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a b s t r a c t

ZrO2-doped TiO2 hollow nanospheres with anatase phase are efficiently fabricated via functionalized neg-
atively charged polystyrene (PS) spheres without any surfactant or polyelectrolyte. The resulting
Ti1�xZrxO2 (hereafter denoted as TZ) hollow nanospheres are characterized by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), powder X-ray diffraction (XRD), Laser Raman spec-
troscopy (LRS), X-ray photoelectron spectroscopy (XPS), X-ray fluorescence spectroscopy (XRF), nitrogen
sorption, and UV–vis diffuse reflectance spectroscopy (UV–vis). The Zr4+ incorporation decreases the ana-
tase crystallite size, increases the specific surface area, and changes the pore size distribution. Further-
more, it induces enrichment of electron charge density around Ti4+ ions and blueshift of absorption
edges. The TZ hollow nanospheres doped with moderate ZrO2 (molar ratio, Ti:Zr = 10:1) exhibit better
photocatalytic activity than the other samples for the degradation of rhodamine B in aqueous solution,
which is correlated with the effect of Zr4+ doping on the physicochemical properties in terms of surface
structures, phase structures, and the electronic structures.

� 2011 Published by Elsevier Inc.
1. Introduction

The semiconductor photocatalysts have attracted great atten-
tion for their wide application in decomposition of environmental
pollutants [1–3]. Among various semiconductor photocatalysts,
titania has proven to be suitable for widespread environmental
applications due to its strong oxidizing power, cost effectiveness,
and long-term stability against photocorrosion and chemical cor-
rosion [1]. However, the photocatalytic activity of TiO2 need be fur-
ther enhanced from the viewpoint of practical and commercial use.
Recently, Ti1�xMxO2 (M denotes a transition metal) mixed oxides
have been intensively studied as photocatalysts for their high pho-
tocatalytic efficiency [4–7]. Lin et al. reported that Sn substitution
for Ti in rutile TiO2 was found to increase the photoactivity up to
15 times for the oxidation of acetone [4]. Nagaveni et al. proposed
that the photocatalytic activities of several metal ions (W, V, Ce, Zr,
Fe, and Cu metal ion)-doped TiO2 are higher than the activity of
pure TiO2 [5]. Thus, doping transition metal into TiO2 should be
an efficient method to obtain a preferable photocatalyst.

Hollow spheres have increasingly attracted tremendous interest
as a special class of materials, due to their higher specific surface
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area, lower density, better permeation, and greater light-harvesting
capacity than nanoparticles [8,9]. Thus, in previous works, TiO2 hol-
low spheres have been widely synthesized and used in photocata-
lytic reaction. However, to the best of our knowledge, synthesis of
hollow Ti1�xMxO2 nanospheres is still challengeable [10,11]. It will
be promising to combine the advantages of hollow structure and
transition metal oxides doping. The attractive modification effects
of incorporated transition metal ions into TiO2 may make hollow
Ti1�xMxO2 nanospheres as potential candidates for various
applications.

Numerous chemical and physicochemical methods have been
developed to fabricate hollow spheres. Among them, the tem-
plate-directed synthetic method has proved to be the most effec-
tive route to produce inorganic hollow structures. Various
templates, such as hard templates and soft templates, have been
extensively employed [12–17]. However, the templates generally
need to be modified by polyelectrolyte, surfactant, or concentrated
sulfuric acid to enhance the interaction between templates and the
coating particles. It is very difficult to remove the sulfate species
generated from the raw materials completely. Moreover, the un-
wanted species preserved in TiO2 would influence their properties
[18]. Consequently, it is difficult to clarify whether the influence on
the catalytic performance is from the doping of transition metal
oxides or the remnant unwanted species. Thus, a facile method
for synthesizing Ti1�xMxO2 hollow spheres without any other ele-
ments avidly need be developed.
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In our previous work, pure TiO2 hollow spheres have been fab-
ricated successfully [19]. Additionally, it has been reported that the
doping of ZrO2 into TiO2 can improve the photocatalytic efficien-
cies of the catalysts [6]. In this study, the Ti1�xZrxO2 (hereafter de-
noted as TZ) hollow nanospheres with different Ti:Zr ratios were
synthesized via functionalized negatively charged polystyrene
(PS) spheres without any surfactant or polyelectrolyte. This is an
effective approach for fabricating a uniform hollow spherical struc-
ture with relatively pure chemical composition, which should be in
favor of the clear research on the potential correlations between
the ZrO2-doping and their catalytic properties. The photocatalytic
activity of the TZ hollow nanospheres was evaluated by photocat-
alytic degradation of rhodamine B (RhB) aqueous solution under
the UV-light illumination. Compared with the TiO2 hollow nano-
spheres, the TZ hollow nanospheres exhibit much better photocat-
alytic activity, and the possible reasons are discussed.
2. Materials and methods

2.1. Catalyst preparation

Mono-dispersed functionalized negatively charged polystyrene
(PS) spheres with a diameter of ca.360 nm were prepared as fol-
lows: under gentle stirring, 18 mL styrene and 2 mL methacrylic
acid were dissolved in 140 mL deionized water. Then, 0.2 g ammo-
nium sulfide was added to the above system. Finally, the above sys-
tem was heated to 75 �C under nitrogen atmosphere. After 24 h, the
mixture was cooled to room temperature and the PS spheres were
recovered by centrifugation. The hollow TZ nanospheres were pre-
pared by the following method (take hollow nanospheres TZ (molar
ratio, Ti:Zr = 10:1) as example): 0.215 g Zr(NO3)4�5H2O (0.5 mmol)
was first dissolved in 150 mL ethanol. Then, 1.0 g functionalized
negatively charged polystyrene (PS) spheres was added and dis-
persed in this solvent with the assistance of ultrasonic to form a
suspension. Afterward, 1.70 mL Ti(OC4H9)4 (5.0 mmol) was added
to the suspension, after which the ultrasonic was continued for
30 min to ensure the sufficient mixture of the precursors and tem-
plates. Finally, ammonia–ethanol solution (50 mL ethanol mixed
with 5 mL ammonia) was added into the previous solution drop
by drop under strong stirring. The solution was aged under stirring
at room temperature for 18 h and collected by centrifugation
(7000 r/min). The products were washed with absolute ethanol
and distilled water separately three times to remove possible
remaining ions before being dried at 60 �C for 8 h. The final prod-
ucts were obtained after calcination at 500 �C in flowing air for
4 h with a heating rate of 2 �C/min. Hollow TZ nanospheres in other
Ti:Zr ratios and hollow TiO2 nanospheres can be prepared in the
similar procedure by changing the amount of Zr(NO3)4�5H2O (in
the case of TiO2 nanospheres, the synthetic procedure is the same
without adding Zr(NO3)4�5H2O). The TZ nanoparticles are prepared
via the similar procedure without the PS spheres.
2.2. Catalyst characterization

Brunauer–Emmet–Teller (BET) surface areas were measured by
nitrogen adsorption at 77 K on a Micrometrics ASAP-2020 adsorp-
tion apparatus. Before each adsorption measurement, approxi-
mately 0.15 g of a catalyst sample was degassed in a N2/He
mixture at 300 �C for 4 h. The BET surface area was determined
by a multipoint BET method using the adsorption data in the
relative pressure (P/P0) range 0.05–0.3. Desorption isotherm was
used to determine the pore size distribution via the Barret–
Joyner–Halender (BJH) method. The nitrogen adsorption volume
at the relative pressure (P/P0) of 0.994 was used to determine the
pore volume and average pore size.
X-ray diffraction (XRD) measurement patterns were recorded
on a Philips X’pert Pro diffractometer using Ni-filtered Cu Ka1 radi-
ation (k = 0.15408 nm). The X-ray tube was operated at 40 kV and
40 mA.

Laser Raman spectra (LRS) were recorded by using Renishaw in-
via spectrometer. Raman excitation at 514.5 nm was provided by
Ar+ laser. A laser power of 20 mW at the sample was applied.

UV–vis diffuse reflectance spectroscopy (UV–vis DRS) were re-
corded in the range of 200–900 nm by a Shimadzu UV-2401 spec-
trophotometer with BaSO4 as reference.

Transmission electron microscopy (TEM) images were taken on
a JEM-2100 instrument at an acceleration voltage of 200 kV. The
samples were crushed and dispersed in A.R. grade ethanol, and
the resulting suspensions were allowed to dry on carbon film sup-
ported on copper grids.

Field-emission scanning electron microscopy (FE-SEM) images
were observed by a Hitachi S-4800 instrument at an acceleration
voltage of 10 kV.

X-ray fluorescence (XRF) spectroscopy analysis was operated on
ARL ADVANT’X instrument, using Rh Ka radiation operating at
3600 W. The X-ray tube was operated at 60 kV and 120 mA.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 Versaprobe system, using monochromatic Al Ka
radiation (1486.6 eV) operating at 25 W. The sample was out-
gassed overnight at room temperature in a UHV chamber
(<5 � 10�7 Pa). All binding energies (BE) were referenced to the C
1s peak at 285.0 eV. The experimental errors were within ±0.1 eV.
2.3. Measurement of photocatalytic activity

The photocatalytic activities of the TZ hollow spheres for the
degradation of Rhodamine B (RhB) in an aqueous solution were
measured under irradiation with a 125-W high-pressure mercury
lamp (365 nm). The sample (10 mg) was added to RhB (10 mg L�1)
solution and stirred for 30 min without UV irradiation at room
temperature in order to establish an adsorption/desorption equi-
librium between RhB and the surface of the catalyst. The solution
was illuminated for 60 min with UV light. During the illumination,
the suspension (5 mL) was collected at fixed intervals (10 min) and
analyzed by ultraviolet spectrophotometer. The absorbance was
measured at 552 nm with water as reference and converted to con-
centration with Lambert–Beer’s law: A = ebC, where A absorption, e
proportion constant, b light length, and C concentration.
3. Results and discussions

3.1. SEM and TEM images

SEM images of TiO2 and TZ hollow nanospheres are shown in
Fig. 1. In the present samples, most of the products are nano-
spheres and a small fraction of nanocrystals can be observed. The
yield of nanospheres is estimated to be 80–90%. In addition, for
all samples, the broken spheres appear as hollow interior. For the
TiO2 hollow spheres, the outer surfaces are rough, and they are
composed of a large number of loosely packed nanoparticles. After
the addition of ZrO2, the surface of the hollow spheres becomes rel-
atively smooth, which may be due to the size decrease in the
packed nanoparticles. The above results suggest that the introduc-
tion of Zr4+ into titanium oxides does not influence the formation
of hollow structure spheres, and the hollow nanospheres with
the size of ca. 350 nm have been synthesized in a large scale.

Some recent investigations suggest that the hollow spherical
structures allow multireflections of irradiated light within their
interior cavities, endowing them with enhanced light-harvesting
and thus photocatalytic activity [9,20]. TEM images (Fig. 2) are also



Fig. 1. SEM images of (a) TiO2, (b) TZ(20:1), (c) TZ(10:1), and (d) TZ(5:1) hollow nanospheres.
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present to further investigate the morphology of the hollow
spheres. All spheres exhibit the hollow interior (Fig. 2a–d), which
further confirms the SEM results. The enlarged TEM images
(Fig. 2e–f) show that the outer surface of the hollow spheres con-
sists of nanoparticles. Moreover, the nanoparticles become smaller
after the ZrO2 addition. A mesoporous structure can also be ob-
served on the outer surface, and such an organization may be ben-
eficial to enhance reagent adsorption and mass transportation [10].
In order to confirm the chemical composition of the hollow
spheres, the energy dispersion X-ray (EDX) spectroscopy was per-
formed (Fig. 3) in a very small region, e.g., only one hollow sphere,
which can represent the real composition of the hollow nano-
spheres. The results suggest that the hollow spheres are composed
of Ti, Zr, and O elements, which is in good agreement with the
added recipe. No other elements, such as N and S, are detected sug-
gesting the purity of the TZ hollow spheres. In addition, the EDX
peak for C and Cu is ascribed to the adventitious carbon and copper
from the copper grid.
3.2. Phase structures and compositions

XRD was performed to investigate the phase structure of TZ hol-
low nanospheres. Fig. 4 shows XRD patterns of samples with vari-
ous Ti:Zr ratios. When the ratios are higher than 5:1, anatase
(JCPDS No. 21-1272; space group I41/amd (No. 141)) is the main
phase of TZ samples. While for the TZ(5:1) sample, the anatase
phase is not obvious, and amorphous state appears. In addition, a
weak peak at about 30.7� appears for all TZ samples, indicating
the appearance of the TiZrO4 species [21], and the intensity of this
peak increases with the amounts of ZrO2 increasing. The relative
anatase crystallinity is estimated via the relative intensity of the
(1 0 1) diffraction peak [22]. The average crystallite size (see
Table 1) is calculated using Scherrer’s equation:

D ¼ 0:89k=b cos h ð1Þ

Here, D is the crystal size, k is the wavelength of X-ray radiation, b is
the full width at half-maximum, and h is the diffraction angle.

After the addition of the ZrO2, the relative crystallinity of the
anatase crystals decreases, and the average crystalline size also
suddenly decreases, as shown in Table 1. This phenomenon is
probably due to the existence of Ti–O–Zr in the mixed oxides,
inhibiting the growth of anatase crystals by providing dissimilar
boundaries [23]. Another change (in Fig. 4) should be noted that
the position of the diffraction angle of TZ samples shifts to the low-
er value gradually with the amounts of ZrO2 increasing. This is
attributed to the substitution of larger Zr4+ ions (0.087 nm) for
the smaller Ti4+ ions (0.064 nm), which induces the expansion of
anatase TiO2 lattices consequently [24]. In order to further under-
stand the influence of the Zr4+ incorporation on the parameters of
crystalline cell, the (1 0 1) and (2 0 0) diffraction peaks are selected
to determine the anatase lattice parameters of the samples using
the following equation [25]:

d�2
ðhklÞ ¼ h2a�2 þ k2b�2 þ l2c�2 ð2Þ

Here, a–c are lattice parameters (in anatase form, a = b – c), h k l is
the crystal plane index, and d(hkl) is the crystal planes distance of
(h k l). As shown in Table 1, the lattice parameters a and b increase
after the ZrO2 addition. For the TZ (20:1) sample, the parameter c
decreases a little compared with TiO2, which may be due to the dis-
tortion of the cells. Further increase the amounts of the Zr4+ results
in the increment of all the lattice parameters and cell volumes.

Raman spectra were employed to further investigate the phase
structure of TZ hollow spheres. As shown in Fig. 5, bands at about
145 (Eg; very strong), 195 (Eg; weak), 394 (B1g, medium), 515
(A1g + B1g, medium), and 637 cm�1 (Eg, medium) are present (in
Fig. 5a) when the ratios of Ti:Zr are higher than 5:1, and they cor-
respond to the vibrations of the anatase lattice [26]. When the Ti:Zr
ratio reaches 5:1, two new peaks appear at ca. 306 cm�1 and
420 cm�1, respectively, which are ascribed to the appearance of
TiZrO4 species [21]. It should be noted that no peaks for TiZrO4

can be detected in TZ(20:1) and TZ(10:1) samples (which can be
detected in the XRD results) implying the surface of the two sam-
ples only exhibit anatase type. Fig. 5b shows the enlarged spectra
of region Raman curve corresponding to anatase Eg modes (at ca.
145 cm�1). It has been reported that Raman scattering can be used
for an estimation of TiO2 crystallite size by examining the Eg mode,
and the Raman band shifting to higher wavenumbers is generally
ascribed to the decreasing crystallite size [26]. In the present case,



Fig. 2. TEM images of (a and e) TiO2, (b and f) TZ(20:1), (c and g) TZ(10:1), and (d and h) TZ(5:1) hollow nanospheres.
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the Eg band at ca.145 cm�1 for TiO2 gradually shifts to ca. 149 cm�1

for TZ(10:1) (Fig. 5b), which is in good agreement with the de-
crease in the anatase crystalline size (see Table 1). In addition,
the bandwidth of this anatase Eg Raman curve is also sensitive to
the anatase crystalline size. Usually, the full width at half-maxi-
mum (FWHM) of the anatase Eg mode increases with decreasing
the anatase crystallite size [26,27]. Herein, a similar phenomenon
is also observed for the samples from TiO2 to TZ.

The surface chemical compositions and chemical states of the
products are investigated using XPS. The typical XPS survey spectra
of TZ samples are presented in Fig. 6. As can be seen, all the TZ sam-
ples contain Ti, Zr, and O elements, which is in accordance with the
EDX results. In addition, the XPS peak for C 1s at binding energy of
284.4 eV is ascribed to the adventitious carbon from the XPS
instrument. The relative atomic ratios of various elements are
shown in Table 2a. The results show that the amounts of Zr4+ in-
crease with decreasing Ti:Zr ratios. However, it should be noted
that all detected atomic ratios of Ti:Zr in the final products are low-
er than those of the initially added in the mixed oxide system. In
order to investigate the elements composition of the TZ hollow
spheres, the X-ray fluorescence (XRF) analysis is performed and
the results are listed in Table 2b. The results reveal that the atomic
Ti:Zr ratios in these samples are higher than that of the XPS results.
As is known, the XRF analysis is a technique to detect the whole
composition of the catalyst, while the XPS analysis is used to detect
the surface composition of the catalysts. Thus, it can be concluded
that Zr species are enriched in the surface of the catalysts in these
TZ samples.
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Table 1
Physicochemical properties of TiO2 and TZ hollow nanospheres.a

Sample ACS
(nm)

a = b
(Å)

c (Å) Vcell

(Å3)
SBET

(m2/g)
Vp

(cm3/g)
APS
(nm)

TiO2 51.2 3.785 9.475 135.741 45.0 0.09 7.9
TZ(20:1) 23.7 3.796 9.462 136.344 63.1 0.11 7.0
TZ(10:1) 23.2 3.811 9.618 139.689 63.6 0.11 6.9
TZ(5:1) – – – – 82.2 0.10 4.9

a ACS denotes the average crystalline size; Vcell denotes the cell volume; SBET

denotes the BET surface area; Vp denotes the pore volume; and APS denotes the
average pore size.
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High-resolution XPS spectra of Ti 2p, Zr 3d, and O 1s are dis-
played in Fig. 7. XPS profiles confirm that the Ti species exhibit
+4 oxidation states for all of the samples (Fig. 7a). Compared with
pure TiO2 hollow spheres, the Ti 2p3/2 peaks for all ZrO2-doped
samples show a little negative shift in binding energy. This can
be due to the electron transfer from Zr4+ to Ti4+ [28]. Zr 3d XPS
analysis results are given in Fig. 7b, the binding energy of Zr
3d5/2 in TZ (20:1) sample is ca. 182.0 eV, and this peak shows
positive shift in binding energy with the increase in Zr4+ amounts
indicating a loss of electron density from Zr. Above results suggest
that Ti–O–Zr species should form in the mixed oxides. Moreover,
the electrons of the oxygen in Ti–O–Zr link is strongly attracted
by Ti4+ ion, which causes a delocalization of electron charge
density (ECD) around the Zr4+ ion and an enrichment of the ECD
around the Ti4+ ion [6]. The XPS spectrum of O 1s region is shown
in Fig. 7c. It is composed of two signals at binding energies of about
530.1 and 531.5 eV, respectively. The main peak (at ca. 530.1 eV) is
assigned to the lattice oxygen (Ti/Zr–O), while the other peak (at
ca. 531.5 eV) is attributed to the surface hydroxyl groups
(Ti/Zr–OH) [29].

3.3. Nitrogen sorption

The effects of Zr4+ doping on the pore structure and BET surface
areas of TZ hollow spheres are investigated by the nitrogen sorp-
tion measurement. Fig. 8a shows the nitrogen sorption isotherms
of TiO2 and TZ hollow nanospheres obtained with various Ti:Zr ra-
tios. The isotherm corresponding to the undoped (pure TiO2) sam-
ple is of type IV (IUPAC classification) with a broad hysteresis loop
at relative pressure (P/P0) between 0.4 and 1.0, indicating the
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Table 2a
The relative atomic ratios of various elements for pure TiO2 and TZ hollow
nanospheres.

Sample Atomic concentration Atomic ratio

Ti (at.%) Zr (at.%) O (at.%) Ti/Zr

TiO2 24.6 – 61.3 –
TZ(20:1) 22.9 1.6 60.1 14.6:1
TZ(10:1) 22.3 2.8 60.3 7.9:1
TZ(5:1) 19.1 5.3 60.6 3.6:1

Table 2b
The contents of various elements for TZ hollow nanospheres.

Sample Chemical
formula

Atomic ratio Ti/Zr TiO2 (wt.%) ZrO2 (wt.%)

TZ(20:1) Ti0.96Zr0.04O2 26.6:1 94.3 5.6
TZ(10:1) Ti0.93Zr0.07O2 13.5:1 89.5 10.4
TZ(5:1) Ti0.83Zr0.17O2 4.9:1 75.5 24.4
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presence of mesopores and macropores [30]. The shape of the hys-
teresis loop is of type H3, implying the formation of slitlike pores
that are generally associated with aggregates of platelike particles
or fractured porous materials [30]. The isotherm corresponding to
TZ hollow spheres changes with the amounts of ZrO2-doping
increasing, especially at relative pressure (P/P0) between 0.4 and
0.8. At this range, the isotherm exhibits increasing adsorption with
ZrO2 species increasing, suggesting that the mesopores have been
increased.

The corresponding pore size distribution is shown in Fig. 8b. As
can be seen, the TZ hollow nanospheres exhibit bimodal pore size
distribution in the mesoporous and macroporous region. According
to the previous reports [31], this is due to two different aggregates
in the powders. The smaller mesopores are usually related to pri-
mary intra-agglomeration, while the larger ones are associated
with secondary inter-aggregation. The quantitative details about
the BET surface area, pore volume, and average pore size of TZ hol-
low nanospheres obtained with various Ti:Zr ratios are presented
in Table 1. Overall, the samples show an increase in BET surface
area but a decrease in pore volume and average pore size with
the amounts of ZrO2 increasing.
3.4. UV–vis diffuse reflectance spectra

Fig. 9 presents the UV–vis diffuse reflectance spectra of the hol-
low nanospheres. The significant adsorption at ca. 377 nm is asso-
ciated with the intrinsic band gap absorption of TiO2 hollow
nanospheres [19]. The incorporation of Zr4+ into the titania lattice
obviously influences the absorption features of the samples. All the
TZ samples show a blueshift compared with undoped TiO2 sample.
This may be due to the changes in their band gap and electronic
structures after Zr4+ incorporation. It can be seen that with the
amounts of ZrO2-doping increasing, the absorption edge of the TZ
samples first shifts to low wavelength region gradually and then
keeps almost unchanged when the Ti:Zr ratio reaches 5:1. The shift
of the adsorption edges suggests the variation in the corresponding
band gaps, i.e., the smaller wavelength of the adsorption edge cor-
responds to the larger band gap. These data clearly demonstrate
that the band gaps of the samples are enlarged by the Zr4+ incorpo-
ration. However, compared with the TZ(10:1) sample, the un-
changed adsorption edge of TZ(5:1) sample may be due to the
too many defects in the surface of catalyst caused by large Zr4+ ions
incorporating into the TiO2 lattice [32].
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3.5. Photocatalytic activity

The photocatalytic activities of TiO2 and TZ hollow spheres are
selected to conduct the degradation of dyes aqueous RhB solution
under UV light illumination. In order to exhibit the superior photo-
catalytic activities of hollow nanospheres (denoted as HS), the
activities of TZ nanoparticles (denoted as NP) were also tested in
this work. As illustrated in Fig. 10a, we plot the RhB degradation
Ct/C0 (Ct and C0 are the equilibrium concentration of RhB after
and before UV irradiation, respectively) versus UV-light irradiation
time in the presence of various photocatalysts. The concentration
of RhB decreases with irradiation time implying its degradation.
Additionally, the blank experiment was also carried out under
ultraviolet (UV) irradiation without catalysts (Fig. 10a), and the re-
sults reveal that the RhB molecules could not be degraded at this
condition.

Similar to other studies on organic dyes, the degradation of
catalytic reactions is ascribed to a pseudo first-order reaction with
a simplified Langmuir–Hinshelwood model when C0 is small
[33–35]:

ln C0=Ct ¼ kt ð3Þ

where k is the apparent first-order rate constant, as shown in
Fig. 10b. The value of k gives an indication of the activity of the pho-
tocatalyst. The corresponding reaction rates for these samples fol-
low a trend TZ(10:1)-HS > TZ(20:1)-HS > TZ(5:1)-HS > TiO2-HS > TZ
(10:1)-NP > TZ(20:1)-NP > TZ(5:1)-NP. It can be seen that the hol-
low nanospheres exhibit the higher activities than the nanoparti-
cles. Thus, TZ hollow nanospheres maybe have a better potential
for application than the TZ nanoparticles.

After the addition of ZrO2, all hollow nanospheres present high
photocatalytic efficiency for the degradation of RhB in aqueous
solution, and the TZ(10:1) hollow nanospheres show the highest
efficiency among all the present samples. The superior photocata-
lytic activity of TZ hollow nanospheres than the pure TiO2 hollow
nanospheres is associated with the modification effects of Zr4+

incorporation on the physicochemical properties in terms of sur-
face properties, phase structures, and the electronic structures.
The effects of these physicochemical variations on the photoactiv-
ity are discussed as follows.

First, the incorporation of Zr4+ ions into the titania lattice
changes the surface states of the catalysts. As is known, the TZ
mixed oxides should exist in a strained form with high lattice en-
ergy when Zr4+ substitutes for Ti4+ in the TiO2 lattice due to the size
difference between titanium and zirconium ions. Then, some struc-
tural defects such as vacancies particularly on the surface are ex-
pected to partially offset the lattice strain [23]. Therefore, it is
suggested that some oxygen might escape from the surface of
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the lattice. The resulting oxygen vacancies can trap the photogen-
erated holes and increase their life [36]. Accordingly, the photocat-
alytic activities are increased.
Second, it is generally accepted that a larger band gap corre-
sponds to more powerful redox ability. Because the photocatalytic
process system can be considered similar to an electrochemical
cell, the increase in band gap results in an enhanced oxidation–
reduction potential [37]. Therefore, the TZ(10:1) hollow nano-
spheres exhibit more powerful redox ability than the pure TiO2

and TZ(20:1) hollow nanospheres for its larger band gap.
Third, larger specific surface area is usually required for highly

efficient photocatalytic reaction for heterogeneous photocatalysis
[1]. As shown in Table 1, the Zr4+ incorporation obviously inhibits
the crystal growth of anatase; thus, smaller anatase crystallite size
and higher specific surface area are achieved. The larger specific
surface area provides more surface active sites for the adsorption
of reactant molecules and makes the photocatalytic process more
efficient.

However, against above results, the band gap and the specific
surface area of TZ(5:1) hollow nanospheres are higher or almost
equal to the TZ(10:1) hollow nanospheres, and its activity is lowest
among the three ZrO2-doped hollow nanospheres. Thus, another
important factor in determining the photocatalytic activity of the
catalysts should be considered, i.e., the crystallinity of TZ hollow
nanospheres. Sample (e.g., TZ(5:1)-HS) with large specific surface
area exhibiting near-amorphous states usually contains greater
amounts of defects, which may favor the recombination of photo-
generated electrons and holes and lead to poor photocatalytic
activity [38].
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Table 3
The BET surface areas of TZ(5:1)-HS calcined at different
temperatures.

Sample BET surface areas (m2/g)

TZ(5:1)-HS-500 82.2
TZ(5:1)-HS-600 41.4
TZ(5:1)-HS-700 22.6
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In order to further investigate the effect of crystallinity on the
activities of the catalysts, the TZ(5:1)-HS sample was calcined at
500 �C, 600 �C, and 700 �C (denoted as TZ(5:1)-HS-500, TZ(5:1)-
HS-600, and TZ(5:1)-HS-700), respectively. The XRD results
(Fig. 11) show that increasing the calcination temperature results
in better crystallinity of the catalysts. From the photocatalytic
activity results, as shown in Fig. 12, it can be seen that the sample
calcined at 600 �C exhibits the higher activity than the TZ(5:1)-HS-
500 sample, suggesting good crystallinity takes an important effect
on the activities of the catalyst. However, when the calcination
temperature increases to 700 �C, the photocatalytic activity de-
creases. According to the BET results (Table 2b), the decrease in
the activity should be due to the small surface area of the
TZ(5:1)-HS-700 sample.

Thus, combining above results, it can be concluded that every
factor above is required but not decisive for the activity of the cat-
alyst. They exhibit their effects cooperatively in the photocatalytic
reaction, and a good balance in the properties of TZ hollow spheres
should exist for the most efficient sample.

4. Conclusions

Hollow Ti1�xZrxO2 nanospheres with anatase phase are fabri-
cated in a large scale using Zr(NO3)4 and Ti(OC4H9)4 ethanol solu-
tion with designed molar ratio. The surface states, phase
structure, and porous structures as well as the electronic structures
are gradually changed with the amounts of ZrO2 increasing.

(1) The addition of Zr4+ obviously inhibits the crystallization of
primary anatase nanocrystals, resulting in decreased crystal-
lite sizes, increased specific surface areas, and change in the
pore size distribution.

(2) The incorporation of Zr4+ into the titania lattice induces the
delocalization of electron charge density around Zr4+ ions
and an enrichment of the electron charge density around
Ti4+ ions. Furthermore, the variations in the electronic struc-
tures lead to the blueshift of the absorption edges.

(3) TZ(10:1) hollow nanosphere that doped moderate ZrO2

exhibits the highest photocatalytic activity for the degrada-
tion of rhodamine B. This result is ascribed to the good bal-
ance in the properties of TZ hollow spheres in terms of
surface structures, phase structures, and the electronic
structures.
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