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METHODS ON ZINC OXIDE MORPHOLOGY

Abstract

The morphology of zinc oxide (ZnO) powders synthesised via a modified microwave assisted method under
varying heating parameters, as well as by chemical bath deposition, was investigated. Image analysis revealed
clear correlations between synthesis parameters and structural features. Increasing the microwave heating time at
constant power led to a consistent transformation from loose nanoparticles to dense, well-faceted microstructures.
In contrast, reducing heating power slowed crystallisation and agglomeration, preserving a finer, more porous
structure. Scanning electron microscopy also demonstrated significant morphological differences in samples grown
by chemical bath deposition, which were strongly influenced by the initial molar concentration of zinc acetate
while keeping the concentrations of other solution components constant. These findings confirm that low-cost,
environmentally friendly synthesis approaches can be used to control ZnO particle morphology through careful
adjustment of precursor concentrations, heating time, and microwave power. Photocatalytic degradation tests of
rhodamine B demonstrated a strong link between particle morphology and degradation rate. The highest rate (~0.5
h~ ') was recorded for a chemically precipitated sample, whereas the lowest (~0.1 h™ ') corresponded to a microwave-
synthesised sample.

Keywords: zinc oxide, morphology, microwave assisted method, chemical bath deposition method,
photocatalysis.

Introduction
Zinc oxide (ZnO) is a semiconductor material with a wide bandgap (~3.37 eV) that has attracted
significant research interest owing to its unique optical, electronic, and catalytic properties [1-3]. Its

high photostability, low toxicity, and relatively low cost make it suitable for a variety of applications,
including solar cells, gas sensors, light-emitting diodes, and photocatalysis [4, 5]. One particularly
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promising application is the degradation of organic dyes such as methylene blue, rhodamine B, and
methyl orange and others, which are extensively used in the textile, paper, and food industries and
pose serious environmental hazards when released into wastewater [6, 7].

The performance of a photocatalyst is largely determined by its morphology, particle size, and
defect structure [8]. Recently, attention has shifted towards low-cost, energy-efficient methods for
producing nanostructured ZnO, such as microwave synthesis and chemical bath deposition from
aqueous solutions. These techniques allow precise control over morphology by varying parameters
such as temperature, processing time, reagent concentrations, and pH [9, 10].

Microwave synthesis offers rapid, uniform heating, enabling the formation of finely dispersed,
uniformly sized particles with high crystallinity [11]. It also minimises energy consumption and
shortens processing time, making it a promising candidate for large-scale production [10, 11]. In
comparison, the chemical bath deposition method is simple, cost-effective, and does not require
sophisticated equipment [12, 13].

ZnO morphology directly influences photoinduced electron — hole pair generation and
recombination [14, 15]. For example, nanorods and nanowires facilitate directional charge transport
and reduce recombination rates, while porous and aggregated structures provide a high surface
area for pollutant adsorption. Studies have shown that combining low-cost synthesis with surface
modification can further enhance photocatalytic efficiency [16, 17].

Despite progress in the field, the influence of synthesis parameters, such as microwave irradiation
power and duration, and solution composition and pH during precipitation on ZnO morphology and
photocatalytic performance remains insufficiently explored. A systematic comparative study of these
factors is needed.

This work presents a comparative analysis of ZnO samples synthesised by chemical bath
deposition and microwave assisted methods under various conditions. It examines the effects
of synthesis parameters on phase purity, texture, and crystallite size, and correlates these with
photocatalytic activity in the degradation of rhodamine B.

Materials and methods

Two low-cost synthesis techniques were investigated: the chemical bath deposition method
and a modified microwave assisted method. Both are attractive due to their accessibility, ease of
implementation, and minimal equipment requirements. For the chemical bath deposition method,
zinc acetate dihydrate (Zn(CH; COO),-2H,0, Sigma-Aldrich), sodium hydroxide (NaOH, Sigma-
Aldrich), and the anionic surfactant sodium dodecyl sulfate (C;,H»sSONa) were used. Three sample
compositions were studied: sample #CD1 (0.2 M ZnAc,, 0.5 M NaOH and 10 mM surfactant),
sample #CD2 (0.1 M ZnAc,, 0.5 M NaOH and 10 mM surfactant), sample #CD3 (0.075 M ZnAc,,
0.5 M NaOH and 10 mM surfactant). Zinc acetate was dissolved in 50 ml of distilled water and
placed on a magnetic stirrer for homogenisation at 500 rpm without heating. Sodium hydroxide
solution was prepared in the same way. NaOH was dissolved in 100 ml of distilled water and the
solution was also stirred on a magnetic stirrer until complete homogenisation. During the
stirring  process, (CH;C0OO),Zn-2H,O and NaOH dissociate into ions according to formulae
(1) and (2). Free hydroxide ions (OH") appear in the solution and participate in the precipitation of
Zn(OH),. After both solutions became homogeneous they were mixed.

(CH3C00)y - 2H0 — Zn** + 2CH3C00™ + 2H»O0, (1)
NaOH — Na'+ OH™ 2

When solutions of zinc acetate and sodium hydroxide are mixed, zinc hydroxide precipitation
reaction occurs according to formula (3)
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Zn* + OH~ — Zn(OH), |. 3)

Zn(OH), is a white precipitate insoluble in water. The reaction occurs at a pH greater than 7,
which is ensured by the presence of NaOH. When surfactant is added to the solution, it adsorbs on
the surface of zinc hydroxide, preventing agglomeration of particles in solution [18]. The resulting
solution was left on a magnetic stirrer at room temperature for a day to achieve complete homogeneity
of the solution.

The samples thus obtained were washed thoroughly with distilled water by centrifugation at 3000
rpm and dried in a desiccator at 100 °C for three hours followed by heat treatment in a muffle furnace
at 400 °C for one hour. The drying leaves only a precipitate of Zn(OH),, stabilised by surfactant.
During the heat treatment, zinc hydroxide decomposes with the release of water (formula (4)) and
pure ZnO powder is formed

Zn(0OH)y; —*°°C Zn0 + H,0 1. 4)

It should be noted that annealing improves crystallinity and removes residual organic
impurities [19].

In the synthesis of ZnO by the modified microwave assisted method, 0.02 mol of zinc chloride
(ZnCl,, Sigma Aldrich) were dissolved in 200 mL of distilled water and stirred at 700 rpm without
heating until complete homogeneity. Zinc chloride dissociated into ions in water according to
formula (5)

InCly — Zn* + 2Cl. (5)

To the resulting solution, 30 ml of aqueous ammonia solution was added dropwise while
still stirring the mixture. Immediately after addition, a white precipitate was formed. As addition
proceeded, excess ammonia caused the precipitate to dissolve and an ammonia complex [Zn(NH,),]**
was formed during reactions (6) and (7). Upon completion of the reactions, the solution became
transparent.

Zn** +4NH3 +4Ho0 — 2Zn(OH)y | +4NH', (6)

Zn(0OH), +4NH3 — [Zn(NH3)4]*" +20H . (7)

The next step was microwave heating. The solutions were heated for 2.5 minutes at 350 W
(sample #MW 1), 5 minutes at 350 W (sample #MW2), 10 minutes at 350 W (sample #MW3), 15
minutes at 350 W (sample #MW4), 20 minutes at 350 W (sample #MWS5), and 20 minutes at 70 W
(sample #MW6) in an LG MS 1924x household microwave oven. Upon microwave heating of the
tetraamminzinc solution [Zn(NH;),]*" thermal decomposition of the complex occurs, accompanied
by the release of ammonia and the formation of zinc oxide. The complex becomes unstable and
decomposes into the ammonia gas phase, with zinc ions interacting with hydroxide ions to form an
insoluble precipitate in the form of zinc oxide

[Zn(NH3)4]*" +20H™ —™P* 7Zn0 | +4NH3 1 +H»O. ()
After heating in microwave oven, the solution was cooled naturally at room temperature. After

cooling, the solution was purified from impurities by centrifugation. In the last step, the solution was
placed in a Petri dish and dried in a desiccator at 8°C.
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Results and discussion

The morphological characteristics of the grown samples were examined using a Quanta 2001
3D electron scanning microscope (SEM) with a direct filament tungsten cathode (FEI, Hills Boro,
Oregon, USA). This instrument provides images with a resolution of less than 2.5 nm and allows
both qualitative and quantitative analyses of nanoscale structures. Figure 1 shows SEM images of the
powders obtained by chemical bath deposition.

HV |mag = | mode WD  HFW 4pum
15.00 kV|30 000 x|Custom 10.5 mm .95 um

g O | mode
istom |1

Figure 1 — SEM images of samples obtained by chemical deposition:
(a) sample #CD1, (b) sample #CD2, (c) sample #CD3

In Figure la, it is worth noting the polymorphic morphology including both quasi-spherical
and polyhedral nanoparticles with characteristic sizes of 50-100 nm. This image shows a tendency
towards agglomeration formation, with individual crystals exhibiting pronounced hexagonal
symmetry, consistent with the wurtzite structure of ZnO. Of particular interest are the observed
interparticle boundaries and in the form of cracks, which may be a consequence of capillary stresses
arising during the sample drying process.

293



HERALD OF THE KAZAKH-BRITISH
No. 3(74) 2025 TECHNICAL UNIVERSITY

Figure 1b clearly shows highly anisotropic structures morphologically corresponding to nanowires
or columnar crystals. The average diameter of these structures is 20-30 nm with lengths up to 500
nm. The directional growth mainly along the crystallographic axis [001] is a characteristic feature of
the hexagonal modification of ZnO with high packing density. In Figure 1c it can be observed that
the particles have irregular and angular shape with sharp edges, there are no pronounced crystals of
hexagonal shape. Aggregates ranging in size from 200 nm to 1-2 um can be seen. However, these
aggregates are composed of smaller nanoparticles. This indicates secondary aggregation of small
crystallites into larger structures. The particles are densely packed and a pronounced agglomeration
characteristic of dry ZnO powders is observed. The surfaces of the particles appear rough and
multifaceted, indicating the crystalline nature and good growth of individual facets. This may also be
due to the formation of particles through nucleation and growth stages. The obtained morphological
data are in agreement with literature data on characteristic shapes of ZnO nanocrystals, where the
growth anisotropy is determined by differences in the surface energy of crystallographic planes of
wurtzite structure [20].

Figure 2 shows SEM images of zinc oxide powders obtained by microwave assisted method at
different synthesis parameters. It should be noted that the particles possess a flower-like morphology
consisting of multiple elongated or lamellar crystallites with radial symmetry. This morphology
is characteristic of self-organised nanostructures, often encountered in microwave synthesis, due
to rapid heating and saturated growth of crystallites along certain crystallographic directions. The
figures show that the size of a single “flower” varies between 2 and 5 pm. Individual elements within
these aggregates - thin needle-like or lamellar crystals can vary from 100 to 500 nm in length and
tens of nanometres in width. It should also be noted that the “flowers” are in close contact with each
other, forming dense aggregations. Such agglomeration can be caused by the high surface energy
of nanoparticles, rapid growth and deposition during microwave synthesis or the lack of stabilising
agents.

It is noted that the sample #MW 1 (Figure 2a) is characterised by the presence of predominantly
spherical and weakly faceted nanoparticles of the order of 80-150 nm, forming loose agglomerates with
high porosity. A short duration of heating leads to limited crystallite growth and partial preservation
of amorphous sites, which in the long term can provide high specific surface area and activity of the
material in adsorption and catalytic processes. Sample #MW2 (Figure 2b) contains particles with
more pronounced hexagonal faceting characteristic of the wurtzite structure of ZnO. The crystallite
size increases to 120-200 nm at a synthesis duration of 5 min, while particle agglomeration increases
and porosity decreases.
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Figure 2 — SEM image of powder obtained by microwave assisted method at:
(a) sample#MW 1, (b) sample #MW2, (c) sample #MW3, (d) sample #MW4,
(e) sample #MWS5, (f) sample #MW6

The increase in the degree of crystallinity is due to more complete nucleation and growth
processes at increasing microwave heating time. When the synthesis time is further increased up to
10 min, the formation of well-defined prismatic crystals of 200-300 nm length occurs (Figure 2c).
In this case, the particles form dense aggregates, which indicates the activation of Ostwald ripening
processes leading to crystallite enlargement and a decrease in specific surface area. In sample #MW4
(synthesis duration 15 min), well faceted prismatic and rod-like structures up to 500 nm in length
were observed (Figure 2d). The high packing density and fusion of neighbouring particles in this
sample indicate the predominance of directed crystal growth processes.

The morphology of sample #MW4 acquires features characteristic of evolved one-dimensional
ZnO structures, which may be promising for optoelectronic and sensor applications. At the duration
of microwave synthesis of zinc oxide of 20 min, the formation of elongated rod-shaped crystals of
0.5—1 um Iength with smooth faces occurs (Figure 2¢). Significant enlargement of particles and almost
complete loss of porosity of this sample are due to the intensive growth of crystals under prolonged
microwave exposure. These structures can provide high electron mobility, but their specific surface
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area is significantly lower than that of samples with finer morphology. Reducing the power to 70 W
allows crystals with lengths between 150 nm and 600 nm to be grown with a more reduced particle
agglomeration (Figure 2f). The presence of interparticle voids indicates slower crystal growth and
retention of an increased specific surface area, potentially enhancing the activity of the material in
photocatalytic and sensing applications.

X-ray phase analysis of synthesised ZnO samples was performed on a Rigaku MiniFlex600
desktop X-ray diffractometer. Figure 3 shows the diffractograms of samples #CD1, #MW1 and
#MW6. The analysis showed that all samples crystallise according to the hexagonal structure of
wurtzite (card JCPDS 36-1451 — sample #CD1, card JCPDS 80-0075 — samples #MW1 and
#MW6) with peaks characteristic of reflection planes (100), (002), (101), (102), (110), (103), (200),
(112), (201),

corresponding to the hexagonal structure of wurtzite [21]. All three samples contain only
ZnO phases, indicating high phase purity. It was observed that the synthesis method influences the
texturisation, crystallite size and intensity of the diffraction peaks. In particular, the #CD1 sample
obtained by chemical bath deposition shows the highest texturisation along the (101) direction. Such
texturing is characteristic of isometric or aggregated particles growing without directional external
influence. At the same time, samples #MW 1 and #MW6 obtained by microwave assisted method are
characterised by a more isotropic distribution of orientations, which is characteristic of fast microwave
synthesis, in which crystallisation occurs under conditions of uniform heating and short growth time.
It is worth noting that the peak width at half width (FWHM) of these samples is almost the same
despite different synthesis parameters, indicating that microwave exposure provides efficient and
uniform heating, and the final structure is determined by nucleation kinetics rather than stress. At
high power (sample #MW 1), rapid nucleation of centres occurs, resulting in the formation of small
crystallites. At low power but for a long time (sample #MW6) an increase in limited diffusion, which
also does not lead to a significant increase in size.

The photocatalytic activity of the obtained zinc oxide powders was investigated on a Cary Series
UV-NIR spectrophotometer.

(101)

(100)

(002)
F {(102)

== (110)
(103)

(200)

(112)
(201)

-

MW

D

Intensity (a.u.)

.
L MWH1

A A o]

CD1
Vi S W WY

30 35 40 45 60 65 70

50 55
20 (Degree)
Figure 3 — X-ray diffraction patterns
of synthesised ZnO samples #CD1, #MW1 and #MW6

For the analysis, rhodamine-B was used as a dye. For this purpose, 9 mg of the investigated ZnO
sample was added to 112.5 mL of aqueous dye solution. Firstly, the dye and powder were mixed
on a magnetic stirrer at 700 rpm, then to increase dispersion they were treated for 30 minutes in
an ultrasonic bath PSB-12808-05 without heating to increase dispersion. Exposure was carried out
using a quartz lamp with a sampling interval of 30 minutes. Figure 4 shows the change in optical
density spectra with increasing exposure time for samples #CD2 (Figure 4a) and #MW5 (Figure 4b).
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In Figure 4, it can be observed that the maximum absorption intensity is observed at a wavelength
of 545 nm, which corresponds to the absorption peak of rhodamine-B. The relative concentration
of organic dye decreases with exposure time, which shows the high photocatalytic activity of the
samples.

For a more accurate analysis, kinetic curves showing the dependence of the change in optical
density of rhodamine-B solution on the exposure time are shown in Figure 5. The analysis of
photocalytic degradation curves shows that sample #CD2 demonstrates the highest photocatalytic
activity in the considered series at the average degradation rate k. = 0.5 hr', achieving a concentration
reduction to ~30% of the initial concentration in 120 min.
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Figure 4 — Optical density spectra of ZnO samples: (a) #CD2, (b) #MW5
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Figure 5 — Kinetic curves of dependence of absorption intensity on exposure time

This is probably due to the lamellar morphology of this sample and its high specific surface area
providing efficient charge carrier transport. Slightly less high photocatalytic activity is possessed by
sample #MW1 (k_= 0.4 hr", which is due to the fine porous structure and high number of active
centres on the surface involved in the photocatalytic decomposition of the dye. Despite somewhat
inferior characteristics, the activity of powders obtained by the microwave assisted method can
be significantly increased by optimising the synthesis conditions, in particular by introducing
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surfactants to suppress agglomeration and reducing the heating power for more controlled crystal
growth. Intermediate activity values are occupied by samples #MW6 and #CD1 (k_~ 0.3 hr", which
corresponds to their morphology - moderate particle sizes, presence of interparticle voids (#MW6)
and polyhedral structure (#CD1). Sample #CD3 showed lower activity (k, = 0.2 hr", possibly due
to dense agglomeration of particles and lower specific surface area. Sample #MWS5 (k =~ 0.1hr"
showed the lowest photocatalytic efficiency, consistent with large rod-shaped crystals and almost
no porosity. Thus, the key factors determining the photocatalytic activity of ZnO are particle size,
degree of aggregation, specific surface area, and crystal growth anisotropy.

Conclusion

Thus, varying the molar concentration of ZnAc, using the chemical bath deposition method, other
conditions of synthesis being equal, has a pronounced effect on the morphological characteristics of
ZnO. An increase in concentration favours the formation of dense arrays of elongated nanostructures,
whereas its decrease leads to the formation of loose and less ordered structures. These differences
in morphology have the potential to significantly influence the optical and catalytic properties of the
obtained materials. Moreover, comparative analysis of the obtained data showed that increasing the
microwave heating time at constant power leads to the transition from loose nanostructures with high
porosity to dense microstructures with low specific surface area. Decreasing the power at prolonged
heating (#MW6) allows to slow down the crystallisation and aggregation processes, preserving a more
finely dispersed and surface-developed structure. These results confirm the possibility of targeted
regulation of morphology and, consequently, functional properties of ZnO by optimising microwave
synthesis parameters. The sample of zinc oxide #CD2 synthesised by chemical bath deposition
showed higher characteristics both in terms of morphological parameters, such as reduced average
particle size and lower degree of agglomeration, and in terms of photocatalytic activity. The results
obtained allow for a greater degree of control of morphology and crystallite size in the synthesis of
ZnO to optimise its photocatalytic properties. Nanoplatelet and fine morphology (#CD2, #MW1)
provides the highest activity due to the developed surface and directional transport of charge carriers.
Large single-crystal structures with low porosity (¥MWS5) show the minimum efficiency. Reduced
microwave heating power (#MWO6) preserves the fine structure and moderate activity, making this
regime promising for photocatalytic applications. The synthesised photocatalytically active samples
are promising for water purification from organic contaminants in food, textile industries, as well as
in sensor applications.

Funding information: The study was carried out with the financial support of the Ministry
of Science and Higher Education of the Republic of Kazakhstan (grants No AP23488569 and
AP26103537).
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3Satbayev University, . Anmarsl, Kazaxcran

BJIUAHUE NAPAMETPOB HU3KO3ATPATHBIX METOAOB CUHTE3A
HA MOP®OJIOI'NIO OKCUJA IUHKA

AHHOTALUA
Hccnenosana Mopdoiorust HOpoIKoB okcuia uHka (Zn0), CHHTE3UPOBAHHBIX MOAN(DHUIIMPOBAHHBIM MUKPO-
BOJIHOBBIM METOJIOM IIPH PA3JIMYHbIX IIapaMeTpax HarpeBa U METOIOM XUMHYECKOTO OCAXIACHUs. AHaIU3 n3o0pa-
JKEHUH TO3BOJIMII YCTAaHOBUTDH 3aKOHOMEPHOCTH (JOPMHPOBAHUS CTPYKTYPHI B 3aBUCHMOCTH OT TIAPAMETPOB CHHTE-
3a. [lokazaHo, 4TO yBeIMYECHHE BPEMEHH MUKPOBOJIHOBOTO HArpeBa MpH MOCTOSHHOW MOITHOCTH MPUBOAUT K I10-
CJIEI0BATEIBHOMY NIEPEXOLy OT PHIXJIBIX HAHOYACTHI] K INIOTHBIM, XOPOIIIO OTPaHEHHBIM MUKPOCTPYKTypam. Kpome
TOTO, CHIDKEHHE MOIITHOCTH Harpena 3aMeUIsIeT MPOLECChl KPUCTATH3AINY 1 aTIoOMepalni, CoOXpaHssa 6osee Mel-
KOJIMCIIEPCHYIO U MOPHUCTYIO CTPyKTypy. CKaHMpyrolas 3J1eKTPOHHAs MUKPOCKOITHSI BBISIBUJIA TAK)KE CYIIECTBEH-
HbIE Pa3IH4Ksi B MOP(HOIOTUHE 00pa3I0B, BBIPAIICHHBIX METOJOM XUMHYECKOTO OCaX/IEHHs, 00OYCIIOBICHHBIE U3-
MEHEHHEM HCXOHOM MOJISIPHON KOHIIEHTpAIMK aneTaTa MWHKa NPH (PUKCHUPOBAHHBIX KOHIEHTPAIMSX OCTAIbHBIX
KOMIIOHEHTOB pacTBOpa pocTa. TakuM 00pa3oM, IPeICTaBICHb HU3KO3aTPaTHBIE, YKOJIOTMIHBIE, KOHTPOIUPYEMBbIE
METOJbI CHHTE3a 00pa31oB ZnO, MO3BOJISIOMINE HATPABIECHHO YIPABIATH MOP(HOIOTHEN YACTHII 38 CIET U3MEHEHHUS
KOHIICHTPAIIMHU MTPEKYyPCOPOB, ONITHMHU3AINU BPEMEHH U MOIITHOCTH MHKPOBOJIHOBOTO CHHTe3a. [loka3aHa BO3MOX-
HOCTb TPUMEHEHUS! BBIPAIIEHHBIX CTPYKTYP ISl (POTOKATAIUTHYECKOTO PA3JIOKEHUS] OPraHUYECKOro KpacHuTelst
ponamuHa-B. YcraHOBIIEHa B3aMMOCBSI3b MEX/Y CKOPOCTBHIO (DOTOKATAIMTHUECKOTO Pa3iioKeHHs: U MOpQosoruen
YaCTHUI OKCHAA MHKA. Hanbopias ckopocTh (OTOKATATUTHYSCKON Jerpaganuu poqamMunaa-B ~ 0.5 hr' B pacemo-
TpEeHHO cepun 3aduKcHpoBaHa y o0pasiia, MOJyIeHHOT0 METOIOM XMMHYECKOTO OCaKACHUs, HanMeHbmast ~0.1

hr'! — y o6pasia, CMHHTE3UPOBAHHOIO MHUKPOBOIHOBBIM METO/IOM.

KaioueBble ciioBa: oxcuja HUHKA, MOP(OIOTHS,, MUKPOBOJIHOBBIH METOJI, METO/I XMMHUECKOTO OCaXJICHNUSI,
(orokaranus.
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