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ABSTRACT

ZnO structures are accessible photocatalysts that can be synthesized using significantly cheaper resources than other
catalyst alternatives, addressing current environmental concerns. The present research proposed a design and
synthesis of ZnO structures with two different morphologies, namely flower-like ZnO (ZnO-F) and rod-like ZnO
(ZnO-R) using a simple hydrothermal method. These efficient catalysts were characterized using FTIR, Raman
spectroscopy, XRD, SEM, BET, and XPS analyses. Both synthesis routes resulted in the formation of wurtzite
crystalline ZnO. The variation in the synthesis route affected the morphology, crystallite size, and surface area of the
ZnO structures. The crystallite sizes of ZnO-F and ZnO-R specimens were 24.46 nm and 31.10 nm, respectively.
SEM indicated remarkable alterations in the morphology of ZnO structures. The surface area of ZnO-F (20 m?/g)
was almost doubled compared to ZnO-R specimen (9.5 m?/g). XPS analysis confirmed the chemical states of ZnO
structures. The impact of morphology and reaction conditions on the photoactivity of ZnO structures was tested on
the degradation of Reactive Red 194 (RR-194) dye and ZnO-F specimen exhibited an improved photocatalytic
performance than ZnO-R.

Keywords: Flower-like, hydrothermal method, photocatalysis, photocatalytic performance, Reactive Red-194, rod-
like, ZnO structures.

OZET

ZnO yapilar, ¢evre sorunlarinda kullanilabilecek etkin ve ekonomik katalizorler olarak giliniimiizde dikkat
¢ekmektedir. Bu ¢aligsmada, basit bir hidrotermal yontem kullanilarak ¢igek benzeri ZnO (ZnO-F) ve gubuk benzeri
ZnO (ZnO-R) olmak fizere iki farkli morfolojide ZnO yapilarinin tasarimini ve sentezini Onerilmistir. Bu etkin
katalizorlerin karakterizasyonu FTIR, Raman spektroskopisi, XRD, SEM, BET ve XPS analizleri ile yapilmistir. Her
iki yontem ile wurtzit ZnO yapisi elde edilmistir. Sentez kosullarindaki farklilik ise ZnO yapilarinin morfolojisini,
kristal boyutunu ve yiizey alanini etkilemistir. ZnO-F ve ZnO-R &rneklerinin kristal boyutlart sirasiyla 24,46 nm ve
31,10 nm olarak bulunmustur. SEM analizi ile ZnO yapilarimin morfolojisinde dikkate deger degisiklikler
saptanmustir. ZnO-F 6rneginin yiizey alan1 (20 m%/g) ise ZnO-R 6rneginin yiizey alanimin (9,5 m?/g) yaklasik iki
katidir. XPS analizi ile ZnO yapilarmin kimyasal halleri belirlenmistir. Morfoloji ve reaksiyon kosullarmin ZnO
yapilariin foto aktivitesi lizerindeki etkisinin belirlenmesi Reaktif Kirmizi 194 (RR-194) boyasinin degradasyonu
ile incelenmistir. Fotokatalitik aktivite deneylerinde ise ZnO-F katalizoriiniin ZnO-R kataliz6riinden daha iyi bir
fotokatalitik performans sergiledigi bulunmustur.

Anahtar Kelimeler: Cicek benzeri, hidrotermal yontem, fotokataliz, fotokatalitik performans, Reaktif Kirmizi-194,
cubuk benzeri, ZnO yapilari.
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INTRODUCTION

Water pollution is a global problem caused by substantial industrial development and population growth. The textile
industry is the most polluting sector globally with approximately 100 tons of dyes entering the wastewater system
annually. Azo dyes are considered the most common class of colorants, representing over half of all industrial dyes.
These dyes are highly soluble in water and difficult to remove or degrade due to their stability and aromatic molecular
structure. The direct discharge of inadequately treated textile wastewater into the environment can cause severe health
concerns to all living beings (Bhapkar and Bhame, 2024; Islam et al., 2023; Kumari et al., 2023; Saced et al.,2022).

The removal of synthetic dyes is essential and can be accomplished through various primary water treatment
strategies (Aksoy, 2024; Sentiirk, 2024; Yildiz, 2024). Physical methods transfer pollutants from water to a solid
phase medium without degrading them. Biological processes, on the other hand, often require a relatively prolonged
treatment cycle. Advanced oxidation processes (AOPs) are well-known extremely effective water treatments that
successfully decompose substances that are difficult to treat with conventional techniques. Among them,
photocatalysis stands out as a prominent and environmentally friendly AOPs that minimizes secondary pollution.
This method is notable for being simple, affordable, and capable of achieving complete oxidative mineralization of
various pollutants (Bhapkar and Bhame, 2024; Islam et al., 2023; Saeed et al., 2022).

ZnO is a widely used economical and n-type semiconductor known for its exceptional photocatalytic properties in
degrading organic pollutants in water. (Bhapkar and Bhame, 2024). The photocatalytic degradation mechanism of
ZnO can be explained by reactions (1-7). The reaction is initiated after ZnO absorbs UV light (A<390 nm) and
indicates the generation of photogenerated electron/hole pairs (e ~/h™). These charge carriers transfer into the ZnO
leading to simultaneous redox reactions with surface-adsorbed O, that produce hydroxyl radicals (- OH) and
superoxide anions (- 05 ). The - 05 react with surface-adsorbed water to produce hydrogen peroxide (H,0,), which
is responsible for the formation of - OH and they are possibly accountable for the degradation of most of the adsorbed
organic pollutants, here RR-194 (Saikia et al., 2015).

Zn0+hv->e  +h? (1)
e +0, - 05 2)
-0; + e~ +2H* - H,0, 3)
H,0, -2 -OH 4)
h* + OH™ - OH ®))
h* + H,0 > OH + H* (6)
*OH or - 0; + pollutant,,; — degraded product @)

Up to now, numerous synthetic approaches have been used to prepare special morphologies of ZnO structures (Ali
et al., 2023; Das et al., 2019; Hussain et al., 2024; Lin et al., 2020; Sun et al., 2016). These approaches are mainly
classified as physical and solution phase methods. Physical methods (thermal evaporation, chemical vapor
deposition, etc.) are complex processes that proceed at high temperatures. The main drawback is the high operational
costs, which limits its potential applications. On the other hand, the solution phase methods including sol-gel,
hydrothermal, solvothermal, microemulsion, precipitation, etc. are widely applied processes that occur at low
temperatures (<200 °C) (Ahmed et al., 2014; Raub et al., 2024; Shi et al., 2014). Amongst these methods, the
hydrothermal method is a facile, cost-effective, and low-temperature process for fabricating various ZnO
nanostructures. Additionally, the hydrothermal process provides precise control over nucleation, growth, aging rate,
and uniformity, enabling effective particle size and morphology control. In this method, the alteration of reaction
conditions such as precursor concentration, process time, pH, temperature, and solvents, results in different ZnO
morphologies (Basnet and Chatterjee, 2020; Shi et al., 2014; H. Wang et al.,2011).

Recently, various strategies have been proposed to prepare one-dimensional (nanorods, wires, tubes, etc.), two-
dimensional (nanosheets, nano pellets, etc.), and three-dimensional (coniferous urchin, flower, dandelion, etc.) ZnO
nanostructures (Hahn, 2011; Sun et al., 2016; Xie et al.,2011). A variety of complex structural ZnO architectures such
as hierarchical ZnO flower-rod arrays (Han et al., 2012), honeycomb Ag/ZnO heterostructures (Cai et al., 2013) have
also been synthesized. One-dimensional and two-dimensional ZnO nanostructures exhibit a high surface-to-volume
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ratio property. Three-dimensional hierarchical ZnO nanostructures are constructed from one-and/or two-dimensional
ZnO blocks avoiding agglomerated configuration (Krishna et al., 2023; Lin et al., 2020; Zhu et al., 2018).

Several photocatalytic studies have reported on various morphological three-dimensional ZnO flower-like
nanostructures and rod-like ZnO nanostructures synthesized by a hydrothermal process. Miao et al. prepared
hydrangea-like and rose-like ZnO architectures, and the photocatalytic efficiency was tested on the degradation of
Rhodamine B (RhB) (Miao et al., 2016). In addition, Zou et al. tested the photocatalytic activity of ZnO flower-like
structures on RhB dye (Zou et al.,, 2022). In another study, one-dimensional ZnO structures exhibited a higher
methylene blue (MB) degradation than three-dimensional flower-like ZnO structures (Lin et al., 2020). Duo et al.
reported ultra-large ZnO macro flower particles and evaluated the photocatalytic activity of these nanoarchitectures
on the photodegradation of MB dye (Duo et al., 2016). Kumaresan et al. prepared various morphological ZnO
structures containing nanorods, hexagonal disks, and nanoflowers, and tested their photocatalytic activity on RhB
(Kumaresan et al., 2017). Moreover, the photocatalytic of ZnO rod-like nanostructures was evaluated on the
degradation of Reactive Yellow 15 (Hafez, 2012).

Herein, we reported the preparation of flower-like ZnO (ZnO-F) and rod-like ZnO (ZnO-R) via a hydrothermal
process. These two special morphologies of ZnO structures were systematically characterized by FTIR, Raman
spectroscopy, XRD, SEM, BET, and XPS analyses. This study also focused on the correlation between morphology
and photocatalytic activity of structurally engineered ZnO specimens. The photocatalytic efficiency of ZnO structures
was evaluated for the first time by testing their effectiveness in the degradation of RR-194 dye.

MATERIALS AND METHODS
Materials

Zinc acetate dihydrate (Zn(CH3;C0O0),.2H,0, ACS reagent, >98%, Sigma-Aldrich, MW=219.51 g/mol) and ammonia
solution 25% (NH4OH, for analysis, Merck, MW=35.05 g/mol) were used in analyses.

Preparation of ZnO Structures

ZnO-F and ZnO-R structures were synthesized using zinc acetate as the precursor for ZnO structures. ZnO-F
structures were prepared using a hydrothermal method proposed by Song and colleagues (Song et al., 2019). 0.02
mol zinc acetate was dissolved into 200 mL distilled water and placed in a flat-bottomed flask, and then 10 mL
ammonia solution (25%) was added dropwise under magnetic stirring. The mixture was heated in a water bath pot at
80°C for 40 min. Then the cooled product was filtered, washed, dried at 80°C, and calcined at 500°C for 5 h. ZnO-R
structures were prepared by a hydrothermal method described as followed with some modifications (Bhatti et al.,
2019). 10 mL ammonia (25%) in a dropping funnel was added into 200 mL of 0.02 mol zinc acetate aqueous solution.
After that, the beaker covered with aluminum foil was kept in an oven at 90°C for 6 h. Finally, the growth solid
residue was filtered, washed, dried at 80°C, and calcined at 500°C for 5 h.

Characterization

Detailed information on characterization techniques were reported in detail in our previous work (Tiirkten and
Karatas, 2024). Crystallite sizes (D, nm) of ZnO structures were calculated using the Scherrer equation (Equation
(1)) related to (1 0 1) of the reflection plane of ZnO (Scherrer, 1918).

Photocatalytic Activity Experiments

The suspension (50 mL) was prepared by adding the optimum amount of photocatalyst (0.25 mg/L) in 10 mg/L RR-
194 solution. The maximum wavelength of RR-194 was A=522 nm. Detailed information on photocatalytic system
was reported in our previous study (Tiirkten and Karatas, 2024). The percent removal of RR-194 dye was calculated
using Equation (1).

Decolorization, % = ((Ao - A) / Ao))x100 €))
where,

A, initial absorbance of RR-194 dye,
A absorbance of RR-194 dye at time t.
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RESULTS AND DISCUSSION
Characterization of ZnO Structures

FTIR spectra of ZnO-F and ZnO-R specimens are presented in Figure 1. For ZnO-F, the broad band around 3316 cm”
! corresponded to the stretching vibration of OH groups due to the hydroxyls or adsorbed water. The band around
2889 cm’! was attributed to the C-H vibration mode. The observed bands at 1640 cm™, 1406 cm™', and 915 cm’!
belonged to asymmetric C=0 stretching, symmetric C=0 stretching, and C=0 deformation mode of acetate groups,
respectively. These zinc acetate groups could be adsorbed during the synthesis of ZnO structures. The signals below
1000 cm™ in the fingerprint region corresponded to metal oxygen arising from inter-atomic vibrations. The observed
metal oxide band at 562 ¢cm™! belonged to the Zn-O stretching (Janaki et al., 2015; Sharma et al., 2012). Compared
to ZnO-F, the spectral band positions of ZnO-R were almost the same with slight shifts.
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Figure 1. FTIR Spectra of ZnO-F and ZnO-R Structures.
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Figure 2. Raman Spectra of ZnO-F and ZnO-R Structures.
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Raman features of ZnO-F and ZnO-R specimens are presented in Figure 2. The Raman spectrum of ZnO-F revealed
an intense band at 432 ¢cm™' belonging to the E, (high) Raman mode and optical phonons for the wurtzite of ZnO.
This mode was Raman active and non-polar, primarily attributed to the vibration of oxygen. The E, mode at 326 cm™!
was related to the second-order non-polar Raman process. The longitudinal optical phonons, E; (LO) mode at 572
cm! originated from impurities and/or defects such as oxygen vacancies. The wide band at 649 cm™ could belong to
the multiphonons process (Jung et al., 2012; Sharma et al., 2012; Zhang et al., 2009). It was noticed that the
characteristic Raman bands of ZnO wurtzite also appeared in the spectrum of ZnO-R.

XRD diffractograms of ZnO-F and ZnO-R structures are presented in Figure 3. Both diffraction patterns were well-
matched with the wurtzite type of ZnO (JCPDS No. 36-1451). For ZnO-F, the diffraction peaks at 26=31.80°, 34.46°,
36.30°, 47.54°, 56.62°, 62.90°, 66.38°, 67.96°, 69.08°, 72.60°, 76.90°, 81.36° corresponded to the (1 0 0), (0 0 2), (1
01),(102),(110),(103),(200),(112),(201),(004), (20 2)reflection planes of ZnO, respectively. Additionally,
the XRD diffractogram of ZnO-R revealed sharper diffraction peaks than ZnO-F, indicating better crystallinity. The
crystallite sizes of ZnO-F and ZnO-R specimens were 25 nm and 31 nm, respectively.
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Figure 3. XRD Diffractograms of ZnO-F and ZnO-R Structures.

The morphological features of ZnO-F and ZnO-R specimens and the corresponding SEM images at three different
magnifications (x20000, x50000, and x100000) are presented in Figure 4. ZnO-F specimen revealed a flower-like
structure as expected with average lengths and thicknesses around 2 um and 100-300 nm respectively. The flower
structures were star-shaped with spikes radiating from the center. ZnO-R specimen was composed of thin rod-like
particles with a length of around 2 um. The type of hydrothermal process appears to influence the particle shape and
particle size of ZnO.
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According to the IUPAC classification (Sing, 1985), ZnO-F and ZnO-R specimens revealed a Type IV isotherm
(Figure 5). The BET-specific surface areas of ZnO-F and ZnO-R specimens were calculated as 20 m*/g and 10 m%/g,
respectively. It is important to note that the reaction conditions impact the surface area of ZnO. Rahimi and Yazdani
reported that the ZnO nanorods prepared under ambient air exhibited a higher surface area (19.57 m?/g) than the ZnO
nanorods prepared under vacuum (15.44 m?/g) (Rahimi and Yazdani, 2018). A similar low surface area (6.81 m%/g
and 7.2 m?%g) was calculated for ZnO rods prepared by the sonochemical-assisted aqueous solution process
(Mukhopadhyay et al., 2015). On the other hand, a high specific surface area (65.46 m*/g) was obtained for ZnO
nanorods synthesized via hydrothermal process (Sun and Park, 2022). Another study reported again a high surface
area (269.86 m?/g) for ZnO rod-like nanostructures (Hafez, 2012). Lin et al synthesized three-dimensional flowerlike
ZnO nanostructures via hydrothermal method and reported an incredibly low BET surface area (1.77 m?/g) (Lin et
al., 2020). A similar surface area (4.58 m?*/g) was also observed for hydrothermally prepared ZnO flower-like
nanostructures (Zou et al., 2022). Conversely, the surface area of ZnO-nanoflowers was reported as 17 m?/g, which
was similar to our findings (Lai et al., 2010). In addition, hydrangea-like ZnO and rose-like ZnO architectures were
prepared via hydrothermal process, resulting in surface areas of 22.7 m%/g and 37.3 m%/g, respectively (Miao et al.,
2016).

The pore diameter (D) and pore volume (V) values of ZnO-F and ZnO-R specimens are presented in Table 1. The
pore sizes of both ZnO specimens were 20 A <D <500 A and exhibited the characteristics of mesoporous structures
(Sing, 1985). The dV/dD versus the pore diameter distribution curve of ZnO-F revealed the predominance of three
types of mesopores was located at around 20 A <D < 100 A. The two sharp peaks were centered at around 20 A and
28 A, whereas the distribution of larger mesopores with a broad peak centered at about 76 A. For the ZnO-R
specimen, a function of pore diameter distribution peaks was centered at around 28 A, 50 A, and 130 A.

Table 1. BET Parameters of ZnO-F and ZnO-R Specimens

Specimens Surface area Pore volume Pore diameter
(m’/g) (cm’/g) A)
ZnO-F 20.02 0.0454 21.95

ZnO-R 9.464 0.0399 23.46
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Figure 5. BET Adsorption/Desorption Isotherms (a) ZnO-F and (b) ZnO-R, and Pore Size Distribution Plots of (c)
ZnO-F and (d) ZnO-R.

The survey scan spectra of ZnO specimens indicated the existence of Zn, O, and adventitious carbon (Figure 6 (a)).
The detected carbon belonged to the residual acetate groups on the surface, which was exposed to the ambient
atmosphere. The sharp peaks in binding energies of Zn 2ps», Zn 2pi», and O 1s corresponded to the core matrix
elements of wurtzite ZnO (Batista-Grau et al., 2022). The Zn 2p core level spectra of ZnO-F and ZnO-R specimens
exhibited a doublet Zn 2p3,» and Zn 2p,,, implying multicomponent Zn (Figure 6 (b)). The spectrum of the ZnO-F
specimen signaled symmetric solitary peaks positioned at the binding energies of 1022.39¢V and 1045.66 eV
analogous to Zn 2ps;» and Zn 2pi,; core levels, respectively. A slight position shift in binding energies of Zn 2psp»
(1022.09 eV) and Zn 2p1» (1045.01 eV) peaks for the ZnO-R specimen was observed. The difference between Zn
2p3pand Zn 2pi2 peak positions was AE=23.27 eV and AE=22.92 eV for ZnO-F and ZnO-R specimens, respectively.
The energy level separation between two core-level Zn components was consistent with literature values for ZnO,
indicating that the zinc ions (Zn) could be in a divalent (2+) oxidation state (Moulder and Chastain, 1992).

The deconvoluted O 1s spectra of ZnO-F (Figure 6 (¢)) and ZnO-R (Figure 6 (d)) were divided into three peaks. The
lower binding energies of ZnO-F and ZnO-R were observed at 530.2 eV and 530.7 eV, respectively, corresponding
to the wurtzite structure of the hexagonal Zn?* ion of ZnO. These peaks could be related to Zn—O bonds. The medium
binding energies of ZnO-F (531.19 ¢V) and ZnO-R (531.37 eV) components were attributed to the oxygen vacancies
or defects belonging to O, ions within the oxygen-deficient regions of the ZnO matrix. The intensity variations of
this component could be related to the concentration of oxygen vacancies and this peak was particularly intense in
the ZnO-F specimen. The Ols peaks at 532.33 eV and 532.34 eV for the ZnO-F and ZnO-R specimens, respectively,
mainly belonged to a loosely bound oxygen. These peaks especially could be related to chemisorbed or dissociated
oxygen species, i.e. Zn—OH and H,O, which were intensely correlated with surface disorders on ZnO (Batista-Grau
et al., 2022; Das et al., 2010; Wang et al., 2012).
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Figure 6. XPS Spectra of ZnO-F and ZnO-R Structures (a) All Survey Spectra, (b) Zn 2p, (c, d) the O 1s
Deconvoluted Spectra.

Photocatalytic Activity of ZnO Structures

The photocatalytic activities of ZnO-F and ZnO-R specimens on RR-194 degradation were investigated (Figure 7)
and followed pseudo first-order kinetic model (Table 2).

The removal efficiencies of RR-194 were 32% and 21% for ZnO-F and ZnO-R, respectively. The efficiency of ZnO-
F is comparatively high, which may be related to the concentration of oxygen vacancies in specimens, as confirmed
by XPS. Oxygen vacancies can serve as electron traps, hindering the recombination of electron-hole pairs and leading
to changes in light absorption capacity and photocatalytic activity (Wang et al., 2012). Moreover, oxygen vacancies
can create active species, and capture the photoinduced electrons, thereby enhancing the efficiency of dye
photodegradation (Han et al., 2012).

Table 2. Photocatalytic Degradation Kinetics of RR-194
First-order kinetic parameters

kx10* ti2 Ratex10
(min™) (min) (cm™'min™)
ZnO-F 6.42 1080 1.12

ZnO-R 3.95 1756 0.687




KSU Miihendislik Bilimleri Dergisi, 28(3), 2025 1242 KSU J Eng Sci, 28(3), 2025
Arastirma Makalesi Research Article
N. Turkten, Y. Karatas

m ZnO-F Zn0O-R
40.0
~30.0 -
S ]
g 20.0 A
5 .
100 | I I
0.0 J
120 180 420 540
Time (mln)

Figure 7. Removal Efficiencies of ZnO-F and ZnO-R Structures.

The ZnO-F specimen revealed a higher photocatalytic activity in RR-194 degradation compared to ZnO-R. The
calculated rate constants of ZnO-F and ZnO-R were k=6.42x10* min' and k=3.95x10* min’!, respectively. The
surface area of the ZnO-F specimen (ca. 20 m?/g) was twice as large as that of the ZnO-R specimen (ca. 9.5 m%/g). It
is well established that a greater surface area increases the interaction between the pollutant and the photocatalyst,
offering more functional sites for photocatalytic reactions (Kim et al.,2007; Zou et al., 2022). Zou et al. reported that
the flower-like nanostructures of ZnO, assembled from nanosheets, exhibited superior photocatalytic performance
compared to those formed from nanorods. This enhanced performance in the degradation of RhB could be attributed
to the larger specific surface area and a greater number of OH groups adsorbed on the catalyst surfaces (Zou et al.,
2022). Another study reported the affirmative effect of a large surface area on the photocatalytic performance of ZnO
structures (Miao et al., 2016). Moreover, the crystallite size of the catalyst influences photocatalytic activity.
According to XRD results, the ZnO-F specimen (25 nm) exhibited a lower crystallite size than the ZnO-R specimen
(31 nm). Based on the existing literature, crystallite size, oxygen vacancies, and surface area are the factors that
impact photocatalytic performance interdependently (Han et al., 2012; Kim et al., 2007; Miao et al., 2016; Wang et
al., 2012). These findings are consistent with our photocatalytic experimental results.

CONCLUSION

In the study, ZnO-F and ZnO-R structures were synthesized by a simple hydrothermal method. different synthesis
routes in the hydrothermal preparation processes resulted in two distinct morphologies of ZnO structures, exhibiting
varying surface areas and crystallite sizes. XRD and Raman confirmed that both specimens exhibited the wurtzite
structure of ZnO. The photocatalytic activity increased as crystallite size decreased, and surface area increased. SEM,
XRD, XPS, and BET analysis indicated that the differences in morphology, surface area, oxygen vacancies, and
crystallite size affected the photocatalytic performance of ZnO structures. The ZnO-F specimen revealed higher
efficiency in the photocatalytic degradation of RR-194 than the ZnO-R specimen. Advances in the designing of ZnO
structures to enhance their photocatalytic performance would make them promising candidates for water treatment,
highlighting the necessity to direct further research and development in this field.

Funding: This work was supported by Research Fund of Kirsehir Ahi Evran University through Project
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