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 1. INTRODUCTION

Colored wastewater is released in textile effluents
and poses a potential environmental hazard. Within the
ecosystem, this colored wastewater is a dramatic source
of pollution, eutrophication, and perturbations in
aquatic life. Moreover, a variety of organic chemicals
are produced during the dyeing process, and some have
been shown to be carcinogenic [1]. With the growing
awareness of decreasing available water resources,
many methods, including physical, chemical, and bio-
logical methods, are being used in wastewater treat-
ment and recycling. Among them, heterogeneous pho-
tocatalysis appears to be an emerging destructive tech-
nology leading to the total mineralization of most
organic pollutants [2–7], in which TiO

 

2

 

 is widely used
because of its optical and electronic properties, low
cost, chemical stability, and nontoxicity [8]. However,
TiO

 

2

 

 utilizes only a very small fraction of the solar
spectrum due to its band-gap energy, and the photocat-
alytic activity of TiO

 

2

 

 is limited by fast charge-carrier
recombination and low interfacial charge-transfer rates
of photogenerated carriers. In order to improve its pho-
tocatalytic activity, many studies have been undertaken.
The results show that selective metal ion doping is one
of the effective means. In the present study, the investi-
gations about doping elements focus primarily on dop-
ing of transition metal ions [9–14]. Rare earth metals
that have incompletely occupied the 4

 

f

 

 and empty 5

 

d
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orbitals often serve as a catalyst or promote catalysis.
Some results show that the photocatalytic activity of
TiO

 

2

 

 can be improved because of the doping of some
rare earth metals [15–18].

Codoping with two kinds of ions has been investi-
gated in recent years and has received attention from
many investigators [19–21]. Wang et al. [22] found that,
under the irradiation of light with wavelengths larger
than 400 and 290 nm, the photocatalytic activity of
nitrogen and lanthanum codoped SrTiO

 

3

 

 was 2.6 and
two times greater than that of pure SrTiO

 

3

 

. Zhang et al.
[23] found that Pt deposited onto Nb

 

5+

 

/TiO

 

2

 

 increased
the photodegradation activity of CHCl

 

3

 

. These facts
indicate that introducing two or more proper elements
onto nanocrystalline TiO

 

2

 

 particles will improve the
photocatalytic effect of TiO

 

2

 

. Codoping transition
metal ions and rare earth metal onto nanocrystalline
TiO

 

2

 

 may have a synergistic effect to increase the activ-
ity of TiO

 

2

 

.
In this work, TiO

 

2

 

 codoped with Fe

 

3+

 

 and Ho

 

3+

 

 was
prepared by the sol-gel method and a systematic char-
acterization was conducted. The photocatalytic activity
was evaluated by photodegradation of methyl orange in
solution under UV light and simulated solar light irra-
diation. We found that the codoping with Fe

 

3+

 

 and Ho

 

3+

 

could obviously enhance the photocatalytic activity for
the methyl orange degradation relative to undoping and
single-doping TiO

 

2

 

. A relationship between the struc-
ture and the photoactivity of samples was proposed,
and the synergistic effect of two dopants leading to sig-
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Abstract

 

—Undoped, single-doped, and codoped TiO

 

2

 

 nanoparticles were prepared by the sol-gel method and
characterized with X-ray diffraction (XRD), the Brunauer-Emmett-Teller (BET)-specific surface area (S

 

BET

 

),
UV-Vis absorption spectra (UV-Vis), and X-ray photoelectron spectroscopy (XPS). Their photocatalytic activ-
ity was evaluated by methyl orange (MO) degradation in an aqueous suspension under UV or simulated solar
light illumination. XRD showed that all samples calcined at 600

 

°

 

C preserved the anatase structure, and doping
inhibited the increase of crystallite size. The BET result revealed that doping improved the surface area of TiO

 

2

 

.
UV-Vis indicated that Fe

 

3+

 

-doping broadened the absorption profile of TiO

 

2

 

. XPS demonstrated that doping was
advantageous to absorb more surface hydroxyl groups or chemisorbed water molecules. Photocatalytic degra-
dation showed that the photocatalytic activity of TiO

 

2

 

 codoped with Fe

 

3+

 

 and Ho

 

3+

 

 ions was markedly
improved. This was ascribed to the fact that there was a cooperative action in the two doped elements. Fe

 

3+

 

-
doping broadens the absorption profile, improves photo utilization of TiO

 

2

 

, and then generates more electron-
hole pairs. Ho

 

3+

 

-doping restrains the increase in grain size and retards the recombination of photo-generated
electrons and holes.
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nificant enhancement of photodegradation has been
discussed.

2. EXPERIMENTAL

 

2.1. Synthesis of Doped TiO

 

2

 

 Photocatalysts

 

TiO

 

2

 

 nanoparticles codoped with Fe

 

3+

 

 and Ho

 

3+

 

were prepared by the sol-gel route using tetra-n-butyl
titanate, transition metal salts 

 

Fe(NO

 

3

 

)

 

3

 

 

 

·

 

 9H

 

2

 

O

 

, and the
rare earth metal salts 

 

Ho(NO

 

3

 

)

 

3

 

 

 

·

 

 6H

 

2

 

O

 

 as the precur-
sors. In the molar ratio 

 

Ti(OC

 

4

 

H

 

9

 

)

 

4

 

 : C

 

2

 

H

 

5

 

OH : H

 

2

 

O :
CH

 

3

 

COOH = 1 : 8 : 20 : 6, 0.05 mol Ti(OC

 

4

 

H

 

9

 

)

 

4

 

 (C.P.)
was dissolved in 30 mL ethanol with stirring for
30 min. Another solution containing 28.32 mL ethanol,
7.2 mL H

 

2

 

O, 20 mL acetic acid, transition metal salts,
and rare earth metal salts in the required stoichiometry
was slowly added into the above solution under mag-
netic stirring at room temperature. The mixture was

hydrolyzed for 60 min under vigorous stirring, and a
transparent sol was obtained. The gel was prepared by
aging the sol for 6 h at 60

 

°

 

C. The derived gel was dried
at 80

 

°

 

C in a vacuum box to remove the solvents, and the
resulting dry gel was milled into powders in a mortar
and then calcined in an oven at 600

 

°

 

C for 2 h for use.
Pure TiO

 

2

 

 was prepared in the same way. For conve-
nience, the samples were labeled as TF(X), TH(Y) for
Fe

 

3+

 

 and Ho

 

3+

 

 single-doped TiO

 

2

 

, and TF(X)H(Y) for
Fe

 

3+

 

 and Ho

 

3+

 

 codoped TiO

 

2

 

, where X and Y refer to the
nominal atomic concentration of Fe

 

3+

 

 and Ho

 

3+

 

, respec-
tively.

 

2.2. Characterization

 

XRD patterns of all samples were obtained at room
temperature with a Holand X’pert PROMPD diffracto-
meter (

 

Cu

 

K

 

α

 

 radiation, 

 

λ

 

 = 1.5406 

 

Å) operated at 45 kV
and 40 mA. The crystalline size was estimated by
applying the Scherrer equation 

 

D

 

 = 

 

K

 

λ

 

/

 

β

 

cos

 

θ

 

 to the
FWHM of the (101) peak of anatase, with a-silicon
(99.9999%) as a standard for the instrumental line
broading. The distortion of the TiO

 

2

 

 matrices was also
estimated from the XRD spectra using the formula 

 

ε

 

 =

 

β

 

/4

 

. The BET surface area was obtained by N

 

2

 

adsorption at 77 K using a micromeritics ASAP 2000.
The UV-Vis absorption spectra of samples were
recorded on a UV–3000 spectrophotometer in the range
300–600 nm at room temperature in air, using high pure

 

BaSO

 

4

 

 as the reference substance. To analyze the sur-
face elemental composition and valent state of photo-
catalysts, X-ray photoelectron spectroscopy (XPS) was
recorded with a VG MKII spectrometer using a radia-
tion source of 

 

Al

 

K

 

α

 

 radiation with an energy of
1486.6 eV. As an internal reference for the absolute
binding energy, a 

 

ë1

 

s

 

 peak of 284.6 eV was used. The
concentration of methyl orange in solution was mea-
sured with a spectrophotometer (DR/2500, America
HACH Company).

 

2.3. Measurement of Photo-Catalytic Efficiency

 

The experiment of the photodegradation was carried
out in the photo reaction system drawn in Fig. 1. Ultra-
violet irradiation was offered by a 500-W high-pressure
mercury lamp with major emission at 365 nm. The
spectrum energy distribution of the pulsed xenon lamp
known as an artificial small sun is very close to that of
solar light, and its working characteristic is so stable
that irradiation energy is immobile at any time. Thus, in
this work, a 1500 W pulsed xenon lamp was used as the
light source of simulated solar light. The reactive bottle
was a 250 mL cylindrical vessel with a water-cooled
quartz jacket. The lamp was located in the center of the
quartz jacket. A magnetic stirrer was equipped at the
bottom of the reactor to achieve effective dispersion.
Air was bubbled through the reaction solution from the
bottom to ensure a constant dissolved O

 

2

 

 concentration.
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Fig. 1.

 

 Schematic figure of the photo reaction system:
(A) Temperature probe; (B) Blowhole; (C) Condensator;
(D) Water-cooled quartz jacket; (E) Reactive bottle;
(F) Lamp; (G) Magnetic rod; (H) Magnetic stirrer;
(I) Velocity knob.
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To assess the photocatalytic activity of doped TiO

 

2

 

,
pure TiO

 

2

 

 powder was also tested. The amount of TiO

 

2

 

powder chosen was 2 g/L. The initial methyl orange
concentration was 40 mg/L for UV irradiation and
20 mg/L for simulated solar light. The temperature of
the reaction solution was maintained at 

 

30 

 

±

 

 0.5°C

 

.
Some aqueous samples were withdrawn at different
intervals. The residual concentration of methyl orange
was measured at 465 nm with a DR/2500 spectropho-
tometer.

3. EXPERIMENTAL RESULTS AND DISCUSSION

 

3.1. X-ray Diffraction and BET-Specific Surface Area

 

X-ray diffraction measurements (Fig. 2) show that
all samples prepared have the anatase structure. Com-
pared to pure TiO

 

2

 

, the pattern peaks for single-doped
and codoped TiO

 

2

 

 slightly weaken and broaden, and
this phenomenon is especially obvious for Ho-doped
TiO

 

2

 

. A(103), A(004), and A(112) peaks of anatase for
Ho-doped TiO2 are conjoint and come to a broad dif-
fraction peak, and the A(105) and A(211) XRD peaks
tend to conjoin together, which indicates Ho doping has
a strong function to restrain the increase of crystallite
size. It may be ascribed to the segregation of the dopant
cations at the grain boundary and prevent the growth of
nanocrystallite in the nanoparticles. There is a slight
broadening in XRD peaks for Fe-doped sample, and the
broadened degree of peaks of TF(1)H(1) is between of
them. No characteristic peak of iron and holmium
oxide are found in the XRD patterns, implying either
the Fe3+ and Ho3+ ions are incorporated into the crystal-
line part of TiO2 or that iron and holmium oxide are
very small and highly dispersed.

The radius of Ti4+, Fe3+, and Ho3+ are 0.74, 0.69, and
0.908 Å, respectively. The radius size of Ti4+ and Fe3+

was almost same; therefore, it can be inferred that the
Fe ions might insert into the structure of titania and be
located at interstices or occupy some of the lattice sites
of TiO2, forming an iron–titanium solid solution [24].
However, the radius of Ho3+ is much larger than that of
Ti4+. It is difficult for Ho ions to be introduced into the
structure of titania, so it must be located on the grain
boundary of TiO2 and highly dispersed and, thus, pre-
vent the growth of the crystallite size.

The particle characteristics calculated from the
XRD and BET-specific surface area for the samples are

summarized in the table. It can be seen that pure TiO2
shows a low surface area and high crystallite size in
comparison with the doped sample, which implies that
Fe3+ and Ho3+ doping restrain the increase of crystallite
size. The smaller crystalline size in the doped nanopar-
ticles not only increased the surface areas, which is
beneficial for transportation and exchanges of organic
and productions, but the smaller crystallite size is also
in favor of the separation of the photogenerated carri-
ers, prolonging the lifetime of the carriers and then
improving the photocatalytic activity. The unit cell vol-
umes of doped TiO2 particles are obvious bigger than
that of undoped TiO2 and that of codoped TiO2 particles
is the most in all samples. The matrix distortion
increases in the order of TiO2, TF(2), TF(1)H(1), and
TH(2). It can be inferred that Ho doping can lead to
matrix distortion and expansion, although Ho ions are
difficult to introduce into the structure of titania. The
recombination of photogenerated electrons and holes is
the major factor to inhibit the photocatalytic activity of
TiO2. Expansion in crystal matrices can create oxygen
vacancies, which generate shallow energy states below
the bottom of the conduction band and served as elec-
tron trap sites in nanocrystalline TiO2. The separation
of the charge carriers is attributed to such trapping.
Wang et al. [25] reported that the IPCEs (the incident
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Fig. 2. XRD patterns of samples.

XRD analysis result of samples

Doped
element

Doped
content, % Crystal size, nm BET surface 

area, m2/g
Matrix

distortion, %

Crystal parameter

a, nm c, nm V, nm3

None 0 51.9 38.42 0.3012 0.3888 0.8166 0.1234

Fe 2 25.5 – 0.6145 0.3885 0.8259 0.1247

Ho 2 13.0 98.81 1.1988 0.3885 0.8252 0.1245

Fe + Ho 1 + 1 13.5 78.49 1.1631 0.3884 0.8486 0.1280
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monochromatic photon to current conversion effi-
ciency) of Eu3+-, La3+-, Nd3+-, and Pr3+-doped TiO2
electrodes were much larger than those of undoped
TiO2, which indicates that the photogenerated electron-
hole pairs were separated more efficiently in rare-earth-
doped TiO2 nanoparticles than in pure TiO2. So Ho dop-
ing may retard the recombination of photogenerated
electrons and holes and help to improve the photocata-
lytic activity of TiO2.

3.2. UV-Vis Absorption Spectra

Figure 3 shows the UV-Vis absorption spectra of
Fe3+-doped, Ho3+-doped, codoped, and undoped TiO2,
respectively. Compared with the spectrum of pure TiO2,
a tiny blue-shift of the absorption profile in the Ho3+-
doped TiO2, and a red-shift in the Fe3+-doped TiO2 are
clearly observed. The sample of TF(0.05)H(0.5) shows
the same red-shift, and the shifted degree is between
them.

During the photocatalytic process, the absorption of
photons by the photocatalyst leads to the excitation of
electrons from the valence band to the conduction band,
thus generating electron-hole pairs. The electron in the
conduction band is captured by oxygen molecules dis-
solved in the suspension, and the hole in the valence
band can be captured by OH– or H2O species adsorbed
on the surface of the catalysts to produce the hydroxyl
radical. Thus, the catalysis activity is strongly related to
the number of electron-hole pairs in TiO2. The more
electron-hole pairs that form on the TiO2 surface, the
more highly efficient the catalysis activity in depigmen-
tation [26]. The number of electron-hole pairs depends
on the optical properties of samples. The longer the
wavelength light that can be absorbed, under the same
light irradiation, the more electron-hole pairs that are
formed on the TiO2 surface. From Fig. 3, it can be seen

that Fe3+ doping leads to a red-shift of the absorption
profile, which is advantageous for generating electrons
and holes under photoirradiation.

3.3. X-ray Photoelectron Spectroscopy

In order to detect the peaks of dopants by XPS, a
TF(5)H(5) sample with higher Fe and Ho concentra-
tions was prepared. XPS spectra of TF(5)H(5) and pure
TiO2 are shown in Fig. 4. Peaks at around 284.6 eV are
found in all survey spectra, corresponding to carbon
impurities, probably arising from the background or the
residual precursors. The Ti 2p1/2 and Ti 2p3/2 binding
energies for undoped TiO2 are 464.4 and 458.7 eV,
respectively, and the space between them is 5.7 eV
(Fig. 4b), which is in excellent agreement with the lit-
erature data for pure TiO2 [27]. In fact, the presence of
titanium with an oxidation state lower than +4 should
have been evidenced by the presence of shoulders on
the binding energy side of the peak, which was not
observed.

The binding energies of Ti 2p1/2 and Ti 2p3/2 peaks in
the TF(5)H(5) sample are 464.55 and 458.75 eV (space
5.8 eV) (Fig. 4d), which are actually the same as those
in Fig. 4b within the accuracy of the XPS measure-
ments. No Ti3+ species were observed by XPS. The
absence of broadening of the Ti 2p3/2 signals,
(FWHM = 1.4 eV for all samples) may also indicate the
presence of only Ti4+ species [28]. Figure 4c shows the
result of the O 1s fit spectra of TF(5)H(5). The highly
asymmetric shapes with a wider left side of the oxygen
XPS lines suggest different oxygen environments. The
peak at 530.1 eV [29] is due to the O2– ion in the TiO2
lattice, and the peak at 531.9 eV [30] should be attrib-
uted to the surface hydroxyl groups or chemisorbed
water molecules on the titania. The atomic ratio O to Ti
of pure TiO2 and TF(5)H(5) is 2.278 and 2.718, respec-
tively, which indicates that TF(5)H(5) contains more
surface hydroxyl groups or chemisorbed water mole-
cules, which is helpful to improve the photocatalytic
activity of TiO2.

3.4. Photocatalytic Activity

The photocatalytic activity of the samples is mea-
sured by the degradation of the aqueous solution of
methyl orange without concerning the degradation
intermediates in detail. Before irradiating with a light,
the samples are stirred in the dark for half an hour.
Detection results show that the methyl orange concen-
tration has a negligible decrease caused by slight
absorption on the photocatalysts surface, which indi-
cates that there is no degradation in the absence of irra-
diation.

The evolutions of methyl orange photodegradation
with time under UV and simulated solar light irradia-
tion are presented in Fig. 5. In comparison with pure
TiO2, doping improves the photocatalytic activity of
TiO2. The codoping of Fe3+ and Ho3+ can markedly
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Fig. 3. UV-Vis absorption spectra of samples: (a) TH(0.5);
(b) TiO2; (c) TF(0.05)H(0.5); (d) TF(0.5).
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enhance the photocatalytic activity relative to undoped
and single-doped TiO2. Such an improvement implies
that there is a synergistic effect in catalytic activity
when both Fe3+ and Ho3+ are codoped into the nanoc-
rystalline TiO2 particles.

From Fig. 5a, it can be seen that the degradation effi-
ciency of the Ho3+-doped sample under UV irradiation
is higher than that of Fe3+-doped sample; the reason for
this may be that the inhibition function of recombina-
tion of photogenerated electrons and holes plays a dom-

inant role in this condition. When the irradiation light
changes from UV to solar light, the red-shift of the
absorption profile plays a dominant role, so the degra-
dation efficiency of the Ho3+-doped sample under sim-
ulated solar light irradiation is lower than that of the
Fe3+-doped sample (as was shown in Fig. 5b). When
both Fe3+ and Ho3+ are codoped into the nanocrystalline
TiO2 particles, a cooperative operation will be pro-
duced. Fe3+-doping broadens the absorption profile,
improves photo utilization of TiO2, and then generates
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Fig. 4. XPS spectra of pure TiO2 and TF(5)H(5): (a) survey; (b) Ti 2p peaks in undoped TiO2; (c) O 1s peaks; (d) Ti 2p peaks in
TF(5)H(5).
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more electron-hole pairs. Ho3+-doping restrains the
increase in the grain size, leads to crystal expansion and
matrix distortion, and retards the recombination of the
photoexcited charge carriers. Thus, the photocatalytic
activity of TiO2 codoped with Fe3+ and Ho3+ is mark-
edly improved.

4. CONCLUSIONS

Single-doped and codoped TiO2 nanoparticles were
prepared successfully by the sol-gel method. It has
been found that the addition of Ho3+ to the TiO2 system
leads to crystal expansion and distortion of matrices,
which suppress the recombination of excited electrons
and holes and help to improve the photocatalytic activ-
ity of TiO2. And Ho3+ doping restrains the increase of
crystalline size, which is in favor of the separation of
the photogenerated carriers, prolongs the lifetime of the
carriers, and then improves the photocatalytic activity
of TiO2. Furthermore, the addition of Fe3+ to the TiO2
system leads to a red-shift of the absorption profile of
TiO2 and improves photo utilization of TiO2, which is
advantaged to generating electrons and holes under
photoirradiation. When both Fe3+ and Ho3+ are codoped
into the nanocrystalline TiO2 particles, a cooperative
operation will be produced. Fe3+-doping broadens the
absorption profile, improves photo utilization of TiO2,
and then generates more electron-hole pairs. Ho3+-dop-
ing restrains the increase of the grain size, leads to crys-
tal expansion and matrix distortion, and retards the
recombination of the photoexcited charge carriers. The
photocatalytic activity of TiO2 codoped with Fe3+ and
Ho3+ ions is markedly improved related to the coopera-
tive actions of the two dopants. It can be expected that
the photocatalytic activity can be further improved by
choosing proper dopants.
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