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Effect of annealing temperature on the structural, morphological, photocatalytic
and optical properties of the Cu-Ni co-doped TiO: nanoparticles

M. S. Basir, S. N. Supardan, S. A. Kamil®
“Faculty of Applied Sciences, Universiti Teknologi MARA, 40450, Shah Alam,
Selangor, Malaysia

The effect of annealing temperature on the photocatalyst's structural, morphological,
photocatalytic and optical properties have been extensively studied. In this work, the Cu-Ni
co-doped TiO, powder was prepared by the sol-gel technique and annealed at temperatures
400°C, 500°C, 600°C, 700°C, and 800°C. The structural phase of the Cu-Ni/TiO changed
from anatase to rutile after the annealing temperature increased from 400°C to 800°C. The
anatase phase was found at 400°C and 500°C, the mixed phase at 600 and 700°C, and the
rutile phase at 800°C. The specific surface area and band gap of Cu-Ni/TiO; were decreased
with the increment of annealing temperatures from 70.00 to 24.89 m?%/g and 3.36 eV to 3.04
eV, respectively. Meanwhile, as the annealing temperature rises, the average particle size
increases from 38.52 to 173.59 nm. The anatase-rutile mixed phase of Cu-Ni/TiO; annealed
at 600°C exhibited the highest photocatalytic degradation of methylene blue (MB) with
62.81% MB removal. Experimental results indicated that the annealing temperature could
alter the structural, morphological, and optical properties of the Cu-Ni/TiO,, affecting the
photocatalytic activity performance.
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1. Introduction

Titanium dioxide (TiO) is an n-type semiconductor which is the most suitable photocatalyst
in the photocatalysis process because TiO, has fascinating properties such as low toxicity, good
thermal and chemical stability, low cost, and high photoactivity efficiency [1]-[3]. Due to these
advantages, TiO; is widely used for various applications such as for photocatalysis water treatment
[4], gas sensors [5], solar cells [6], and air purification [7]. Generally, TiO, exists in three major
structural phases, which are anatase, rutile, and brookite [1]-[3]. Anatase and rutile are the most
common structure phases reported from previous studies, in which rutile is stable at high
temperatures while anatase is at low temperatures. D.K Muthee et al. reported that the anatase phase
was formed at an annealing temperature of 450°C with a small brookite peak, while the rutile phase
was formed at a high temperature above 650°C [8]. M.K. Sight et al. reported that the rutile
transformation occurred at 800°C [9]. Besides that, R. Dubey also reported that TiO, annealed at
450°C exhibits an anatase phase and at 700°C exhibits a rutile phase [10]. Meanwhile, brookite is
an unstable phase and not suitable for photocatalytic activity [11].

As compared to the rutile phase, the anatase phase has slower charge carrier recombination
[10], good electron mobility [12], a small grain size, and higher surface areas [13]. Meanwhile, the
rutile phase has a rapid rate of electron-hole (¢” and h") recombination, large particle size and surface
area [14], [15]. Nevertheless, despite these advantages, anatase has a wide band gap of 3.2 eV, which
makes it unsuitable under visible light sources for the photocatalytic process. However, some
previous researchers reported that the anatase-rutile mixed phase is an alternative structural phase
for photocatalytic activity. This phase can increase the photocatalytic performance under visible
light instead of UV light [16]. According to F. Weiwei et al., the mixed phase exhibits a higher
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photodegradation efficiency under visible light because the anatase-rutile mixed phase can shift the
absorption band to the visible light region and this mixed phase can increase the surface area of the
TiO; photocatalyst [17]. G. K. Min et al. reported that the anatase-rutile mixed phase with anatase
as a dominant phase composition resulted in the best photoactivity performance with a rate constant
of 3.11x10 min"' due to the mixed phase providing the lower electron-hole pairs recombination
rate compared to the single anatase and rutile phase [18].

Currently, most TiO, photocatalyst studies are directed towards enhancing the
photocatalytic activity by reducing the recombination rate of the electron-hole pair of the TiO, [11].
The metal ions such as Cu [19], Ni [20], Ag [21], and Fe [22] have been utilized widely for doping
with TiO; to reduce the band gap and recombination of photoinduced holes- electrons pair of the
TiO, which resulting an excellent efficiency of photoactivity [11]. According to Wang M. et al., the
existence of copper ion (Cu*") effectively could prevent the recombination of ¢ and h* sites, and
increase the photocatalytic activity [19]. L. S. Yoong et al. reported that hydrogen production of Cu
doped is much higher than pure TiO,, indicating high photocatalytic activity [23]. Other metal, such
as nickel (Ni), also exhibits great photocatalytic performance, as reported by Liu Y. et al., which
Ni/TiO; attributed to the great photo-generated electron-hole pair efficiency [20]. The same results
were reported by Jing D. et al., the presence of nickel ion (Ni*" served as trapping sites on the surface
of the TiO, and reduced the surface recombination of electron-hole pairs [24]. Moreover, a co-
doping technique has been reported in previous studies which has a higher photocatalytic activity
than single doping of TiO; [25], [26]. It has been reported by Behnajady M. A. et al., the rate constant
for degradation of acid orange 7 (AO7) dye for Ag-Cu/TiO; is 0.0953 min™' was higher than single
doped Cu/TiO,, which is 0.0745 min™ [27]. Shaban M. et al. reported the co-doping of Ni-Cr/TiO,
applied for the degradation methylene blue resulting in the degradation percentage for co-dopant Ni-
Cr/TiO; is 95.6%, higher than single doped Ni/TiO- [28].

During the phase transition from anatase to rutile phase, the crystallite size, lattice
parameters, stoichiometry of the nanostructure, crystallite size, specific area, and pore structure also
varied. The pore structure of the photocatalyst, such as mesopore, exhibits a higher specific surface
area. These advantages promise more active sites to absorb organic pollutants such as azo dye, and
the diffusion of contaminant molecules is more accessible inside the pores of the TiO, [29], [30].
Based on the abovementioned factors, studying the role of annealing temperature is essential because
the annealing temperature can affect the TiO, structural, morphological, and optical properties,
which eventually affecting the photocatalytic activity.

2. Experimental

2.1. Materials

Titanium (IV) butoxide, CisH3604Ti (Sigma Aldrich >97% purity) was used as titanium
dioxide precursor. Copper (1) nitrate trihydrate, Cu(NO3),-:3H>O (Analytical Reagent) (R&M >99%
purity) and nickel nitrate hexahydrate, Ni(NO3),-6H>O (Analytical Reagent) (Chemiz >99% purity)
were used as a dopant metal while ethanol, C:H«O (HmbG >99% purity) as a solvent. Methylene
blue (Bendosen, Ci6HisCIN3S) was used as a model dye in this study.

2.2. Synthesis of Cu and Ni co-doped TiO; Nanoparticles (Cu-Ni/TiO3)

Cu-Ni/TiO; nanoparticles were prepared by the sol-gel technique. 55 ml of ethanol and 26
ml of titanium (IV) butoxide were stirred for 1 hour, and the mixture was labelled as solution A.
After that, 55 ml of ethanol and 5 ml of deionized water were mixed and labelled as solution B.
Later, solution B was added into solution A to slow down the hydrolysis process, and the mixture
of solution A and B became solution C. After that, solution C was stirred for 4 hours. Then, 3 wt%
of copper and nickel metal salt with a ratio of 9:1 (copper: nickel) was added into solution C.
Solution C was left to be stirred overnight without any heating process to ensure the solution mixed
properly. Then, solution C underwent the ageing process for 48 hours, and the titanic gel was
obtained. Later, it was dried at 120°C for 2 hours to ensure no unwanted ethanol remained in the
solution. After that, Cu-Ni/TiO, powder was formed. The dried powder underwent pulverizing
process using a ball mill pulverizer machine for 3 hours after the drying process was completed to
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obtain a fine powder. Finally, the powder was annealed at a rate of 5°C/min at different temperatures
for 3 hours. The samples were designated as CN-T4, CN-T5, CN-T6, CN-T7, and CN-T8 according
to the annealing temperature of 400°C, 500°C, 600°C, 700°C, and 800°C, respectively.

2.3. Characterization of samples

In this study, Cu-Ni/TiO, nanoparticles were characterized using Thermal Gravimetric
Analysis (TGA) (Perkin Elmer Pyris 1), Fourier-Transform Infrared Spectroscopy (FTIR) (Perkin
Elmer FTIR Spectrum One), X-ray Powder Diffraction (XRD) (PANalytical X'pert PRO), Field
Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray (EDX)
(Thermoscientific Apreo 2S FESEM and Bruker XFlash 61100 EDX), and UV—Vis Diffuse
Reflectance Spectroscopy (DRS) (Shimadzu). TGA was carried out to identify the suitable annealing
temperature of Cu-Ni/TiO; nanoparticles. The samples were heated at a rate of 10°C/min from 27
to 900°C. Infrared absorption spectrum obtained from FTIR was used to identify the chemical bond
in the samples. The phase compositions of the synthesized Cu-Ni/TiO; nanoparticles were identified
by using XRD with Cu Ko (A = 1.54060 A) radiation of 45 kV and an accelerating voltage current
of 40 mA. The 20 scanning range was 5° to 90°, and the step size was 0.01°. Debye-Scherer's
equation was used to calculate crystallite size of the samples. FESEM and EDX were employed to
study the surface morphologies and elemental compositions, respectively. DRS recorded the
reflectance spectrums at 200 to 2500 nm wavelength. The band gap of the Cu-Ni/TiO; nanoparticles
were determined by using Kubelka—Munk function, F(R), and the extrapolation of Tauc plot.

2.4. Photocatalytic degradation test of Cu-Ni/TiO; nanoparticles

The photocatalytic performance of the Cu-Ni/TiO, was evaluated by degradation of
methylene blue (MB). Cu-Ni/TiO, powder was added into aqueous 10 ppm MB solution, and the
suspension was continuously stirred for 30 min dark condition to achieve the adsorption-desorption
equilibrium during the reaction of photocatalyst and dye. The suspension was irradiated under UV
light (Analytikjena, UVP UVGL-58, 6W, 254 nm) at room temperature for 2 hours. During the
photodegradation process, the solution was withdrawn via a syringe every 10 min, and the MB
concentration was evaluated using VIS spectrophotometer Genesys 30 single beam. The
photocatalytic degradation performance (%) was calculated by using Eq. (1) [18]

Degradation percentage (D%) = (%) x 100% (1)
0

where Cj is the initial absorbance and C; is the absorption at a certain irradiation time t of the MB
solution (A = 664 nm).

3. Results and discussion

Fig. 1 shows the thermal gravimetric analysis (TGA) curve of Cu-Ni/TiO, nanoparticles.
According to the TGA curve, the weight loss with a total mass of 28.47% of the Cu-Ni/TiO- from
27 to 900°C with a heating rate of 10°C/min heated in an air atmosphere occurs in two stages of
weight loss. The first stage of weight loss at temperatures 30 to 280°C attributed to the
decomposition of absorbed water and ethanol from the sample during the sol-gel process [9], [23],
[31]. Meanwhile, the second stage of weight loss occurs from 530 to 900°C attributed to the
decomposition of organic residues such as nitrate (NO3) group from metal salt copper and nickel
nitrate [23], [31]. Based on Fig. 1, the annealing temperature for Cu-Ni/TiO, at 400°C, 500°C,
600°C, 700°C, and 800°C with a duration of 3 hours was selected.
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Fig. 1. TGA curve of Cu-Ni/TiO; nanoparticles.

Fig. 2 shows the FTIR spectrum of Cu-Ni/TiO, nanoparticles. The absorption peaks around
1630 cm™ and 3400 cm™ are attributed to the O-H bending and stretching, respectively [2], [23].
The stretching vibrations of Ti-O were found in the IR band between 500 and 900 cm™ [23], [32].
Based on the red dash line in Fig. 2, the increasing annealing temperature of Cu-Ni/TiO; causes a
shift of Ti-O stretching vibrations at the range 500 and 900 cm™ towards lower energy due to the
phase transition which from anatase phase to rutile phase [33]. The absorption band at 1366 cm
was attributed to the presence of the nitrate (NO3') group at low temperatures. However, the intensity
of the NO; group decomposes as the absorption band was not observed when the annealed
temperature was at 700°C and above [34].
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Fig. 2. FTIR Spectra of Cu-Ni/TiO; nanoparticle.

Fig. 3 shows the XRD patterns of Cu-Ni/TiO, nanoparticles annealed at a temperature of
400°C, 500°C, 600°C, 700°C, and 800°C. The main diffraction peak for anatase (JCPDS file no. 01-
071-1166) at 20 = 25.66° while the main diffraction peak for rutile (JCPDS file no. 01-082-0514) at
20 = 27.82°. For CN-T4 and CN-T5 samples, a diffraction peak at 26 value of 25.66° corresponds
to the fully (101) anatase phase. For sample CN-T6, as the annealed temperature increases to 600°C,
the mixed phase anatase-rutile formed with small peak intensity corresponding to (110) rutile phase
at diffraction peak 27.82° and anatase phase as dominant peak. This mixed phase that formed
indicates the beginning of anatase to rutile phase transformation [35]. Sample CN-T7 shows the
dominant rutile phase after the annealing temperature of Cu-Ni/TiO, raised at 700°C. Thus, the total
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transformation of anatase to rutile phase occurred after Cu-Ni/TiO, was annealed at 800°C for
sample CN-T8.

The mole ratios of the structural phase for anatase and rutile phase were calculated based
on the Spurr and Myers equation in Eq. (2) and (3) [36] due to the existence of two phases which
are anatase and rutile phases that were established from the XRD diffraction peaks of the Cu-Ni/TiO,

in Fig 3.,

_ 1
We = @ @)

WA:]-_WR (3)

where Wr and Ir are the mole fraction and peak intensity of the rutile phase, respectively.
Meanwhile, W4 and 14 are for the anatase phase. The intensity peaks at diffraction angles at 25.66°
(101) and 27.82° (110) are taken as characteristic peaks for anatase and rutile phases, respectively.
The percentage of anatase and rutile phase content was obtained by using Eq. (4) and (5) [37],
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Fig. 3. XRD patterns of Cu-Ni/TiO; annealed at different temperatures (A, anatase, and R, rutile).

The effect of annealing temperature on the structural phase content of samples, as shown in
Fig. 4, based on the mole fraction and phase content of anatase and rutile of Cu-Ni/TiO». As the
annealing temperature rises, the anatase phase content decreases while the rutile phase content
increases. The percentage of anatase phase for sample CN-T4 and CN-T5 are 100%, indicating the
XRD pattern for the Cu-Ni/TiO; that annealed at below 500°C consists of anatase phase only. The
transformation of the anatase to rutile phase occurred at an annealed temperature of 600°C in which
the anatase phase consists of 95.19% while the rutile phase is 4.80%. Meanwhile, anatase's
percentage of phase content decreased to 1.82%, while the rutile phase increased to 98.17% with the
increment of annealing temperatures to 700°C. The transformation of anatase to a completely rutile
phase occurred at an annealing temperature above 800°C with rutile phase content is 100%. Based
on these results, we can conclude that both structural phases' mole fraction and phase content are
reciprocal. The phase composition value for each sample summarized in Table 1.
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Fig. 4. Mole fraction and phase content of Cu-Ni/TiO; at different annealing temperature; (a) anatase
phase; and (b) rutile phase.

Table 1. Mole fraction and phase composition values for each temperature.

Anatase Rutile

Samples Mole fraction (%) Phaseocontent Mole fraction (%) Phaseocontent

(%) (%)
CN-T4 100 100 0 0
CN-T5 100 100 0 0
CN-T6 95.21 95.19 4.69 4.80
CN-T7 1.83 1.82 98.12 98.17
CN-T8 0 0 100 100

The estimated crystallite size of Cu-Ni/TiO; for each annealing temperature was estimated
by using Debye-Scherrer in Eq. (6) [38].

0.9
- Bcosb

(6)

where D is the crystallite size, B is the full width at half maximum (FWHM), A is the X-ray
wavelength (1.5406 A), while 0 is the diffraction angle. The estimated crystallite size for the sample
CN-T4 to CN-T8 increased from 20.26 nm to 56.99 nm with the annealing temperature.

The specific surface area (SSA) is the total surface area of a solid material per unit of mass
[39]. Based on the Eq. (7), the SSA of the samples can be calculated.

6x103
pDp

SSA = (7

where p is the density of a nanoparticle and Dp is the size of the nanoparticles [37]. Based on Fig. 5
(a) and (b), SSA in both structural phase anatase and rutile decrease after the annealing temperature
increases, and it is inversely proportional to the crystallite size of photocatalyst. Table 2 shows the
calculated data for the crystallite sizes and SSA for each annealing temperature's anatase and rutile
phases. The photocatalytic activity of the photocatalyst is dependent on the crystallite size and
surface area [13], [40], [41]. The small crystallite size increases the surface area of the photocatalyst,
resulting in increases in the photocatalyst’s adsorption efficiency to the reactant and absorption to
the light source. [3], [8], [35].
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Fig. 5. Effect of annealing temperature on crystallite size and specific surface area (SSA)
of Cu-Ni/TiO;; (a) anatase phase;and (b) rutile phase.

Table 2. Crystal size and specific surface area for each annealing temperature.

Anatase Rutile
Samples Crystallite size Specific surface Crystallite size Specific surface
(nm) area (m?/g) (nm) area (m?/g)
CN-T4 20.26 70.00 - -
CN-T5 23.64 60.01 - -
CN-T6 30.40 46.67 23.75 59.74
CN-T7 40.53 35.00 40.71 34.84
CN-T8 - - 56.99 24.89

The estimated band gap of the annealed Cu-Ni/TiO, nanoparticles was calculated by using
Kubelka-Munk function F(R) in Eq. (8)

F(R) = &R° ®)

where R is a reflectance percentage from diffuse reflectance spectra (DRS) for each sample. A graph
of (F(R) hv)? vs hv which hv represents photon energy, was plotted to obtain the band gap of the
Cu-Ni/TiO; nanoparticles. From Eq. (8), the extrapolation line of the Tauc plot to the hv axis
indicates the estimated band gap of each sample as shown in Fig. 6 (a)-(e). The estimated band gap
values are tabled in Table 3.
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Fig. 6. Estimation band gap (eV) of Cu-Ni/TiO, annealed at different temperatures;
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Table 3. Estimation band gap of Cu-Ni/TiO; at different anneal temperature.

Samples Annealmg( otgr)nperature Bazle(i] §ap
CN-T4 400 3.36
CN-T5 500 3.33
CN-T6 600 3.32
CN-T7 700 3.08
CN-T8 800 3.04

4.0
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The crystallite size increase with the annealing temperature rises, resulting in a decrease in
the estimated band gap. The crystallite sizes of the photocatalyst can explain these results are the
factor that can affect the band gap values of the Cu-Ni/TiO; [3], [8], [35]. As the annealing
temperature rises, the interatomic spacing of the crystallite structure is reduced, and it changes the
photocatalyst's structural phase [8]. A relation between annealing temperature, crystallite size, and
band gap was identified by Eq. 9,

. Crystal size
Annealing temperature « Y

)

Bandgap energy

where annealing temperature is directly proportional to crystallite size and inversely proportional to
band gap [35], [37]. These results also correspond to the previous study in which the changes of
band gap are dependent on the size of crystallite [3], [9], [18].

According to the H. Lin et al., as a particle size decrease, the density of point/surface defects
of semiconductors increases. These defects will create deep and shallow traps near the
semiconductor's conduction band. This situation will cause the delocalization of molecular orbitals
in the semiconductor surface [42]. Deep traps are localized in space at lattice site defects, which lie
in the middle of the band gap. Meanwhile, the shallow traps lie within a few meV near the
conduction band (lowest unoccupied molecular orbital, LUMO) [43]. When the size of a
semiconductor particle decreases below its bulk of Bohr radius (rg.nr) at the first excitation state, the
size of quantization (Q-size) of the particle rises due to the spatial confinement of the charge carrier.
Thus, the shallow traps will shift to higher energy, resulting in blue shifting of the absorption spectra.
This phenomenon has been described by Brus' effective-mass model (EMM) [42].

The surface morphology of the annealed Cu-Ni/TiO; at different annealing temperatures are
depicted in Fig. 7 (a)-(e). Based on the FESEM image shows an irregular-sized spherical with an
agglomeration of a particle on the morphology of the Cu-Ni/TiO.. The agglomerations might occur
due to overlapping small and medium size particles [8]. Riaz N. et al. [2] and Bashiri R. et al. [44]
also reported the agglomeration for Cu-Ni/TiO, due to the high annealing temperature. As the
annealing temperature increases, the degree of agglomeration of the Cu-Ni/TiO; increases due to the
crystallite size growth. These results are also related to the changes in the particle's structural phase
with the transformation of anatase to rutile with annealed temperature raises, as shown in XRD
results [33], [45]. Table 3 shows the average particle size for all the samples. These FESEM results
agree with XRD analysis that the crystallite size increased when the annealing temperature raised.
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Fig. 7. FESEM images of Cu-Ni/TiO; annealed at different temperatures, (a) CN-T4,
(b) CN-TS5; (c) CN-T6; (d) CN-T7; and (e) CN-T8.

Table 3. The size range of the particle of the annealed Cu-Ni/TiO:.

Samples Annealing temperature | Average Particle Size (nm)
(WY
CN-T4 400 38.52
CN-T5 500 49.81
CN-T6 600 59.49
CN-T7 700 89.33
CN-T8 800 173.59
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Fig. 8 depicts the EDX spectrum elemental for EDX mapping and plotting of Cu-Ni/TiO,
annealed at 400° C. Based on the EDX spectrum elemental in Fig. 8 (a), revealed the elemental
composition of O, Ti, Cu, Ni and Au elements as shown in Table 4. Gold element peak was detected
in the EDX system because of the gold sputtering used in sample preparation for FESEM/EDX
measurement to reduce the charging effect and generate a clearer image of the sample [46]. Fig. 8
(b-f) indicates the EDX colour mapping of the individual Ti, O, Cu, Ni and Au elements from the
selected area, which, based on the colour mapping, the presence of Cu-Ni on the surface of TiO; is
confirmed.
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Fig. 8. EDX mapping and plotting of Cu-Ni/TiO; annealed at 400 °C; (a) EDX spectra; (b) oxygen, (c)
titanium; (d) copper; (e) nickel; and (f) gold.
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Table 4. Spectrum point of EDX spectrum for Cu-Ni/TiO:.

Elements Mass (Wt%)
Oxygen 28.38
Titanium 53.70
Nickel 0.11
Copper 2.66
Gold 12.99

The photocatalytic performance of the annealed Cu-Ni/TiO, was evaluated in the
degradation of methylene blue (MB) under UV light irradiation. Fig. 9 (a)-(e) presents the changes
in MB absorption spectra of MB dye at different times for each sample.
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Fig. 9. Absorption spectra changes of methylene blue under UV light irradiation for different
time periods; (a) CN-T4; (b) CN-T5; (c¢) CN-T6; (d) CN-T7; and (e) CN-T8.
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The highest peak at 664 nm reduces gradually with the elapsed UV light irradiation period,
resulting the CN-T6 exhibiting the highest photocatalytic efficiency, which CN-T6 shows the lowest
absorption spectra after 120 mins UV light irradiation compared to other samples.

This result is also in valid agreement with photocatalytic efficiency and degradation
percentage (%) in the degradation of 10 ppm MB depicted in Fig. 10 (a) and (b), with CN-T6
exhibiting the highest degradation percentage, 62.81% of MB after 120 min UV light irradiation.
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Fig. 10. Photocatalytic performance of the degradation 10 ppm MB under UV light irradiation; (a)
Photocatalytic degradation curve, and (b) Photodegradation percentage.

The first-order rate constant depicted in Fig. 11 is calculated by using Eq. (10) [18]
Co—Ce\ _
ln( - ) = kt (10)

where Cj is the initial concentration, C; is the concentration of the MB after photocatalytic reaction
for time, t and k is the first-order constant. Table 5 shows the degradation percentage and
degradation rate constant, in which the order of MB degradation from the highest to the lowest value
for photocatalytic efficiency is CN-T6 > CN-T5 > CN-T4 > CN-T7 > CN-T8. These results also can
be observed clearly in the images of photodegradation of Cu-Ni/TiO; displayed in Fig.12 (a) and
(b). CN-T6 closest to completely decomposing MB and CN-T4 and CN-T5 partially decompose.
Meanwhile, CN-T7 and CN-T8, consisting of rutile dominant and single rutile phases, hardly
degrade MB after 120 min UV light irradiation. Thus, these results are consistent with the study of
B. Anitha et al., in which the photocatalytic performance is reduced with the increment of rutile
phase content [35]. These results are due to the anatase phase having an indirect band gap and the
rutile having a direct band gap. The indirect band gap exhibits longer electron-hole pair
recombination lifetimes, which lower the rate of recombination of electron-hole pairs. While the
rutile phase has a fast recombination rate leading to low photocatalytic performance [18]. The
anatase-rutile mixed phase exhibits the most excellent photocatalytic performance due to the
synergistic effect, which indicates that the photoexcitation charge carriers of the anatase phase more
easily migrate and transfer to the surface of the rutile phase. These results provide more efficient
electron-hole separation by reducing the recombination of photogenerated electrons and holes [47].
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Fig. 11. Photocatalytic degradation rate constant of methylene blue for annealed Cu-Ni/TiO: at different
temperatures.

Table 5. Photocatalytic degradation percentage and rate constant.

Sample Photocafalytic Photocatalytic' Rate
Degradation (%) Constant (min™)
CN-T4 42.48 4.63x1072
CN-T5 43.29 4.32x102
CN-T6 62.81 7.26x1072
CN-T7 27.13 2.13x10%2
CN-T8 19.53 1.36x10%?
CN-T4 CN-TS5 CN-T6 CN-T7 CN-T8

(@)
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Fig. 12. Images of methylene blue photodegradation by Cu-Ni/TiO; (a) initial (t = 0 min);
and (b) final (t = 120 min).
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The photocatalytic performance of photocatalysts depends on many factors, including
structural phase composition, crystallite size, surface area and band gap [3], [8], [48]. Based on all
these photocatalytic results, CN-T6 is the highest photocatalytic efficiency for this study. It shows
that the mixed anatase/rutile phase with anatase as a dominant phase resulting higher photoactivity
performance compared to the single anatase or rutile phase contents. Based on the XRD result, the
annealing temperature affected the crystallite size of the photocatalyst, resulting in a smaller size at
a low annealing temperature. Small crystallite size exhibits the high specific surface area of the
photocatalyst [35]. Photocatalysts with large surface areas can adsorb many organic compounds at
active sites on the photocatalyst surface by forming Ti*" “OH, on the active site photocatalyst's
surface [49]-[51]. The increase of the surface adsorption site causes a reduction in the dye
degradation period [8]. According to L. Gonghu et al., although the specific surface area of pure
anatase is larger than the mixed phase of TiO,, most of the previous studies [2], [8], [13] reported
that the anatase rutile mixed phase with anatase as the dominant phase content has higher
photocatalytic efficiency compared to the pure anatase phase [49]. This is because the presence of
tetrahedral Ti*" sites in the mixed phase, as suggested by Depero [52] contributes to enhancing the
photocatalytic efficiency of the photocatalyst [49].

4. Conclusions

In this study, Cu-Ni/TiO, nanoparticles was annealed at different temperatures ranging from
400 to 800°C to study the effect of annealing temperature on its structural, morphological, and
optical properties. The annealing temperature affected the crystallite size, phase transformation,
structural phase, surface area, band gap, and degree of agglomeration of the particles based on XRD,
FESEM, UV-DRS and Visible Spectrophotometer analysis. The XRD patterns have shown that Cu-
Ni/TiO; was composed of a single anatase phase at 400 and 500°C, mixed phase anatase-rutile
phases at 600 and 700°C, and a single rutile phase at 800°C. As the annealing temperature raised,
the crystallite size of the Cu-Ni/TiO> increased from 20.26 to 56.99 nm, and the specific surface area
of the samples decreased from 70.00 to 24.89 m?/g.

The band gap of the annealed Cu-Ni/TiO; reduced from 3.36 to 3.04 eV with the increment
of annealing temperature. FESEM shows the degree of agglomeration of the Cu-Ni/TiO» increases
with the annealing temperature due to the crystallite size growth. EDX results revealed that the
copper and nickel were successfully doped in the photocatalyst. In this study, the anatase-rutile
mixed phase with anatase as a dominant phase (CN-T6) demonstrated the highest photocatalytic
performance with 62.81% of the degradation percentage and 7.26x10 min™ for the photocatalytic
rate constant of MB removal. In conclusion, annealing temperature affects photocatalytic efficiency
by changing the phase composition and crystallinity of the photocatalyst.
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