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Zinc oxide (Zn0) nanorods exhibit unique anisotropic growth behaviour influenced by surface energy
variations, chemical potential gradients, and synthesis conditions. This study explores the fundamental
thermodynamic and Kkinetic factors governing ZnO nanorod formation, focusing on surface energy
minimization, Gibbs free energy stability, and Wulff construction-based morphology prediction. The
role of chemical potential, supersaturation, and Ostwald ripening in directing anisotropic growth along
the c-axis is also analyzed. Additionally, the hydrothermal synthesis of ZnO nanorods, the most often
used synthesis process has also been used an example for understanding the whole ZnO nanorod
formation process, highlighting the impact of reaction parameters such as temperature, pH, precursor
concentration, and surfactant-mediated morphology control.

1. Introduction

In recent years, research on zinc oxide (Zn0O) nanorods have attracted
significant attention due to their extraordinary structural, electrical and
optical properties, making them exceedingly suitable for various
applications such as optoelectronics devices, gas sensing devices, energy
harvesting devices etc. Due to wide-bandgap (3.37 eV) along with its high
exciton binding energy (60 meV), ZnO can produce strong excitonic
emission at room temperature, which make them useful candidate for use
as ultraviolet (UV) photodetectors and light-emitting diodes (LEDs) [1]
also. Furthermore, the one-dimensional (1D) morphology of ZnO
nanorods provides enhanced charge transport, higher surface area, and
improved light absorption, making them an ideal candidate for
applications in dye-sensitized solar cells and photocatalysis [2, 3]. The
synthesis of ZnO nanorods can be achieved through various techniques,
including chemical vapor deposition (CVD) [4], hydrothermal growth [5],
electrodeposition [6] etc. Among these, hydrothermal synthesis is
particularly attractive due to its low-temperature operation, cost-
effectiveness, and ability to produce vertically aligned nanorod arrays on
diverse substrates. This method relies on the controlled dissolution and
precipitation of ZnO precursors in an aqueous medium, where parameters
such as precursor concentration, temperature, pH, and surfactant addition
play a crucial role in determining the nanorod morphology and
crystallinity [7].

Despite extensive research, several challenges persist in achieving
precise control over ZnO nanorod growth and optimization of their
properties for specific applications. Factors such as anisotropic surface
energy, nucleation kinetics and growth mechanism uncertainties pose
difficulties in developing a comprehensive theoretical framework [8].
Furthermore, computational modelling approaches, including density
functional theory (DFT), molecular dynamics (MD), and phase-field
simulations, have emerged as valuable tools in understanding the role of
surface interactions, chemical potential variations, and diffusion kinetics
in ZnO nanorod formation [9, 10]. In this paper we are trying to investigate
the theoretical aspects of ZnO nanorod fabrication, with a particular focus
on thermodynamic stability, surface energy anisotropy and kinetic growth
factors.
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2. Crystallographic Structure and Growth Behaviour of ZnO Nanorods

Normally, zinc oxide (ZnO) crystallizes in the wurtzite structure (Fig. 1),
which belongs to the hexagonal crystal system with the space group P6;mc
[11]. The structure consists of two interpenetrating hexagonal close-
packed sublattices of Zn®** and 02  ions, where each Zn®* ion is
tetrahedrally coordinated by four 0% ions, and vice versa [12]. This
tetrahedral coordination leads to a non-centrosymmetric structure, which
isresponsible for the piezoelectric and pyroelectric properties of ZnO [13].
The anisotropic nature of the wurtzite structure significantly influences
the growth morphology of ZnO nanostructures, particularly nanorods,
where crystallographic orientation plays a crucial role in determining
their shape and alignment [14].
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Fig. 1 (a) ZnO unit cell with wurtzite structure and (b) Various crystal planes of the
Zn0 wurtzite structure.

3. Surface Energy and Anisotropic Growth of ZnO Nanorod

Surface energy (y) represents the excess energy present at the surface
of a material compared to its bulk phase. This phenomenon arises due to
the unsaturated coordination of surface atoms, resulting in instability and
a natural tendency for the system to minimize its surface area [15].
Mathematically, surface energy is expressed as,y = AG/A, where: v is the
surface energy (J/m?), AG is the free energy change associated with
creating a new surface and A is the surface area of the newly created
interface [15]. Surface energy plays a critical role in dictating the growth
dynamics and morphology of ZnO nanostructures too. Crystallographic
planes with higher surface energies exhibit greater reactivity, thereby
facilitating anisotropic growth as they evolve at a faster rate to lower their
overall energy [16]. ZnO exhibits anisotropic growth due to the variation
in surface energies among different crystallographic planes. Due to
hexagonal crystal symmetry theoretically ZnO crystals can possess an
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infinite number of possible crystallographic planes based on different
Miller indices. However, the most critical planes influencing ZnO nanorod
growth include the (0001) Zn-terminated c-plane, the (0001) O-
terminated c-plane, the (1010) m-plane, and the (1120) a-plane [12] The
approximate order of surface energies for ZnO wurtzite planes [17] is,

Y(0001 = Y(000T) = Y(10T0) = Y(1120)

Thus the (0001) i.e., the Zn-terminated plane has the highest surface
energy the (0001) O-terminated plane has slightly lower surface energy
than (0001). But, the (1010) plane and the (1120) planes have lowest
surface energies. So, the (0001) plane or the Zn-terminated plane is highly
polar and chemically reactive, making it the preferred site for anisotropic
growth [18]. Conversely, the (0001) oxygen-terminated plane, while also
polar, exhibits different surface reactivity, impacting growth kinetics and
surface morphology. In contrast, the (1010) and (1120) planes are non-
polar and possess relatively lower surface energy, contributing to lateral
stability during nanorod formation [18]. That is why during synthesis, ZnO
nanorods predominantly grow along the c-axis due to the strong dipole
interactions in the polar (0001) plane, which accelerates vertical
elongation. The (1010) and (1120) non-polar planes are less reactive thus
help to regulate lateral expansion, thereby ensuring high-aspect-ratio
growth and well-aligned ZnO nanorod arrays [19]. The (0001) oxygen-
terminated plane, being less reactive, balances overall growth kinetics,
influencing the aspect ratio and surface stability of ZnO nanorods [16].
Overall, the interplay between these crystallographic planes dictates the
final morphology, size, and orientation of ZnO nanorods, making them
highly suitable for applications in optoelectronics, sensors, piezoelectric
devices, and energy harvesting technologies. Understanding these growth
dynamics provides valuable insights into the controlled synthesis of ZnO
nanorods with tailored properties for advanced nanotechnology
applications.

4. Effects of Thermodynamic Stability on Growth Direction

The thermodynamic stability of ZnO nanostructures can also be
explained by the energy minimization principle. The fundamental
statement of the principle is that a crystal tends to adopt a shape that
minimizes its total free energy. In nanostructure growth, this involves
reducing the overall surface energy by favouring the formation of lower-
energy facets. In ZnO nanorod also the growth should be driven by the
balance between surface energy, strain energy, and external conditions
such as temperature and chemical environment [20]. Further the stability
of a ZnO nanostructure is determined by its Gibbs free energy, given by,
G=H-TS, where; H is the enthalpy, T is the absolute temperature, S is the
entropy [21]. By the principle during ZnO growth, the structure with lower
Gibbs free energy must become more stable. Thus, high-energy surfaces
tend to grow rapidly to reduce their excess energy, while low-energy
surfaces are more stable and persist in the final morphology.

The overall shape growth also can be explained by Wulff construction
method. The Wulff construction is a fundamental method used to
determine the equilibrium crystal shape by minimizing the total surface
energy. It is based on the idea that a crystal will naturally adopt a shape
that reduces its overall energy by favouring lower-energy facets [22, 23].
This principle is particularly useful in predicting the morphology of ZnO
nanorods, as the wurtzite structure exhibits anisotropic surface energies
across different planes. According to the Wulff theorem, the equilibrium

. . L
shape of a nanostructure is determined by the relation, y—‘ = constant,

where: h; is the perpendicular distance of a given facet from the crystal
center, y; is the surface energy of that facet. In the case of ZnO, the Wulff
construction predicts a hexagonal prism-like shape dominated by the low-
energy (1010) and the (1120) facets, with the high-energy polar (0001)
and (0001) facets driving anisotropic growth along the c-axis. This also
explains why ZnO commonly forms nanorods and nanowire structure.

5. Role of Chemical Potential and Supersaturation in Growth

The chemical potential (i) of Zn and O species in solution or vapor
phase plays a crucial role in ZnO nanostructure formation. The chemical
potential determines the direction of a chemical reaction. Chemical
potential is mostly influenced by factors such as surface energy, surface
curvature, surface adsorption, and surface reactions [24]. Growth of
crystals occurs when the chemical potential difference (Ap) between the
source and the growing crystal is sufficient to drive mass transport and
deposition. The anisotropic growth of ZnO nanorods is also influenced by
chemical potential gradients. The (0001) Zn-terminated plane, having high
https://doi.org/10.30799/jnst.357.25100201

surface energy, exhibits a strong chemical potential gradient, leading to
preferential growth along the [0001] c-axis. Supersaturation is another
key factor in determining the growth mode and direction. The
Supersaturation defined as,

where: C is the actual concentration of Zn and O species, Ceq is the
equilibrium concentration [25]. At low supersaturation (p close to
equilibrium), nucleation is slow, favouring large, well-defined nanorods.
At high supersaturation, rapid nucleation leads to many small particles,
sometimes causing secondary growth or defects [26]. Thus, by controlling
chemical potential and supersaturation through factors such as precursor
concentration, temperature, and reaction time, ZnO nanostructure
morphology can be tailored for specific applications in optoelectronics,
sensing, and catalysis.

6. Kinetics of ZnO Nanorod Formation

The formation of ZnO nanorods is governed by the interplay between
diffusion and mass transport of precursor species in solution or vapor. In
solution-based synthesis (e.g., hydrothermal or sol-gel methods), Zn** and
OH~ ions diffuse toward nucleation sites, where ZnO begins to crystallize
[7]. The overall growth rate depends on Bulk diffusion of precursor species
from the surrounding solution to the growing nanorod surface, Surface
diffusion, where adatoms rearrange on the surface to form stable crystal
structures and Convective transport, which can be influenced by
temperature, stirring, and external fields. In a diffusion-limited regime, the
slow transport of precursor species results in well-defined, uniform
nanorods. Conversely, in a reaction-limited regime, rapid precursor
consumption can lead to defects and irregular morphologies [27].

Nucleation is the first step in ZnO nanorod growth, where ZnO
nanoparticles form from dissolved precursor species such as Zn?* and OH~
ions. This process follows classical nucleation theory, which states that
nucleation occurs when the free energy change (AG) due to the formation
of a new phase becomes favourable. The Gibbs free energy change (AG) for
forming a nucleus is given by,

4 s 2
AG =§T[T AG, + 4nrey

where r is the radius of the nucleus, AG, is the volumetric free energy
change, and vy is the surface energy [28]. It is noticeable that there exists a
critical nucleus size (rc) beyond which the nucleus is stable and continues
to grow. If the nucleus is smaller than r,, it dissolves back into solution.
Normally nucleation can be both homogeneous nucleation, in which
occurs uniformly throughout the solution without any external influence
and heterogeneous nucleation which takes place on a substrate or seed
particles, reducing the energy barrier for nucleation. This type of
nucleation is commonly seen when ZnO nanorods are grown on precursor
coated substrate [29]. Higher supersaturation (high Zn®** and OH~
concentration) leads to rapid nucleation, forming a large number of small
nuclei (Fig. 2). Lower supersaturation favours fewer, larger nuclei, leading
to well-defined nanorods.
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Fig. 2 Schematic diagram of ZnO nanorod growth via nucleation and Ostwald
ripening
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After nucleation, ZnO nanoparticles do not remain static and Ostwald
ripening starts to occur. Ostwald ripening is the process where smaller,
less stable nanoparticles dissolve and redeposit onto larger, more stable
structures. This occurs because small particles have higher surface energy,
making them thermodynamically less stable than larger ones.
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Consequently, Zn?* ions dissolve from small ZnO particles, increasing their
concentration in solution, while redeposition occurs onto larger ZnO
structures with lower chemical potential [30]. As the growth along Zn-
terminated (0001) plane and O-terminated (1120) plane is preferred and
both are along opposite c-axis direction growth along c-axis becomes rapid
and rapid along c-axis hence large ZnO nanorods grow at the expense of
smaller particles.

This process is governed by the Lifshitz-Slyozov-Wagner (LSW) theory,
which describes the growth rate of larger particles over time,

r¥®—ryd =kt

where r is the radius of a particle at time t, ro is the initial radius and k is a
material-dependent constant [31,32]. This equation basically summarizes
that with increasing value of time the final radius of particle increases,
whereas the initial radius decreases.

7. Common Experimental Factors Influencing Nanorod Formation:
With Emphasis on Hydrothermal Synthesis

Hydrothermal synthesis is one of the most widely used methods for
fabricating ZnO nanorods due to its simplicity, cost-effectiveness, and
ability to control nanostructure morphology. As it is the mostly used
synthesis method of nanorod fabrication, I am considering hydrothermal
synthesis to study the effects of different experimental factors on synthesis
of ZnO nanorod. This process typically involves dissolving a zinc
precursor, such as zinc nitrate (Zn(NOs)z or zinc acetate Zn(CH3CO2)z, in
an aqueous solution with a hydroxide source like sodium hydroxide
(NaOH) or hexamethylenetetramine (HMTA) [7, 33]. The solution is then
heated in a sealed autoclave at moderate temperatures (typically 80-200
°(), for a long period of time upto ~24 hour promoting the nucleation and
growth of ZnO nanorods. Key factors influencing hydrothermal growth
include reaction temperature, time, precursor concentration and solution
pH. Controlling these parameters enables precise tuning of nanorod
dimensions, orientation, and density.

The pH of the solution directly affects the Zn?* to OH™ ratio, influencing
nucleation and growth Kkinetics. A higher pH promotes faster ZnO
formation, leading to shorter and thicker nanorods, while a lower pH
slows growth and results in more elongated structures. The ideal pH range
for ZnO nanorod growth is typically between 9 and 12 [34, 35]. In case of
temperature, a higher temperature (>150 °C) leads to acceleration of the
reaction Kkinetics, increasing both nucleation and growth rates, thus
resulting irregular shapes and secondary nucleation [35]. Researcher has
found that well-defined nanorods forms at moderate temperatures (~90
°C) only [36]. The concentration of zinc and hydroxide precursors dictates
the supersaturation level. At low precursor concentrations, fewer nuclei
form, leading to longer and thinner nanorods. At high precursor
concentrations, rapid nucleation results in shorter, densely packed
nanorods [35].

Surfactants and structure-directing agents also can be employed for
tailoring ZnO nanorod morphology by selectively adsorbing onto different
crystallographic planes and modulating growth rates. Researcher has
shown that common surfactants such as Polyethylene glycol (PEG) and
Polyvinylpyrrolidone (PVP) polymers gets bounded preferentially to
nonpolar facets, limiting lateral growth and promoting well-aligned
nanorods [37, 38]. On the other hand, citrate ions get adsorb onto ZnO
surfaces, influencing nucleation density and controlling rod diameter [39].
In the same time one of the mostly used surfactants CTAB
(Cetyltrimethylammonium bromide) alters surface charge and affects the
aspect ratio of nanorods [40]. Thus, by introducing surfactants, the overall
shape and aspect ratio of ZnO nanorods can be finely controlled, allowing
for application-specific optimization.

8. Conclusion

The growth of ZnO nanorods is governed by a complex interplay of
thermodynamic stability, surface energy minimization, and kinetic factors.
The wurtzite crystal structure of ZnO introduces anisotropic growth,
where the high-energy (0001) Zn-terminated plane drives elongation
along the c-axis, while lower-energy nonpolar facets stabilize lateral
dimensions. Growth kinetics are influenced by diffusion, mass transport,
nucleation dynamics, and Ostwald ripening, all of which can be fine-tuned
by adjusting experimental parameters such as pH, temperature, precursor
concentration, and surfactant use. Hydrothermal synthesis remains a
widely used method due to its ability to produce well-defined nanorods
under controlled conditions. Despite significant progress, theoretical
modelling of ZnO nanorod formation still faces numerous challenges due

https://doi.org/10.30799/jnst.357.25100201

to the complex interplay of thermodynamic, kinetic, and environmental
factors. Accurately modelling the entire growth process, including ion
adsorption, the influence of surfactants, and growth-modifying agents on
different ZnO crystallographic planes, is particularly difficult due to the
dynamic nature of chemical interactions. Traditional models, such as
classical nucleation theory and the Lifshitz-Slyozov-Wagner (LSW) theory,
often assume idealized conditions that fail to capture real experimental
environments, especially since many synthesis processes operate under
non-equilibrium conditions. This limitation makes it difficult to apply
equilibrium-based models, such as Wulff construction, to all possible cases
of ZnO nanorod growth. Another major challenge lies in representing the
anisotropic growth behaviour of ZnO, which is influenced by
crystallographic surface energies, chemical potential gradients, and
precursor diffusion. Additionally, impurities, point defects, and lattice
strain further complicate theoretical predictions, as they impact
nucleation and growth kinetics in ways that are difficult to incorporate
into computational models. The need for precise descriptions of surface
interactions, including the role of surfactants, ligands, and seed layers,
adds another layer of complexity. While atomistic simulations, such as
density functional theory (DFT) and molecular dynamics (MD), offer
valuable insights into these interactions, their high computational cost
limits their application to large-scale predictions. On the other hand,
continuum models like phase-field and finite element methods allow for
larger-scale simulations but may oversimplify atomic-scale details.
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