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Copper-and-Nitrogen-Codoped Zirconium Titanate (Cu-N-ZrTiO4) as a Photocatalyst
for Photo-Degradation of Methylene Blue under Visible-Light Irradiation
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Abstract: Synthesis and characterization of copper-and-nitrogen-codoped zirconium
titanate (Cu-N-ZrTiO,) as a photocatalyst for the degradation of methylene blue (MB)
have been conducted. The main purpose of this research was to investigate the co-doping
effect of copper and nitrogen dopants in ZrTiO, as a photocatalyst for the photodegradation
of MB. Titanium-(IV) tetraisopropoxide (TTIP) was dissolved into ethanol and mixed
with aqueous zirconia (ZrO;) suspension containing 10% nitrogen (N) (w/w to Ti) from
urea and various amount of copper as dopants. The calcination was performed at
temperatures of 500, 700, and 900 °C. The composites were characterized using Fourier
transform infrared spectrophotometer (FTIR), X-ray diffractometer (XRD), scanning
electron microscopy with energy dispersive X-ray (SEM-EDX) mapping, and specular
reflectance UV-Visible spectrophotometer (SRUV-Vis). The degradation of 4 mg L™ MB
solution was conducted for various irradiation times. Characterization shows a
significant decrease of the ZrTiO4 band gap from 3.09 to 2.65 eV, which was given by the
composite with the addition of 4% Cu and calcination of 900 °C. Cu-N-ZrTiO, composite

can degrade MB solution up to 83% after 120 min under the irradiation of visible light.
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= INTRODUCTION

Dyes are one of the larger groups of pollutants in
wastewater from textiles and other industrial processes
that can contaminate the environment. Most of the dyes
have stable aromatic molecular structures, large molecular
sizes, and are difficult to degrade in nature [1]. One of the
dyes found in wastewater is methylene blue. Methylene
blue (CisHisNsSCl) is a cationic heterocyclic aromatic
compound that is used in the textile industry as a dye, but
its waste has ecological toxicity and carcinogenicity [2].
Several waste decomposition methods have been
developed, such as ozonation, chlorination, and
biodegradation. However, these methods have several
disadvantages, such as high operational costs and the use
of chemical reagents [3]. Therefore, an alternative method
is needed for wastewater treatment that can accelerate the

decomposition of dye waste. The photo-degradation

method is effective for wastewater treatment because it
is relatively inexpensive and easy to apply [4].
Degradation of dye waste has become a vital
necessity to solve environmental problems and
photocatalytic systems have received great attention for
the removal of contamination [5]. In the photocatalytic
process, light energy is required for the excitation of the
photocatalyst. Photocatalyst is a photoactive material
that uses photons to catalyze a reaction [6]. In
heterogeneous photocatalysis, the photocatalyst is a
metal oxide semiconductor with a corresponding band
1.7-32eV  [7].
semiconductor materials are currently being developed

gap energy of about Several
and investigated as photocatalysts, such as Fe,Os [8],
CuO [9], Zn0O [10], and ZrO,-TiO; [11]. The mechanism
of photo-degradation of organic compounds by a

photocatalyst is presented in Fig. 1.
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Fig 1. Mechanism of photocatalytic reactions of organic
compounds [12]

The reaction can be explained as follows [13].
photocatalyst + hv (photon) — h* (hole) + e (electron)
e +0,>°0,

h* + OH —»'OH

‘O;” + organic compounds — CO, + H,O

(TiO,)
photocatalytic reactions because it is non-toxic, stable,

Titanium dioxide is widely wused in
and has high efficiency in the degradation of organic
pollutants [14]. The three phases of TiO, are rutile,
anatase, and brookite. Rutile is the most stable phase of
TiO,, anatase is metastable, and brookite will transform to
rutile at temperatures above 600 °C [15]. The anatase
phase of TiO; has a band gap energy of 3.20 eV, while the
rutile has 3.02 eV. Although the band gap of anatase
(3.20 eV) is slightly higher than rutile (3.02 eV), it exhibits
superior photoactivity under UV light irradiation to that
of rutile [16]. The degradation of methylene blue by
several photocatalysts has been presented in Table 1.
Synthesis of TiO,-S has been reported to degrade
methylene blue up to 69.49% under visible light for
300 min of irradiation time [17]. The percentage of
degradation of methylene blue by TiO, with dopants
carbon (C) and nitrogen (N) reached 87% under visible
light irradiation [18].
Zirconium dioxide (ZrO;) is a p-type
semiconductor with a wide band gap in the range of 3.25-
5.00 eV. ZrO, has low thermal conductivity, corrosive
resistance, high mechanical, and stable photothermal
properties [21]. ZrO, has good stability and easily
produces holes in the valence band, leading to strong
interactions with the active component. ZrO, has three
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Table 1. Percent degradation of methylene blue by
several photocatalysts

Photocatalysts Percent degradation (%)
TiO,-S 69.49 [17]
N-codoped TiO, 87.00 [18]
N-doped TiO,/ZrO, 86.30 [19]
Zr0,-TiO, 81.20 [20]

polymorphic phases, including cubic (above 2370 °C),
tetragonal (1170-2370°C), and monoclinic (below
1170 °C) [22]. ZrO; is active under UV light; therefore,
it needs to be modified to increase photocatalytic
activity. The way to increase the photocatalytic activity
of ZrO, is to combine it with a TiO, semiconductor. The
addition of ZrO, to TiO, has been reported to increase
the stability of anatase more than rutile [23]. ZrO, has
been known as a support material for TiO,. The presence
of Zr*" in TiO, will increase the stability of the anatase at
high temperatures (900 °C) [24].

Coupling ZrO, with TiO, will give the advantages
of a large surface area, thermal stability, and resistance
to heat and corrosion [25]. Zirconium titanate (ZrTiOy)
modified by the doping method will decrease the band
gap to visible light. Several studies have reported that
doping can be done with metals such as Fe [26], Mn [27],
and Zn [28] and also non-metals such as N [29] and C
[30]. In this study, copper (Cu) and nitrogen (N) were
chosen as dopants because they have good charge-carrier
separation efficiency. Nitrogen (N) is one of the elements
that is effective in improving the mechanical properties
and conductivity of metal oxide ions [31]. Several
methods of preparing ZrTiO, codoped by Cu-N have
been reported, such as the template-free hydrothermal
method [32] and the polymer complex solution method
[33]. Both methods still use toxic organic solvents, which
are expensive and not environmentally friendly.

In this research, copper and nitrogen were
codoped into ZrTiO, composite through the simple-
and-environmentally-friendly sol-gel process. The goals
of this study are to investigate the co-doping effects of
metal-nonmetal (Cu and N) on ZrTiO, composite and
its application as a photocatalyst to degrade methylene
blue under visible light illumination. Various amounts
of copper dopant (2, 4, 6, 8, and 10% (w/w to titanium))
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were used to study their performance in shifting the
bandgap of nitrogen-doped ZrTiO4 Variation of
calcination temperatures (500, 700, and 900 °C) was
carried out to study the stability of the crystal structure
and its influence on the photocatalytic activity of the
composite. Furthermore, photocatalytic evaluation was
done by applying Cu-N-ZrTiO, as a photocatalyst to
degrade methylene blue under visible light irradiation for

120 min.

m EXPERIMENTAL SECTION
Materials

Titanium(IV) tetraisopropoxide (TTIP, 97% purity,
Sigma-Aldrich) was used as a TiO, precursor, and
zirconia powder (ZrO,, Jiaozuo Huasu) was used as the
coupling metal oxide. Copper(II) sulfate pentahydrate
(CuSO45H,0, Merck) and urea (Merck) were used as
dopant sources. Absolute ethanol (99.5% purity, Merck)
and demineralized water (Jaya Sentosa) were used as
solvents. Methylene blue (MB) (Thermo Fisher Scientific
India Pvt. Ltd.) was used as a dye for the photocatalytic test.

Instrumentation

Fourier transform infrared spectroscopy (FTIR) was
done to observe absorption from the range of 400 to
4000 cm™" using the Thermo Nicolet iS10 (Thermo Fisher
Scientific, USA). X-ray powder diffractometer (XRD)
PANalytical X’Pert PRO MRD (Liaoning, China, Cu Ka
radiation A = 1.54 A, 40 kV, 30 mA) was used to examine
the crystalline structure of the materials. The crystal size
(L) was calculated by the Scherrer equation [34],

092
" B cos®
where A is the wavelength of the X-ray, 0 is the Bragg

angle, and B is half the full width of the maximum
intensity of the peak in radians. The morphology of
photocatalyst and the presence of copper-nitrogen were
observed by scanning electron microscope equipped with
an energy dispersive X-ray spectrometer (SEM-EDX)
JSM-6510LA (Bridge Tronic Global, USA) and an
accelerating voltage of 15kV. The bandgap was
determined from the absorption spectra obtained using
specular reflectance UV-Vis spectrometer UV (SR-UV)
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1700 Pharmaspec (Shimadzu, Japan). The band gap
energy was calculated based on the absorption edge
cross method of the absorbance spectra using the photon
energy function [35],

_he
8
where E, is the band gap energy (eV), h is Planck's
constant (6.62607 x 107*]/s), c is the speed of light
(3x10°m), and A is the edge wavelength (nm).

E

Photocatalytic degradation of MB was tested using a
LIFE MAX 30W/765 PHILIPS TLD lamp. The
concentration of MB solution after degradation was
determined by absorption at 664 nm using a Thermo
Scientific Genesys 50 UV-Vis Spectrophotometer
(Antylia Scientific, US).

Procedure

Synthesis of Cu-N-ZrTiO,4

Copper-and-nitrogen-codoped zirconium titanate
were prepared by the sol-gel method. Initially, 2.5 mL of
TTIP was dissolved in 25 mL of absolute ethanol and
then stirred homogeneously. Amount of 1g of ZrO,
powder and 86.8 mg of urea (10% w/w to Ti) were
dispersed into 10 mL of demineralized water along with
30.4, 63.5, 95.2, and 127 mg of CuSO,-5H,0. The copper
concentration was varied with a ratio of 2, 4, 6, 8, and
10% (w/w to Ti). The mixture was stirred for 30 min. To
separate the precipitate, the suspension was centrifuged
at 2000 rpm for 1 h. The precipitate was aged in ambient
condition for 24 h and then dried at 80 °C for 24 h.
Finally, the composites were calcined at temperatures of
500, 700, and 900°C for 4h under atmospheric
conditions. All composites were characterized using
FTIR, XRD, SEM-EDX, and SRUV-Vis. N-doped
ZrTiO, composite without Cu was also prepared as a
reference.

Photocatalytic degradation of methylene blue
Firstly, 15mg of Cu-N-ZrTiO, with various
concentrations of Cu dopant was dispersed in 30 mL of
4 mg L' aqueous MB. Under continuous stirring, the
mixture was irradiated with a LIFE MAX 30W/765
PHILIPS TLD lamp for 15, 30, 45, 60, 75, 90, 105, and
120 min. The solution was centrifuged for 30 min at
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3000 rpm  to The
concentration of MB after photocatalytic degradation was

separate the photocatalyst.
determined by absorption at 664 nm. Quantitative
analysis of enhanced photocatalytic decomposition of MB
was examined by employing a pseudo-first-order kinetic
model [36]:

dC
_E =kgpsC
in which,
InC=—-—-k,t+InC,
where C is the concentration of MB (mgL™), t is
irradiation time (min), and ke is the observed rate
constant for the photocatalytic —decomposition
(mg L' min™"). Plots were given for irradiation time of 0
to 60 min as the highest photoactivity was observed in this

time interval.
m RESULTS AND DISCUSSION

FTIR characterization was conducted to determine
the functional groups in Cu-N-ZrTiO,. FTIR spectra of
4% Cu-N-ZrTiO, is shown in Fig. 2. ZrO, and N-doped
ZrTiO, materials were used as references. The broad
absorption band in the range of 500-600 cm™ can be
attributed to the stretching vibrations of Ti—O and Cu-O
[14]. The peaks at the wavenumber of 512 and 1635 cm™
are associated with the Zr-O and Zr-OH vibrational
bands, respectively, which confirm the presence of ZrO,
[21]. The absorption band at about 1120 cm™ increases up
to 4% Cu co-doping, which could potentially be
associated with Cu—O-Zr or Cu-O-Ti bonds, or both
[18]. The peak intensity of ZrO, at 1600 cm™, which is
H-O-H bending [5], indicates a shift in vibration
absorption to 1570 cm™ in N-doped ZrTiO,4 due to the
formation of N-Ti-O.

The absorption band that appears around 3400 cm™
in all samples is recognized as the O-H stretching
vibration of H,O [4]. It comes from the water molecules
that are adsorbed during the synthesis process. FTIR
spectra of 4% Cu-N-ZrTiO, calcined at 700 and 900 °C
display a weak absorption of Zr-O at 500-600 cm™". This
is due to a phase transformation from anatase to rutile
[17]. Absorption bands at 3300-3400 and 1600 cm™
decrease as the calcination temperature increases. The high
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Fig 2. FTIR spectra of 4% Cu-N-ZrTiO, composites
calcined at various temperatures with ZrO, and N-
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doped ZrTiO; as references

calcination temperature reduces the water content so
that the O-H vibration frequency in the material
decreases [6]. On the contrary, Ti—O—-Cu vibration at
1120 cm ™' decreases as calcination temperature increases
up to 700°C and disappears at 900 °C. The high
calcination temperature causes the sintering of metal
dopants [9].

Diffraction patterns of Cu-N-ZrTiO, with ZrO,,
TiO,, ZrTiO4 and N-doped ZrTiOs as references are
shown in Fig. 3. The diffraction patterns of ZrO, and
TiO; calcined at 500 °C display the presence of tetragonal
and anatase phases, respectively. The characteristic peaks
of ZrO, tetragonal (JCPDS: 01-088-2390) appeared at 20
= 31° (dio1) and 51° (di11). The characteristic peaks of
TiO; anatase (JCPDS: 01-084-1286) appeared at 20 = 25°
(dio1) and 48° (dae). No Cu or CuO patterns were
observed, even at 10% Cu-N-ZrTiO..

The diffraction pattern of Cu-N-ZrTiO, calcined at
500 °C has a characteristic low-intensity anatase peak at
25° (di01). The presence of copper and nitrogen dopants
inhibits the crystallization of anatase [13], while the
presence of Zr*" in the TiO, system also inhibits the
transformation of anatase to rutile [14]. The diffraction
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Fig 3. X-ray diffraction patterns of various Cu-N-ZrTiO,

and references

pattern of ZrTiO, showed significant changes after
calcination at higher temperatures. The diffraction
pattern of 4% Cu-N-ZrTiO, composite after calcination at
700 °C showed rutile characteristics at 26 = 27.5° (d110)
and 36.1° (dio1), while the anatase peak at 260 = 25° (di01)
disappeared. Moreover, the diffraction pattern of 4% Cu-
N-ZrTiO; after calcination at 900 °C exhibits an intense
rutile pattern (JCPDS: 01-076-1938) at 20 = at 27° (di10),
36° (dio1), 41° (di11) and 54° (dai1), while the tetragonal
phase transforms to monoclinic (JCPDS: 01-088-2390),
displaying a pattern at 26 = 28° (d.111), 31° (di11), 34° (doo2)
and 51° (dx).
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The average crystallite size of Cu-N-ZrTiO,,
Cu
concentrations and calcination temperatures has been

particularly anatase and rutile, at various
shown in Table 2. The d, reflex of the anatase phase and
the diy reflex of the rutile phase were chosen to calculate
the crystallite size [15]. The crystallite size of the
tetragonal phase shows no difference among Cu-N-
ZrTiOs, except 4% Cu-N-ZrTiO, after calcination at
900 °C displays a monoclinic phase. The lower anatase
crystallite size of all Cu-N-ZrTiO, compared to that of
pristine TiO, indicates the inhibition of anatase
crystallization by copper, which is doped properly in the
structure of ZrTiO,.

SEM-EDX images of ZrO, and 4% Cu-N-ZrTiO,
calcined at 500 °C are shown in Fig. 4. The morphology
of 4% Cu-N-ZrTiO, appears slightly rougher than the
ZrO, reference, while the particle size distribution of Cu-
N-ZrTiOs is larger than ZrO,.

The surface elemental compositions of ZrO, and
4% Cu-N-ZrTiO4 based on SEM images in Fig. 4 are
presented in Table 3. The mass percentage of Zr is
greater than Ti because Zr is a supporting material, so it
will be more dominant [16]. The low amount of detected
copper indicates that the Cu dopant was doped on the
ZrTiOy surface [23].

SRUV-Vis spectra of Cu-N-ZrTiO4 with various
copper concentrations and calcination temperatures are
shown in Fig. 5(a). The inflection point (absorption
edge) of each synthesized photocatalyst is already at a
wavelength of greater than 400 nm. This is due to the

Table 2. The average crystallite size of various Cu-N-ZrTiO,

Material Crystal phase L (nm)
TiO, 500 °C Anatase 49
ZrTiO, 500 °C Anatase 46
N-doped ZrTiO, 500 °C Anatase 38
2% Cu-N-ZrTiO, 500 °C Anatase 36
4% Cu-N-ZrTiO, 500 °C Anatase 34
4% Cu-N-ZrTiO, 700 °C Anatase 45
Rutile 48
4% Cu-N-ZrTiO, 900 °C Rutile 50
6% Cu-N-ZrTiO,4 500 °C Anatase 35
8% Cu-N-ZrTiO,4 500 °C Anatase 36
10% Cu-N-ZrTiO,4 500 °C Anatase 37
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Fig 4. SEM images of (a) ZrO, and (b) 4% Cu-N-ZrTiOj calcined at 500 °C
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Table 3. EDX analysis of ZrO, and 4% Cu-N-ZrTiO, calcined at 500 °C

Material

% Mass

Zr

O Ti N Cu

ZI'OZ
4% Cu-N-ZrTiO, 500 °C

60.46
30.76

39.54 - - -

38.92

23.96 3.93 2.43

(a)
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8%Cu-N-ZrTiO,-500
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Fig 5. (a) UV-Vis absorption spectra and (b) calculated band gap of various Cu-N-ZrTiO,

heterojunction between the valence band and conduction
band of ZrO, with TiO, [24]. The wide bandgap (Ey) of
ZrO, mixes with the relatively small Eg of TiO, until it
reaches equilibrium, resulting in a ZrTiO, band gap with
a slightly smaller Eg [27]. Codoping of both nitrogen and
copper shifts the absorption edge of the ZrTiO4 composite
towards the visible light region until it reaches the
saturation point [31]. If the injected dopants have reached
the saturation point, the doping effect is reduced [28]. The
addition of Cu and N dopants succeeded in shifting the
absorption band towards a longer wavelength from
401.29 to 467.92 nm, which is in the visible-light region.

The E, of the synthesized material is presented in
Fig. 5(b). The addition of Cu and N dopants into ZrTiO4
material reduces the Eg from 3.09 to the lowest 2.65 eV.
The band gap decreases until reaching 4% of Cu co-
doping, then with the
concentration. Excess Cu concentrations above 4% can
form aggregates and are not evenly distributed in the
composite [29]. The absorption edges of 4% Cu-N-
ZrTiO, calcined at 700 and 900 °C are shifted to the
visible light region, thus resulting low Eg (2.69 and
2.65 eV, respectively). The calcination temperature
above 500 °C causes the synthesized material to undergo

increases increasing Cu
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Fig 6. (a) Photo-degradation of MB over time and (b) observed rate constants of various Cu-N-ZrTiO, within 60 min

irradiation

a phase transformation from anatase to rutile, which
exhibits a lower Eg [14].

The photocatalytic activity of Cu-N-ZrTiO, was
evaluated by applying the composite to the degradation of
MB in the dark and visible light using a LIFE MAX
30W/765 PHILIPS TLD lamp. The percentage of MB
degraded is shown in Fig. 6(a). In the dark, the percentage
was very small (under 5%) because there was no photon to
generate «OH radicals [30]. Under the exposure of light,
the degradation percentages increased because the photon
stimulates the photocatalyst to generate «OH radicals
from water molecules [31]. When the photocatalyst is
irradiated with high energy, it will produce holes (h*) that
are strong oxidizing agents to form «OH radicals, and
these radicals degrade MB into simpler compounds [34].

Based on Fig. 6(a), there was a significant increase in
the percentage of degradation at 15-60 min, while the
increase in degradation at 75-120 min was less significant.
Fig. 6(b) presents the observed rate constants of various
Cu-N-ZrTiO4 from a pseudo-first-order kinetics model
[36]. The photocatalytic activity of all Cu-N-ZrTiO; is
higher than references, i.e., pristine ZrTiO, and N-doped
ZrTiO4. The co-doping of Cu improves the photocatalytic
activity of N-doped ZrTiO, [23]. The 4% Cu-N-ZrTiO,
500°C has the highest
photocatalytic activity, while 2% Cu-N-ZrTiO, calcined at
500 °C has the lowest photocatalytic activity. The
increasing amount of Cu above 4% decreases the

composite calcined at

photocatalytic activity of the composite due to

diminishing doping effect by the saturation of Cu co-

doping. The increasing calcination temperature above
500 °C also decreases photocatalytic activity of the
composite due to the formation of rutile phase.

m CONCLUSION

Copper-and-nitrogen-codoped ZrTiO,
photocatalyst (Cu-N-ZrTiO,) has been successfully
prepared through the sol-gel process. FTIR analysis
shows that there is an absorption band at 1200 cm™
which relates to the Ti—-O-Cu vibration as it intensifies
at 4% of copper concentration. Co-doping with nitrogen
and copper, as well as coupling with ZrO,, influence the
crystallization of anatase and rutile at a higher
temperature. The absorption band is also shifted
towards a longer wavelength from 401.29 to 467.92 nm,
which is responsive to visible light. Cu-N-ZrTiO,
photocatalyst can degrade 4 mg L™' MB solution up to
83% at 120 min of irradiation time. Cuand N co-dopants
give synergistic effects in improving the photocatalytic
activity of ZrTiO,, and it is proven to have potential as a
photocatalyst to decompose dyes under visible light
irradiation. Further studies regarding the photocatalyst
stability of the composite are necessary to be conducted.
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