2]= 40 mg/L

other factors such as the extent of adsorption or photon reception
at the catalyst surface might have played a role in the observed reac-
tion order on RR2. With increased RR2 concentration, it would to
some extent shield the photocatalytically active sites from a given
photon flux, resulting in reduced contaminant conversion. In addi-
tion, the increasing amount of RR2 and correspondingly of inter-
mediates could have resulted in stronger competition for the photo-
generated hydroxyl radicals. Thus, for the same amounts of photo-
catalyst and photon input toward an increased RR2 load, the re-
moval of contaminant could be reduced due to shielding or increased
consumption of hydroxyl radical. Similar reduced activities were
found in numerous studies of UV/TiO, system [38,41].

CONCLUSIONS

Ti-In, Ti-In-N and Ti-In-C were prepared and their surface char-
acteristics and photocatalytic activities were measured. Doping Ti-
In with nitrogen or carbon reduced the band-gap energy of Ti-In.
Surface areas of the three followed the order of Ti-In-C>Ti-In>Ti-
In-N. XPS characterization verified that Ti-N-O and Ti-O-C bonds
were formed in Ti-In-N and Ti-In-C, respectively. PAC in Ti-In-C
improved adsorption capacity for RR2 but did not trap photogen-
erated electrons or improve photodegradation. Ti-In-N removed
RR2 via photocatalytic degradation more effectively than Ti-In-C
did, while the latter removed more RR2 by adsorption than the
former.
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