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Abstract Visible light-active phosphorus and nitrogen
co-doped meso-/macroporous titania materials were pre-
pared by a simple two-step approach of the direct phos-
phation with the use of phosphoric acid solution and the
succedent nitridation with the use of the urea solution. The
prepared materials were characterized by UV-vis, solid-
state >'P MAS NMR, FT-IR, XPS, XRD, SEM, TEM, and
N, adsorption analysis. Direct synthesis of phosphorus-
doped meso-/macroporous titania materials could inhibit
the formation of brookite phase and increase the surface
area significantly, resulting in the hierarchical porous
framework of nanocrystalline anatase phase with enhanced
thermal stability and large porosity, and these features
retained during the subsequent nitridation. The incorpora-
tion of P and N in the anatase titania lattice in the form of
O-Ti-N, O-P-N, and Ti—O-P linkages was evidenced, and
the extension of the absorption edges into the visible region
and the corresponding narrowing of band gaps were
observed in these N and P co-doped meso-/macroporous
titanias, giving a higher photocatalytic activity in the
degradation of Rhodamine B dye under visible-light irra-
diation than the samples doped with only N or P. The
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beneficial effect of hierarchical meso-/macroporous struc-
ture is also examined.

Introduction

Visible-light photocatalysis has attracted intense interest
because of its potential in utilization of solar energy
recently [1-3]. Substitutional doping of TiO, with either
anions (N, C, and S mostly) or cations has been found to be
an effective method to achieve efficient photocatalysts in
the visible-light range by reducing the band gap of titania
[4-8]. The enhanced thermal stability and improved pho-
tocatalytic activity can also be exhibited in the phosphate-
modified or phosphorus-doped titanias [9—12]. Yu et al. [9]
found that direct incorporation of phosphorus from H;PO,
could stabilize the TiO, porous framework and increase the
photocatalytic activity significantly. Kordsi et al. [10]
investigated systematically phosphate-modified titanias of
varying phosphate contents. Shi et al. [11] and Lin et al.
[12] demonstrated that the doping of phosphorus could
efficiently inhibit the grain growth and enhance the surface
area of TiO, nanoparticles, giving favorable photocatalytic
property in the visible-light range. Further enhanced pho-
tocatalytic activity could be obtained in the phosphorus and
nitrogen co-doped titania [13].

The further improving photocatalytic activity might be
found in the nanocrystalline titania with mesoporous
structure because of its abundant pores and large surface
area, and several metal or nonmetal ion-doped titania
mesoporous photocatalysts were reported [9, 14-21]. Fur-
thermore, the incorporation of macropores in mesoporous
materials, forming hierarchical pore structures at different
length scales, could give enhanced properties due to
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increased mass transport through the material and main-
tenance of a specific surface area on the level of fine pore
systems [22, 23]. Since the macroporous channels could
serve as light-transfer paths for the distribution of photon
energy onto the large surface of inner photoactive mes-
oporous frameworks, hierarchical meso-/macroporous
titania material has demonstrated to show the enhance-
ment of photocatalytic activity due to the increasing
photoabsorption efficiency and efficient diffusion of
molecules caused by the macropores [24], though limited
in the UV range. Our previous work also revealed that the
substitutional N-doping of this meso-/macroporous titania
material extended effectively its photocatalytic perfor-
mance into the visible light region with increased activity
[25].

In this work, we report the preparation of nitrogen and
phosphorus co-doped titania materials with hierarchical
meso-/macroporous structures by a simple two-step pro-
cess, i.e., the direct phosphation of meso-/macroporous
titania from phosphoric acid during the hydrolysis of tita-
nium butoxide, and the followed nitridation with the use of
urea. The hierarchical structure and the co-doping of
phosphorus and nitrogen appear to have a cooperative
effect on the synthesized photocatalysts, which show a
narrower band gap than pure titania and the absorption tail
in the visible range, and consequently is active in the
photocatalytic oxidative decomposition of organic com-
pound such as RhB under visible-light irradiation.

Experimental
Sample preparation

All chemicals were used as received, without further
purification. Hierarchical meso-/macroporous phosphated
titania was firstly synthesized by low-temperature hydro-
thermal treatment in the absence of surfactant. In a typical
procedure, 8.7 g of tetrabutyl titanate (Kermel, AR) was
dropwise added into 30 mL of phosphoric acid solution
(pH = 1 or 2) under slow stirring at room temperature until
the titanium n-alkoxide hydrolyzed completely. The mix-
ture was transferred into a Teflon-lined autoclave and
heated statically in an oven at 60 °C for 2 days. The
product was then filtered, washed, and dried, which was
used as precursor for further nitridation to fabricate the P
and N co-doped titania materials.

Two grams of the above phosphated (P-doped) titania
powder was mixed with 5 mL of urea aqueous solution
(2 mol/L), and slowly magnetically stirred at room tem-
perature for 5 h. The mixture was kept at room temperature
for 48 h, and then washed with deionized water, and dried
at 60 °C in air. Finally the obtained powders were calcined

at 350, 400, or 450 °C for 2 h, and the samples were
denoted as xPNTy, where x represents the pH value of
phosphoric acid solution used, and y represents the calci-
nation temperature. Correspondingly, only phosphorus-
doped titania samples after calcination were denoted as
xPTy. For comparison, meso-/macroporous pure titania was
prepared in the absence of phosphoric acid [25], and its
nitridation samples with the use of same 2 mol/L urea
solution were denoted as NTy.

Sample characterization

X-ray diffraction (XRD) patterns were collected on a
Rigaku D/max-2500 diffractometer with CuK, radiation
operated at 40 kV and 100 mA.

N, adsorption—desorption isotherms were recorded on a
Quantachrome NOVA 2000e sorption analyzer at liquid
nitrogen temperature (77 K). The samples were degassed at
200 °C overnight prior to the measurement. The surface
area was obtained by the Brunauer-Emmett-Teller (BET)
method, and pore size distribution was calculated from the
adsorption branch of the isotherm by the Barret—Joyner—
Halenda (BJH) model.

Scanning electron microscopy (SEM) was taken on a
Shimadzu SS-550 microscope at 15 keV. Transmission
electron microscopy (TEM) was carried out on a Philips
Tecnai G20 microscope, working at 200 kV. A trace
amount of sample was dispersed in ethanol solution by
sonication for 10 min, and then deposited on a carbon-
coated copper grid, which was used as a TEM specimen.

Fourier transform infrared (FT-IR) spectroscopy was
carried out on a Bruker VECTOR 22 spectrometer, with
KBr pellet technique.

UV-vis absorbance spectroscopy was employed on a
JASCO V-570 UV-V-NIR spectrophotometer over the
wavelength range 200-800 nm, using BaSQO, as a reference.

X-ray photoelectron spectroscopy (XPS) measurements
were performed on a Kratos Axis Ultra DLD (delay line
detector) spectrometer equipped with a monochromatic
Al-K, X-ray source (1486.6 eV). All XPS spectra were
recorded using an aperture slot of 300 x 700 um, survey
spectra were recorded with a pass energy of 160 eV, and
high resolution spectra with a pass energy of 40 eV. The
Cls peak of contamination (285.0 eV) was taken as an
internal standard.

Solid-state *'P magic-angle spinning (MAS) nuclear
magnetic resonance (NMR) spectra were recorded on a
Varian Infinityplus 400 MHz spectrometer operating at
resonance frequency of 161.9 MHz and spinning rate of
12 kHz at room temperature, a 1.5 ps pulse with a repeti-
tion time of 5 s. Chemical shifts were indicated using an
external H;PO, reference (0 ppm).
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Measurement of photocatalytic activity

The photocatalytic activity of the prepared catalysts was
evaluated by the degradation of Rhodamine B (RhB) dye
under visible-light irradiation. Twenty milligrams of the
catalyst powder was placed into a tubular quartz reactor of
100 mL of RhB aqueous solution (I x 107> mol/L,
pH = 6), and a 40-watt tungsten bulb was used as the
visible-light source, of which the wavelength range is
usually considered as 400-2500 nm, located at 10 cm
higher than the solution surrounded by a circulating water
tube. All runs were conducted at ambient pressure and
temperature. The suspensions were magnetically stirred in
the dark for 30 min to ensure the establishment of an
adsorption/desorption equilibrium, and then exposed to the
light irradiation at room temperature. At given time inter-
vals, about 5 mL of liquor was sampled, centrifuged for
5 min to discard any sediment. The absorbance of reaction
solutions was measured using an SP-722 spectrometer at
Amax = 554 nm for RhB dye.

Results and discussion
Morphology, porosity, and crystal structure

The macrostructure of the synthesized materials were
examined by scanning electron microscopy. Figure 1
shows the representative SEM images of the phosphorus
and nitrogen co-doped titania materials synthesized with-
out surfactant, revealing a uniform macroporous structure
in different concentrations of phosphoric acid. The direct
phosphated titanias, before nitridation, have the same
macroporous structure (not shown), indicating that the
macrostructure was retained during the thermal treatment
of nitridation. The macropores are channel-like with the
size in the range of 500-2000 nm and the length of
3-6 pm. The macrochannels are mainly of one-dimen-
sional orientation, parallel to each other. Moreover, careful
examination of the SEM micrographs reveals that the walls
of the macropores are composed of small interconnected
granular particles, leaving small holes in the macropore-
walls of 200-600 nm in thickness. The TEM images
(Fig. 1) of these materials also reveal that the macropore
walls consist of the titania nanoparticles, and the worm-
hole-like mesopores in the macroporous frameworks
resulted from the nanoparticle assembly are observed.
Such a hierarchically meso-/macroporous structure is
similar with those previously reported in the spontaneous
template-free assembly of ordered macroporous titania,
alumina, aluminosilicate, titanium and zirconium phos-
phates [26-31]. The hydrolysis of Ti-alkoxide precursors in
phosphoric acid solution system results in the rapid
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formation of phosphated titania particles and the alcohol
by-product, which might produce microphase-separated
domains of titania-based nanoparticles and water/alcohol
channels that are the initiators of the macrochannels. The
following autoclaving will consolidate the regular self-
assembly of the nanoparticles which could create a
connected worm-like mesoporous channels. This meso-/
macroporous structure is stable and can endure during the
nitridation process.

The N, adsorption—desorption isotherms and the corre-
sponding pore size distributions of the synthesized mate-
rials are shown in Fig. 2, and their textural properties are
listed in Table 1. The isotherms correspond to Type IV
adsorption isotherms with gradual increase at high P/P,,.
Most of samples give a hysteresis loop of Type H3 due to
the appearance of the capillary condensation, suggesting
the existence of slit-shaped capillaries with parallel plates
[32]. The BJH pore size distributions of the materials are
calculated, giving asymmetric peaks in the range of
2-10 nm. This mesoporosity is probably partially due to
the intraparticle porosity and partially due to the interpar-
ticle porosity, as confirmed by the SEM and TEM images
of the fine particulate morphology. All these N and P
co-doped titania samples possess very high BET surface
areas of 206-247 m*/g (Table 1), in comparison with the
previous reported meso-/macroporous N-doped titania with
the same urea concentration and the calcination tempera-
ture (121 m2/g for NT450), though a little lower than that
of P-doped titania sample (267 m*/g for 1PT450). It is also
seen from Table 1 that the surface areas of the xPNTy
samples gradually decreased with the increase of either the
nitridation temperature or the pH value of the phosphoric
acid solution used. It is indicated that the direct phos-
phation (or P-doping) favor the formation of hierarchical
materials with high surface areas and thermal stability.

X-ray diffraction was performed to investigate the
structural phases and crystallite sizes of the samples.
Figure 3 shows the XRD patterns of the prepared meso-/
macroporous pure titania and N- and P-doped titania
materials. The meso-/macroporous pure titania (T) and its
nitridation product (NT450) presented bicrystalline phases
of anatase and brookite [25], but the P-doped sample
1PT450 and N and P co-doped sample 1PNT450 exhibited
only the anatase phase. This indicates that the direct P-
doping could effectively inhibit the production of brookite
phase. The effects of nitridation temperature on the crystal
structures and particle sizes of the meso-/macroporous
xPNTy samples are shown in Fig. 3 and Table 1. No other
phases than anatase were observed, indicating that the
presence of foreign ions does not cause disturbance of the
overall anatase structure, though there is still a possibility of
local distortions caused by incorporation of these foreign
ions either at substitutional sites or at interstitial sites, and
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Fig. 1 SEM images of the
prepared samples 1PNT450 (a
and b) and 2PNT450 (c and d),
and TEM images of samples
IPNT450 (e) and 2PNT450 (f)

also be attributed to the fact that the foreign species are
present as a highly dispersed state in TiO, [33]. The inten-
sity of the diffraction peaks increased with the nitridation
temperature from 350 to 450 °C, suggesting the growth of
the anatase nanoparticles with the increase of the calcination
temperature. The particle sizes estimated by using the
Scherrer formula [34], according to the anatase (101) peaks
located at 20 = 25.2-25.3°, are listed in Table 1. The
average crystallite sizes of 1PNTy samples are smaller than
those of 2PNTy. However, all xPNTy samples present the
average crystallite sizes much smaller than the sample NTy,
revealing the effects of P-doping on the crystal growth.

Chemical structure and composition

The FT-IR spectra of the samples NT450, 1PT450,
1PNT450, and 2PNT450 are shown in Fig. 4. Low-

frequency bands in the range 466-566 cm ™' correspond to
the Ti—O-Ti vibration of the network [15, 35]. The broad
band at 3400 cm ™" and the band at 1630 cm ™' correspond
to the surface-adsorbed water and hydroxyl groups. These
bands in IPNT450 and 2PNT450 are stronger than those in
NT450 and 1PT450, indicating that modification of the N
and P species increases the surface-adsorbed water and
hydroxyl groups of titania, which may be significant for
their photocatalytic activity, because the surface-adsorbed
water and hydroxyl groups could act as photoexcited hole
traps on the catalytic surface and produce hydroxyl radicals
that are powerful oxidants in degrading organics [9, 36].
One additional shoulder band around 3180 cm™" is present
in 1PNT450 and 2PNT450, but not observable in NT450
and 1PT450. The samples 1PNT450 and 2PNT450 present
one strong band at 1405 cm™ ", and sample NT450 presents
one small band at 1391 cm_l, while for the sample

@ Springer
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Fig. 2 (left) N, adsorption— 0.08
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Table 1 Summary of the physicochemical properties of the prepared samples
Samples Anatase crystallite size® (nm) Sprro(m*/g) Dgjtaqs. (NM) Dy (nm) Voore. (ecm’/g) Band gap(eV)
1PNT350 43 248 2.1 4.2 0.26 321 2.5
1PNT400 5.3 247 2.9 43 0.27 3.28 2.48
IPNT450 7.1 231 32 44 0.25 3.25 2.54
2PNT350 4.5 239 2.8 5.1 0.31 3.23 2.55
2PNT400 7.1 238 2.3 43 0.27 3.19 2.37
2PNT450 7.2 206 33 5.2 0.27 3.26 2.47
1PT450 6.2 267 1.9 4.1 0.28 322 2.5
NT450 14.8 121 54 5.2 0.16 3.09 2.48

# Calculated by the Scherrer formula

° BET surface area calculated from the linear part of the BET plot
c
9" Average pore size

e

Single point total pore volume of pores at P/Py = 0.98

1PT450, the band in this frequency is too weak to be
identified. Furthermore, an adsorption peak at 1051-—
1033 cm ™' is observed in the FT-IR spectra of P-doped
samples (xPTy and xPNTy) but is absence in the samples
NT450 and pure titania. The band at 1051-1033 cm ™" is
often characteristic of PO437 [37, 38] and recently is
somewhat regarded as the contribution of Ti—-O-P bond
[36, 38]. The bands at 1390-1406 cm™' can be attributed
to either the phosphoryl (P=0) groups in PO4>~ or the
vibrational mode of hyponitrite or the superposition of
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Estimated using the adsorption branch of the isotherm by the BJH method

these two signals. Relative to the little band at 1390 cm ™"

in the spectrum of NT450, the bands corresponding to the
N species are shifted to 1405 cm™' for xPNTy, which
should be the effect of doped P on N species. A small band
at 1125 cm™" in the spectrum of NT450, corresponding to
the N species, is not observed in the xPNTy, which may be
hidden by the P-O bending vibration of PO,>~ groups in
xPNTy. Therefore, it is deduced that the phosphorus exists
not only in the form of PO,*~, but also probably in the
form of Ti—O-P, and the nitrogen atoms are embedded in
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Fig. 3 XRD patterns of the prepared meso-/macroporous pure titania
(T) and N- and P-doped titania samples
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Fig. 4 The FT-IR spectra of the prepared samples

the TiO, network by replacing the oxygen atom in the
formation of the O-Ti-N. The shoulder bands around
3180 cm ™' observed in 1PNT450 and 2PNT450 may be
attributed to the effect of doped N on P species, in the form
N-Ti-P or O-P-N bonds.

3'P MAS NMR spectroscopy was employed to study the
phosphorus microenvironments (Fig. 5). The sample
1PNT450 shows a broad signal at the chemical shifts of
approximately —27 ppm, which can be assigned tetrahe-
dral phosphorus environments connected with four O-Ti
bands [P(OTi),] [31, 38]. The broadening of the *'P NMR
stems from the wide distribution of phosphorus among sites
with slightly different environments. However, the sample
2PNT450 gives one intense peak at —3 ppm, which is in
good agreement with chemical shift values for phosphorus
coordinated via oxygen to half or one titanium atoms
[31, 38], i.e., P(OTi)(OH)4_,, where x = 1 or 0.5. Since

Intensity (a.u.)

. I . I . I .
-200 -100 0 100 200

3 (ppm)

Fig. 5 3'p MAS NMR spectra of the samples (a) 1PNT450 and (b)
2PNT450

the samples 1PNT450 and 2PNT450 were prepared by the
nitridation of the precursor direct-phosphated in H3PO,
solution of pH = 1 and 2, respectively, the concentration
of H3PO, solution affected seriously the chemical micro-
environments of phosphorus, let alone the textural prop-
erties and thermal stability aforementioned. According to
the peak area, the phosphorus content in the sample
IPNT450 is about 1.3-fold than in 2PNT450.

Figure 6 shows the XPS survey spectra and high-reso-
lution spectra of Nls, Ti2p, P2p, and Ols, taken on the
surface of the NT450, 1PNT450, and 2PTN450 samples.
Figure 6b shows the XPS spectra of the samples in the
Ti2py, and Ti2p;, binding energy (BE) regions. The
Ti2ps,, peak is centered at 458.3, 458.7, and 458.6 eV, and
the Ti2p;,» peak at 464.1, 464.4, and 464.3 eV for the
NT450, 1PNT450, and 2PNT450 samples, respectively.
These binding energies are characteristic of Ti** [39] and
the peak position of Ti*" is significantly influenced by its
coordination environment. Compared with the binding
energy of pure TiO, (459 eV for Ti2p;,, and 464.8 eV for
Ti2p;,5) [31], the binding energies of Ti2p in the phos-
phorus and nitrogen co-doped samples (2PNT450 and
1PNT450) are lower than those of pure TiO,, but are
slightly higher than only nitrogen-doped titania (NT450).
This is the result from different electronic interactions of Ti
with anions, which causes partial electron transformation
from the N and P to the Ti and an increase of the electron
density on Ti because of the lower electronegativity of
nitrogen and phosphor compared to oxygen (O > N > P)
[40]. The Ols signals of NT450, 1PNT450, and 2PNT450
samples are shown in Fig. 6¢c. In comparison with the
almost symmetric Ols spectrum of pure TiO, at the
binding energy of 530.2 eV, the Ols spectra of P- or/
and N-co-doped titanias are clearly asymmetric, having a
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Fig. 6 XPS spectra of the
samples. a Survey, b Ti2P, ¢
Ols, d Nls, e P2p
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low-intensity shoulder on the high binding energy side,
which can be fitted by two to three peaks. The main peaks
of NT450, 1PNT450, and 2PNT450 samples situated at
529.6, 529.9, and 529.8 eV, respectively, corresponding to
the oxygen in Ti—O bonds [10, 31], which are a little lower
than that of pure TiO,. The shift order of the main Ols
energy position is the same as that of the Ti2p energy
position, suggesting the successful incorporation of nitro-
gen and phosphorus into the TiO, lattice to form the O-Ti—
N and Ti—O-P bonds, respectively. The obvious shoulder
peaks at 531.0 eV in the Ols spectra of 1PNT450 and
2PNT450 could be ascribed to oxygen in the P-O bonds
[9, 10, 31], which was absent in the sample NT450. The
small peaks at round 531.7-532.0 eV could be assigned to
the hydroxyl groups [10, 31].
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The N1s spectrum (Fig. 6d) of NT450 exhibits only one
peak at 400.4 eV. While both the samples 1PNT450 and
2PNT450 give two peaks at 399.7 and 401.6 eV. The
binding energies of these peaks are higher than that of TiN
appeared at <397.5 eV [41], and lower than that of hypo-
nitrite type nitrogen at 404 eV. The main peak of 399-
402 eV might be attributed to the anionic N~ in O-Ti-N
linkages, though this line was attributed to adsorbed
molecular nitrogen in some literature [42, 43]. The observed
N1s peak splitting in 1PNT450 and 2PNT450 confirms the
effect of N- and P-co-doping. The overlapped peaks at
401.6 and 399.7 eV could be ascribed to the nitrogen atom-
substituted oxygen in the crystalline TiO; lattice to form the
O-Ti-N structure and the nitrogen species coordinated to P
in the form of O—P-N linkage [13], respectively.



J Mater Sci (2009) 44:6754-6763

6761

To get further evidence, the P states are also examined
by XPS spectra. As seen from Fig. 6a, the spectra of the
samples 1PNT450 and 2PNT450 in the binding energy
range of 130-190 eV are different from that of the sample
NT450. The high-resolution XPS P2p spectra (Fig. 6e) of
the 1PNT450 and 2PNT450 samples show single peak at
133.5 and 133.4 eV, respectively, suggesting that P ions
are in the pentavalent-oxidation state (P°%) [44]. It is
unlikely that Ti—P bonds are present in our P-doped meso-/
macroporous TiO,, since the characteristic peak of P2p in
TiP at 128.6 eV was not observed [45]. Thus, it is expected
that the P°™ might replace a part of Ti*" in the crystal
lattice of TiO, to form the bond P-O-Ti [13], similar to
S®-[21, 46, 47] and I°"- [17] doped TiO,, but not simple
phosphate (or PO4>7), which resulted in the charge
imbalance and the decrease of the recombination rate of
photogenerated electrons and holes. However, the nature of
interaction between P and TiO, is not quite clear currently,
which remains a problem worthy of further study.

As mentioned above, N and P atoms are probably
incorporated as anions and cations, replacing O and Ti ions
partly in the anatase titania lattice, respectively. The
binding energies of N1s confirm N species exist in the form
of the O-Ti-N and/or O-P—N bonds. The binding energies
of P2p confirm P exists in the form of the P-O-Ti and/or
N-P-O bonds [13]. A shift of Ti2p and Ols toward lower
binding energy upon nitridation further demonstrates the
successful incorporation of nitrogen into the TiO, lattice.
The surface atomic compositions of NT450, 2PNT450, and
1PNT450 determined by the XPS results are listed in
Table 2. The bulky atomic ratio of P/Ti (obtained by ICP)
is lower than the surface atomic P/Ti ratio, indicating that
most of the detected N and P species are in the surface
layers of the meso-/macroporous titanias.

Optical property and photocatalytic activity

The UV-vis absorbance spectra of the prepared xPNTy
samples are shown in Fig. 7. The absorption is at ~
<400 nm for pure TiO, (not shown), while the yellow
colored phosphorus and nitrogen co-doped meso-/macro-
porous titanias exhibit the absorption edge extending into

Table 2 Atomic compositions determined by the XPS and ICP

Samples  Mass content by XPS (%) Mass content by ICP (%)
N P Ti (0] Ti P

NT450 143 0 55.81 4276 - -

2PNT450 0.59 3.39 51.63 4440 3594 1.32

IPNT450 0.88 537 47.88 4587 - -

Absorbance (a.u.)

. L TR | ;
250 300 350 400 450 500 550 600

Wavelength (nm)

Fig 7 The UV-vis absorbance spectra of (a) NT450, (b) 2PNT350,
(c) 2PNT400, (d) 2PNT450, (e) 1IPNT350, () IPNT400, (g) 1PNT450

the visible region, >400 nm. Obviously, the xPNTy sam-
ples show a high tailing absorbance in the visible range,
giving two absorption edges. The band gap energies (E,)
can be calculated by the formula E, = 1239.8/4, from the
wavelength values corresponding to the intersection point
of the vertical and horizontal parts of the spectra (4,) [48],
and the corresponding band gaps (Eg; and Eg,) are listed in
Table 1. The absorption edges at 377.7-388.0 nm (Eg;:
3.28-3.2 eV) and 488.4-520.0 nm (E,: 2.54-2.38 V) are
observed in the xPNTy samples. The first edges are related
to the band structure of the original titania, and the second
ones correspond to the newly formed N2p and P2p bands
that are located above the O2p valence band. However,
although the decrease of the band gaps of xPNTy samples
is obvious in comparison with the meso-/macroporous pure
TiO, (band gap of 3.18 eV), the band gaps of NT450 is still
comparable with those of 1PNT450 and 2PNT450. The
narrowing of band gaps of the prepared N and P co-doped
meso-/macroporous titanias might be resulted from the
interaction of titania with phosphorus and nitrogen in lower
oxidation state, suggesting that they should be possibly
responsive to the visible light.

The photocatalytic activities of the obtained meso-/
macroporous phosphorus and nitrogen co-doped TiO, were
tested by the degradation of RhB under visible-light irra-
diation (Fig. 8). For comparison, a blank experiment (self-
photosensitized process, in the absence of any catalysts),
P25, meso-/macroporous pure TiO, (T), and only phos-
phorus or nitrogen-doped meso-/macroporous titania cata-
lysts were performed under identical conditions. The RhB
degradation efficiency is increased with the visible-light
irradiation time. It is seen from Fig. 8 that the self-degra-
dation process under visible-light irradiation is inactive, as
evidenced by only 1.1% of RhB degraded after 80 min
irradiation. The commercial non-porous P25 and the
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Visible-light Irradiation Time (min)

meso-/macroporous pure titania [25] have 11.2 and 30.4%
of RhB degraded after 80 min irradiation, respectively,
indicating the effect of meso-/macroporous structure with
high surface area due to light penetrating and molecular
diffusing [25]. However, 40, 42.78, and 45.75% of RhB
were degraded for NT450, 1PT450, and 1PNT450 after
80 min irradiation, respectively, demonstrating the superior
performance of the N- and/or P-doped meso-/macroporous
titania samples. The photocatalytic activity of 1PNT450 is
better than that of both NT450 and 1PT450, which may be
the result of the co-doping of N and P in the meso-/mac-
roporous titania, suggesting the possible cooperation effect
of doped N and P species. As to the photocatalyst
2NPT450, 41.04% of RhB was degraded after 80 min
irradiation, indicating its lower photocatalytic activity than
INPT450, which is related to the lower contents of P and N
in 2NPT450 than in 1NPT450.

To further substantiate the beneficial effects of mac-
rochannels in the materials, we destroyed the macro-
channels of 2PNT450 by milling, and the resulted catalyst
was denoted as 2P-N-T450, which still possessed meso-
porous structure but the macroporous structure was
destroyed. As shown in Fig 8, there was a 5.4% drop
(from 41.0 to 35.6%) in photocatalytic activity after
destruction of macrochannels. It is thus confirmed the
significance of hierarchically meso-/macroporous structure
of the xPNTy materials in improving photocatalytic
activity, since the macroporous channels could serve as
light-transfer paths for the distribution of photon energy
onto the large surface of inner photoactive mesoporous
frameworks, and allow rapid diffusion of various reactants
and products during photocatalytic reaction process, and
the mesoporous structure of high surface area can offer
more active sites (hydroxyl groups) for photocatalytic
reaction.

The relationship between In(Cy/C) and the irradiation
time ¢ for the visible-light degradation of RhB is also
shown in Fig. 8. By plotting In(Cy/C) as a function of
irradiation time through regression, we obtained for each
catalyst sample the pseudo-first-order reaction rate constant
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k (min~") from the slopes of the simulated straight lines.
The self-degradation rate constant of RhB is 1.6 x 1074,
while the degradation rate constants of RhB for catalysts
IPNT450, 2PNT450, 1PT450, NT450, and 2P-N-T450 are
73 x 107°, 6.5 x 107, 6.6 x 107, 6.3 x 107>, and
5.5 x 1072, respectively. The photocatalytic results clearly
indicate that the meso-/macropores structure and the
co-doping with N and P can effectively favor the improved
photocatalytic activity in the visible-light region.

Conclusions

Meso-/macroporous P and N co-doped titania materials
with high surface area have been prepared by a two-step
process of direct phosphation and followed nitridation,
which possess anatase phase of nanocrystalline structure. It
has been demonstrated that the incorporation of phosphorus
and nitrogen in meso-/macroporous TiO, materials can
efficiently inhibit the grain growth and phase transforma-
tion, increase the surface area, and improve the thermal
stability. The features of hierarchical meso-/macroporous
structure with nano-anatase TiO, in the framework and N
and P co-doping make the new material a highly effective
photocatalyst in visible-light degradation of RhB, since the
intradiffusion resistance is minimized and the efficiency of
photoabsorption is enhanced. These TiO,-based materials
with hierarchal pore network, strong light-harvesting
capability, and easy surface modification, may also be
promising as an advanced catalytic support and novel
optic/electric material.
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