Enhanced photoactivity in nitrogen-doped KM, 33W; 4706 (M = Al and Cr)
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The investigation of photocatalysis by efficient visible-light-active photocatalysts has been of interest in both the science and the engineering
fields. The nitrogen (N) doped KAlj 33W 6706 (KAW) and KCrg 33W1 6706 (KCW) are prepared by the solid state method. Urea was used as a
nitrogen source. These materials were characterised by thermo gravimetric analysis, powder X-ray diffraction, scanning electron microscopy,
energy dispersive spectra, X-ray photoelectron spectroscopy (XPS) and UV-visible diffuse reflectance spectroscopy (UV—vis DRS). Both the
N-doped materials crystallised in a cubic lattice with space group Fd3 m. The XPS analysis of the N-doped KAW (N-doped KCW) show the
characteristic peaks belonging to K 2p, Al 2p (Cr 2p), W 4f, O 1s and N 1s along with C 1s. The bandgap energy was deduced from their UV—
vis DRS profiles. The photocatalytic degradation of the methylene blue solution was investigated in the presence of these oxides. Compared
with their parent materials, nitrogen doped KAW and KCW samples exhibit ~230 and ~130% increase, respectively, in visible light-induced

photodegradation of methylene blue.

1. Introduction: Photocatalysis using semiconductors continues to
attract the scientific and industrial community because of its
potential applications in converting photon (light) energy to
chemical energy [1-4]. Titanium dioxide (TiO,, anatase) with a
bandgap of 3.2 eV has been the most accepted and widely used
photocatalyst for the mineralisation of various harmful organic
compounds and for the successful splitting of water to produce
hydrogen and oxygen [1, 5-10]. However, the limitation of TiO,
is that its photo-excitation occurs only with wavelengths near or
shorter than 385 nm. The sunlight, the abundant available energy,
has about 4% of UV and ~40-45% of visible light. Therefore
the development of efficient visible-light-active photocatalysts has
been an urgent issue from the viewpoint of harvesting solar
energy. One way of improving the photocatalytic efficiency is by
doping TiO, with metal [11-13] and non-metal [14-19] elements
to narrow the bandgap energy. The choice of nitrogen (N) as the
dopant for the semiconductor oxides has been shown to be
promising in photocatalysis. Nitrogen is believed to be the most
favourable p-type dopant because of its similar size to oxygen,
metastable AX centre formation and small ionisation energy [20].
In general, improved photocatalytic activity for the N-doped
oxides is because of the dopant-induced modulation of the
electronic structure through the mixing of the N 2p orbitals with
the O 2p orbitals within the valence bands (VB), shifting
band-to-band threshold excitation energies to longer wavelengths
[14]. In the N-doped oxide materials, the holes generated from N
2p by visible light excitation are active species for decomposition
of the organic pollutants, although the efficiency of charge
separation under visible excitation is lower than that under UV
excitation [21, 22].

Defect pyrochlore-type crystalline materials of compositions
AMWOg4 (A=Rb, Cs; M=Nb, Ta) are found to be promising for
water splitting reaction under UV light irradiation because of
their wide bandgap energy [23-27]. Lu et al. have reported that
N-doping in CsTaWOg has reduced the bandgap from 3.8 to 2.3 eV
and exhibited a nearly 100% increase in the hydrogen production
efficiency under solar light [28]. Methods of preparation such as
sol-gel, heating the oxide in the presence of N-source and ion im-
plantation were developed to prepare nitrogen doped (N-doped)
TiO, [29]. Sintering the metal oxide with urea at 200—400 °C for
~2h is found to be a conventional method of obtaining N-doped
metal oxide. This method has been widely used for N-doping of
solid acids or metal oxides, such as H,Ti;O9, NaNbOs, H,Ta,Og4

Micro & Nano Letters, 2014, Vol. 9, Iss. 1, pp. 11-15
doi: 10.1049/mnl.2013.0595

and KSbWOg and K;La,Ti30,¢ [30-35]. We have earlier reported
the photoactivity studies of cation doped KM 33W; 6706 (M = Al
and Cr) [36, 37]. In the present Letter, the preparation, characterisa-
tion and photocatalytic activity of N-doped KM 33W 670 M =
Al and Cr) are presented.

2. Experimental: KA10'33W1_67O (KAW) and KCr0_33W1_67O6
(KCW) were prepared by the sol-gel method [36, 37]. The
N-doped KAW (KAly33W; 6706 - :N,) and KCW
(KCrg33W 16706 - vN,s) were obtained by heating a mixture of
KAW (KCW) and urea at 400°C for 2 h in a muffle furnace in
air. The weight ratio of KAW (KCW) to urea was 1:2. The
resultant powder was washed several times with deionised water
to remove excess unreacted urea. The colour of the N-doped
KAW (KCW) was found to be light yellow (green) and
designated as KAWN (KCWN).

Thermogravimetric analysis (TGA) was performed using a
Shimadzu differential thermal analyser (DTG-60H) with a heating
rate of 15°C min~". The powder X-ray diffractograms were recorded
for phase confirmation on the Shimadzu XRD 7000 powder X-ray
diffractometer by using Cu Ko, radiation of wavelength 1.5418 A.
The diffractograms were recorded at room temperature in the 26
range 10-80°. The step size and the scan step time were 0.02° and
0.15 s, respectively. The X-ray photoelectron spectroscopic (XPS)
measurements were performed on a KRATOS AXIS165 X-ray
photoelectron spectrometer by using an excitation energy of
1253.6 eV (Mg Ko) and a pass energy of 80 eV. SEM images and
EDS profiles were recorded on the HITACHI SU-1500 variable
pressure scanning electron microscope (VP-SEM). A JASCO
V-650 UV-Vis spectrophotometer was used for the UV-vis
diffuse reflectance spectra (DRS) measurements in the range of
200-900 nm. BaSO,4 was used as the reflectance standard.

The photocatalytic activity of both the KAWN and the KCWN
was evaluated by the photodegradation of methylene blue (MB)
using a HEBER visible annular type photoreactor (Model:
HVARI1234). In a typical process, 50 ml of aqueous MB solution
of initial concentration, Cy=1x 10~*mol/l and 50 mg of the cata-
lyst are taken in a cylindrical quartz tube. The suspension was
stirred in the dark for 120 min to establish an adsorption—desorption
equilibrium. Then, the solution was exposed to a 300 W tungsten
lamp (having the wavelength in the range of 380-840 nm) with
continuous air purging. At regular time intervals of 30 min, about
3-5ml of the solution was collected and filtered through a
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Millipore filter to remove the catalyst particles. The change in the
concentration of MB was obtained by recording the absorbance
on the JASCO V-650 UV—vis spectrophotometer, at 664 nm.

3. Results and discussion: Thermogravimetric (TG) profiles of the
KAWN and the KCWN are shown in Fig. 1. These profiles are
characterised by two significant weight change regions. In the
temperature region 30-450°C, the weight losses are 2.9 and
2.25% for the KAWN and the KCWN, respectively. This weight
loss may be attributed to the adsorbed and lattice water as they
were extracted from water. In the 450-900°C region, both the
samples registered weight gains of 0.20 and 0.28% for the
KAWN and the KCWN, respectively. It is well known that the
N-doped oxides gain weight on heating to above 500°C because
of the release of gaseous nitrogen and become pure oxides [35].
Based on the TG profiles, the molecular formulae of the KAWN
and the KCWN can be written as KA10'33W1_67O5'91N0'06
072H20 (Wt% of N is 018) and KCI‘OA33W1,67OS,865NOA09
0.57H,0 (wt% of N is 0.27), respectively.

The room temperature powder XRD patterns of the parent and
the N-doped materials are recorded for phase confirmation. The
powder patterns of the KAW and the KAWN are identical
(Fig. 2a) [36]. Similarly, the powder patterns of the KCW and
the KCWN are also alike (Fig. 2b) [37]. Nevertheless, a close exam-
ination of the d-spacing shows a systematic shift towards a lower 26
value indicating the substitution of nitrogen into the defect pyro-
chlore lattice. Nitrogen is known to substitute oxygen in the BOg
octahedra of the defect pyrochlore lattice [35]. As the ionic radius
of N®~ (0.171 nm) is higher than that of O*~ (0.140 nm) the unit
cell parameters should increase resulting in a decrease in the 26
values. The unit cell parameters of the KAWN and the KCWN
are refined by least squares fitting of the powder data by using
POWD software. Both the samples crystallised in the cubic lattice
with the space group Fd3m. The obtained unit cell parameters are
a=10.242 A for KAWN and a =10.334 A for KCWN, respective-
ly. The slight increase in the unit cell parameter of both the oxides
compared with their parent compounds is because of partial substi-
tution of N into the [Al(Cr)/W]O¢ octahedra of the KAW(KCW)
lattice and also incorporation of water into the lattice. The change
in the colour of the N-doped oxides compared with their parent
oxides also supports the substitution of N into the oxygen sites in
the lattice.
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Figure 1 TGA profiles of the KAWN and the KCWN
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Figure 2 Powder XRD patterns of the KAWN and the KAW and the KCWN
and the KCW.

a Of the KAWN and the KAW

b Of the KCWN and the KCW

The morphologies of the KAWN and the KCWN were studied by
a scanning electron microscope (SEM) (Fig. 3). The SEM images of
both the KAWN and the KCWN show irregular size microcrystal-
lites with considerable agglomeration. An estimation of the nitrogen
contents in KAWN and KCWN was also obtained from the EDS
measurements (Fig. 3). From the area ratio of the elements, the ni-
trogen contents (in wt%) were found to be 0.21 and 0.32 for KAWN
and KCWN, respectively, (Table 1). This result is comparable with
the nitrogen weight percentage obtained from the TGA results.
Further confirmation of nitrogen doping in the defect pyrochlore
lattice was obtained from the XPS measurements (Figs. 4a and
b), in both the spectra exhibit characteristic peaks because of K,
Al, Cr, W, N and O along with the C 1s peak. The surface high reso-
lution XPS of the KAWN is characterised by peaks belonging to K
2p, Al 2p, W 4f, O 1s, N 1s and C 1s (Fig. 4a). Similarly, the XPS
profile of the KCWN was characterised by K 2p, Cr 2p, W 4f, O 1s,
N 1s and C 1s peaks (Fig. 4b). The C 1s peak appears because of the
contamination of the hydrocarbons from air. The presence of the
N 1s peak in the XPS of both spectra confirms the N-doping into
their lattice. The binding energy of the N 1s is found to be in the
range 396408 eV depending on the environment of the doped
site [38]. In the present investigation, the N 1s peak is observed
at 399.7 eV for the KAWN (Fig. 4a, inset) and 400.8 eV for the
KCWN (Fig. 4b, inset). These peaks can be assigned to the
O-W-N (O-Al(Cr)-N) linkages of the KAWN (KCWN) defect
pyrochlore lattice [35].
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Figure 3 Scanning electron microscope images and EDS profiles of the KAWN and the KCWN

Table 1 Energy dispersive spectra data of the KAWN and the KCWN
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Figure 4 XPS profiles

a KAWN (inset, N 1s is the peak of KAWN)
b KCWN (inset, N 1s is the peak of KCWN)
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The bandgap energies (E,) of the KAWN and the KCWN were
obtained from the Kubelka-Munk plot ((Khv)"? against /v)
(Figs. 5a and b, respectively). The obtained bandgap energies for
the KAWN and the KCWN are 2.52 and 1.87 eV, respectively,
which are considerably lower compared with their parent KAW
(2.82 ¢V) and KCW (2.03 eV) defect pyrochlores. The N-induced
states (N 2p) localise at a slightly higher energy level than the
native oxygen states (O 2p) so that the bandgap of the system is
reduced and improved visible light absorption can be expected
[39]. The change in the colour of the N-doped samples also con-
firms a decrease in the £, value (Fig. 5, insets).

The photocatalytic activities of the KAWN and the KCWN were
evaluated by the degradation of the methylene blue (MB) aqueous
solution under visible light irradiation. Before the irradiation, both
solutions were kept in a dark chamber for the adsorption—desorption
equilibrium for 2 h. As shown in Fig. 6a, the equilibrium was
attained in 1 h. The total adsorbed amount was found to be 4 and
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Figure 5 Kubelka-Munk plots
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Figure 6 Photodegradation of the MB in the presence of the KAWN and the
KCWN and comparison of the photodegradation of the MB of the N-doped
and undoped defect pyrochlores

a Photodegradation

b Comparison of photodegradation
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3% for the KAWN and the KCWN, respectively. Both solutions
were irradiated with visible light and the degradation process was
monitored by measuring the optical density (at 664 nm) and the
UV-vis spectra at regular 30 min intervals. Both the catalysts have
shown almost the same activity and degraded about 30% of MB
in 3 h. A blank experiment without a catalyst was also performed.
Only the MB solution was irradiated with visible light for 3 h.
The change in the concentration of MB was found to be negligible
(it should be noted that the initial concentration of the MB was
1 x 10~ mol/l, which is ten times higher compared with our
earlier report [36]).

A comparison of the photoactivities of the KAWN and the
KCWN with their parent materials (KAly33W;46706 and
KCrp33W1.670¢) is worth mentioning. It is observed that the photo-
activities of the KAWN and the KCWN against the MB were, re-
spectively, 3.3 and 2.3 times higher than the photoactivity of the
KAW and the KCW (Fig. 6b). The improved photocatalytic activity
for both the N-doped oxides may be attributed to (a) a decrease in
the bandgap energy of the N-doped defect pyrochlores leading to an
increase in the number of the absorbed photons and (b) defects
created in the lattice because of the incorporation of nitrogen
leading to a decrease in the electron—hole recombination rate. We
have also compared the photoactivities of the KAWN and the
KCWN with Degussa P25. Both the N-doped materials have
shown higher photoactivity compared with that of the Degussa
P25. Regarding the MB degradation after 180 min of visible light
irradiation in the presence of the Degussa P25, the KAWN and
the KCWN follow the order: Degussa P25 < KCWN~KAWN.

4. Conclusion: Nitrogen doped KAW and KCW were prepared by
a facile solid state reaction method using urea as a nitrogen source.
The powder XRD patterns confirm their pyrochlore-type structure.
Both the samples were crystallised in a cubic lattice. Based on the
TGA and the EDS profiles, the nitrogen content was found to be
0.18-0.21 and 0.27-0.32 wt% in the KAW and the KCW,
respectively. The incorporation of nitrogen into the defect
pyrochlore lattice as O-W-N (O-Al(Cr)-N) is confirmed from
(a) the shift in the d-lines of the powder patterns, (b) the presence
of N 1s peak in their photo-electron spectra, (c) the change in the
colour of the samples and (d) the shift in the absorption edge in
the UV-vis DRS profiles. The bandgap energy of the N-doped
defect pyrochlores is reduced by about 0.15-0.3 eV. The nitrogen
doped KAW (KCW) has shown higher photoactivity against MB
degradation in comparison to Degussa P25 under visible light
irradiation.
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