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Accepted: 9 May 2018 The exploration of highly efficient and stable visible-light-driven photocatalysts
Published online: for wastewater treatment has been recognized as one of the most challenging
16 May 2018 topics in environmental remediation. In this study, we report a new type of Mn/

N co-doped TiO, supported on wood-based activated carbon fiber (Mn-N/
© Springer Science+Business  TiO,-WACF) composite material that can be synthesized via sol-gel method.
Media, LLC, part of Springer ~ XRD indicates that the nano-TiO, particles in the composites are in the anatase
Nature 2018 phase (except when calcined at 850 °C) and the average crystallite size is

approximately 23-33 nm. Doping with Mn and N significantly inhibits the
crystal phase transformation of TiO, from anatase to rutile. Photocatalytic
experiments confirm that the Mn-N/TiO,-WACEF catalysts are highly efficient
and robust for the photodegradation of methylene blue under visible light
irradiation (1 > 420 nm). Mn-N/TiO,-WACEF exhibits the highest photocatalytic
activity (reaches 99%) after calcined at 550 °C. The introduction of Mn and N not
only improves the light adsorption and redox activity of TiO,, but also promotes
photochemical stability because of narrow band gap energy and lower recom-
bination rate of photoinduced electron-hole pairs. Composite photocatalysts
such as these materials are important in the ongoing effort to design and explore
new low cost, high efficiency, robust photocatalytic materials.

Introduction [1, 2]. This waste is extremely diverse and has com-

plex compositions that are both high colored and
Currently, the rapidly developing printing and dye  poorly biodegradable. These pollutants represent a
industries are introducing a variety of environmen- major global problem and wastewater treatment
tally harmful dyes and chemicals into wastewater  remains a difficult challenge. Traditional physical
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adsorption, chemical decomposition and biodegra-
dation methods have inherent limitations such as the
need for complex equipment, a narrow application
range, high energy consumption, low efficiency,
incomplete degradation of pollutants, and so on.
Therefore, many attempts have focused on finding a
green pollution-control technology that is economical
and efficient and has wide range of applications that
will satisfy future demands.

Semiconductor photocatalysts are promising
because they are safe, solid-phase materials that are
resistant to deactivation, chemically stable and envi-
ronmentally friendly [3-5]. Heterogeneous photocat-
alysts have been recognized as optimal materials for
this application due to the success of TiO,. TiO, has
numerous qualities that are superior to those of other
materials, including a high photocatalytic efficiency,
low cost and non-toxicity [6], all of which are con-
sidered attractive characteristics for the degradation
of organic pollutants in wastewater. However, TiO,
only exhibits photocatalytic activity under UV light
(wavelength A < 380 nm), which accounts for only
5% of the energy from the solar spectrum [7]. In
addition, the quantum efficiency of TiO; is quite low,
and photoinduced electron-hole pairs generated in
TiO, can easily recombine. To enhance the visible-
light absorption and reduce the recombination of
photoinduced electron-hole pairs in TiO,, a variety of
studies have been performed using modified TiO,
treatment methods. These studies showed that metal
and non-metal dopants were some of the most
effective modification methods for TiO, [8-10]. Metal
doping could create potential traps for photoinduced
electron-hole pairs that effectively separate them; it
could also reduce the band gap and broaden the
light-response range of TiO,. Among the non-metal
dopants, N has the obvious advantages of a small
ionic radius, a high thermal stability, and low num-
ber of recombination centers [11, 12]. Unlike pure
TiO,, doped TiO, can use visible light to initiate
photocatalysis.

Furthermore, powder-based TiO, particles suffer
from several disadvantages that restrict their practi-
cal application, including easy agglomeration and
difficult separation and recycling processes. More
recently, numerous studies have focused on achiev-
ing an optimal-support for the photocatalyst. The
preparation of TiO, photocatalysts deposited on
suitable, high surface area support materials has
shown promising results. Activated carbon fiber
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(ACF) has been established as a promising support
material with a large specific surface area and fast
adsorption and desorption [13-16]. In our previous
study, nano-TiO, was loaded onto the surface of
wood-based activated carbon fiber (WACF). Using a
synergistic reaction, the photocatalytic efficiency was
improved under UV irradiation [17]. Currently, to
load the ACF, most methods synthesize ion-doped
TiO, by only a single ion doping method of either
metal ions or non-metal ions [18-20]. However, to our
knowledge, very little work has been conducted on
co-doping.

Based on the above considerations and our previ-
ous work [21, 22], the objective of this study was to
investigate the use of WACF as a substrate to
immobilize Mn/N co-doped TiO, (Mn-N/TiO,-
WACEPF) in order to enhance the visible-light photo-
catalytic activity via a sol-gel method. The surface
morphology, phase structure, chemical states, optical
absorption and photocatalytic activity of Mn-N/
TiO,-WACF at different calcination temperatures
have been discussed. This study also provides
examples of industrial applications for the treatment
of wastewater from the printing and dye.

Materials and methods
Materials

Chinese fir (Cunninghamia lanceolata) was used as the
raw material. The debarked chips were ground, and
the powder, which had a 20-80 mesh size, was dried
in an oven at 105 °C for 24 h prior to being used. All
chemicals and reagents used in this experiment were
of analytical grade and were used without any fur-
ther purification.

Preparation of photocatalytic composite
material

Preparation of WACF

A mixture composed of dried Chinese Fir powder
(20-80 mesh) and phenol at a mass ratio of 1:6 was
liquefied for 2.5 h at 160 °C with 8% phosphoric acid
(based on the mass ratio of phenol). The as-prepared
liquefied wood was placed into a reaction tube with
5% hexamethylenetetramine (based on the mass ratio
of liquefied wood) as the synthetic material. The
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mixture was heated from room temperature to 130 °C
in 40 min to prepare the spinning solution, and was
placed into a spinning machine. The initial fibers
were prepared by melt-spinning.

After melt-spinning, the spun filaments were cured
by soaking in an acid solution HCHO and HCl as main
components at 95 °C for 4 h, washed with deionized
water and finally dried at 90 °C for 2 h. The precursors
were activated for 40 min by heating from room tem-
perature to different activation temperature at a heat-
ing rate of 5 °C/min under 200 ml/min stream of N
and 8 g/min flow rate of steam. WACF materials from
liquefied wood were prepared [23-25].

Preparation of Mn—-N/TiO,-WACF

The detailed preparation process is described as fol-
lows. Under moderate stirring, a mixed solution
composed of 2.182 ml of distilled water, 2 ml of acetic
acid and 30 ml of absolute ethanol was dissolved in
3 ml of MnSO,-H,O (17 g/1). Afterward, for N-dop-
ing, all of the above solutions and 0.3 g of urea were
slowly added into a mixed solution containing 60 ml
of absolute ethanol and 10.2 g of tetrabutyl titanate,
and stirred vigorously until they were completely
homogenous. They were aged in a water bath at
40 °C for 2 h to obtain a milky white colloidal solu-
tion. The prepared WACF was placed in the solution
and vibrated for 30 min. After a certain time of con-
tinuous dipping, the fibers were dried at 105 °C for
2 h, and calcined in N, atmosphere (100 ml/min) for
several hours (the calcination temperatures were 450,
550, 650, 750, 850 °C), and then naturally cooled to
give the Mn-N/TiO,-WACF photocatalytic material.
The as-prepared samples were referred to as Mn—-N/
TiO,-WACF-450; Mn-N/TiO,-WACF-550; Mn-N/
TiO,-WACF-650; Mn-N/TiO,-WACF-750 and Mn-—

Figure 1 Schematic of
production process of Mn—N/
TiO,-WACF.

Chinese Fir powder
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N/TiO,-WACF-850, according to their respective
calcination temperatures. A schematic of the pro-
duction process is shown in Fig. 1.

Characterization of Mn—-N/TiO,-WACF

The surface morphologies of Mn-N/TiO,-WACF
were examined via SEM (JSM-7500F, JEOL) with an
acceleration voltage of 10 keV.

The X-ray diffraction (XRD) analyses were carried
out at room temperature on a power X-ray diffrac-
tometer (D/max-2500, Japan, Rigaku) using Cu Ka
radiation (wavelength of 0.154 nm, powdered sam-
ples). The XRD analysis conditions were as follows:
scanning range of 20°-80°, scanning rate of 8°/min at
40 kV and 100 mA.

The average crystallite size (D) of anatase TiO, is
calculated using Scherrer’s equation:

D =0.891/Bcos 0 (1)

where /1 is X-ray wavelength (0.154 nm), 0 is Bragg
angle of diffraction peaks (°), and f is full width at
half maximum.

The content of anatase TiO, is calculated as
followed:

Xa =In/(In + 1.265/I%) (2)

where I, and Iy are the peak intensities of the anatase
(101) plane and rutile (110) plane, respectively.

XPS measurements of the samples at various cal-
cination temperatures were performed using a Kratos
Axis Ultra DLD multi-technique X-ray photoelectron
spectrometer, and the data were collected using the
Al Ko X-ray beam (hv = 1486.6 eV). XPS survey
spectra were recorded with a pass energy of 80 eV,
and the high-resolution spectra were obtained with a
pass energy of 40 eV. The C 1s signal of 284.6 eV was
used to calibrate the XPS data. Atomic ratios were

Precursor
Melt-spinning ,.» Curlng
,«fmi”'* “\
Liquefied wood Initial fiber CarbonIZIng
&actlvatlng
Loading&
calcmatlng

Mn-N/TiO,-WACF Mn/N co-doped TiO, sol WACF
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calculated from the XPS spectra after correcting the
relative peak areas by sensitivity factors according to
the transmission characteristics of the physical elec-
tronics SCA. A nonlinear least squares curve-fit-ting
program (CasaXPS software) was used for XPS
spectral deconvolution.

The photocatalytic properties of the prepared Mn-—
N/TiO,-WACF were measured with a UV-3600
spectrophotometer (Shimadzu, Kyoto, Japan). The
diffuse reflectance spectra of the samples were
recorded over a range of 200-800 nm at room tem-
perature in air from 200 to 700 nm.

A F4500 photoluminescence spectrometer (Hitachi,
Japan) was used to characterize the photolumines-
cence (PL) spectra of the samples and was excited at
the wavelength of 245 nm.

Photocatalytic activity measurement

Photocatalytic activity testing was performed in a
homemade photocatalytic reaction device (in a
darkroom with a tungsten halogen lamp and a
magnetic stirring apparatus). Up to 10 mg of shred-
ded sample was dispersed in 100 ml of a methylene
blue (MB) solution (33 mg/1) and stirred for 40 min
in a darkroom to allow the system to reach an
adsorption/desorption equilibrium between the
samples and the MB molecules prior to irradiation. A
65 W tungsten halogen lamp with a 400 nm cutoff
filter was used as the visible light source. The dis-
tance between the strip lamp and the fluid level was
constant at 15 cm. After a period of illumination, the

100 nm \
sz .

10 pm
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absorbance of the supernatant solution was deter-
mined by measuring the UV-Vis absorbance at a
wavelength of 665 nm. The degradation rate of MB
was calculated using the following equation:

D= (Ao — A)/Ao X 100% (3)

where Aj is the solution content before illumination,
and A is the solution content after illumination at a
particular time.

Results and discussion

Morphological characteristics of Mn—-N/
TiO,-WACF

The SEM images of WACF and Mn-N/TiO,-WACF
are shown in Fig. 2. It can be clearly seen that WACF
(Fig. 2a) has a smooth surface without surface
deposits, and maintains a porous structure on both
the inner and outer surfaces. Figure 2b—d shows that
Mn, N co-doped TiO, possesses packed fine granular
nanostructures dispersed throughout the composites
as flakes and lumps, indicating that the composite
structure of the photocatalytic materials is excellent.
However, cracking and shedding of the doped TiO,
are observed due to the inconsistent shrinkage
between TiO, and the surface of WACF during cal-
cination. Figure 2e, f, h shows that the Mn, N co-
doped TiO; is discontinuous on the surface of WACF.
The abundant pore structure of WACF is well pre-
served (Fig. 2i) and provides favorable conditions for

Figure 2 SEM micrograph of a, g WACF and b—f£, h, i Mn—N/TiO,-WACF.
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the adsorption and photodegradation processes. In
addition, relatively large aggregates of TiO, particles
are deposited onto the surface of Mn—-N/TiO,-WACF
during the reaction.

XRD analysis of Mn—-N/TiO,-WACF

Figure 3 shows XRD patterns of Mn-N/TiO,-WACF
at various calcination temperatures. As shown in
Fig. 3, Mn-N/TiO,-WACF-450 and Mn-N/TiO,-
WACF-550 contain only anatase TiO, without impu-
rity phases, indicating that Mn and N are successfully
doped into the lattice of TiO,, or are well dispersed.
The observed peaks at 20 = 25.2°, 37.8°, 48.2°, 54.1°,
55.1°, 62.9°, 69.5°, 70.6° and 75.2° can be indexed to
the (101), (004), (200), (105), (211), (204), (116), (220)
and (215) planes, respectively. The obtained peaks
match exactly with the pure anatase phase of TiO,
(JCPDS card No: 73-1764). The illustration in Fig. 3
displays the corresponding (101) diffraction peaks of
anatase TiO, for all samples (except for Mn—-N/TiO,-
WACEF-850). The dopants make the diffraction peaks
shift to the right, which may be caused by a lattice

Mn-N/TiO,-WACF-850
Mn-N/TiO,-WACF-750

A-anatase A P
2
Mn-N/TiOz-WACF -650
2
2

R-rutile 101

Mn-N/TiO,-WACF-550
Mn-N/TiO,-WACF-450

R 245 25.0 255 26.0
110

211
R

le R 1}121R 1220 R R g R
200 | 210 2 o0z310 30 415

A A A

Intensity (a.u.)

e AP
A A A A A AA A

101 004 200 105 211 204 215
00 116 220

20 25 30 35 40 45 50 55 60 65 70 75 80
26 (degree)

Figure 3 XRD patterns of Mn-N/TiO,-WACF prepared at
different temperatures.
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distortion. Meanwhile, the (101) peak shows a clear
broadening, corresponding to a smaller crystalline
size. The calcination temperature of 650 °C is not only
the highest temperature at which a highly crystalline
pure anatase phase is achieved, but is also the start-
ing point of the ATR (anatase-to-rutile) phase trans-
formation. In contrast, Mn—-N/TiO,-WACF-850 has
completely transformed into the rutile phase. The
occurrence of the dominant peaks at 20 = 27.5°, 36.0°,
39.1°, 41.2°, 44.0°, 54.4°, 56.5°, 62.96°, 64.0°, 68.9° and
69.7° can be assigned to the (110), (101), (200), (111),
(210), (211), (220), (002), (310), (301) and (112) crys-
tallographic planes of rutile TiO,, respectively, indi-
cating that the rutile phase becomes the main phase
when the synthesized photocatalyst is calcined at this
temperature. Presumably, ATR phase transformation
occurs because of the higher calcination temperature.

Table 1 shows the average particle size and ana-
tase, rutile content of Mn-N/TiO,-WACF. As the
calcination temperature increases from 450 to 750 °C,
the average crystallite size increases slightly from
23 nm to 33 nm, which only increases by 30.3%. The
smaller particle size might be caused by the larger
specific surface area of WACF and the even disper-
sion of the Mn, N co-doped TiO, particles on its
surface without sufficient aggregation. As a result,
Mn-N/TiO,-WACF exhibits better photocatalytic
activities. In addition, for Mn-N/TiO,-WACF-750, a
high phase transformation occurred, resulting in a
combination of the anatase and the rutile phases with
approximately 18% rutile content. The samples that
are calcined at a temperature between 450 and 650 °C
contain almost purely anatase-phase TiO,. Anatase
TiO, generally performs better in photocatalytic
experiments than rutile TiO,. The superior activities
of anatase over rutile in photocatalysis can be
attributed to many factors, such as better charge-
carrier mobility, longer exciton diffusion, larger par-
ticle size of the rutile phase and higher band gaps
[26, 271].

Table 1 Relationship between temperature and particle size, content of anatase, rutile TiO,

Samples Mn—N/TiO,- Mn-N/TiO,- Mn-N/TiO,- Mn-N/TiO,- Mn-N/TiO,-
WACF-450 WACF-550 WACF-650 WACEF-750 WACF-850
Average crystallite size D (101) 23 23 25 33 -
(nm)
Crystalline phase ratio (anatase/ 100/0 100/0 100/0 82/18 0/100

rutile) (%)

@ Springer
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XPS analysis of Mn-N/TiO,-WACF

XPS analysis of Mn, N/TiO,-WACF synthesized at
various calcination temperatures is shown in Fig. 4.
The full survey spectrum (Fig. 4a) demonstrates the
presence of primarily C, O, Ti, Mn, N and P on the
surface, indicating that Mn and N are well combined
with the TiO, after a series of processes and have
been successfully loaded onto the surface of WACF.
Furthermore, the presence of P can be explained by
the use of phosphoric acid catalyst for wood
liquefaction.

The main elemental composition is shown in
Table 2. C is the most abundant element, and
changing the calcination temperature has little influ-
ence on the structure of WACF. The contents of Ti,

J Mater Sci (2018) 53:11671-11683

Mn and N first increase and then decrease as the
calcination temperature increases and reach their
maximal values of 6.05, 0.25 and 1.57% at 550, 650
and 650 °C, respectively. For Ti, the growth of the
TiO; grain is beneficial for increased loading, and the
resultant TiO, content increases between 450 and
550 °C. When the calcination temperature is exces-
sively high, TiO, particles will be greatly consoli-
dated and may even fall off from the support,
resulting in a reduction in Ti content. The content of
Mn and N increases as the calcination temperature
increases from 450 to 650 °C, because anatase TiO,
tends to be unstable, allowing the substitution of Mn
and N for Ti and oxygen atoms in the TiO, lattice. At
850 °C, TiO, is transformed into a stable rutile phase,

(a) Survey s (b) Tizp Tizp, | Mn-N/TiO,-WACF-450
ofs ! Mn-N/TiO,-WACF-550
. : Ti2p | Mn-N/TiO,-WACF-650
Mn-N/TiO,-WACF-850 2 21 Tizp Nis ¥ 57eV ' Mn-N/TiO,-WACF-750
P2p ! k Mn-N/TiO,-WACF-850
S| Mn-N/TiO,-WACF-750 =
3 e\, N ) { ]
s s |
2| Mn-N/TiO,-WACF-650 | 2 | |
[7] A\ i » 1 |
8 l g ' -
t MnN/TiO,-WACF-550 t ! !
= A2 L . = ' |
Mn-N/TiO,-WACF-450 J | '
(— W\I\W"‘WWWNV/Y\\WN\/\W
1200 10100 8(I)0 6(I)0 460 ‘ 260 ‘ 0 470 468 466 464 462 460 458 456 454 452 450
Binding Energy (eV) Binding Energy (eV)
Figure 4 XPS spectra of Mn—N/TiO,-WACF prepared at different temperatures and structure model: a full spectrum, b Ti 2p.
Table 2 Global surface composition of Mn—N/TiO,-WACF prepared at different temperatures as determined by XPS
Samples Cls Ols Ti2p Mn2p Nls P2p o/C
%
BE M (%) BE M (%) BE M (%) BE M (%) BE M (%) BE M (%) %)
(eV) (eV) (eV) (eV) (eV) (eV)
Mn—N/TiO,- 2844 75776  532.0 22.18 4587 1.21 639.8 0.10 395.0 0.67 131.9 0.08 29
WACF-450
Mn—N/TiO,- 284.7 75.00 5322 18.00 458.6 6.05 643.7 0.11 399.2  0.92 129.3  0.20 24
WACEF-550
Mn-N/TiO,- 2845 76.60 532.1 1791 4585 3.52 639.0 0.25 3999 1.57 1319 0.16 23
WACF-650
Mn—-N/TiO,- 284.7 77.04 5323 19.20 4586 2.35 637.8 0.10 3995 1.21 1333  0.11 25
WACEF-750
Mn-N/TiO,- 284.6 76.10 532.0 21.09 4584 1.60 6419 0.08 399.6 0.89 133.0 0.24 28
WACEF-850
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which impedes the entry of Mn and N into the lattice,
and causes their content to gradually decrease.

The peaks observed at 458.5 and 464.2 eV (Fig. 4b)
can be assigned to Ti2p;,, and Ti2p; /,, respectively,
with an energy level interval of 5.7 eV, indicating that
the Ti in the samples is in the Ti** state (TiO,) [28]. To
understand the chemical bonding states, the mea-
surements of the high-resolution XPS spectra over the
Cls, Ols, and Nls regions are conducted for the
samples. Figure 5a illustrates the optimized curve-

(a) Mn-N/TiO,-WACF-850

11677

fitting of the high-resolution XPS Cls spectra for all
samples, and Table 3 shows the calculated percent-
ages of non-functional and functional carbon atoms.
We find that the Cls spectra are decomposed into a
maximum of five identified components: the graphi-
tic carbon (C-C, BE = 284.4-284.7 eV); carbon pre-
sented in phenolic, alcohol, ether or C=N groups
(BE = 286.4-286.8 €V); carbonyl or quinine groups
(C=0O, BE =287.3-287.5 eV); carboxyl, lactone, or
ester groups (BE = 288.6-288.9 eV); and carbonate

(a) Mn-N/TiO,-WACF-850
(b) Mn-NITiO,-WACF-750
(c) Mn-N/TiO,-WACF-650
(d) Mn-NITiO,-WACF-550
(€) Mn-N/TiO,-WACF-450

(a)cts - (b) Mn-N/TiO,-WACF-750
(c) Mn-N/TiO,-WACF-650
Cp2 (d) Mn-N/TiO,-WACF-550
@ cpaCP? (e) Mn-N/TiO,-WACF-450
Cp5
- J
(b)
—l—-—l—7» L
(©) P
(d)
(e)
29I5 29I0 28'5 280 275
Binding Energy (eV)
(c)N1s

Intensity (a.u.)

Mn-N/TiO,-WACF-550

(d)

WA

536 532 528
Binding Energy (eV)

Figure 5 XPS spectra of Mn—N/TiO,-WACF prepared at different temperatures: a XPS analysis on Cls of all series; b XPS analysis on
Ols of all series; ¢ XPS analysis on N1s; d anatase TiO, structure model; e Mn-, N-doped TiO, structure model.
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Table 3 Fitting results of the Cls regions of Mn—N/TiO,-WACF prepared at different temperatures

J Mater Sci (2018) 53:11671-11683

Samples Graphite (C—C) (Cp;) C-O (Cpy) C=0 (Cps3) C—OOH (Cpy4) Carbonate groups (Cps)
BE (eV) M (%) BE (eV) M (%) BE (eV) M (%) BE (eV) M (%) BE (eV) M (%)
Mn-N/TiO,-WACF-450 284.4 70.75 286.4 12.35 2873 5.75 288.8 9.19 2895 1.96
Mn-N/TiO,-WACF-550 284.7 70.76 286.8 11.0 287.5 5.92 288.9 10.04  290.1 2.28
Mn—N/TiO,-WACF-650 284.5 70.12 286.5 10.49 2873 6.02 288.6 11.39  290.5 1.98
Mn-N/TiO,-WACF-750 284.7 69.95 286.6 10.04 2874 6.66 288.8 11.65 290.4 1.7
Mn-N/TiO,-WACF-850 284.6 67.11 286.4 1244 2873 7.41 288.7 10.82  289.7 2.22

groups (BE = 289.5-290.5 eV) [29]. The C (Cpl) is
predominant in the Cl1s region. A decrease in C (Cp1)
and an increase in C (Cp3) suggest that with
increased temperature, the amount of graphitic car-
bon involved in the reaction increases, which brakes
C—C bonds and forms C-O or C=O bonds. The C-O
bonds then partially turn into more C-N bonds,
resulting in the decrease of C-O content.

The optimized curve-fittings of the Ols peak for all
samples are shown in Fig. 5b. Three different O
functionalities can be identified. The peaks at
530.8-531.1, 532-532.3 and 533.4-533.6 eV correspond
to Op (lattice oxygen), Ocp (hydroxyl oxygen), and
O,q (adsorbed oxygen), respectively [30]. The quan-
tified area percentages of oxygen-containing func-
tional groups are shown in Table 4. As the calcination
temperature increases, the O, content of the samples
first decreases and increases. In contrast, the Ogy
contents decrease and the O.4 contents increase as
the calcinations temperature increases. These results
are probably caused by the N-substitution of oxygen
atoms in the TiO, lattice, the increased removal of
water molecules contained in the samples at higher
calcination temperatures and the reaction of the
doped N with O,q4 to form NO, during the calcination
process, respectively.

Curve-fitting of the high-resolution XPS N1s spec-
tra for Mn, N/TiO,-WACE-550 (Fig. 5¢) shows that
the N1s spectra decompose into a maximum of four
identified components: pyridinic N (BE = 397.8 eV),

pyrrolic N (BE = 400.3 eV), graphitic N (BE = 401.3
eV) and oxidized N (BE = 4013.7 eV). The pyrrolic N
and graphitic N are the predominant N-functionali-
ties. Because the binding energies of Ti-N and pyri-
dinic N are close, we could observe only one
combined peak [31, 32].

The N peaks at the binding energies listed above
confirm that the doping is successful and N replaced
O atoms within the TiO, lattice. To analyze this
replacement in detail, the anatase TiO, crystal with a
2 x 2 x 1 supercell model is studied. The supercell is
built by stacking four anatase TiO, unit cells together.
The supercell contains 48 atoms in total with 16
titanium atoms and 32 oxygen atoms as shown in
Fig. 5d. The O atom at the center of the supercell is
the doping site and substituted with blue N atoms.
Similarly, doping sites of Ti atoms are shown with
black Mn atoms (Fig. 5e).

UV-Vis spectrometry

Figure 6a—e shows the UV-Vis spectra of all the
synthesized samples and can be used to investigate
the use of solar energy during the photocatalytic
reaction. The absorption patterns observed at wave-
lengths from 400 to 700 nm indicate strong optical
responses to visible light irradiation after the addition
of Mn and N. Mn-N/TiO,-WACF-450 shows the
lowest absorptivity, which may indicate that the
formed anatase grains and loading rate of TiO, are

Table 4 Fitting results of the

Ols regions of Mn—N/TiO,- Samples O Oon Oug

WACEF prepared at different BE (eV) M (%) BE (eV) M (%) BE (eV) M (%)

temperatures
Mn-N/TiO,-WACF-450 530.8 17.45 532.1 72.51 533.5 10.04
Mn-N/TiO,-WACF-550 531.2 12.58 532.2 70.99 5334 16.44
Mn-N/TiO,-WACF-650 531.0 11.88 532.1 67.17 533.5 18.19
Mn-N/TiO,-WACF-750 531.0 13.09 5323 66.75 533.6 20.16
Mn-N/TiO,-WACF-850 531.1 14.54 532.0 64.44 5335 21.02
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Figure 6 UV-Vis diffuse reflectance spectra (a—e) and band gap energy (f) of Mn—-N/TiO,-WACF prepared at different temperatures.

insufficient at the lower calcination temperature. Mn— the strongest absorption. The absorption decreases,
N/TiO,-WACF-650 samples have a complete anatase =~ however, when a calcination temperature of 750 °C is
structure with high photocatalytic activity and show  used. This trend is consistent with a reduction in Mn
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and N content with a calcination temperature of
750 °C that is observed in the XPS analysis. This
result suggests that the influence of Mn, N co-doping
on rutile TiO, is weaker than that on anatase, which
may be due to the superior symmetry of the rutile
grain in comparison with anatase. Mn and N do not
easily enter rutile TiO, because of its stable lattice
structure. The band gap energy (E;) of the samples is
estimated from the UV absorption spectra. As shown
in Fig. 6f, the value of Eg is obtained using the fol-
lowing formula:

E, = 1240//, (4)

where /. is the wavelength (nm) of the excitation
light.

The onset absorption wavelength and correspond-
ing band gap energies of all the samples, as obtained
from the UV-Vis spectra, are summarized in Table 5.
Mn and N-doping reduces the band gap energy for
all doped samples in comparison with pure anatase
TiO, (band gap width of 3.2 eV). The greatest
decrease is seen when the sample is calcined at
650 °C, because the samples of Mn-N/TiO,-WACF-
650 exhibit a crystal phase transformation from ana-
tase to rutile. This is ascribed to co-dopants Mn and
N do not easily enter the stable lattice structure of the
rutile phase, the band gap energy increases. The
absorption edge of the samples redshifts toward the
visible light region (395-416 nm), suggesting that
doped Mn and N significantly extend the absorption
range of TiO, to the visible light region.

PL analysis

PL spectroscopy is used to study the recombination
of the generated photoinduced electron-hole pairs
and the charge trapping efficiencies of the prepared
semiconductor samples. As shown in Fig. 7, the
spectra of all the samples are similar and do not
exhibit new peaks when doped with Mn and N. This
indicates that the doped Mn and N have been
transformed completely via calcination. The most
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intense PL emission peak is recorded at 410 nm, and
correlates to the band-band PL phenomenon [33].
Furthermore, the intensity of the peaks in the samples
decreases in the order Mn-N/TiO,-WACF-
750 < Mn-N/TiO,-WACF-650 < Mn-N/TiO,-WACF-
550 < Mn-N/TiO,-WACEF-850 < Mn-N/TiO,-WACF-
450, which can be attributed to the movement of
photoexcited electrons from the THS conduction band
to the metal centers, thereby inhibiting the recombi-
nation of electron-hole pairs and allowing an increase
in photocatalytic activity [34-36].

Effects of preparation conditions
on the degradation rate of MB

The photocatalytic activity is evaluated by studying
the degradation of a dye, namely, MB, under visible
light irradiation, and the results are shown in Fig. 8.
As the irradiation time increases, the degradation of
all the samples increases gradually. Figure 8 reveals
that 99% of MB is decolorized in the presence of Mn—
N/TiO,-WACF-550 over 120 min. However, only 34,
24 and 49% of MB is removed after 240 min by
samples calcined at 450, 750 and 850 °C, respectively.
In the presence of Mn—-N/TiO,-WACF-650, the MB is

4000

Mn-N/TiO,-WACF-450
Mn-N/TiO,-WACF-850
Mn-N/TiO,-WACF-550
Mn-N/TiO,-WACF-650
Mn-N/TiO,-WACF-750

3500 -

3000

2500

2000

Intensity (a.u.)

1500

1000

500

1 1 1 1 1 1
360 380 400 420 440 460
Wavelength (nm)

Figure 7 PL spectra of Mn—N/TiO,-WACF prepared at different
temperatures.

Table 5 Summary of onset absorption wavelengths and band gap energies of Mn—N/TiO,-WACF

Samples Mn—N/TiO,- Mn—N/TiO,- Mn—N/TiO,- Mn—N/TiO,- Mn—N/TiO,-
WACF-450 WACF-550 WACF-650 WACF-750 WACF-850
Onset absorption wavelength, 406 415 416 407 395
/g (nm)
Band gap energy (eV) 3.05 2.99 2.98 3.05 3.14
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Figure 8 Effect of irradiation time on the degradation rate of MB
of Mn—N/TiO,-WACF.

also almost completely degraded over 200 min. Mn-
N/TiO,-WACF-550 shows the best photocatalytic
properties. Notably, when the calcination tempera-
ture is too high or too low, the efficiency of the
photocatalyst decreases. This is mainly because at
low calcination temperature, the growth of TiO,
particles is insufficient, and the loading rate is not
favorable for photocatalysis. The low photocatalytic
activity of Mn-N/TiO,-WACF-450 can also be
attributed to the high rate electron-hole pair recom-
bination, which is supported by the PL analysis.

Figure 9 Photocatalytic
principle of Mn—N/TiO,-
WACF under visible light
irradiation.
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Meanwhile, when the calcination temperature is too
high, the structure of the TiO, phase is unstable, and
easily transforms from anatase to rutile. As a result, it
is not suitable for the photocatalytic reaction. The
degradation rate of MB for Mn-N/TiO,-WACF-850 is
higher than that of Mn-N/TiO,-WACEF-750, which
may be a result of increased pore formation in WACF
at increased calcination temperature, which offsets
the negative photocatalytic effects from TiO, degra-
dation at high temperature.

The catalytic mechanism under visible light irra-
diation is shown in Fig. 9. When the TiO, absorption
energy is greater than Eg under irradiation with vis-
ible light, photogenerated electrons (¢7) in the
valence band (VB) of TiO, transfer to the conduction
band (CB); meanwhile, holes (h") are created in the
VB. The doped Mn and N can not only reduce the
band gap energy, but can also decrease the recom-
bination rate of photogenerated electrons and pho-
togenerated holes, increasing the photocatalytic
activity of Mn—-N/TiO,-WACEF. Because the electrons
are strong reducing agents and the holes are strong
oxidizers, a series of reactions can occur with O, and
H,O (Fig. 9). Finally, organic contaminates are oxi-
dized and decomposed into CO,, H,O or other small
molecules.

==« WACF
Mn/N
"= *co-doped
TiO;

Pore

CO,+H,0
Other small

molecules

Degradation

Oxidation
H.O J

—

uun

MB+:-OH/-0, = CO,+H,0/Other small molecules
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Conclusions

In this study, Mn-N/TiO,-WACF was successfully
synthesized by a sol-gel and impregnation method.
A supported photocatalyst with relatively small
nanoparticles (23-33 nm) of TiO, was obtained with
an anatase crystal phase (except for Mn-N/TiO,-
WACEF-850). Doped Mn and N significantly inhibited
the transformation of TiO, from the anatase crystal
phase to the rutile phase. Carbon was the most
abundant element, and new N-Ti-N bonds were
observed due to the substitution of oxygen atoms in
the N-doped TiO, lattice. The UV-Vis spectra
exhibited enhanced absorption in the visible light
region. Compared to pure anatase TiO,, Mn/N co-
doped TiO, showed a clearly reduced band gap
energy. The carrier recombination rate was lowest for
Mn-N/TiO,-WACF-750, as evidenced by the PL
spectra, resulting in an increase in the photocatalytic
activity for this sample. The choice of calcination
temperature had a strong effect on the photocatalytic
activity of the resultant Mn-N/TiO,-WACF. At a
calcination temperature of 550 °C and an irradiation
time of 120 min, the doped material demonstrated
superior photocatalytic activity for the degradation of
MB (99%). Hence, the present work provides insights
into the design and fabrication of new low cost, high
efficiency, robust photocatalytic materials for solving
the wastewater from the printing and dye.
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