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ABSTRACT: Nitrogen and zirconium co-doped TiO2 (TiO2−N−x%
Zr) photocatalysts were synthesized via a sol−gel method. The existing
states of the dopants (N and Zr) and their corresponding band structures
were investigated via XRD, Raman, BET, XPS, TEM, FT-IR, UV−vis
DRS, and PL techniques. It was found that N existed only as a surface
species (NOx) and Zr4+ was doped in a substitutional mode; the doping
of Zr4+ ions and modification of N extended the absorption into the
visible region and inhibited the recombination of electrons and holes.
Moreover, the excess Zr4+ ions existed as the ZrTiO4 phase when the
content of Zr was sufficiently high, which could also contribute to the
separation of the charge carriers. Therefore, the TiO2−N−x%Zr samples
show enhanced visible-light photocatalytic activity compared with single-
doped TiO2. These results offer a paradigm for the design and fabrication
of optoelectronic functional materials such as solar cells and photo-
catalysts.

KEYWORDS: TiO2, surface NOx species, substitutional Zr
4+ ions, ZrTiO4, visible-light photocatalysis, 4-chlorophenol degradation

1. INTRODUCTION

Titanium dioxide (TiO2) is considered to be one of the most
attractive semiconductors to date and has been applied as a
photocatalyst for the purification of pollutants.1−4 However,
limited by its large band gap (anatase, 3.2 eV),5,6 TiO2 shows
no response to solar light, which impedes the effective usage of
solar illumination in its practical applications. In spite of this,
TiO2 presents quite a low quantum yield as a result of its high
recombination rate of photogenerated electrons and holes.7,8

Doping TiO2 with foreign ions is a promising approach to
extend its response to the visible-light region;9−20 a break-
through in this regard was made in 2001 via the doping of TiO2

with nitrogen.11 From that point forward, nitrogen-doped TiO2

has been investigated widely by many other researchers owing
to its great potential for enhancing visible-light activity.15,21−25

As a titanium subgroup element, Zr possesses the same valence
shell structure (n−1)d2ns2 and valence state as Ti. Accordingly,
Zr4+-doped TiO2 has attracted the interest of many researchers
because of its benefits for use in increasing the photocatalytic
activity of TiO2.

14,20,26−28

Furthermore, doping TiO2 with multiple dopants has
become an effective and promising approach to improve the
photocatalytic performance of TiO2.

6,8,29−31 Our recent work
has demonstrated that TiO2 co-doped with (N, Sn)6 or (N,
In)32 exhibits improved visible-light photocatalytic activity in

comparison with nitrogen-doped TiO2. In addition, TiO2

doped with N and Zr has been investigated by some
researchers. For example, Liu et al.33 prepared nitrogen and
zirconium co-doped TiO2 nanotube arrays that exhibited
improved photocatalytic efficiency. Gao et al.34 synthesized
nitrogen-doped Ti1−xZrxO2 that demonstrated an extended
visible-light response. However, the existing states of the
dopants for Zr and N co-doped TiO2 and their corresponding
band structures have still not been explored, and the influence
of the dopants’ existing states on the absorption and behavior
of the photogenerated carriers as well as the photocatalytic
mechanism of the photocatalysts still needs to be investigated
further.
In this work, TiO2 doped with nitrogen and zirconium

catalysts were prepared via a sol−gel method. It was found that
the modified N was present as a surface species (NOx) and the
introduced Zr4+ ions were weaved into the anatase lattice in a
substitutional mode, whereas the excess Zr4+ ions formed
ZrTiO4 on the surface. The doped Zr4+ ions in the
substitutional mode and the surface NOx species both
contributed to the remarkable absorption of these catalysts in
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the visible-light region. Moreover, these features as well as the
TiO2/ZrTiO4 interface contributed to the separation of charge
carriers. Accordingly, the photocatalytic activity of TiO2−N−
10%Zr was enhanced by upward of about three times that of
TiO2−N.

2. EXPERIMENTAL SECTION
2.1. Photocatalyst Preparation. Deionized water (>18.2 MΩ

cm) was used in all experiments, and the chemicals used were of
analytical grade. Zr and N co-doped photocatalysts were prepared by
the following steps. First, a certain quantity of zirconium oxychloride
(ZrOCl2) was added into a mixture of 1 mL of water and 40 mL of
anhydrous ethanol at room temperature. Under vigorous stirring, 12
mL of Ti(OC4H9)4 and 1 mL of a concentrated HCl solution (12 M)
was added into the solution dropwise. Three milliliters of ammonia
was added, and a white precipitate was formed at once. After aging for
24 h at room temperature, the resultant precipitate was dried at 100
°C and then calcined at 450 °C for 12 h. The obtained photocatalysts
were denoted TiO2−N−x%Zr, where x% represented the nominal
molar percentage of Zr4+ ions relative to the total abundance of Zr4+

and Ti4+ ions (Zr/(Zr + Ti)). TiO2−N and TiO2−x%Zr were
synthesized using the same process but without the addition of ZrOCl2
or ammonia, respectively. Pure TiO2 was synthesized without any
corresponding doping reagent.
2.2. Photocatalyst Characterization. A Rigaku D/Max-2500 X-

ray diffraction spectrometer (Cu Kα, λ = 1.54056 Å) was used to
acquire the XRD patterns. The BET surface area of the samples was
determined via nitrogen adsorption−desorption isotherm measure-
ment at 77 K (Micromeritics automatic surface area analyzer Gemini
2360, Shimadzu). XPS measurements were carried out with an ESCA
Lab 220i-XL spectrometer with an unmonochromated Al Kα (1486.6
eV) X-ray source. All spectra were calibrated to the binding energy of
the adventitious C 1s peak at 284.8 eV. The diffuse reflectance UV−vis
absorption spectra were collected on an UV−vis spectrometer (U-
4100, Hitachi). Fluorescence was generated by irradiating the samples
at ambient temperature with an NT342/3/UVE laser source (a
combination of a nanosecond Nd:YAG (NL303G, 325 nm) laser,
harmonics generators (SHG, THG), and an optical parametric
oscillator (OPO; PG122)), which was collected and focused into a
spectrometer (MS3504) and detected using an optical signal detector
(PMT, Hamamatsu R928). The system also included a data
acquisition unit (DAQ), a digitizer (pico ADC-200/100), and optics
for excitation beam guiding and luminescence signal collecting.
Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) analysis were conducted using a JEM-2010FEF, for which
the samples were prepared by applying a drop of an ethanol
suspension onto an amorphous carbon-coated copper grid and drying
naturally. Infrared transmission spectra were recorded for KBr disks
containing the powder sample with an FTIR spectrometer (Bruker
Tensor 27). Each spectrum was the result of adding 16 scans collected
at a 4 cm−1 resolution.
2.3. Evaluation of Photocatalytic Performance. The photo-

catalytic performance of the as-prepared photocatalysts was evaluated
by monitoring the degradation of 4-chlorophenol (4-CP) (40 mL, 5 ×
10−5 M, pH 5.38) under visible-light irradiation (λ > 400 nm). The
photocatalyst dosage was 10 mg, which was suspended in 4-CP
solution. A sunlamp (Philips HPA 400/30S, Belgium) was used as the
light source, and a 400 nm cutoff filter was employed to remove
ultraviolet light. The reactor was placed perpendicular to the light
beam and was located 10 cm away from the light source. The visible-
light intensity on the photocatalysts’ surface was 0.1 W cm −2. The 4-
CP solution was continuously bubbled with O2 gas at a flux of 5 mL
min−1 under stirring at 25 ± 2°C. The concentration of residual 4-CP
was measured every 2 h using a UV-vis spectrometer (UV-1061PC,
Shimadzu) with 4-aminoantipyrine as the chromogenic reagent. Prior
to the photocatalytic reactions, the suspension was stirred in the dark
for 30 min to reach adsorption equilibrium of 4-CP onto the
photocatalysts. Each photocatalytic experiment was repeated three

times, and the reproducibility of the results was found to be within
acceptable deviation (±2%).

3. RESULTS AND DISCUSSION
3.1. Determination of Crystallite Structure. The XRD

patterns of the TiO2 (curve a), TiO2−N (curve b), TiO2−10%
Zr (curve c), TiO2−N−x%Zr (curves d−g), and TiO2−40%Zr
(curve h) samples are shown in Figure 1. It was found that

anatase is the major crystal phase for all of the samples.28 For
the TiO2−40%Zr sample, with the exception of the peaks of
anatase, there were new diffraction peaks observed at 30.5, 32.9,
and 42.1°, corresponding to the (111), (020), and (121) crystal
planes of ZrTiO4, respectively. This indicates that ZrTiO4
formed in the TiO2−40%Zr sample during the synthesis
process. For TiO2−N−20%Zr (curve g), a weak peak at about
30.5° was detected, which is ascribed to ZrTiO4, suggesting the
formation of a small amount of ZrTiO4. In addition, no
characteristic diffraction peak for other chemical species of
nitrogen or zirconium (such as TiN and ZrO2) was detected for
all samples.
The enlargement of the XRD peaks for the (101) plane of all

samples is plotted in the inset of Figure 1. No shift in the peak
position was observed for TiO2−N when compared with pure
TiO2, whereas the peaks of the TiO2−10%Zr, TiO2−40%Zr,
and TiO2−N−x%Zr samples shift to lower diffraction angle.
The diffraction peaks of the (101) and (200) planes for all
samples were used to evaluate the lattice parameters as well as
the crystal size and are summarized in Table 1. Compared with
TiO2, the lattice parameters and cell volume of TiO2−N are
almost unchanged, whereas those of the TiO2−10%Zr, TiO2−
40%Zr, and TiO2−N− x%Zr samples increase. The doping
mechanism will be discussed in detail in the following sections.
According to doping theory, doped ions can substitute for

the lattice ions in the oxide if their ionic radii are close.18

Because the ionic radius of Zr4+ ions (72pm) is slightly larger
than that of Ti4+ ions (53 pm), an increase in the cell volume
and lattice parameters is expected after Zr4+ ions replace the
lattice Ti4+ ions and occupy their positions. In the case of
nitrogen, there should be an appreciable change in the lattice
parameters and cell volume if the nitrogen ions (171pm)
substitute for the lattice oxygen ions (140pm). However, no

Figure 1. XRD patterns of TiO2 (curve a), TiO2−N (curve b), TiO2−
10%Zr (curve c), TiO2−N−5%Zr (curve d), TiO2−N−10%Zr (curve
e), TiO2−N−15%Zr (curve f), TiO2−N−20%Zr (curve g), and
TiO2−40%Zr (curve h). The inset is the enlargement of the XRD
peaks for the (101) plane.
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change was found for the lattice parameters and cell volume of
TiO2−N compared with TiO2, indicating that doping nitrogen
into TiO2 in a substitutional mode can be excluded. Therefore,
according to the XRD results, it is reasonable to speculate that
Zr can incorporate into the TiO2 matrix in a substitutional
mode and N can exist as a surface species,6 which will be
further investigated in the following sections. In addition, the
crystallite size of the TiO2−N, TiO2−10%Zr, and TiO2−N−x%
Zr samples decreased in comparison with pure TiO2, indicating
that the introduced nitrogen and/or zirconium can provide
disparate boundaries and resulting in the inhibition of the
growth of TiO2 crystals. Moreover, it can be clearly seen that
the specific surface areas agree well with the trend for the
change in the crystal size for all samples.
Figure 2 shows the Raman patterns of the TiO2, TiO2−N,

and TiO2−N−x%Zr photocatalysts. For all samples, the

vibration bands at 144, 197, 396, 516, and 640 cm−1 are
ascribed to the Eg, B1g, A1g, B1g, and Eg vibrational modes of
titania, suggesting the existence of the anatase structure.35 A
vibration band at around 280 cm−1 can be observed for TiO2−
N−15%Zr (e) and TiO2−N−20%Zr (f), corresponding to one
of the vibrational modes of ZrTiO4.

36 The peak of ZrTiO4 can
also be found in the Raman pattern of the TiO2−15%Zr and
TiO2−20%Zr samples (Figure S1). Compared with pure TiO2,
the shift of the Raman Eg peak (144 cm

−1) of TiO2−N was not
observed, indicating that the doping of nitrogen into TiO2
through the substitutional mode can thus be excluded.

Moreover, the Raman Eg peak (144 cm−1) of both the
TiO2−x%Zr (inset in Figure S1) and TiO2−N−x%Zr (inset in
Figure 2) samples shifts to lower wave numbers based on the
increment of zirconium content, which implies that the doping
Zr4+ ions exist in the TiO2 lattice in a substitutional mode. After
the lattice Ti4+ ions are replaced by Zr4+ ions, the Zr−O bond
formed in the lattice. Because the ionic radius of lattice Ti4+ (53
pm) is smaller than that of Zr4+ (72 pm), the length of the Ti−
O bond is shorter than that of the Zr−O bond. As a result, a
tensile stress in the lattice is induced, leading to a decrease in
the vibrational energy of the 144 cm−1 (Eg) band and
corresponding to the O−Ti−O bond bending vibration.35

Therefore, the peaks at 144 cm−1 (Eg) for the Zr
4+-doped TiO2

samples shift to lower frequencies compared with that of pure
TiO2. The Raman results are in good agreement with the XRD
results.

3.2. Determination of the Existence State of Nitrogen
and Zirconium. XPS was used to study the existing states of
the dopants and the N 1s spectra of the TiO2−N−x%Zr
samples (x = 5, 10, and 15) as well as TiO2−N, and the data are
plotted in Figure 3. A broad peak centered at about 399.8 eV

was observed for all of the samples, which is higher than the
binding energy (BE) of 396.7 eV in TiN,37 indicating that the
nitrogen ions interact strongly with oxygen atoms.24 Therefore,
the BE at about 399.8 eV could be ascribed to NOx species,
suggesting the formation of a Ti−N−O linkage on the surface
of the TiO2−N and TiO2−N−x%Zr samples.38−41 The
formation of NOx species was also confirmed by the FTIR
spectra (Figure S2).
The XPS Zr 3d spectra of TiO2−N−x%Zr (x = 5, 10, and

15) are shown in Figure 4, and the atom percent of Zr and N
derived from the XPS spectra is shown in Table 2. The peak
located at around 182.0 eV is ascribed to the Zr 3d5/2 peak of
the substitutionally introduced Zr4+ ions because the peak falls
between the Zr 3d5/2 peaks of ZrO2 (183.5 eV)42 and metallic
Zr (179.0 eV).43 In addition, in comparison with TiO2, the
peaks of O 1s and Ti 2p shift to a higher BE for TiO2−N−x%
Zr (Figures S3 and S4) as the doped Zr4+ content increases.
This indicates that more Zr4+ ions were incorporated into the
TiO2 lattice and replaced the lattice Ti4+ ions as the amount of
doped Zr increased. Because the electronegativity of Ti (1.5) is
smaller than that of Zr (1.6), it is possible that the electrons

Table 1. Lattice Parameter, Crystal Size, and Specific Surface
Area for TiO2, TiO2−N, TiO2−10%Zr, and TiO2−N−x%Zr

lattice parameter
(Å)

samples a = b c

cell
volume
(Å3)

crystal
size
(nm)

specific
surface area
(m2 g−1)

TiO2 3.788 9.515 136.50 17.92 71.66
TiO2−N 3.786 9.521 136.50 16.93 94.02
TiO2−10%Zr 3.795 9.534 137.30 8.07 110.52
TiO2−N−5%Zr 3.786 9.595 137.21 9.29 94.88
TiO2−N−10%Zr 3.795 9.571 137.84 9.07 101.87
TiO2−N−15%Zr 3.799 9.572 138.14 8.40 107.68
TiO2−N−20%Zr 3.819 9.692 141.33 7.56 119.66

Figure 2. Raman patterns of TiO2 (a), TiO2−N (b), TiO2−N−5%Zr
(c), TiO2−N−10%Zr (d), TiO2−N−15%Zr (e), and TiO2−N−20%
Zr (f). An enlargement of the Eg vibrational modes for TiO2 is shown
in the inset.

Figure 3. N 1s spectra for TiO2−N−x%Zr (x = 5, 10, and 15) and
TiO2−N.
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would be induced to transfer from Ti4+ to Zr4+ in the Zr−O−Ti
links. Such a charge transfer would increase the binding energy
of the Ti 2p and O 1s core electrons.19 Moreover, new double
peaks centered at around 182.6 eV were found for the TiO2−
N−10%Zr and TiO2−N−15%Zr samples, which is ascribed to
the Zr 3d5/2 peak of ZrTiO4.

44

HRTEM images of TiO2 and TiO2−N−20%Zr are shown in
Figure 5. It is obvious that the fringe spacing of the (101)

crystallographic plane for pure TiO2 and TiO2−N−20%Zr is ca.
3.52 and 3.55 Å, respectively. In comparison with TiO2, the
increase in the fringe spacing for TiO2−N−20%Zr confirms
that Zr4+ ions were weaved into the TiO2 lattice in a
substitutional mode. In addition, a new fringe spacing of 2.92
Å was found on the surface of TiO2 nanoparticles and is
ascribed to the (111) plane of ZrTiO4. Therefore, the HRTEM
images confirm that the Zr4+ ions are weaved into the TiO2
lattice in a substitutional mode, whereas the rest of the Zr4+

ions exist in ZrTiO4, resulting in the formation of the TiO2/
ZrTiO4 interface.
According to the aforementioned results, we conclude that

the introduced nitrogen mainly exists as NOx species and forms
Ti−N−O linkages on the surface of TiO2; for the introduced
zirconium, when the content is low (x = 5), Zr4+ ions were
doped only into TiO2 lattice in substitutional mode; when the
content is sufficiently high (x = 10, 15, and 20), besides the
substitutional Zr4+ ions, ZrTiO4 species are present on the
surface of TiO2−N−x%Zr, forming the TiO2/ZrTiO4 interface.

3.3. Band Structure and Visible-Light Response.
Diffuse reflectance UV−vis absorption spectra and XPS valence
band (VB) spectra were performed to investigate the band
structure of the samples. Figure 6A shows the diffuse
reflectance UV−vis absorption spectra for the TiO2, ZrTiO4,
TiO2−N, TiO2−10%Zr, and TiO2−N−x%Zr samples. The
strong absorption at about 330 nm is caused by the band−band
transition of TiO2. The band gap is about 3.05 eV for pure
TiO2 because the band threshold is located at 406 nm.
Similarly, the band gap for ZrTiO4 was determined to be 3.24
eV because the threshold is located at 382 nm. The small hump
at around 450 nm for TiO2−N is a typical trait of N-modified
TiO2 and arises from the electron transition from the energy
level of the NOx species (0.3 eV above the VB of TiO2) to the
conduction band (CB) of TiO2.

22,40 In addition, the absorption
edge for TiO2−N did not shift compared with pure TiO2,
indicating that the surface NOx species do not change the band
gap. Compared with pure TiO2, the absorption edge of the
TiO2−10%Zr and TiO2−N−x%Zr samples blueshift to 402
nm, which is caused by the quantum size effect and corresponds
to a band gap of 3.08 eV. For the TiO2−10%Zr sample, a
strong absorption in the visible-light region was found and is
ascribed to the electron transition from the VB to the energy
level of substitutionally doped Zr4+ ions.45 The inset of Figure 6
shows the difference DRS spectra acquired by subtracting the
absorption spectra of TiO2 from that of TiO2−10%Zr. The
absorption maximum was around 443 nm, corresponding to an
energy gap of ca. 2.80 eV. Thus, the doping energy level of the
substitutional Zr4+ ions was deduced to be 0.28 eV below the
CB of TiO2−10%Zr. Moreover, the TiO2−N−x%Zr samples
show enhanced absorption in comparison with TiO2−N and
TiO2−10%Zr from 400 to 800 nm (Figure 6). This
contribution comes from a synergistic effect of the surface
NOx species and substitutionally doped Zr4+ ions, suggesting
that nitrogen and zirconium co-doped TiO2 is more photo-
sensitive to solar light than single-doped TiO2.
In addition, XPS valence band spectra (Figure 6B) were used

to locate the VB maximum of ZrTiO4 and TiO2. The work
function (Ef, Fermi level) of the XPS instrument (4.10 eV vs
vacuum level) is at 0.00 eV. It has been demonstrated both
theoretically and experimentally that the upper VB shows
strong hybridization (σ bonding) between the Ti 3d and O 2p
orbitals and that the maximum of the VB is dominated by O 2p
orbitals.46,47 Hence, the binding energy of the onset edge of the
O 2p peak reveals the energy gap between the maximum of the
VB and Fermi level (Ef).

5 The VB maximum was determined to
be 2.52 eV for TiO2 and 2.78 eV for ZrTiO4, and the difference
of the VB maximum for ZrTiO4 and TiO2 is 0.26 eV. The CB
minimum for TiO2 and ZrTiO4 is −0.56 and −0.46 eV,
respectively, because the band gap is 3.08 eV for the TiO2−N−
x%Zr samples and 3.24 eV for ZrTiO4. Therefore, the
corresponding energy levels for the different materials and
dopants are summarized in Table 3. The corresponding band

Figure 4. Zr 3d spectra of TiO2−N−5%Zr, TiO2−N−10%Zr, and
TiO2−N−15%Zr.

Table 2. Atom Percent (%) of Zr and N in Ti, O, Zr, and N
Calculated from the XPS Spectra

Zr 3d N 1s

sample Sub. Zr ZrTiO4 NOx

TiO2−N−5%Zr 2.62 0.79
TiO2−N−10%Zr 4.97 0.76 0.70
TiO2−N−15%Zr 5.74 3.42 0.76

Figure 5. HRTEM image of pure TiO2 (A) and TiO2−N−20%Zr (B)
samples.
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structure for the the TiO2−N−x%Zr samples is drawn and
shown in Figure 10.
3.4. Photoluminescence Spectra. Figure 7 shows the

photoluminescence (PL) spectra for all samples. There are two

peaks observed for pure TiO2 (centered at about 520 and 460
nm), which could be ascribed to the transition from the oxygen
vacancy with one trapped electron and two trapped electrons,
respectively.48−50 Therefore, the energy levels for these
vacancies were calculated to be about 0.48 and 0.79 eV
below the CB.
A decrease in PL intensity indicates an inhibition of

recombination of charge carriers. The modification of TiO2

with nitrogen caused an effective quenching of the PL intensity
because the surface energy level of the NOx species acts as a
hole trapper. The PL intensity of the TiO2−10%Zr sample also
decreased in comparison with TiO2 because of the substitu-
tionally doped Zr4+ ions. Because the energy level of
substitutionally doped Zr4+ ions (0.28 eV below the CB) is
higher than those of the oxygen vacancies (0.48 and 0.79 eV
below the CB), the excited electrons in the CB would move to
the doping energy level of the Zr4+ ions rather than to those of
the oxygen vacancies, resulting in a decrease in the emission
intensity. A further decrease of the PL intensity was observed
after TiO2 was co-doped with N and Zr because of the efficient
capture of photogenerated carriers by the energy levels of both
NOx and Zr4+ ions. In addition, the PL intensity further
decreased with an increase in the Zr content for the TiO2−N−
x%Zr samples because of the occurrence of the TiO2/ZrTiO4

interface (0.1 eV below the CB). Hence, the PL results indicate

Figure 6. (A) Diffuse reflectance UV−vis absorption spectraof TiO2 (a), TiO2−N (b), TiO2−10%Zr (c), TiO2−N−5%Zr (d), TiO2−N−10%Zr (e),
and TiO2−N−15%Zr (f). The inset shows the difference DRS spectra of TiO2−10%Zr. (B) XPS valence band spectra of TiO2 and ZrTiO4.

Table 3. Position of the Energy Levels for Different Materials and Dopants

energy level CB of TiO2 (eV) CB of ZrTiO4 (eV) doped Zr4+ ions (eV) NOx species (eV) VB of TiO2 (eV)

position −0.56 −0.46 −0.28 2.22 2.52

Figure 7. Photoluminescence spectra of all of the samples (TiO2,
TiO2−N, TiO2−10%Zr, and TiO2−N−x%Zr).

Figure 8. Photodegradation of 4-CP (A) and relationship of ln(c0/c) to reaction time (B) for TiO2, TiO2−N, TiO2−10%Zr, TiO2−N−10%Zr, and
TiO2−N−20%Zr under visible-light irradiation.
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that co-doping with nitrogen and zirconium as well as the
TiO2/ZrTiO4 interface effectively separates the photogenerated
charge carriers, implying the enhanced photocatalytic activity of
this material.
3.5. Photocatalytic Activity. The photodegradation of 4-

CP under visible-light irradiation (λ ≥ 400 nm) was applied to
evaluate the photocatalytic performance of all samples (Figures
8 and 9 and Table 4). The ln(c0/c) values of 4-CP for all of the

samples exhibit a linear relation with the time of the reaction
(Figure 8B), suggesting that a pseudo-first-order reaction took
place for the degradation of 4-CP. As shown in Figure 8A, 4-CP
molecules are barely decomposed with pure TiO2, whose
photodegradation rate and specific photocatalytic activity of 4-
CP are only 9.09% and 4.54 × 10−6 mol g−1 h−1, respectively.
TiO2−N shows a higher photocatalytic activity than TiO2 and
has a photodegradation rate and specific photocatalytic activity
of 4-CP of 21.82% and 1.09 × 10−5 mol g−1 h−1, respectively.
TiO2−10%Zr presents an enhanced photocatalytic activity and
has a photodegradation rate and specific photocatalytic activity
of 4-CP of 29.10% and 1.46 × 10−5 mol g−1 h−1, respectively.
Among all samples, TiO2−N−10%Zr exhibits the best
photocatalytic activity, having a photodegradation rate
(83.64%) and specific photocatalytic activity of 4-CP ( 4.18
× 10−5 mol g−1 h−1) that is about four times that of TiO2−N.
Figure 9 shows the degradation rates of 4-CP for the TiO2−x

%Zr and TiO2−N−x%Zr samples. It is clear that the TiO2−N−
x%Zr samples exhibit higher degradation rates of 4-CP than the
TiO2−x%Zr samples when they share the same x values,
suggesting that nitrogen and zirconium co-doping is an efficient
method to improve the photocatalytic activity of a TiO2-based
catalyst. Moreover, TiO2−N−10%Zr presented the best
photocatalytic performance among the TiO2−N−x%Zr sam-
ples. The photocatalytic performance decreased when the
content of doped Zr4+ ions increased above 10% (such as
TiO2−N−15%Zr and TiO2−N−20%Zr). This implies that the
catalytic activity of TiO2−N−x%Zr can be further enhanced by
regulating the amount of nitrogen and zirconium simulta-
neously. The detailed photocatalytic mechanism will be
discussed in the following section.

3.6. Photocatalytic Mechanism. According to the
aforementioned results, the significantly enhanced photo-
catalytic activity for the photodegradation of 4-CP by the
TiO2−N−x%Zr samples could be explained by the schematic
diagram of the band structure shown in Figure 10. The

electrons can be excited directly from the VB of TiO2 to the
doping energy level of Zr4+ ions or from the surface energy
level of NOx species to CB of TiO2 under visible-light
irradiation (λ > 400 nm). Meanwhile, the photogenerated
electrons in the CB of TiO2 migrate to the energy level of the
doped Zr4+ ions or transfer to the CB of ZrTiO4 by crossing the
TiO2/ZrTiO4 interface when the Zr content is sufficiently high
(x > 10); the photogenerated holes in the VB move to the
energy levels of the surface NOx species. It turns out that the
photogenerated charge carriers are separated efficiently. During
the photocatalytic process, the 4-CP molecules adsorbed on the
surface of TiO2−N−x%Zr can be oxidized directly by holes in
the energy level of the NOx species or VB. Moreover, the
photogenerated electrons in the doping energy level of the Zr4+

ions and the CB of ZrTiO4 can be captured by the adsorbed O2
on the surface of TiO2−N−x%Zr, leading to the formation of
O2

− active species that degrade the 4-CP molecules further.1,13

Under visible-light irradiation, pure TiO2 can barely be
excited as a result of its large band gap (3.05 eV), leading to a
poor photocatalytic activity. For the TiO2−N sample, only a
small amount of electrons can be excited from the surface
energy level of the NOx species, resulting in a weak absorption
around 450 nm and a limited photocatalytic performance. For
the TiO2−10%Zr samples, although the absorption becomes
stronger in the visible-light region, the photocatalytic activity is
still limited because of the relatively poor separation efficiency
of electrons and holes. Compared with single-doped TiO2,
TiO2 co-doped with nitrogen and zirconium shows enhanced
absorption in the visible-light region and an increased amount
of charge carriers. Furthermore, the energy level of substitu-

Figure 9. 4-CP degradation rates for TiO2−x%Zr and TiO2−N−x%
Zr.

Table 4. Photodegradation of 4-Chlorophenol under Visible-Light Irradiation (λ ≥ 400 nm)

sample 4-CP degraded (c0 − c)/c0 (%)
a k (×10−4 h−1)b t1/2 (h) specific photocatalytic activity (mol g−1 h−1)

TiO2 9.09 119.1 59.9 4.54 × 10−6

TiO2−N 21.82 307.7 22.3 1.09 × 10−5

TiO2−10%Zr 29.10 406.4 16.7 1.46 × 10−5

TiO2−N−10%Zr 83.64 2262.6 2.8 4.18 × 10−5

aAfter reaction for 8 h under visible-light irradiation. bApparent rate constant deduced from the linear fitting of ln(c0/c) versus the reaction time.

Figure 10. Band structure of TiO2−N−x%Zr samples as well as their
photocatalytic mechanism.
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tionally doped Zr4+ ions and NOx species as well as the CB of
ZrTiO4 in the TiO2−N−10%Zr sample could separate the
photogenerated electrons and holes effectively. Therefore, this
leads to its better photocatalytic performance than TiO2−10%
Zr and TiO2−N. Additionally, the increased specific surface
area of the catalysts (Table 4) also contributes to the enhanced
photocatalytic activity.
Nevertheless, the photocatalytic activity of the TiO2−N−x%

Zr samples decreases when the Zr content becomes greater
than 10%. This may be caused by the increased defects on the
TiO2/ZrTiO4 interface. Because the defects on the interface
increase with the increase of ZrTiO4, more photogenerated
electrons in the CB of TiO2 might recombine with holes
through the defect energy level of TiO2/ZrTiO4, which would
damage the photocatalytic process.

4. CONCLUSIONS
A new type of TiO2-based visible-light photocatalyst (TiO2−
N−x%Zr) was synthesized by co-doping TiO2 with nitrogen
and zirconium via a sol−gel method. The introduced nitrogen
exists only as a surface NOx species. The Zr

4+ ions were mainly
doped into the TiO2 lattice in a substitutional mode;
additionally, the excess Zr4+ ions formed ZrTiO4 species
when the Zr content is sufficiently high. The coexistence of
surface NOx species and doped Zr4+ ions in a substitutional
mode extended the absorption into the visible-light region and
increased the total amount of charge carriers. Furthermore, the
dopants and TiO2/ZrTiO4 interface separated the photo-
generated electrons and holes efficiently. These results imply
that doping TiO2 with two metal and nonmetal ions is a more
effective way to enhance the photocatalytic performance than
doping with only one element. It is expected that detailed
studies of the co-doped TiO2 catalyst, especially to obtain more
precise control over the alignment of the energy levels, will
afford a viable approach to developing TiO2-based photo-
catalysts that are better suited for practical applications.
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