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Abstract: Nanostructured semiconductor materials are considered potential candidates for the degradation of textile wastewater via
the photocatalytic process. This study aims to produce hexagonal gallium nitride (GaN) nanoplates and zinc oxide (ZnO) nanoparticles
in a deionized water environment utilizing a one-step arc discharge process. Detailed characterization of samples has been completed
via scanning electron microscope (SEM), transmission electron microscope (TEM), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), and UV visible spectroscopy methods. The hybrid nanostructure morphologies consist of nanoplates and
nanorods of different sizes. The photoperformance of GaN/ZnO hybrid nanostructures was assessed via the malachite green (MG) dye
degradation under UV exposure. Under UV exposure, the degradation yield reached 98% in 60 min. Compared to individual ZnO and
GaN nanoparticles, the photocatalytic reaction rate of the GaN/ZnO photocatalyst is 2.2 and 3.6 times faster, respectively. Besides, the
GaN/ZnO hybrid nanostructures show excellent photocatalytic stability. The energy consumption of the photocatalytic degradation in
the presence of GaN/ZnO hybrid nanostructures was 1.688 kWhL™". These results demonstrate that the GaN/ZnO hybrid nanostructures
with improved photocatalytic activity are a reasonable option for the decomposition of textile wastewater under UV light exposure.

Key words: Hybrid materials, nanostructures, photocatalysts, malachite green

1. Introduction

The development of nanostructures with designed complex morphologies and compositions offers new potential
for improving the properties of the neat structure by the synergistic combination. Due to their potential for several
functionalities, such as catalytic, magnetic, and optoelectronic ones, nanoparticle hybridization has gained considerable
attention lately [1]. For instance, electrical conduction can be increased by incorporating various metal and metal oxide
nanoparticles into graphene [2]. The hybridization-developed features enable applications in various industries like
electronics, sensors, and energy [3,4]. Recently, Wide-band-gap nanoscale semiconductors with superior carrier density
and mobility can operate at high temperatures, and voltages have attracted much attention [5-9]. The III group-nitride
semiconductor material GaN, which exhibits a wide bandgap at the nanoscale, is one of the most promising ones (3.4 eV at
room temperature) [10]. Great success has already been achieved in many optoelectronic and electronic devices, including
light-emitting diodes (LEDs) [11], solar cells [11], chemical sensors [12-14], and biosensors [15] with the implementation
of GaN nanostructures. The wide-band-gap metal oxides can be used as a photocatalyst for decomposing dyes, organic
molecules, and different contaminates, reducing CO, and splitting water [16,17]. One of the most critical parameters
in the photocatalytic degradation process is chemical stability due to prolonged contact time. To improve the chemical
stability of metal oxides like ZnO and TiO, can be coupled with GaN [18]. Photoconductive metal-oxide-semiconductors
are attracted materials because of their active surface and UV sensing processes [19]. ZnO is a broadband gap material
and holds a significant place within the semiconductor group (3.37 eV) [20]. This oxide creates potential applications
in optoelectronics due to its physical properties [21,22]. ZnO nanostructures show excellent photocatalytic activity in
reducing environmental pollution [23]. The direct energy gap of ZnO exhibits similar properties as in GaN, and it is
expected to use ZnO in applications using GaN [24]. Therefore, it is also possible to use GaN and ZnO to improve the
properties of materials [25]. The combination of GaN and ZnO nanostructures has led to lower band gaps (2.6-2.9 eV
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for containing a high amount of GaN) [26], allowing absorption of visible light and increasing the photocatalytic dye
degradation process.

There are many methods for synthesizing GaN and ZnO nanoparticles with various morphologies, such as rods [23],
plates [27], and wires [28], including the sol-gel technique [29], spray pyrolysis [30], chemical vapor deposition [31],
cathodic electrodeposition [32], plasma pyrolysis, and chemical vapor synthesis [33]. The arc discharge (AD) method
emerges as a cheap and straightforward process in a liquid medium to produce nanoparticles on a large scale [34].

The recent trend in the photocatalytic dye degradation process is to develop which can be degraded organic contaminants
in a possibly shorter time. Van [35] investigated the photocatalytic performance of GaN-ZnO doped g-C,N, by degradation
methylene blue (MB) under visible light. The 50 mg/L MB dye completely degraded after 7 h illumination in the presence
of 500 mg/L GaN-ZnO doped g-C,N,. In the other work, the GaN:ZnO NPs synthesized with the hydrothermal method
and used as photocatalysts for degradation of 20 mg/L MB under visible light irradiation. The 20 mg/L MB dye was
completely degraded after 100 min under visible light using GaN:ZnO [36].

This study aims to obtain the hybrid GaN and ZnO nanostructures using an in situ one-step synthesis method with
enhanced photocatalytic performance by the synergic combination of the components. In this work, we have synthesized
GaN/ZnO hybrid nanostructures by AD method in a deionized water medium. The characterization of GaN/ZnO
nanostructures was investigated by SEM, EDX-mapping, TEM, XRD, FTIR, and UV-vis methods. Also, we employed
the decomposition of MG under UV illumination to assess the photo performance of the obtained GaN/ZnO hybrid
nanostructures. To understand the effect of the combination of GaN and ZnO NPs, the photocatalytic performance of
pure GaN and pure ZnO NPs was investigated by the degradation of MG dye under UV light illumination. The one-step
synthesis GaN/ZnO nanostructures show enhanced photocatalytic performance compared with the pure GaN and ZnO
nanostructure, which indicates that the GaN/ZnO nanostructure is a promising candidate for photodegradation of organic
pollutants.

2. Materials and methods

2.1. Materials
GaN powder from Merck and Zn rods from Alfa Aesar, both with a 99.99 % purity, were used to produce the hybrid GaN/
ZnO nanostructures. To examine the photo performance of hybrid nanostructures, MG was acquired from Merck.

2.2. Synthesis of GaN/ZnO hybrid nanostructures

The arc discharge method, an efficient and inexpensive method, has been preferred in synthesizing GaN/ZnO hybrid
nanostructures. In the arc discharge apparatus, zinc electrodes are used as an anode and cathode, and deionized water is
used as a medium. A zinc rod (10 x 20 mm) served as the cathode. To ensure smooth arc production during the experiment,
asmooth surface is constructed for the cathode rod. A second zinc rod (12 x 60 mm) serving as an anode was bored and 0.2
g of GaN powder was introduced to the rod. Touching the anode to the cathode started an arc discharge in the deionized
water. To achieve a consistent arc, the discharge voltage must be maintained between 20 and 30 V. The current (50 A),
which has been obtained through several experimental tests, is the perfect value for producing nanoparticles with optimal
morphologies in large quantities [37]. Arc discharge persisted until the anode electrode’s GaN powder was depleted. The
resulting powders were collected in a beaker and vacuum-dried at 80 °C.

2.3. Characterization

For analyzing the morphology of the synthesized materials, a JEOL/JSM-6335F-EDS SEM was utilized. TEM image was
captured via a JEOL 2100 transmission electron microscope working at 300 kV. Cu Ka radiation (k = 0.15418 nm) was used
to create the X-ray diffraction (XRD) pattern, which was then recorded using a Shimadzu XRD-6000 X-ray diftractometer
working at 40 kV and 30 mA. The HR4000 UV-VIS from Ocean Optics was used to acquire UV-VIS spectra. The FTIR
spectrum was recorded via Perkin Elmer Spectrum 100.

2.4. Measurement of photocatalytic activity

The photocatalytic decomposition of MG was achieved in a photoreactor (Luzchem Research Inc., Canada) accoutered
with 8 UVC bulbs with emission at = 254 nm. A digital lux meter recorded 946 Ix as the UV light’s intensity. In a quartz
tube, 0.6 mg of the nanoparticle and 3 mL of MG aqueous solution with a concentration of 1.5 x 10~ M were added. To
achieve the adsorption-desorption equilibrium, this dye-photocatalyst mixture was magnetically agitated for 30 min in
the dark. The photo decolorization of MG then proceeded after the lamps were switched on at room temperature. The
UV-vis spectroscopy technique was used to determine the MG dye’s concentration. Equation 1 is used to obtain the dye
degradation efficiency.

Degradation (%) = C"C;C x 100 (Eq. 1)
o .
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where C, denotes the initial dye concentration and C denotes the dye concentration after a certain irradiation time.

To understand the photocatalytic stability performance, GaN/ZnO hybrid nanostructures were utilized for five
photocatalytic cycles. After the first photocatalytic experiment, the catalyst was collected from suspension with
centrifugation and decantation. After, the photocatalyst was introduced to a new dye solution the experiment procedure
was repeated five times.

2.5. Energy consumption of photocatalytic dye degradation
The electrical energy per order (EEO) was calculated to determine the energy consumption of photocatalytic MG
degradation. E_  was defined based on the electrical energy required for degradation of MG in the presence of GaN/ZnO
hybrid nanostructure, pure ZnO, and pure GaN after 60 min UV light exposure as follows:

Ero Pxt

~ Vxlog (2—‘;) (Eq.2)

Where P is the power (kW) of the lamps, V is the volume (L) of degraded dye in the time t (h), and C and C, are the initial
and final dye concentrations, respectively.

3. Result and discussion

3.1. Structure and morphology

Figures 1a-1c show the SEM images of the GaN/ZnO hybrid nanostructures produced via the AD method from different
regions. Two distinct morphologies, hexagonal-shaped plates (2D) and nanorods (1D) with different sizes, are observed.
ZnO nanorods are regarded as an agglomerated structure with approximately 10-30 nm diameters and in a micron length
on GaN nanoparticles (Figures 1a-1b). Our previous studies [20,38] showed that the ZnO nanostructure synthesized by
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Figure 1. (a-c) SEM images of the GaN/ZnO hybrid structures at different regions,
(d) EDS mapping of the hybrid structure (e) EDS spectrum of the GaN/ZnO hybrid
nanostructures.
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AD methods displayed similar nanorod structure morphology. The GaN nanoplates are displayed with dimensions ranging
from one to a few microns, and their thickness is approximately 50-150 nm (Figure 1c). The produced plates are exactly
hexagonal, and in certain places, these plates are interlinked, as represented previously by [27]. The EDS mapping represents
gallium, oxygen, nitrogen, and zinc elements with a homogeneous distribution in the hybrid nanostructure (Figure 1d).
The EDS spectrum is given in Figure le, and the chemical composition of the synthesized hybrid nanostructures shows
no additional peaks, indicating high purity (Figure le). Besides, since the amount of gallium is higher than zinc, GaN
nanoplates can be regarded as an abundant structure in the hybrid structure.

TEM image of agglomerated GaN/ZnO hybrid nanostructures is given in Figure 2a. Two different morphologies are
identified in the synthesized GaN/ZnO hybrid nanostructures (Figure 2a). GaN nanoplates are observed with widths
varying from 1 to a few um. As observed with SEM analysis, ZnO nanorods mainly represent an agglomerated structure
GaN plates. The SAED analysis of GaN/ZnO hybrid nanostructures indicates is given in Figure 2b. These rings are
attributed to a polycrystalline structure (Figure 2b). The interplanar distances are calculated as 0.265, 0.2448, 0.150, and
0.130 nm using the image processing method (Image], https://imagej.nih.gov/ij/), which are in good agreement with (002)
plane of GaN, (101) plane of ZnO, (110) plane of GaN and (201) plane of ZnO, respectively.

The XRD pattern of the synthesized GaN/ZnO hybrid nanostructures is given in Figure 3. As a result of phase
identification, the coexistence of wurtzite ZnO and wurtzite GaN phases is revealed (Figure 3). The hexagonal wurtzite
structure of the indicated ZnO peaks possesses lattice parameters a = 0.324 nm and ¢ = 0.519 nm (JCPDS No. 30-1451).
According to Scherrer’s formula, which is illustrated in Equation 3, the average particle size of the ZnO phase is roughly
30 nm.

KA
D= Bcos6 (Eq 3)

Here K = 0.9 is a dimensionless shape factor, A (nm) indicates the wavelength of CuKa radiation (1.5418 A), 6 is the
Bragg angle and 8 means the FWHM of the diffraction peak. The XRD pattern shows that the ZnO nanoparticles have
a strongly oriented shape. The three most noticeable diffraction peaks, (100), (002), and (101), are all consistent with
hexagonal wurtzite GaN (JCPDS No. 88-2361), with a and ¢ wavelengths of 0.316 and 0.512 nm, respectively, since the
GaN phase is abundant in the hybrid structure as confirmed by EDS analysis.

The absorbance of pure ZnO, pure GaN, and GaN/ZnO hybrid nanostructures are displayed in Figure 4a from 200 to
800 nm. The absorbance spectrum of pure ZnO indicates two absorption bands at 292 and 383 nm. The GaN possesses an
absorption band at 240 nm. The absorption spectrum of GaN/ZnO hybrid nanostructures represents a broad absorption
band with two distinct shoulders centered at 335 and 310 nm, and a long adsorption tail into the visible light area (Figure
4a). The absorption spectrum of GaN/ZnO hybrid nanostructures represents a similar curve of both pure GaN and pure
ZnO structures. The band at 383 nm belonging to ZnO shifted to a small wavelength due to the interaction between ZnO
and GaN phases.

The band gap (Eg) of the GaN/ZnO hybrid nanostructures estimated Tauc Plots as (ahv)" versus hv from the UV-vis
spectrum, where & absorption coefficient, i Planck constant, light frequency, and »n = 2 for the direct band gap material

402



USTUN et al. / Turk ] Chem

= ZnO
e GaN

(101)

%(100)

Intensity (a.u.)

20 (Degree)

Figure 3. The XRD pattern of the GaN/ZnO hybrid nanostructures.
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Figure 4. (a) The UV-vis spectrum and (b) the band gap estimation of pure ZnO, pure GaN, and
GaN/ZnO hybrid nanostructures.

(Figure 4b) [39]. The band gap of pure ZnO, pure GaN, and GaN/ZnO hybrid nanostructures are estimated to be 2.63,
3.47,and 2.86 eV (Figure 4b).

The FTIR spectrum of GaN/ZnO hybrid nanostructures is given in Figure 5. The absorption bands of 567.74 and
560.40 cm™ correspond to Ga-N stretching vibration in hexagonal type and Ga-N stretching vibration peak [40]. The band
at 546 cm™ indicates the presence of Zn-O vibrations (Figure 5) [41].

3.2. Photo performance of GaN/ZnO hybrid nanostructures

The decomposition of the MG dye solution under an ultraviolet light source was utilized to assess the photo performance
of GaN/ZnO hybrid nanostructures. To compare with the photo performance of GaN/ZnO hybrid nanostructures, the
photocatalytic efficiency of pristine ZnO and pristine GaN nanostructures was also studied under the same circumstances.
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Figure 5. FTIR spectrum of GaN/ZnO hybrid nanostructure.
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Figure 6. (a) The UV-vis absorbance spectra and inset color change of MG dye (inset figure 6a; photographs of decomposition
comparison) comparison of (b) the apparent rate constants of the MG with respect to time intervals and (c-d) degradation efficiencies
and k_ of the MG at 60 min in the presence GaN and ZnO nanostructures and GaN/ZnO hybrid nanostructures under UV light
irradiation (0.2 mg/mL photocatalyts; concentration of dye: 1.5 x 10° M).
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Negligible photocatalytic activities are indicated by blank tests, such as catalyst-free or light sources [38]. Figure 6a
displays the variation in the MB dye’s adsorption spectra when GaN/ZnO hybrid nanostructures are present and UV
light (photocatalysis) is irradiated for intervals of 15 min. The characteristic peaks of MG dye at 423 and 615 nm decrease
suddenly after 15 min exposure under UV light illumination (Figure 6a). After 60 min of UV light exposure, the MG’s
distinctive peaks almost completely vanished. The MG dye’s color change was also seen inset Figure 6a. The comparison
of the decolorization rate of MG in the presence of GaN/ZnO hybrid nanostructures, pure ZnO and pure GaN under UV
light and dark conditions (Figures 6b, 6¢). It can be observed clearly that the degradation of MG dye reached around 60%
in the presence of GaN/ZnO hybrid nanostructures under 15 min UV light exposure. Also, the MG dye has been degraded
nearly completely by GaN/ZnO hybrid nanostructures after 60 min. In the same conditions, the decolorization efficiency
are 79% and 91% under UV light irradiation in the presence of the pure GaN and pure ZnO nanostructure. In the dark
condition, the decolorization of MG dye is around only 5% with adsorption process. Also, the reaction rate constant of
photocatalysts were determined via the pseudo first-order kinetic model. The pseudo first-order kinetic has been widely
used to model the photocatalytic process and the reaction rate can be applied as Equation 4,

—lnC£0 =kt (Eq. 4)
where C is the measured MG concentration at different intervals, C,is the initial MG dye concentration measured after 60
min absorption and k refers to the reaction rate kinetic constant, and t is the irradiation time. The reaction rate constant
k of the GaN/ZnO catalyst is 0.08899 min~' which is approximately 4 and 3 times higher than the reaction rate constant
pure GaN and pure ZnO catalysts under UV light irradiation, respectively. The results indicate that the GaN/ZnO hybrid

1.0 —
100 60 min UV light exposure
0.8- &0
g
E 50
°
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o
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Figure 7. The photocatalytic stability of GaN/ZnO for the degradation of MG
under UV light and inset figure: the comparison of the degradation efficiency
for the 60 min UV light illumination of MG dye (0.2 mg/mL photocatalysts;
concentration of dye: 1.5 x 10° M).

Table 1. The comparison degradation efficiencies and k of MG in the presence of GaN/ZnO hybrid nanostructures and
GaN and ZnO nanostructures under UV exposure after 60 min (0.2 mg/mL photocatalyst; initial concentration of dye:

1.5x10° M)

Degradation % kapp (min™) RrR?
GaN/ZnO 98 0.08889 0.9882
GaN 79 0.02307 0.9992
ZnO 91 0.03671 0.9987
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Table 2. Comparison of previously reported photocatalysts with degradation efficiency.

Photocatalyst Pollution Light %Degradation | Time (min) Reference
GaN-ZnO/g-C\N, MB uv 98.1 300 [35]
MOF-derived C-ZnO/PVDF | MB uv 95% 270 [42]
Mn,0,@Zn0O MG uv 89.99 240 (43]
Sn0O,/ZnO MG Xenon Lamp 98 100 [44]
GaN:ZnO MB Visible 100 100 [36]
GaN/ZnO MG uv 98 90 This work

nanostructure shows superior photocatalytic activity for decolorization MG dye under UV light irradiation. Also, GaN/
ZnO hybrid nanostructures indicate excellent photocatalytic activity when compared with pure GaN and pure ZnO
catalysts. The Figure 6d is given to compare the degradation efficiency of MG dye and the photocatalytic reaction rate
under 60 min UV light irradiation in the presence of GaN/ZnO hybrid nanostructures and GaN and ZnO nanostructures
(Figure 6d). The results are given in Table 1.

The photocatalytic stability of GaN/ZnO hybrid nanostructure was investigated with the five photocatalytic dye
degradation processes. For each photocatalytic usage, GaN/ZnO was collected with centrifugation and then added to
a new dye solution. After first photocatalytic cycle, the photocatalytic activity of GaN/ZnO was decreased. MG dye
decolorized in 90 min under UV light irradiation in the second photocatalytic usage. No apparent deactivation of GaN/
ZnO was observed after the second usage under UV light irradiation for degradation of MG dye (Figure 7).

The comparison between this work and the data reported in other literature is presented in Table 2. The synthesized
GaN/ZnO photocatalyst is a potential and alternative candidate to use in photocatalytic wastewater treatment.

3.3. Energy consumption
The electrical energy consumption of photocatalytic degradation of MG was calculated. The E, | values were 1.688, 2.51,
and 3.48 kWhL™ for photocatalytic degradation of MG in the presence of GaN/ZnO hybrid nanostructure, pure ZnO,
and pure GaN under UV light illumination. The photocatalytic degradation of MG in the presence of GaN/ZnO hybrid
nanostructure needs the lowest energy compared with the pure ZnO and pure GaN.

The energy demand in the presence of pure ZnO and pure GaN of photocatalytic degradation is around 2 times higher
than that of GaN/ZnO hybrid nanostructure. The results show that GaN/ZnO hybrid nanostructure is an energy saver
photocatalyst than pure ZnO and pure GaN for the degradation of MG under UV light illumination.

4. Conclusion

The GaN/ZnO hybrid nanostructures were synthesized via the AD method. The morphology of GaN/ZnO consists
of hexagonal nanoplate and nanorod structures. The EDS analysis image and spectrum showed no additional peaks,
excluding gallium, oxygen, nitrogen, and zinc elements. Due to the synergistic effect, the band gap of the GaN/ZnO
hybrid nanostructures was predicted to be 2.86 eV. By degrading the MG dye solution under a UV light source, the photo
performance of GaN/ZnO hybrid nanostructures was investigated. To compare with the photo performance of GaN/ZnO
hybrid nanostructures, the photocatalytic activities of pure ZnO and pure GaN nanostructures were also studied under
similar circumstances. After 60 min of UV light exposure, GaN/ZnO hybrid nanostructures had totally decomposed the
MG dye. Under similar circumstances, and in the presence of pure GaN and pure ZnO nanostructures, the decolorization
efficiencies are 79% and 91%, respectively. Also, the GaN/ZnO hybrid nanostructure exhibits excellent photocatalytic
stability. In the fifth photocatalytic cycle, the MG dye was completely decomposed in the presence of the GaN/ZnO
hybrid nanostructure under UV light illumination. Moreover, GaN/ZnO hybrid nanostructure is a more energy saver
photocatalyst than pure ZnO and pure GaN for the degradation of MG under UV light illumination. GaN/ZnO hybrid
nanostructures are anticipated to be a strong contender to be used as a high-performance photocatalyst for the oxidation
of organic dyes when exposed to UV radiation.

406


https://doi.org/10.1016/j.cplett.2020.138191
https://doi.org/10.1016/j.jallcom.2021.162559
https://doi.org/10.3390/nano12213754

USTUN et al. / Turk ] Chem

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Bai S, Shen X. Graphene-inorganic nanocomposites. Rsc Advances 2012; 2 (1): 64-98. https://doi.org/10.1039/C1RA00260K

Huang X, Qi X, Boey E, Zhang H. Graphene-based composites. Chemical Society Reviews 2012; 41 (2): 666-686. https://doi.org/10.1039/
C1CS15078B

Zhang C, Hao R, Yin H, Liu F, Hou Y. Iron phthalocyanine and nitrogen-doped graphene composite as a novel non-precious catalyst for
the oxygen reduction reaction. Nanoscale 2012; 4 (23): 7326-7329. https://doi.org/10.1039/C2NR32612D

Miillen K. Evolution of graphene molecules: structural and functional complexity as driving forces behind nanoscience. ACS nano 2014; 8
(7): 6531-6541. https://doi.org/10.1021/nn503283d

Zhou Z, Lan C, Wei R, Ho JC. Transparent metal-oxide nanowires and their applications in harsh electronics. Journal of Materials
Chemistry C 2019; 7 (2): 202-217. https://doi.org/10.1039/C8TC04501A

Milldn ], Godignon P. Wide Bandgap Power Semiconductor Devices. In: Spanish Conference on Electron Devices; Spain; 2013. pp. 293-
296. https://doi.org/10.1109/CDE.2013.6481400

Shenai K, Scott RS, Baliga BJ. Optimum semiconductors for high-power electronics. IEEE Transactions on Electron Devices 1989; 36 (9):
1811-1823. https://doi.org/lO.l 109/16.34247

Gu C, Wheeler P, Castellazzi A, Watson AJ, Effah E Semiconductor devices in solid-state/hybrid circuit breakers: Current status and future
trends. Energies 2017; 10 (4): 495. https://doi.org/10.3390/en10040495

Neudeck PG, Okojie RS, Chen LY. High-temperature electronics-a role for wide bandgap semiconductors? Proceedings of the IEEE 2002;
90 (6): 1065-1076. https://doi.org/10.1109/JPROC.2002.1021571

Khan MAH, Rao MV. Gallium nitride (GaN) nanostructures and their gas sensing properties: a review. Sensors 2020; 20 (14): 3889. https://
doi.org/10.3390/s20143889

Rajbhandari S, McKendry JJ, Herrnsdorf ], Chun H, Faulkner G, et al. A review of gallium nitride LEDs for multi-gigabit-per-second visible
light data communications. Semiconductor Science and Technology 2017; 32 (2): 023001. https://doi.org/10.1088/1361-6641/32/2/023001

Khan MAH, Rao MV, Li Q. Recent advances in electrochemical sensors for detecting toxic gases: NO,, SO, and H,S. Sensors 20195 19 (4):
905. https://doi.org/10.3390/s19040905

Prokopuk N, Son KA, George T, Moon JS. Development of GaN-based micro chemical sensor nodes. IEEE 2004; pp. 4. https://doi.
org/10.1109/ICSENS.2005.1597670

Pearton SJ, Kang BS, Kim S, Ren E Gila BP, et al. GaN-based diodes and transistors for chemical, gas, biological and pressure sensing.
Journal of Physics: Condensed Matter 2004; 16 (29): R961. https://doi.org/10.1088/0953-8984/16/29/R02

Podolska A, Seeber RM, Mishra UK, Pfleger KDG, Parish G et al. Detection of biological reactions by AlGaN/GaN biosensor. COMMAD
2012; IEEE; 2012. pp. 75-76. https://doi.org/10.1109/COMMAD.2012.6472367

Ray C, Pal T. Recent advances of metal-metal oxide nanocomposites and their tailored nanostructures in numerous catalytic applications.
Journal of Materials Chemistry A 2017; 5 (20): 9465-9487.

Ganguly A, Anjaneyulu O, Ojha K, Ganguli AK. Oxide-based nanostructures for photocatalytic and electrocatalytic applications.
CrystEngComm 2015; 17 (47): 8978-9001. https://doi.org/10.1039/C5CE01343G

Guo Y,MaL,Mao K, JuM, Bai Y, et al. Eighteen functional monolayer metal oxides: wide bandgap semiconductors with superior oxidation
resistance and ultrahigh carrier mobility. Nanoscale Horizons 2019; 4 (3): 592-600. https://doi.org/10.1039/C8NH00273H

Bajpai R, Motayed A, Davydov AV, Bertness KA, Zaghloul ME. UV-assisted alcohol sensing with zinc oxide-functionalized gallium nitride
nanowires. IEEE electron device letters 2012; 33 (7): 1075-1077. https://doi.org/10.1109/LED.2012.2194129

Avci A, Eskizeybek V, Giilce H, Haspulat B, $ahin 0Os. ZnO-TiO, nanocomposites formed under submerged DC arc discharge: preparation,
characterization and photocatalytic properties. Applied Physics A 2014; 116 (3): 1119-1125. https://doi.org/10.1007/s00339-013-8194-1

Bae HS, Yoon MH, Kim JH, Im S. Photodetecting properties of ZnO-based thin-film transistors. Applied Physics Letters 2003; 83 (25):
5313-5315. https://doi.org/10.1063/1.1633676

Ozgiir U, Alivov Y, Liu C, Teke A, Reshchikov M et al. A comprehensive review of ZnO materials and devices. Journal of applied physics
2005; 98 (4): 11. https://doi.org/10.1063/1.1992666

Saoud K, Alsoubaihi R, Bensalah N, Bora T, Bertino M et al. Synthesis of supported silver nano-spheres on zinc oxide nanorods for visible
light photocatalytic applications. Materials Research Bulletin 2015; 63: 134-140. https://doi.org/10.1016/j.materresbull.2014.12.001

407


https://doi.org/10.1039/C1RA00260K
https://doi.org/10.1039/C1CS15078B
https://doi.org/10.1039/C1CS15078B
https://doi.org/10.1039/C2NR32612D
https://doi.org/10.1021/nn503283d
https://doi.org/10.1039/C8TC04501A
https://doi.org/10.1109/CDE.2013.6481400
https://doi.org/10.1109/16.34247
https://doi.org/10.3390/en10040495
https://doi.org/10.1109/JPROC.2002.1021571
https://doi.org/10.3390/s20143889
https://doi.org/10.3390/s20143889
https://doi.org/10.1088/1361-6641/32/2/023001
https://doi.org/10.3390/s19040905
https://doi.org/10.1109/ICSENS.2005.1597670
https://doi.org/10.1109/ICSENS.2005.1597670
https://doi.org/10.1088/0953-8984/16/29/R02
https://doi.org/10.1109/COMMAD.2012.6472367
https://doi.org/10.1039/C5CE01343G
https://doi.org/10.1039/C8NH00273H
https://doi.org/10.1109/LED.2012.2194129
https://doi.org/10.1007/s00339-013-8194-1
https://doi.org/10.1063/1.1633676
https://doi.org/10.1063/1.1992666
https://doi.org/10.1016/j.materresbull.2014.12.001

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

408

USTUN et al. / Turk ] Chem

Muth JE, Kolbas RM, Sharma AK, Oktyabrsky S, Narayan ]. Excitonic structure and absorption coefficient measurements of ZnO
single crystal epitaxial films deposited by pulsed laser deposition. Journal of Applied Physics 1999; 85 (11): 7884-7887. https://doi.
org/10.1063/1.370601

Hadi WA, Shur MS, O’Leary SK. Steady-state and transient electron transport within the wide energy gap compound semiconductors
gallium nitride and zinc oxide: an updated and critical review. Journal of Materials Science: Materials in Electronics 2014; 25 (11): 4675-
4713. https://doi.org/10.1007/s10854-014-2226-2

Godin R, Hisatomi T, Domen K, Durrant JR. Understanding the visible-light photocatalytic activity of GaN: ZnO solid solution: the role of
Rh, Cr O, cocatalyst and charge carrier lifetimes over tens of seconds. Chemical science 2018; 9 (38): 7546-7555. https://doi.org/10.1039/
C85C02348D

Mao W, Bao K, Sun R, Li Z, Rong L. Synthesis of hexagonal GaN nanoplates via a convenient solid state reaction. Journal of Alloys and
Compounds 2015; 620: 5-9. https://doi.org/10.1016/j.jallcom.2014.09.066

Doughty RM, Chowdhury FA, Mi Z, Osterloh FE. Surface photovoltage spectroscopy observes junctions and carrier separation
in gallium nitride nanowire arrays for overall water-splitting. The Journal of Chemical Physics 2020; 153 (14): 144707. https://doi.
org/10.1063/5.0021273

Hoyer P, Weller H. Size-dependent redox potentials of quantized zinc oxide measured with an optically transparent thin layer electrode.
Chemical physics letters 1994; 221 (5-6): 379-384. https://doi.org/10.1016/0009-2614(94)00287-8

De Merchant ], Cocivera M. Preparation and doping of zinc oxide using spray pyrolysis. Chemistry of Materials 1995; 7 (9): 1742-1749.

Maruyama T, Shionoya J. Zinc oxide thin films prepared by chemical vapour deposition from zinc acetate. Journal of materials science
letters 1992; 11 (3): 170-172. https://doi.org/10.1007/BF00724682

Izaki M, Omi T. Transparent zinc oxide films prepared by electrochemical reaction. Applied Physics Letters 1996; 68 (17): 2439-2440.
https://doi.org/10.1063/1.116160

Brehm JU, Winterer M, Hahn H. Synthesis and local structure of doped nanocrystalline zinc oxides. Journal of applied physics 2006; 100
(6): 064311. https://doi.org/10.1063/1.2349430

Ustiin T, Eskizeybek V, Avct A. Facile And Template-Free Synthesis Of CuO Nanoparticles. Konya Mithendislik Bilimleri Dergisi 2019; 7
(4): 696-704. https://doi.org/10.36306/konjes.654449

Van KN, Thi VNN, Thi TPT, Truong TT, Le Thi TL et. al. A novel preparation of GaN-ZnO/g-C N, photocatalyst for methylene blue
degradation. Chemical Physics Letters 2021; 763: 138191. https://doi.org/10.1016/j.cplett.2020.138191

Leng B, Zhang X, Chen S, Li ], Sun Z et al. Highly efficient visible-light photocatalytic degradation and antibacterial activity by GaN:ZnO
solid solution nanoparticles. Journal of Materials Science & Technology 2021; 94: 67-76. https://doi.org/10.1016/j.cplett.2020.138191

Eskizeybek V, Avci A, Chhowalla M. Structural and optical properties of CdO nanowires synthesized from Cd(OH), precursors by
calcination. Crystal Research and Technology 2011; 46 (10): 1093-1100. https://doi.org/10.1002/crat.201100221

Eskizeybek V, Sar1 E, Giilce H, Giilce A, Avci A. Preparation of the new polyaniline/ZnO nanocomposite and its photocatalytic activity for
degradation of methylene blue and malachite green dyes under UV and natural sun lights irradiations. Applied Catalysis B: Environmental
2012; 119: 197-206. https://doi.org/10.1016/j.apcatb.2012.02.034

Haspulat Taymaz B, Eskizeybek V, Kamus H. A novel polyaniline/NiO nanocomposite as a UV and visible-light photocatalyst for complete
degradation of the model dyes and the real textile wastewater. Environmental Science and Pollution Research 2022; 28, 6700-6718. https://
doi.org/10.1007/s11356-020-10956-0

Zhuang H, Li B, Zhang S, Zhang X, Xue C et al. Fabrication of High-Density GaN Nanowires through Ammoniating Ga,0,/Nb Films. Acta
Physica Polonica A 2008; 113 (2): 723-730.

Alamdari S, Sasani Ghamsari M, Lee C, Han W, Park HH et al. Preparation and characterization of zinc oxide nanoparticles using leaf
extract of Sambucus ebulus. Applied Sciences 2020; 10 (10): 3620. https://doi.org/10.3390/app10103620

Tang T, Li C, He W, Hong W, Zhu H et al. Preparation of MOF-derived C-ZnO/PVDEF composites membrane for the degradation of methylene
blue under UV-light irradiation. Journal of Alloys and Compounds 2022; 894: 162559. https://doi.org/10.1016/j.jallcom.2021.162559

Shaikh B, Bhatti MA, Shah AA, Tahira A, Shah AK et al. Mn,0,@ZnO Hybrid Material: An Excellent Photocatalyst for the Degradation
of Synthetic Dyes including Methylene Blue, Methyl Orange and Malachite Green. Nanomaterials 2022; 12 (21): 3754. https://doi.
org/10.3390/nano12213754

Zhang Y, Liu B, Chen N, Du Y, Ding T et al. Synthesis of SnO,/ZnO flowerlike composites photocatalyst for enhanced photocatalytic
degradation of malachite green. Optical Materials 2022; 133: 112978, https://doi.org/10.1016/j.optmat.2022.112978


https://doi.org/10.1063/1.370601
https://doi.org/10.1063/1.370601
https://doi.org/10.1007/s10854-014-2226-2
https://doi.org/10.1039/C8SC02348D
https://doi.org/10.1039/C8SC02348D
https://doi.org/10.1016/j.jallcom.2014.09.066
https://doi.org/10.1063/5.0021273
https://doi.org/10.1063/5.0021273
https://doi.org/10.1016/0009-2614(94)00287-8
https://doi.org/10.1007/BF00724682
https://doi.org/10.1063/1.116160
https://doi.org/10.1063/1.2349430
https://doi.org/10.36306/konjes.654449
https://doi.org/10.1016/j.cplett.2020.138191
https://doi.org/10.1016/j.cplett.2020.138191
https://doi.org/10.1002/crat.201100221
https://doi.org/10.1016/j.apcatb.2012.02.034
https://doi.org/10.1007/s11356-020-10956-0
https://doi.org/10.1007/s11356-020-10956-0
https://doi.org/10.3390/app10103620
https://doi.org/10.1016/j.jallcom.2021.162559
https://doi.org/10.3390/nano12213754
https://doi.org/10.3390/nano12213754
https://doi.org/10.1016/j.optmat.2022.112978

	GaN/ZnO hybrid nanostructures for improved photocatalytic performance: One-step synthesis
	Recommended Citation

	tmp.1682689327.pdf.RznXz

