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A facile one-step synthesis of three-dimensionally
ordered macroporous N doped TiO, with
ethanediamine as the nitrogen source
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DOI: 10.1039/x0xx00000x In this paper, three-dimensionally ordered macroporous (3DOM) N doped anatase TiO, (N-

www.rsc.orgl TiO,) photocatalysts with well-defined macroporous skeletons were prepared using a simple
one-step colloidal crystal templating method, and the organic ammonia, ethanediamine, was
used as nitrogen source in the preparation to enhance nitrogen incorporation into TiO, lattice.
The photocatalytic performance of the as-prepared 3DOM N-TiO, was investigated by
measuring the degradation of rhodamine B (RhB) and the generation of H, from water splitting
under simulated visible light conditions. In comparison with the pure TiO, and N doped TiO,,
the results of photodegradation and photocatalytic hydrogen generation reactions showed that
the 3DOM N-TiO, sample had excellent catalytic activity under visible light irradiation.
Besides, various analytical techniques have been used to characterize the crystal phase,
morphology and optical absorption of the obtained samples. The results showed that 3DOM N-
TiO, catalyst was successfully synthesized by the one-step colloidal crystal templating method
and the as-prepared samples possessed well-defined 3DOM skeleton structure, high
crystallinity and enhanced visible-lihgt-driven photocatalytic activities.

Introduction uniform macroporous structure, larger surface area, better mass
transfer properties and higher light absorption efficiency caused
by the multiple scattering and slow photons'', and these
mentioned-above advantages could efficiently lead to the
enhancement of photocatalytic activity of 3DOM TiO,'".
However, the relatively broad band gap of 3DOM anatase
titania (3.2 eV) and the rapid recombination of photogenerated
electron-hole pairs, all of which further limit its large-scale
applications'>'*. In order to overcome the drawbacks and
improve the photocatalytic activity, lots of efforts to explore
various strategies (e.g. doping with anion'"'’, combing with
narrow band gap semiconductor'®?%) to modify the TiO,
photocatalyst have been made. Among these strategies, the
nonmetal doping has been frequently applied for achieving

received significant attentions because of its low cost and high v%sible—light-.active TiOz photocatalyst, .parti(.:ular .TiOz with
repeatability!. To date, some advances in preparing 3DOM- nitrogen doping, which have been extensively investigated over
structured materials (e.g., 3DOM-structured C7, MnO,*, Mn,0, the past decades because such doping not only could effectively

Fe,0s, Co;0,, NiO, CuO®, PbO,'%) have been achieved modify TiO, energy band gap and accelerate the electron-hole
’ ; . ’ separation but also could lead to an apparent red-shift in the

optical absorption edge of TiO, to lower energy, consequently
resulting in the significant improvement of photocatalytic

It is well known that three-dimensionally ordered macroporous
(also called “inverse opals” or “inverted opals™) materials'
possess uniform pore size, well-defined periodic structure and
large surface areas™, which indicate various potential
applications in the fields of battery materials, catalysts or
catalysts supporters, sensors, biomaterials*® and photonic
crystals®, and thus this kind of materials have gained lots of
attentions. More recently, a large number of studies have
focused on the fabrication of 3DOM materials by a variety of
synthetic routs. In particular, the colloidal crystal templating
method with polymethyl methacrylate (PMMA), monodisperse
silica, or polystyrene (PS) spheres as template agent has

As a class of important semiconductor materials, porous
TiO, catalysts have drawn more and more interests due to its
special  optoelectronic and  physiochemical properties, o - ) h ) ;
especially for the TiO, with 3DOM structure, which has been activity under visible light. Until now, a variety of nitrogen

21 gy 2 .
became a hotspot in the field of porous materials owing to its ~ SOUr¢es s;;ch as urea-, ggan;:lme carbonate™, ammonium
several great merits for photocatalysis, such as ordered and hydroxide™ and ethanediamine™, etc, have been explored to
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synthesize TiO, nanocrystal with N doping. Among these
nitrogen precursors, ethanediamine, a special organic nitrogen
source, was considered as a amazing nitrogen contained species
the N doped TiO,
ethanediamine can be easily dissolved in water or ethylalcohol,

to prepare photocatalyst, because

and therefore the nitrogen species can be uniformly and

effectually introduced into the anatase TiO, crystalline structure.

So far, very little work has been reported on the preparation of
3DOM TiO, the
complicated preparation process (at least need two or three

materials with N doping, moreover,
steps) further limits the exploiture of N doped TiO, with
3DOM structure.

In this paper, a simple yet efficient one step colloidal crystal
template method was developed to synthesize N doped TiO,
with
Meanwhile, using the organic ammonia, ethanediamine, as

three-dimensionally ordered macroporous structure.
nitrogen source to achieve the N doping. The as-prepared
photocatalysts are characterized by X-ray powder diffraction
(XRD),
dispersive X-ray spectrometry (EDX), Transmission electron

Scanning electron microscopy (SEM), Energy
microscopy (TEM), Fourier transform infrared (FT-IR), UV-vis
diffuse
desorption, and X-Ray photoelectron spectroscopy (XPS). The
photocatalytic activity of the 3DOM N-TiO, was evaluated by

the photodegradation of rhodamine B (RhB) and photocatalytic

reflectance spectroscopy (DRS), N, adsorption-

H, evolution from water splitting under visible light, which
show significantly higher photocatalytic efficiency than the
pure N-TiO, and TiO, nanoparticles.

Experimental

Synthesis of 3DOM N doped TiO,

PMMA spheres were prepared by modified emulsifier-free emulsion
polymerization of MMA, as described elsewhere”. 3DOM N-TiO,
catalysts were synthesized through one step colloidal crystal
templating method. Briefly, 0.01 mol of tetrabutyl titanate was
dissolved into 30 mL of ethanol solution containing 1 mL of glacial
acetic acid under vigorous stirring to form solution of TiO,
precursor, and 0.01 mol of ethanediamine was added to the above
TiO, precursor solution accompanying with continuously stirring for
30 min at room temperature to form mixture solution. Then 3 g
PMMA was immersed into the mixture and kept at room temperature
overnight to obtain the monolith of 3DOM N-TiO, precursor.
Afterwards, the monolith was dried at 80 °C overnight and then
calcined at 500 °C for 4 h with a ramp rate of 1 °C/min in muffle
furnace under stationary air to obtain the final 3DOM N-TiO,
catalyst. For comparison, the N-TiO, nanoparticles were synthesized
by the same process without addition of PMMA template. The pure
TiO, nanoparticles were also prepared using the mentioned-above
method without the addition of ethanediamine and PMMA template.

Characterizations

The crystalline structure and phase component were obtained
on the X-ray powder diffraction (XRD; SHIMADZU, Lab X
XRD-6000). The geometry and morphology of the catalyst

2| J. Name., 2014, 00, 1-3

were acquired by the field-emission scanning electron
microscope (JEOL, JSM-6700F) and the energy dispersive X-
ray spectroscopy (EDX) was employed for elemental analysis.
The structure and surface state of photocatalyst composites
were gained on the transmission electron microscopy (JEOL,
JEM-2100). Fourier transform infrared (FT-IR) spectra (Nicolet
avatar 360) was used to obtain the information of function
groups on the surface of materials by potassium bromide tablet
method. The optical properties of the samples were detected
using a Hitachi U-4100 UV/Vis spectrometer in diffuse
reflectance mode with BaSO, as the reflectance. The spectra
were recorded at room temperature in the range between 200
nm and 700 nm. N, adsorption-desorption isotherms of the
samples were collected by an ASAP-3000 BET analyzer to
obtain the textural properties of the catalysts. The specific
surface area and pore size distribution plots of the as-prepared
samples were counted by the Brunauer-Emmett-Teller (BET)
(BJH) method,
respectively. The X-ray photoelectron spectroscopy (XPS) was
performed on a Kratos AXIS Ultrabld photoelectron
with  monochromatic  Al-Ka
(hv=1486.69 eV) and a charge neutralizer to investigate the

equation and  Barrett-Joyner-Halenda

spectrometer excitation
elemental contents and electronic states on the surface of the as-
prepared samples. The
XPSPEAK software, and all the bonding energies were
calibrated to the C (1s) internal standard peak at 284.8 eV.

fitted curves were obtained with

Photocatalytic testing

Photocatalytic degradation of RhB

The photocatalytic activities of the as-prepared 3DOM N-TiO,
catalysts were evaluated by decomposing rhodamine B dye
under visible-light irradiation at room temperature. An
overhead 300 W Xenon lamp (NBeT, HSX-F300, Beijing)
equipped with UV filter (HSX-UV300) was the simulated
photosource and mounted a 420 nm cut-off glass filter in order
to ensure only visible light irradiation. The distance between
the visible light source and RhB solution is about 10 cm. In
each experiment, 0.07 g as-prepared photocatalyst was added
into 70 mL aqueous solution of RhB dye (10 mg/L) to perform
the the
suspension was magnetically stirred in dark for 40 min to

reaction suspension. Before the photoreaction,
establish an adsorption/desorption equilibrium between the
catalyst surface and the RhB solution, after that, the solution
was exposed to the visible light with continuously magnetic
stirring to carry out the photodegradation reaction. During the
photoreaction, about 3 mL the suspension was taken and
centrifuged (13000 rpm for 5 min) to remove the catalysts
particles every 30 min and the residual RhB was analyzed by
UV-vis spectrophotometer (UV-1900PPC, Shanghai, China) at
554 nm to obtain its absorbance values. As is known, the
concentration of RhB is directly proportional to its absorbance
values. Hence, the degradation efficiency (x) of RhB can be
calculated by the formulation: x=C/C,x100%, where C, is the

concentration of original RhB solution after 40 min adsorption,

This journal is © The Royal Society of Chemistry 2013
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C is the concentration of RhB solution after every 30 min
reaction. In addition, the photoactivity of the as-prepared samples
under full sunlight irradiation was evaluated by the same process
described above except for the Xenon lamp mounted a 420 nm
cut-off glass filter.

In order to test the stability and reusability of the as-prepared
samples, we did the repeated photocatalytic experiment: 0.07 g
3DOM N-TiO, was dispersed in 70 mL RhB solution (10
mg/L), and the procedures of photoreaction were the same as
the above description except the photoreaction time, which was
limited to 120 min. After each round of the reaction, the
mixture was centrifuged to collect the catalysts. Then, the
separated catalyst was washed and dried for several hours at 80
°C. Afterwards, the dried samples was added back into the
catalytic reaction system to perform the degradation RhB under
the same conditions.

Photocatalytic H, evolution from water splitting

The photocatalytic activities of the as-prepared 3DOM N-TiO,,
N-TiO, and TiO, nanoparticles also tested by
photocatalytic H, evolution under visible light irradiation. The
reaction steps as follows: 0.05 g as-prepared catalyst was
dispersed in a 50 mL aqueous solution consisted of 0.25 M
Na,S and 0.35 M Na,SO; which were used as the sacrificial
agents to avoid catalysts photocorrosion. Prior to illumination,
the system was bubbled with nitrogen for 15 min to ensure the
reaction system is under anaerobic conditions. The amount of
H, generation was determined on a gas chromatography
(Agilent technologies: 6890N) with Thermal Conductivity
Detector (TCD) mounted with a 5 A molecular sieve using N,
as the carrier gas.

were

Results and discussion

3DOM N doped TiO, photocatalysts were prepared by one step
colloidal crystal templating method, which was considered as
one of promising approaches for the fabrication of various
kinds of porous materials. The probable synthesis process was
schematically illustrated in Fig. 1. As shown, monodisperse
PMMA spheres firstly synthesized by modified
emulsifier-free-polymerization method®®, meanwhile, these
monodisperse PMMA spheres can easily self-assemble to form
orderly colloidal crystal layer under centifugal condition. Next,
the formation of PMMA colloidal crystal template was
immersed into the precursor solution consisting of tetrabutyl
titanate (Ti(OBu)4) and ethanediamine (C,H4N,H,), which were
used as titanium source and nitrogen source, respectively. In the
initial stages of chemical reaction, the molecules of tetrabutyl
titanate rapidly react with ethanediamine to generate the
substituted Ti(OBu),,(C,H4N,Hy), precursor. With the increase
of aging time, countless Ti(OBu)4.,(CoH4N,Hy), micelle was
filled into the interstices of PMMA blocks and gradually
connected by hydrogen bonding to create an “inverse-opal”
structure in three dimensions. The post-treatment of
calcinations was followed to obtain the final 3DOM N doped

were

This journal is © The Royal Society of Chemistry 2013
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TiO, photocatalysts (a multi-layer porous structure can be
clearly seen from the SEM image); this process can effectively
remove the PMMA colloidal crystal template and make the
nitrogen elements completely incorporate into the lattice of
TiO,. Simultaneously, the calcinations process also leads to the
enhancement of the crystalline degree of N doped TiO,,
resulting in the higher visible-light-driven photocatalytic
activity. It was worthy noted that the structure of the PMMA
template and the immersion process were the key factors to get
the final N doped TiO, with 3DOM structure. If the structure of
the PMMA template was unordered or the immersion process
was not enough, the structure of the final product was not
uniform or ordered.

infiltrate
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Fig. 1 The schematic synthesis process steps of 3DOM N-TiOz sample.

Fig. 2 shows the XRD pattern of 3DOM N-TiO,, including TiO,
and N-TiO, nanoparticles data, used as the references. It can be seen
that several narrow and sharp peaks located at 20 values of 25.32°,
37.80°, 48.20°, 53.97°, 55.06°, 62.75°, 68.91°, 70.29°, and 75.07°
can be observed in the patterns of all the as-prepared samples, which

(101)

a: TiO2
b: 3DOM N-TiO2
c: N-TiO2

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (degree)

Fig. 2 X-ray diffraction patterns of pure TiOz, N-TiOz and 3DOM N-TiOx.

correspond to the peaks of anatase TiO, of (101), (004), (200), (105),
(211), (204), (116), (220), and (215) crystal planes (JCPDS: 21-
1272), respectively. No other peaks, such as N-O and Ti-N bonds,
can be found, indicating that the N element either doped into TiO,
lattice or highly dispersed on the surface of TiO,, which accords
with other nitrogen doped TiO, reported previously*****’. In
addition, the higher intensity of the main (101) bragg peak anatase
show that these samples possess high crystalline structure.

Fig. 3 shows the SEM images of the self-made PMMA
template and the as-prepared 3DOM N-TiO, sample, including
data for N-TiO, and TiO, nanoparticles, which used here as the
references. It can be seen from Fig.3a and b that the N-TiO, and
pure TiO, samples present aggregates structure, which are
composed of a large quantity of nanoparticles. Fig.3c clearly

J. Name., 2014, 00, 1-3 | 3
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shows that the colloidal crystal template contains a large
number of highly ordered close-packed spheres. Meanwhile,
the inset of Fig. 3¢ confirms that the template is made from
periodic microspheres with 350 nm diameter. Fig. 3d shows the
low magnified SEM image of the as-prepared 3DOM N-TiO,
catalyst. As can be seen that 3DOM N-TiO, catalysts display an
open interconnected macroporous network, which is the
replication of three-dimensional closely-packed PMMA opals.
The opal size of the photocatalysts are smaller than the size of
original PMMA template particles, which can be attributed to
the shrinkage of the windows size during the calcination.
However, the well-defined 3DOM framework still can be
observed in the sample, indicating good thermal stability of the
samples. Fig. 3e shows the high-magnification SEM image of
the N-TiO, with 3DOM structure, which obviously showed that
the as-prepared N-TiO, is 3D-interconnected macroporous
networks, consisting of periodic spherical voids. It is
noteworthy that each large pore is connected with six
neighboring spheres and circular windows where the original
PMMA spheres contacted with each other. And the origin of
the windows was mainly attributed the fact that PMMA spheres
touched so close that Ti(OBu),4.,(C,H4N,H,), precursor solution
did not penetrate those regions.

13 26 39
Lsec: 30,00 Cts 0000 keV Det: Apolio XL-SDD Det

100 nm

Fig. 3 SEM images of TiOz (a); N-TiOz (b); PMMA (c); 3DOM N-TiO: (d, e);
and Energy-dispersive X-ray pattern of 3DOM N-TiOz (f).

In addition, Fig. 3f shows the Energy-dispersive X-ray
results of the 3DOM N-TiO,. The analysis of EDX shows that
3DOM N-TiO, catalyst is composed of Ti, O, N, C and Si
elements, which confirms the presence of N in the 3DOM N-
TiO, sample. Carbon (atomic percent of 13.23%) was also
observed in the spectra, probably due to the incomplete removal
of the PMMA template during calcinations, and the EDX signal

4| J. Name., 2014, 00, 1-3
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for Si element can be attributed to the utilization of the silicon
substrate in SEM testing process.

The typical macroporous structure and crystallization of the
3DOM N-TiO, sample were further analyzed by TEM and
HRTEM. As shown in Fig. 4a and b, the TiO, and N-TiO,
photocatalysts possess the typical nanoparticle morphology
with an average gain size of 15~20 nm, which are in
consistence with SEM analysis. The insets of Fig. 4a and b are
the selected-area electron diffraction pattern of TiO, and N-
TiO,, which show an obvious bright electron diffraction rings,
revealing that the reference samples have good crystallinity, in
agreement with XRD analysis. It can be seen from Fig. 4c that
the as-obtained 3DOM N-TiO, displays well-defined ordered
macroporous structure and the formation of porous skeleton of
the catalyst are composed of many nanoparticles with size ~10
nm resulting from the aggregation of ultrafine metallic oxide,
this is well consistent with the SEM observations. In addition,
the presence of the crystal planes and the lattice fringes of the
3DOM N-TiO, can be obviously observed in the HR-TEM
image (Fig. 4d), which taken on an individual nanoplate of the
pore wall. It further proves the good crystallinity of 3DOM N-
TiO,. The reflections with d spacing values of 0.338 nm
observed in Fig. 4b are in good agreement with the TiO, crystal
(204) lattice planes. Besides, the inset of Fig. 4d shows the
selected area electron diffraction (SAED) pattern of 3DOM N-
TiO,. A sequence of bright electron diffraction rings can be
clearly found, which proves the good crystallinity of 3DOM N-
TiO; in accordance with XRD analysis.

Fig. 4 TEM images of TiOz (a); N-TiOz (b); 3DOM N-TiO2z (c); HRTEM

image of 3DOM N-TiOz (d).

Fig. 5 shows the FT-IR spectra of 3DOM N-TiO,, N-TiO,
and pure TiO, nanoparticles, which gives the information of
functional groups on the surface of catalyst. All the as-prepared
samples present similar FT-IR spectra, and the peak in the
range of 400-750 cm™' was assigned to the Ti-O stretching and
Ti-O-Ti bridging stretching bond. In addition, the absorbance
band at 3400 cm™ in the three spectra can be attributed to the
surface hydroxyl groups and absorbed water molecules.
Besides, the FT-IR band at around 1630 cm™ in the N doped
and pure TiO, samples corresponds to the O-H stretching
vibration and bending vibration’®*) and these absorbed OH

This journal is © The Royal Society of Chemistry 2013

Page 4 of 10



Page 5 of 10

groups and water molecules play a significant role in
photocatalytic activity since they act as an oxidizer to
decompose organic pollutions'®.

3DOM N-TiO:2

Transmittance (% )

T V‘
1000 500

3000 2500 2000 1500
Wavelength(cm™)

T
4000 3500

Fig. 5 FT-IR spectra of 3DOM N-TiOz, N-TiOz and pure TiOz.

The nitrogen adsorption-desorption isotherms and BJH pore
size distribution curves of 3DOM N-TiO,, N-TiO, and pure
TiO, nanoparticles were shown in Fig. 6. It can be seen in Fig.
6(a) the N-TiO, and pure TiO, nanoparticles exhibit type-[]
isotherms according to the TUPAC classification'?, suggesting
that the existence of mesoporous structure in the two samples.
It also can be found that an obvious adsorption hysteresis loop
at 0.54<P/P,<0.99 was observed in the isotherms of N-TiO,
and pure TiO, samples, which could be classified as type-H3
hysteresis loop, indicating the presence of slit-like pores'*~’.
While, the 3DOM N-TiO, exhibits type-II isotherm with a type-
H4 hysteresis loops at the high relative pressure (P/P,) range of
0.5-1.0°, that the
macroporous structure in this materials, which is in agreement
with the SEM results.

Table 1 BET surface area, pore volume and pore size of all the prepared

prominently indicating presence of

photocatalysts.
Catalyst Sper m/g Pore Pore size
volume(cm®/g) (nm)
TiO, 74.20 0.18 9.90
N-TiO, 59.69 0.13 8.89
3DOM N-TiO, 50.61 0.35 27.43

Besides, the BET surface area and BJH pore size distribution
were determined from the adsorption-desorption isotherm.
Table 1 lists the measured surface areas and pore volume of the
three photocatalysts. The N-TiO, and pure TiO, nanoparticles
show higher surface area with the value of 59.70 and 74.20 m?
g’!, respectively. Meanwhile, it can be seen from Fig. 6(b) that
the pore size distribution calculated by the desorption branch of
isotherm for both N-TiO, and pure TiO, nanoparticles showed
similar narrow pore size distribution ranging from 2.32 nm to
7.98 nm, suggesting that the possess typical
mesoporous structure. In compared with N-TiO, and pure TiO,,

samples
the 3DOM N-TiO, sample shows relatively lower surface areas

(50.61 m? g™, however, the sample exhibits much higher pore
volume(0.35 ¢cm® g™!) than that of N-TiO, and pure TiO,, this

This journal is © The Royal Society of Chemistry 2013
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may be mainly ascribed to the formation of 3D-interconnected
macroporous networks in this solid. In addition, it should be
noteworthy that the large surface area of the as-prepared
the
photocatalytic activities, yet not a decisive factor’”, and the

catalysts plays an important role in enhancing

formation of 3DOM structure as well as the N doping is the key
factors for the enhancement of catalytic performance of 3DOM
N-TiO,, which will be discussed later.

(@) _ —4—Pure TiO2
_ « PR —e-N-TiO2
Ten & o —=—3DOM N-Ti0>
g A I =
5 Pl Iz
;é W ad JA &
E ol ek
E) / g
3 N-TiOw,b—f‘" £
Ell e - -
2 o
< 3DOM N-TiO2 e Tl Wl\.
.*n—.nurl&.n:i:lﬂﬁ'*
‘ ‘ ‘ ‘ 0 5 10152 25 30 35 40
00 02 04 b 06 08 1.0 Pors diasseter-tnm)

Fig. 6 (a) Nz adsorption-desorption isotherms of all the samples; (b)
corresponding pore size distribution of all the samples.

Fig. 7 shows the UV-vis absorption spectra of 3DOM N-TiO,, N-
TiO, and pure TiO, nanoparticles. It can be observed that the pure
TiO, exhibits photoresponse in the UV region (wavelength below
395 nm) due to its wide energy band gap (3.2 eV). Compared with
the pure TiO,, TiO, sample with N doping show an apparent
absorption edge in the visible light region, especialy for the 3DOM
N-TiO, catalyst prepared by one step colloidal crystal templating
method, a very broad and flat absorption tail that extends across
much of the visible light region down to 650 nm can be observed in
the UV-vis absorption spectrum. This phenomenon might be caused
by the following two aspects: On the one hand, N species was
incorporated into the lattice of TiO, and produce a intermediate
energy levels, which induced the narrow of TiO, band gap and
leaded to a larger and clear red-shift in the optical absorption edge.
On the other hand, the architecture structure of the photocatalyst
plays a very important role in the enhancement of optical absorption
of the N-TiO, samples, as well known, three-dimensionally ordered
macroporous materials possess the properties of multiple scattering
and slow photon effects. Thus, slow photons generated in 3DOM
structures have the advantages of increasing the path length of the
light, meanwhile, the group velocity of light significantly decreases
at the edge of these wavelengths, consequently resulting in the
improvement of the visible light harvesting®.

a: TiO2
b: N-TiO,
c: 3DOM N—TiO2

Absorbance(a.u.)

T T T T T T T
350 400 450 500 550 600 650 700
Wavelength(nm)

Fig. 7 UV-visible absorption spectra of pure TiO2, N-TiO2 and 3DOM N-

TiOz samples.
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Journal of Materials Chemistry A

The X-ray photoelectron spectroscopy (XPS) measurements
were performed to test the surface chemical components and
electronic sates of elements on the surface of N doped TiO,
samples. The whole XPS survey scan spectra show that both of
3DOM N-TiO, and N-TiO, sample contain N, Ti, O, and C
elements, which was in agreement with the EDX analysis and
further confirmed the containment of N elements in the samples.
Meanwhile, the atomic concentration of N can be calculated
based on the XPS data and the values were found to be 0.25 at.%
for 3DOM N-TiO, and 0.15 at.% for N-TiO,, respectively. In
addition, the XPS spectra for the C 1s peak might be ascribed to
the
calcination process.

Fig. 8a shows the O 1s XPS spectra of the 3DOM N-TiO,
and N-TiO,. The peak at 529.7 is the characteristic of the lattice
oxygen of TiO,, and the rest of peaks in the range of
531.0~533.3 eV can be assigned to the surface adsorbed
components of the hydroxyl group (-OH)'*'®*. The Ti 2p XPS
spectra of the 3DOM N-TiO, and N-TiO, nanoparticles are
shown in Fig. 8b. Two peaks corresponding to Ti 2ps, and Ti

incomplete removal of the PMMA template during

2p,, were observed at the binding energy of 458.5 and 464.2
eV, respectively, which can be atributed to the characteristic
peaks of Ti*" on the surface of N-TiO, catalysts®>. There is no
Ti** ions observed in the XPS spectra of the two samples. The
phenomenon may be due to either the low resolution of the
XPS or because the Ti*" species exist in the subsurface or bulk.
The N 1s XPS spectra for the two samples are shown in Fig.
8c. The N 1s peak located at 397.6 eV can be assigned to N
substituted at oxygen sites (substitutional N) in the TiO, crystal
lattice to form N-Ti-N bond*¢-3%. Besides, in the N 1s XPS
spectra of 3DOM N-TiO, catalyst, an additional peak at 399.7
eV can be attributed to interstitial N*>“° atoms in the samples. It
is believed that the presence of substitutional N in both of
3DOM N-TiO, and N-TiO, the main
contribution to the visible light absorption and visible-light-

samples make

induced photocatalytic activity.

(@) 529.7 eV Ols
STV ooy
3 N-TiO2
< . - —
= _
z 529.7 eV
Qo
E
53106V s3330v
3DOM N-TiO2
: : : : : : :
528 529 530 531 532 533 534 535 536

Binding Energy(eV)
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Fig. 8 XPS spectra of N-TiOz and 3DOM N-TiOz samples. (a) O 1s XPS
spectra; (b) Ti 2p XPS spectra; (c) N 1s XPS spectra.

In order to evaluate the photocatalytic performance of the as-
prepared catalysts, the generation of hydrogen from water splitting
was carried out under visible light irradiation. As illustrated in Fig. 9,
the pure TiO, nanoparticles show no H, evolution within 6 h
photoreaction, this is due to the large band gap of TiO, and which
can not be excited by visible light. While, both the two N-doped
samples show significant H, generation activity, and the amount of
hydrogen produced over N-TiO, with 3DOM structure is 122.91
umol g under 6 h visible light irridiation, which was higher than
that of N-TiO, nanoparticles (105.31 pmol g'). Thus, it can be
demonstrated that the obtained 3DOM N-TiO, by the method
metioned above exhibit excellent properties in photocatalytic
hydrogen generation reactions.

—=— TiO2
—o—N-TiO2
—&— 3DOM N-TiO

Amount of H2 (mmol g-1)

Time (h)
Fig. 9 Photocatalytic Hz production efficiency over pure TiOz, N-TiO2
and 3DOM N-TiOz samples under visible-light irradiation.
the
photocatalytic degradation of the organic pollutants was also

In addition to generation H, from water splitting,

evaluated over the as-prepared photocatalysts, and the RhB dye was

This journal is © The Royal Society of Chemistry 2013
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chosed as the simulated pollution. Herein, the photocatalytic
activities of N-TiO, and pure TiO, nanoparticles were tested under
the same conditions, of which was used as reference. As shown in
Fig. 10, no obvious degradation of RhB can be found in the absence
of photocatalyst, indicating that the RhB dye is very stable under
visible light irradiation. Moreover, the pure TiO, nanoparticles show
no visible-light-driven activity at all, which can be ascribed to the
lower visible light absorption caused by the wide energy band gap of
TiO,**2% In contrast, N-TiO, nanoparticles and 3DOM N-TiO,
exhibit stronger photocatalytic performance under visible light
irridiation, and the RhB degradation rate is around 76.96% and
87.16%, respectively within 180 min photoreaction. It can be seen
that the doping of N element in TiO, has a significant effect on the
visible-light catalytic activity of titania.

100 . " " 2 o 4
%0 \
L
80 V.
70
£ 60+
° .
8 50 \
40 \v\-
—=—NTiO, G \
304 |-v— 3DOMN-TIO| W .
. ) ~~ \I
204|7*~TiO, .
—A—RhB
10 v
T T T T T T T
0 30 60 90 120 150 180

Irradation time(min)

Fig. 10 Photocatalytic degradation of RhB over pure TiO2, N-TiOz and
3DOM N-TiOz samples under visible-light irradiation.

In addition, the photocatalytic degradation of RhB over all
the as-prepared samples was evaluated under full sunlight
irradiation. As shown in Fig. 11, 3DOM N-TiO, and N-TiO,
nanoparticles showed excellent photocatalytic activities than
the pure TiO, nanoparticles. After 90 min photodegradation
reaction, the degradation rate of RhB solution for 3DOM N-
TiO,, N-TiO, and pure TiO, nanoparticles are about 90.41%,
90.86% and 68.25%, respectively, suggesting that doping N
atoms into TiO, lattice was not only enhanced the visible light
activity but also increased the full sunlight photocatalytic
performance of samples.

100 —®— 3DOM N-TiO2|
[—®— N-TiO2

—A—TiO2

804

60+

C/Co(%)

40+

0 T T T T

0 30 60 90
Irradiation time(min)

Fig. 11 Photocatalytic degradation of RhB over pure TiO2, N-TiOz and
3DOM N-TiOz samples under full sunlight irradiation.

On basis of above discussion, it can be concluded that 3DOM N-
TiO, and N-TiO, in  both
photodegradation reactions and H, This

show excellent photoactivities

evolution reactions.

This journal is © The Royal Society of Chemistry 2013
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phenomenon can be attributed to the N doping process in our
preparation. It is well known that the nitrogen doping can induce the
formation of an isolated band above the valence band edge of
Ti0,***, which leads to reduce the energy band gap. Furthermore,
the narrowed band gap of 3DOM N-TiO, favors the transfer of
photogenerated electrons and results in more electrons and holes
could participate in the photocatalytic redox reaction. Thus, N-doped
TiO, exhibite enhanced photocatalytic activity under visible light
irradiation. Additionally, it is clear that the 3DOM N-TiO, shows
much higher photodegradation efficiency than N-TiO, catalyst,
which can be attributed to the unique 3DOM structure of the sample.
It is well known that 3DOM materials have large pore volume,
periodicity and tailored pore stucture, as well as exhibit multiple
scattering and slow photo effects. Therefore, 3DOM structure not
only can provide more surface active sites for the adsorption of
pollution molecules but also have the advantages for improving mass
transfer and increasing the path length of light, both of them
contribute to the enhancement of light absorption and photoreaction
efficiency'"'2. Hence, we can attempt to conclude that the obtained
3DOM N doped TiO, catalysts show an excellent photocatalytic
activity under visible-light irradiation owing to the synergistic effect
3DOM  structure, high
crystallization degree, N doping system and higher charges

of their special large pore volume,
separation.

In the meanwhile, the stability and reusability of the 3DOM N-
TiO, catalyst was also tested by the photodegradation of RhB under
visible light irradiation. As shown in Fig. 12, after three runs of
photodegradation of RhB, the N-TiO, with 3DOM structures still
shows high photocatalytic activity, and the photodegradation
efficiency reached to 68.04% within 120 min visible light
illumination, which is slightly higher than that of the first round
photodegradation. The recycling test clearly reveals that the as-
prepared catalysts are quite stable and possess high recyclability,
may be have excellent application potential in water treatment.

100+ 4

—a—lrun X —e—2rmun —a—3un

904 \\\
80 \
o \

20 T T T T
0 60 120 180 240 300 360

Irradation time (min)

Fig. 12 Recycling tests of RhB photodegradation over 3DOM N-TiOz
within 120 min visible-light irradiation.

Based on the above analysis and our previous reports®*, a possible
mechanism of visible light driven photocatalytic activity over 3DOM
N-TiO, was proposed and schematically illustrated in Fig. 13. As is
known to all, the doping of nitrogen in the lattice of TiO, could
modify the electronic band structure of TiO,, resulting in the
formation of substitutional electronic states (N 2p band) above the
top of the O 2p valance band, which therefore narrows the band gap
of TiO, and induces optical absorption into the visible light region®.
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Hence, with the illumination of visible light, the 3DOM N-TiO,
sample can be easily excited and produced a large number of
electron-hole pairs on the N 2p midgap, and then the photogenerated
electrons are quickly transfered to the CB of anatase TiO, away from
the N 2p midgap state while leave holes in the original N 2p midgap
and eventually disperse to the surface of macroporous walls of the
3DOM photocatalysts. This process of charge transfer inhibits the
recomnination of electrons and holes and provids the opportunities
for these charges to participate in the oxidation-reduction reactions.
On the one hand, it is well konwn that the presence of a 3DOM
network within the N doped TiO, sample could provide vast reactive
sites and allow better diffusion of reactants (-OH, oxygen, RhB),
meanwhile, the interconnected macroporous network might facilitate
the mass transfer and lead to easy accessibility of active sites for the
reactant molecules™. In the photoreaction, the electrons existed on
the wall surface would be collected by the adsorbed O, to generate
superoxide radical (O,”) and hydrogen peroxide radical (H,0,).
Alternatively, the two active species might produce chemical
reaction each other to generate hydroxyl radicals ('OH) for the
purpose of reacting with RhB molecules and oxidizing water
molecules. On the other hand, the holes not only could directly
oxidize RhB molecules but also could react with -OH adsorbed on
surface of the photocatalyst to generate hydroxyl radical (*OH)*.
Therefore, it can be concluded that the 3DOM N-TiO, shows an
excellent photocatalytic activity under visible-light irradiation owing
to the synergistic effect of hydroxyl radical and holes.
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Fig. 13 Scheme illustrating the principle of charge-transfer and the
photocatalytic processes on the interface of the 3DOM N-TiO2 under
visiblelight irradiation.

Moreover, except for the cooperative effect of the *OH and holes,
RhB can be photosensitized and produce electrons under visible light
illumination*”, which again favors the enhancement of the
photocatalytic activity. As shown in Fig. 13, the photogenerated
electrons on the LUMO level of the photoexcited RhB dye can easily
and rapidly transfer to the CB of TiO,. Meanwhile, due to the
existence of superoxide radical (*O, ), RhB dye could be
transformed into the cationic dye radical (RhB'"), which can be
degraded into intermediate products and eventually decomposed to
CO, and H,0. However, as the superoxide radical («O, ) could react
with hydrogen peroxide (H,O,), the photosensitization of RhB
described above was not the key factor for the enhanced
photocatalytic activity'*.

8 | J. Name., 2014, 00, 1-3

Conclusions

N doped TiO, with three-dimensional ordered macroporous structure
was successfully fabricated by one-step colloidal crystal template
method using the ethanediamine as the nitrogen resourse. The results
show that the N species have been doped in TiO, lattice, and the
formation of N 2p intermediate energy levels in the band gap leads
to ehanced visible light absorption of 3DOM N-TiO,. Besides, the
obtainded sample shows excellent photocatalytic activity for the
degradation of RhB and the generation of H, under visible light
irradiation, which can be attributed to the synergetic effect of
uniform three-dimensional ordered macroporous structure, N doping
and stronger visible light absorption.
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N doped TiO, with three-dimensional ordered macroporous structure was fabricated by one-step colloidal crystal
template method, which showed excellent photocatalytic activity for the degradation of dye and the generation of

H, under visible light irradiation



