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Functional tetrapodal zinc oxide: from synthesis
and multiphysics to advanced applications
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Tetrapodal zinc oxide (T-ZnO) represents a distinctive ZnO architecture, characterized by a central core and
four tetrahedrally arranged monocrystalline arms. Beyond its role as a conventional particle, T-ZnO is
increasingly recognized as a microscopic building block whose three-dimensional geometry governs tightly
coupled multiphysics properties. This review critically examines the structural lifecycle of T-ZnO across
multiple length scales. We evaluate scalable synthesis methodologies and competing thermodynamic models
governing early-stage nucleation, followed by a systematic analysis of structure—property relationships. Struc-
ture—property correlations are addressed from the atomic scale of the crystal lattice, through the microscopic
scale of individual tetrapodal particles, to the macroscopic aggregation of tetrapods into functional networks.
Across these scales, the tetrapodal morphology dictates properties like mechanics, piezoelectricity, and
optoelectronics via diverse and often competing effects. These properties are typically intertwined, producing
physical coupling that generates both performance synergies and fundamental design trade-offs. The utility
of this architecture is demonstrated in two principal domains: first, as an active functional particle network
leveraging geometric stress concentration and percolation effects for applications such as advanced sensing;
and second, as a sacrificial structural template for the fabrication of ultralight, highly porous aeromaterials that
decouple the architectural advantages of the network from the intrinsic chemical limitations of ZnO.
Ultimately, advancing T-ZnO from empirical optimization to rational technological deployment requires
predictive multiphysics computational frameworks capable of guiding the design of its complex functionality.
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1. Introduction

Predictive control over functional materials remains one of the
foremost challenges in materials science. This problem is
deeply rooted in the synthesis-structure-property relationship
that governs material performance. Tetrapodal zinc oxide
(T-ZnO) exemplifies this challenge. Its functional properties
are governed not only by its intrinsic chemistry but also by its
distinct morphology (a particle with a central core and four
arms extending in different directions at roughly 109.5° angles)
and are highly sensitive to its synthesis conditions. The scien-
tific journey of T-ZnO, chronicled over eight decades in Fig. 1,
began with the foundational crystallographic description of
T-ZnO twinning in 1944." It evolved through the postulation of
seminal yet contested growth models, ranging from the simple
metastable zinc blende (ZB) nucleus hypothesis (1981) to the
complex octatwin (1993)* and multi-grain wurtzite (WZ) (2005)*
theories. Furthermore, the timeline in Fig. 1 marks the transition
from fundamental understanding to a dual yet interconnected
landscape of technological applications. Early breakthroughs
demonstrated its utility as an active material in photocatalysis
(2007),” single-tetrapod sensors (2009),° and as a light-scattering
layer in dye-sensitized solar cells (DSSC) (2011).” Concurrently, a
transformative application emerged with the synthesis of aero-
graphite (2012),® as illustrated by the emergence of the blue
“template” stream in Fig. 1. This established T-ZnO not just as a
functional component, but as a revolutionary sacrificial template
for creating entirely new classes of microstructured materials,
such as ultralightweight three-dimensionally (3D) interconnected
thin films, the so called “aeromaterials”.®°

Despite extensive studies on T-ZnO synthesis, the fundamental
atomistic mechanisms driving the formation of its characteristic
four-armed morphology are still not fully understood.>*'>"* This
fundamental uncertainty creates a critical knowledge gap between
macroscopic synthesis parameters and atomistic control, limiting
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the rational and predictive design of T-ZnO. In addition to the
knowledge gap regarding its formation, T-ZnO is characterized
by structural features such as a defectrich core, a non-centro-
symmetric WZ-lattice in its arms, and high-energy polar facets.
These features are often dependent on synthesis conditions,
closely related, and can influence each other. For instance, intrin-
sic defects enable n-type conductivity,"”"* and the concentration of
these defects, directly affects the material’s conductivity. These
intrinsic defects also influence the piezoelectric properties of the
WZ arms through free charge carriers'*"® and reduce optical
efficiency via non-radiative recombination centers.'® Furthermore,
structural features such as the core junction, also play an impor-
tant role."* In this junction, the degree of lattice mismatch and
the presence of defects further influence the behavior of T-ZnO
in various regards. This complex interdependency of the struc-
tural features and their effects to the properties needs to be
tuned for desired application but also enables multi-terminal
functionalities."”

The systematic analysis of these interconnected phenomena
establishes a foundation for the practical use of T-ZnO in
materials science. Crucially, our analysis reveals that T-ZnO acts
as a material nexus, uniting functional and structural domains.
T-ZnO can be rationally applied in two synergistic modes. First, it
can serve as an active material, where its intrinsic properties such
as n-type conductivity, piezoelectricity, or photoluminescence
(PL) are directly exploited and often enhanced by its tetrapodal
structure. Second, T-ZnO can function as a load-bearing struc-
tural element, where its morphology enables new properties,
such as the formation of three-dimensionally percolating net-
works with low percolation thresholds. Moreover, the architec-
ture of these networks can be transferred to other materials. In
such a templating approach, T-ZnO can imprint its structural
properties onto materials like graphene,'® Si0," or ceramics,”
which are otherwise difficult to produce in such a morphology.
This strategy effectively decouples morphology from chemistry,
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Fig. 1 Atimeline illustrating the historical progress of T-ZnO research from 1944 to now. The chart highlights key milestones across five major themes:
general discoveries (grey), synthesis methods (red), growth models (green), T-ZnO as a sacrificial template (blue), and applications (orange). The
progression shows a clear evolution from foundational crystallographic and synthesis studies toward an expanding landscape of advanced, architecture-

driven technologies.

allowing T-ZnO to export its structural benefits to other func-
tional chemistries.

This review provides a critical, multi-scale framework to
clarify the current challenges regarding T-ZnO. We begin with a
critical assessment of the synthesis and unresolved growth
mechanisms of T-ZnO (Section 2). We then trace how these
conditions shape the structure-property relationships (Section 3),
which govern the material’s vast application potential (Section 4).
Following the detailed discussion of synthesis, properties and
applications of T-ZnO, the review culminates in a forward-looking
perspective (Section 5). This section outlines key experimental and
theoretical frontiers. Progress in these areas may move T-ZnO from
a model system of study toward a blueprint for a new paradigm: the
predictive, on-demand design of three-dimensionally microstruc-
tured materials.

2. Synthesis and growth mechanisms
of T-ZnO

Despite decades of research and a large variety of synthesis routes,
the predictable design of T-ZnO with tailored arm morphologies
and core structures remains difficult. This challenge stems from
the material’s distinctive architecture. Unlike zero-dimensional
(0D), one-dimensional (1D), or two-dimensional (2D) nanostruc-
tures, T-ZnO exhibits a spatially open three-dimensional (3D)
tetrapodal morphology. This unique morphology comprises a
central core from which four high-aspect-ratio arms extend. This

This journal is © The Royal Society of Chemistry 2026

geometric configuration imparts properties that differentiate it
from other ZnO forms. Consequently, deviations in morphology
directly alter material properties. This structure-property relation-
ship is central to governing T-ZnO’s performance across all scales,
from individual arms to assembled networks. Consequently, it
emphasizes the importance of a combined theoretical and empiri-
cal understanding of nucleation and growth.

This section critically assesses the synthesis-mechanism,
arguing that a unified growth theory, bridging atomistic nuclea-
tion with macroscopic process parameters, is the critical missing
link for realizing the full potential of these unique 3D nano-/
micromaterials. To address this gap, the section first examines the
fundamental growth mechanisms of the nucleus (Section 2.1).
Building on this foundation, Section 2.2 develops the underlying
thermodynamic principles and general design rules, which are
then applied to the primary fabrication methods for T-ZnO in
Section 2.3. This creates a rational framework that enables delib-
erate control over synthesis parameters, shifting the field from
empirical recipes to first-principles design.

2.1 Fundamental growth mechanism

2.1.1 The nucleation paradox. A significant scientific para-
dox lies at the heart of T-ZnO research. While its synthesis is
remarkably reproducible, the precise atomistic mechanism
governing the nucleation of its four-armed structure remains
a subject of intense debate.>"*> Although most models agree on
the idea that growth originates from a central seed from which

Chem. Soc. Rev.
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d,>*11372% the formation and nature of the

the four arms exten
initial nucleus remains unresolved.

This section traces the evolution of scientific thought on the
nature of the T-ZnO nucleus. Early models postulated that a
core of a metastable crystal phase, specifically cubic ZB, pro-
vides the necessary tetrahedral symmetry.'" Conversely, later
theories argued that the structure could arise entirely from the
thermodynamically stable WZ phase through complex twinning
and strain accommodation mechanisms. This progression
reveals how increasingly sophisticated characterization meth-
ods have deepened our understanding of symmetry breaking
and crystal growth at the nanoscale.

2.1.1.1 Model A: the epitaxial growth model (1981). The first
and most intuitive explanation for the tetrapod morphology,
proposed by Shiojiri and Kaito in 1981, is the epitaxial growth
model."""™ This framework suggests that the tetrapod does not
nucleate from the stable WZ phase, but rather from a core
composed of the metastable cubic ZB polymorph. The for-
mation of such a metastable phase is theorized to be plausible
under the high-supersaturation, non-equilibrium conditions
characteristic of vapor-phase synthesis.

In this model, the ZB nucleus forms an octahedron, exposing
four energetically equivalent Zn-terminated facets. These surfaces
act as a template for the epitaxial growth of WZ arms. As deposition
proceeds along the crystallographically equivalent directions, the
arms extend to form a structure with ideal tetrahedral symmetry,
producing the characteristic tetrapod.”®*” This epitaxial relation-
ship explains the fourfold symmetry and predicts a tetrahedral arm
angle of 109.5°, the ideal tetrahedral angle.**® This model predicts
a perfect tetrahedral alignment of WZ arms extending from the ZB
octahedral nucleus (Fig. 2a). Direct high-resolution transmission
electron microscopy (HRTEM) analysis confirms this ZB core in
specific samples, validating the epitaxial relationship between the
ZB {111} and WZ (0001) growth directions (Fig. 2b).

While this simplicity makes model A conceptually attractive,
it also defines its principal limitations. Several factors limit the
applicability of this model: systematic experimental deviations

a) r-
Octahedral %
ZB Core Y
¢ .|
|
A

Fig. 2 Epitaxial growth model for tetrapod ZnO. (a) Schematic illustration
of a ZB octahedral nucleus (left) and the resulting WZ tetrapod with arms
aligned in perfect tetrahedral geometry (right). (b) High-resolution TEM
image showing a ZB core enclosed by WZ domains, with the corresponding
structural model inset, providing direct evidence for the epitaxial relation-
ship between ZB {111} and WZ {0001} growth directions. (b) Reproduced
from ref.10 with permision from AIP Publishing,*® Copyright 2007.
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from ideal tetrahedral geometry, the energetic cost of maintain-
ing a coherent ZB-WZ interface, and the rarity of direct ZB-core
observations. Collectively, these suggest that this mechanism, if
operative, is restricted to a narrow range of synthesis conditions.
These shortcomings motivated the development of alternative
models that relax the requirement of a perfect crystallographic
template and instead incorporate strain, defects, or phase
transformation as central elements of tetrapod nucleation.

2.1.1.2 Model B: the octa-twin nucleus model (1993). To
address the limitations of the epitaxial model, Iwanaga et al.
developed the octa-twin model, which rationalizes tetrapod
formation entirely within the stable WZ phase.>**** A crucial
advantage of this model is its ability to account for the persis-
tent ~105° arm angle frequently observed in experiments.*"*°

This model postulates a nucleus composed of eight trigonal
pyramidal WZ sub-crystals. Each sub-crystal exposes three
outward-facing {1122} facets and one basal plane. All sub-
crystals are twinned along the outward facing facets, which
are the most energetically favorable twinning planes in the Wz
structure. These twinned domains arrange into an octahedron,
introducing significant internal strain due to angular mis-
matches of the twin boundaries.*® This strain is partially
relieved by microcracking or dislocation formation, resulting
in a distorted nucleus. Growth then proceeds preferentially
from four sub-crystals whose basal planes are oriented along
the +c direction, producing the characteristic four-armed tetra-
pod morphology.>® As the nucleus evolves, it transitions into a
hexa-twin configuration (Fig. 3), where mutual accommodation
of twin interfaces minimizes interfacial stress.

a) b)

;\\’)_\7-\

&

Fig. 3 Twin-mediated nuclei with increasing multiplicity. (a) Single pyramidal
twin with an equilateral triangle as base. (b) Three additional twins grown on the
{1212} facets of the first twin. (c) Hexa-twin configuration (after lwanaga
et al®), in which all twinned interfaces are mutually accommodated, releasing
interfacial stress and yielding a distorted tetrahedral arrangement of the c*
axes; the {0001} facet is indicated. (d) Resulting distorted tetrapod morphology.

This journal is © The Royal Society of Chemistry 2026
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In direct contrast to the epitaxial growth model, the octa-
twin nucleus model abandons the concept of a predefined
symmetry template and instead explains tetrapod formation
entirely within the stable WZ phase. Here, the morphology
results not from the crystallographic properties but emerges
from strain-driven twinning during nucleation. This distin-
guishes model B from model A and marks the first explicit
incorporation of defect-mediated growth.

The octa-twin model offers an explanation for the consistent
~105° arm angles seen in experiments, attributing the devia-
tion from 109.5° to the relaxation of the twinned nucleus
structure.”® This interpretation is supported by angular mea-
surements on multiple tetrapods and by indirect TEM evidence
suggesting the presence of twinned subdomains, even though
direct imaging of a complete eight-domain nucleus remains
elusive.>**?* Lastly, the complexity of the proposed nucleus
structure and variability in observed tetrapod morphologies
suggest this may be one of several possible growth pathways,
rather than a universal mechanism for all T-ZnO structures.

2.1.1.3 Model C: the nucleus transformation model (1997). A
third growth mechanism proposed by Nishio et al.” presents a

View Article Online

Review Article

hybrid model that links cubic and hexagonal phases in ZnO
tetrapod formation. Growth initiates with a transient ZB nucleus
formed under high supersaturation and elevated temperatures
typical of vapor-phase synthesis.> The metastable ZB phase
subsequently undergoes a solid-state transformation into the
WZ structure via crystallographic slip, accompanied by the
formation of stacking faults and twin boundaries. This transfor-
mation preserves the octahedral geometry of the original ZB
nucleus but produces a multiply twinned WZ core. Depending
on the slip system, the core typically consists of either four or six
coherently twinned WZ domains. In the six-domain configu-
ration, specific twins form the internal nucleus boundaries, while
the remaining domains elongate outward to form the arms. Such
a sixfold twinned core cannot be accounted for by the previously
proposed octa-twin model. From this multiply twinned nucleus,
four WZ domains aligned along the c+ direction extends outward
to form the characteristic tetrapod arms. Diffraction data con-
firms the existence of multiply twinned {1124} domains (Fig. 4),
supporting the transformation-based mechanism by validating
the specific orientation of the WZ elements.

This model is primarily supported by Nishio et al.’s> observa-
tion of a six-grained tetrapod, which has not been independently

0004

p 004 130 ¢

/ﬁ»
Al
110],, [110],,

By

Fig. 4 TEM analysis of a T-ZnO particle with a multiply twinned {1124} core. (a) TEM image of a tetrapod with four arms, accompanied by selected-area
electron diffraction (ED) patterns for each domain (a;—as). (b) Schematic of the ED pattern highlighting the characteristic reflections of the twinned
domains. (c) Crystal orientation models of the four WZ elements (A*, B*, C*, D*), showing the hexagonal prism geometry and twinning relationships. (a)—
(c) Reproduced from ref. 2 with permision from Taylor & Francis,? Copyright 1997.

This journal is © The Royal Society of Chemistry 2026
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confirmed. It does, however, account for the experimentally
observed inter-arm angles.

2.1.1.4 Model D: the multi-grain wurtzite model (2005). Ron-
ning et al.* proposed an alternative model based on direct
HRTEM evidence and supported by density functional theory
(DFT) calculations. In this model, the tetrapod core consists of
four single-crystalline WZ grains arranged in a distorted tetra-
hedral geometry, with misfit strain accommodated by a high
density of structural defects. They suggest a self-assembly
nucleation mechanism resembling a phase transition, similar
to that described by Nishio et al.> Zn vapor initially forms small
Zn clusters that oxidize into ZnO spheroids. Upon further
growth, these spheroids collapse into a more stable tetrahedral
structure. This final structure is composed of four triangular
dipyramidal ZnO grains with their c-axes pointing toward the
apexes (Fig. 5a). High-angle grain boundaries accommodate the
internal misfit strain, effectively stabilizing the distorted tetra-
hedral arrangement (Fig. 5b-e).

The key contribution of this model is its emphasis on nano-
scale thermodynamics. Rather than invoking a predefined crystal-
lographic template such as a ZB phase or octa-twin, it describes a
dynamic process in which the core structure emerges from energy
minimization through particle aggregation and rearrangement.
However, it remains unclear whether the initial nucleus originates
from Zn condensation, as supersaturation of Zn vapor with respect
to metallic Zn is not expected under the relevant conditions,*
making homogeneous Zn nucleation unlikely.

2.1.2 Critical assessment: why a unified theory remains
elusive. Despite the extensive research detailed above, no
single, universally accepted growth mechanism for T-ZnO has

a)
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emerged. To address this lack of consensus, it is necessary to
compare these models not as competing truths, but as com-
plementary pathways activated by different synthesis environ-
ments and observational limits. A critical assessment reveals
three fundamental barriers that prevent a unified conclusion.

2.1.2.1 Condition-dependent pathways (thermodynamic vs.
kinetic control). The diversity of synthesis methods implies that
a universal nucleation pathway likely does not exist. Instead, the
dominant mechanism appears to be dictated by the thermody-
namic landscape of the specific synthesis method. Models A and
C, which invoke metastable ZB phases, are predominantly sup-
ported by data from high-temperature vapor-phase synthesis.
Under these far-from-equilibrium conditions, rapid kinetics can
stabilize metastable phases before they relax into the equilibrium
structure. In contrast, model D (multi-grain WZ) often aligns with
wet-chemical or slower oxidation data. Here, slower kinetics allow
the system to relax into the thermodynamically stable WZ phase,
resolving the tetrapod geometry via defect accommodation rather
than phase changes. It is physically plausible that distinct nuclea-
tion mechanisms operate in parallel, with the dominant pathway
determined by local parameters such as temperature, supersatura-
tion, and precursor chemistry.

2.1.2.2 Limits of ex situ characterization. A major obstacle is the
temporal disparity between the nucleation event and structural
characterization. Nucleation is a transient, non-equilibrium
process occurring on rapid timescales at high temperatures.
However, current evidence, such as the HRTEM imaging sup-
porting models A and D, is predominantly obtained ex situ on
mature nanostructures.

Fig. 5 Structural analysis of the multi-grain wurtzite (WZ) nucleus. (a) Schematic representation of the self-assembled tetrahedral core, comprising four
WZ grains bounded by {1121} facets with outward-facing c-axes. (b) HRTEM image of a leg tip exhibiting 113°~114° growth steps. (c) Low- and (d) high-
magnification TEM images of the central core, revealing four distinct hexagonal grains separated by high-angle grain boundaries. () HRTEM image of the
boundary region detailing the twin relationship between adjacent arms.* (b)-(e) Reproduced from ref. 4 with permision from AIP Publishing,* Copyright

2005.
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Researchers are therefore analyzing the thermodynamically
relaxed state of the nucleus rather than the active nucleation
complex. Distinguishing between a structure that initiated
growth (e.g., a metastable ZB core) and one that formed via
stress relaxation during cooling (e.g., a multi-grain WZ core)
remains a significant analytical challenge. While model A relies
on geometric elegance, it lacks broad statistical backing; con-
versely, model D provides direct imaging evidence but struggles
to definitively explain the initial symmetry-breaking event with-
out in situ verification.

2.1.2.3 Strain-induced structural reconfiguration. Finally,
T-ZnO growth involves a complex coupling of atomistic and
mesoscopic scales. The macroscopic morphology is governed
by the core’s crystallographic defects, such as twin boundaries
and inversion domains. However, as the arms extend, they exert
retroactive strain on the central core. This feedback loop can
induce plastic deformation or defect migration that obscures
the original crystallographic signature of the nucleation event.
Consequently, the final core structure observed in microscopy
may differ significantly from the initial nucleus, complicating
efforts to reverse-engineer the mechanism solely from the final
morphology.

Summary: evolution of nucleation concepts. The historical
progression of T-ZnO nucleation models represents a conceptual
evolution from idealized crystallography toward defect-mediated,
thermodynamically driven theories. Early hypotheses, such as the
epitaxial model (A), were notable for their geometric simplicity,
relying on a perfect ZB core to explain the tetrapod’s symmetry.
However, the persistent experimental observation of non-ideal
arm angles (~105°) necessitated more physically robust descrip-
tions. This drove the development of the octa-twin (B) and multi-
grain (D) models, which do not require a perfect template.
Instead, these modern models propose that the tetrapod mor-
phology arises from the WZ phase itself, where the core structure
is determined by the energetic accommodation of strain via
defects. Current understanding thus positions T-ZnO nucleation

Table 1 A critical comparison of the primary models for T-ZnO growth
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not as a single fixed event, but as a dynamic competition between
kinetic trapping and thermodynamic relaxation, as summarized
in Table 1.

2.2 Unifying principles: kinetic vs. thermodynamic control

The chemical state of the reactor, specifically the degree of
supersaturation, acts as the unifying principle that governs the
formation of T-ZnO. Synthesis parameters dictate the transport
rates, determining whether the system has sufficient energy to
overcome activation barriers or if it operates under strict kinetic
control. These transport conditions directly dictate the atomic
arrangement, determining whether atoms relax into stable lat-
tices or become trapped in metastable states. As illustrated in
Fig. 6, these structural differences dictate the final macroscopic
shape, separating kinetically trapped products (such as hexa-
gonal prisms) from thermodynamically stable morphologies
(such as bipyramids).** Therefore, understanding how macro-
scopic parameters shift the regime between thermodynamic and
kinetic control is essential for predictive synthesis.

When a reactor operates at high temperatures but low
supersaturation, the system falls under thermodynamic control
where the surface diffusion of species exceeds their arrival
rate.*>*? This high atomic mobility allows the atoms to bypass
the formation of internal defects and relax into their lowest-
energy lattice sites. Consequently, the crystal minimizes its
overall surface energy to form compact, low-aspect-ratio prisms
or quasi-spherical aggregates.?”*>3* A clear illustration of this
transport behavior is Ostwald ripening, frequently observed in
the wet-chemical synthesis of ZnO nanoparticles.”® As demon-
strated by Wong et al.>* smaller, highly curved particles dissolve,
releasing species that diffuse and deposit onto larger, more
stable particles. This process confirms that thermodynamic
control inherently erases high-energy anisotropic features in
favor of compact, energetically stable structures.*”

Conditions of high precursor flux and extreme supersaturation,
typical of vapor-phase synthesis, drive the system into strict kinetic
control.>”** Elevated synthesis temperatures (typically >900 °C)

Model (first

proposed) Nature of the nucleus Primary driving force

Key supporting evidence Key challenges/limitations

A: epitaxial
growth (1981)

Metastable ZB crystal
core.

Epitaxial growth of WZ
arms on the four {111}
faces of the ZB seed.

Accommodation and
release of internal strain to
explain the non-ideal
(~105°) arm angles.

B: octa-twin
nucleus (1993)

A complex, strained
WZ octa-twin embryo
composed of eight
sub-crystals.

C: nucleus An initial, transient Solid-state phase transfor-
transformation ZB crystal that mation from metastable ZB
(1997) transforms into a to stable, twinned WZ via

twinned WZ
structure.

Four distinct WZ
grains that self-
assemble in a twin-like
relationship.

crystallographic slips.

D: multi-grain
wurtzite (2005)

Thermodynamic energy
minimization by reducing
the high surface area of
precursor clusters.

This journal is © The Royal Society of Chemistry 2026

HRTEM/ED showing a distinct
ZB core in some rare
samples."’

o Persistent angle discrepancy
(~105° vs. 109.5°)

e High energetic cost of ZB/WZ
interface

e Core is very rarely observed

e Proposed nucleus is extremely
complex

e Has not been directly and
unambiguously observed

e The proposed rapid, solid-state
transformation is highly complex
o Key observation of a six-grained
core has not been independently
reproduced

Evidence for the final core is strong,
but the dynamic self-assembly
pathway remains a theoretical
assumption

Explains the experimentally
observed non-ideal (~105°)
arm angles.”

Reconciles evidence for a ZB
origin with the final, defect-
rich WZ structure, supported
by the rare observation of a
six-grained core.?

Direct HRTEM imaging of a
four-grain core; strongly
supported by DFT
calculations.”
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Fig. 6 Quantitative energy landscape governing ZnO morphology. The reaction pathway illustrates the structural transition from a high-energy
kinetically controlled product (left) to a surface-energy-minimized thermodynamically controlled product (right). The denoted energy barriers (AEq)
represent the activation energy required for these atomic rearrangements. Macroscopic synthesis parameters dictate whether the system overcomes
these barriers or remains locked in a metastable morphology. Reproduced from ref. 32 with permision from MDPI,*2 Copyright 2023.

increase the zinc vapor pressure, accelerating the arrival rate of
growth species so that it overwhelmingly exceeds the surface
diffusion rate.***® This kinetic arrest forces the system to
initially form a nucleus via homogeneous nucleation in the gas
phase, locking atoms into specific facets before they can relax into
equilibrium sites.>® Subsequently, the rapid accumulation of
material restricts growth to the most exposed facets, driving the
anisotropic extension of the four arms along the (0001) directions.

Within this highly supersaturated gas phase, the effective
nucleation density remains low because most subcritical clus-
ters fail to overcome the critical nucleation barrier.*" Similar to
Ostwald ripening during ZnO annealing,*® these structurally
unstable atomic clusters re-evaporate rather than forming
stable defect centers. The resulting zinc and oxygen species
are then transported and recycled to feed the rapid elongation
of the already established tetrapodal arms. If these intermedi-
ate nuclei were stabilized instead, the chemical supersaturation
of the reactor would be rapidly depleted. This depletion would
remove the driving force for kinetic control, inherently suppres-
sing anisotropic extension and forcing a return to isotropic
morphologies.

The temporal dynamics of this process were elucidated by
Zhou et al.,** who demonstrated how the chemical environ-
ment drives a two-step growth mechanism. Initially, a slower
nucleation step locks the atomic arrangement of the core, after

Chem. Soc. Rev.

which extreme kinetic control forces arriving species onto specific
outward-facing facets.*”*" This rapid transport sequence ulti-
mately yields the high-aspect-ratio elongation of the tetrapodal
arms. However, as demonstrated by the pivotal work of Ali and
Winterer*> and supported by thermodynamic calculations,* sim-
ply increasing the reactor temperature can raise the equilibrium
vapor pressure and inherently reduce the degree of supersatura-
tion. This loss of chemical driving force favors the gas phase,
potentially suppressing the initial atomic nucleation event and
preventing the required defect center from forming altogether.**

These findings provide critical experimental validation:
reactor conditions must be deliberately engineered to main-
tain continuous, high supersaturation in order to sustain
strict kinetic control.*™*? If this transport-driving force is
lost, atoms will relax into equilibrium lattices rather than
forming structural defects, and the highly anisotropic tetra-
podal arms cannot be achieved. To rigorously resolve this
causal interplay between the chemical environment and
physical transport, it is necessary to quantify the system using
the two fundamental dimensionless numbers that govern
reactive flows.

To describe the physical transport of species within the highly
supersaturated reactor environment, we first employ the Péclet
number (Pe). This dimensionless number quantifies the regime
of kinetic control by representing the ratio of the advective

This journal is © The Royal Society of Chemistry 2026
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transport rate (bulk fluid flow) to the diffusive transport rate.
Mathematically, it is expressed as:

LU

D

Pe

Here, L is the characteristic length scale, U is the local flow velocity
of the precursor vapor or fluid and D is the mass diffusion
coefficient of the species in the gas phase. This simple ratio
physically captures the essence of the transport environment.
When advection dominates (Pe > 1), this kinetic control forces
arriving atoms to stick to exposed facets rather than diffusing
laterally across the lattice structure. Ultimately, this balance
directly dictates whether the resulting morphology will remain
compact or extend into elongated tetrapodal arms.

In vapor-phase systems typical for T-ZnO synthesis, the mass
diffusion coefficient (D) is dynamically governed by the local
supersaturation and the surrounding thermal environment.
The gas-kinetic dependence of this diffusivity dictates the
threshold for kinetic control, which is rigorously described by
the Chapman-Enskog equation:

1858 x 103792 /1y L
My My

D= A
Poap’Qp

In this formulation, T is the absolute temperature, P is the total
pressure, M, p are the molecular weights of the species, and Qp,
is the temperature-dependent collision integral. By simplifying
the material-specific constants within a highly supersaturated
environment, we derive the critical scaling law that governs the
chemical vapor transport regime. This mathematical relation-
ship dictates the advection rates required to prevent atomic
surface relaxation, ultimately setting the boundary conditions
for the resulting anisotropic tetrapodal arms:

15
D (T—>
P

By applying this specifically to gas-phase transport, we derive
the critical scaling law that governs the Péclet regime in
chemical vapor transport (CVT):

Peg,s o P

This scaling law highlights the critical leverage of reactor pres-
sure within a highly supersaturated environment. Increasing the
total pressure (P) directly suppresses gas-phase diffusivity (D),
inherently forcing the system into strict kinetic control. Babu
et al*® validated this crossover, demonstrating how these
advection-dominated transport rates lock atomic species into
gas-phase structural defects rather than allowing them to relax
on substrate surfaces. Ultimately, this rapid gas-phase nucleation
event serves as the foundation for the emergent, free-standing
tetrapodal arms.** Independently, increasing the zinc precursor
flux elevates the local flow velocity (U), establishing extreme
kinetic control by further inflating the Pe.** This rapid advective
transport outpaces lateral surface diffusion, preventing atoms
from assuming equilibrium lattice sites and locking in the
required internal defects. Consequently, this sequence yields

This journal is © The Royal Society of Chemistry 2026
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highly anisotropic, tapered tetrapodal arms instead of compact,
thermodynamically stable crystals.**

Conversely, fluids in hydrothermal or liquid-phase synthesis
are effectively incompressible, meaning pressure cannot be
used to tune the chemical supersaturation or D. Therefore,
strict kinetic control via the Pe in these systems is achieved
entirely by manipulating the advective precursor U. Martin
et al.*® experimentally demonstrated this transport universality
by tuning the flow rate to balance advection and diffusion
(Pe ~ 1.1). This specific transport balance allows arriving atoms
to arrange into oriented, stable lattices rather than chaotic
structural defects, ultimately dictating the uniform morphology
of ZnO nanowires.*®> However, as flow velocity increases further
(Pe > 2), the extreme kinetic control forces atoms to precipitate
too rapidly, preventing proper lattice arrangement and yielding
severe macroscopic agglomeration.*®

Second, to capture the chemical kinetics within a highly
supersaturated environment, we introduce the first Damkoéhler
number (Da;). This dimensionless ratio quantifies kinetic con-
trol by comparing the chemical reaction rate to the advective
fluid transport rate:

reaction rate kL

Dal = . =
advective transport rate U

where k is the reaction rate constant. If Da; « 1, advection
dominates and reactants are swept away before they can bond.
Conversely, if Da; » 1, the extreme chemical reaction rate
outpaces fluid transport, forcing precursor atoms to bond
instantly upon mixing and forming internal lattice structures
before they can reach the substrate.

In complex, high-temperature environments like FTS, a
singular metric cannot fully capture the dynamic supersatura-
tion. The reliable formation of T-ZnO requires a strict sequence
of kinetic control: first initiating rapid homogeneous gas-phase
nucleation, followed by sustained advection to feed the growing
facets. To predict this sequential atomic arrangement, first
forming a twinned defect core and then extending into a
crystalline lattice, we couple the transport (Pe) and kinetic
(Daj) descriptors into a unified master scaling law. By multi-
plying them, we eliminate the flow velocity (U) and derive the
second Damkohler number (Day;), which serves as the ultimate
predictor of the final tetrapodal arm morphology:

kL LU\  kL?
Da]] = Da[ x Pe = (U) X (?) :7

This unified number (Day;) evaluates the transport balance by
representing the intrinsic ratio of the chemical reaction rate to
the diffusive mass transfer rate. It serves as the critical deter-
minant of the nucleation locus within a supersaturated system:

2.2.1 The rod/film regime (Day « 1). Here, diffusion dom-
inates (D » kL?), allowing precursors to travel to the substrate
before reacting. This avoids gas-phase defect formation and
aligns with the low-pressure observations of Babu et al.,** where
atoms relax smoothly on the substrate surface to yield a hetero-
geneous film morphology.
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2.2.2 The tetrapod regime (Day > 1). Here, the extreme
reaction rate dominates (kL> > D), establishing immediate
kinetic control. The high supersaturation forces precursors to
react instantly in the gas phase, structurally locking atoms into
twinned defects before they can reach the reactor walls.***?
Ultimately, this localized gas-phase nucleation is the mandatory
precursor for the emergence of free-standing tetrapodal arms.

This unified framework mathematically explains the extreme
sensitivity of the synthesis environment to temperature. By
substituting the Arrhenius dependence for the chemical reac-
tion rate (k) and the Chapman-Enskog dependence for gas-
phase diffusion (D) into the second Damkohler equation, we
derive the constitutive scaling law that governs strict kinetic
control in vapor transport:

—Ea

k —Ea
Day ocBocP- T3 . eRrT

This mathematical relationship reveals that increasing tempera-
ture causes an exponential rise in Day; (via the Arrhenius term).
While this specific derivation is unique to compressible gases,
the resulting transport regimes universally dictate the final
atomic arrangement across both gas and liquid phases:

2.2.3 When diffusion dominates (Da; « 1 or Pe « 1). The
system lacks extreme supersaturation, allowing surface diffu-
sion to outpace the arrival of new material. Atoms have suffi-
cient time to bypass defect formation and relax into stable
equilibrium lattices, which drives the ripening of the structure
into compact, isotropic particles.*>*>

2.2.4 When arrival/reaction dominates (Da;; > 1 or Pe >
1). The highly supersaturated environment pushes the system
into strong kinetic control. Rapid convective flux delivers pre-
cursor material much faster than it can diffuse laterally across
the crystal surface. Consequently, growth species are locked
into place exactly where they land, forcing continuous and

View Article Online
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rapid atomic extension along the polar {0001} facets. This
prevention of lattice relaxation ultimately yields the character-
istic high-aspect-ratio, tapered tetrapodal arms.3>3345:46

By formally linking these dimensionless transport parameters
to their resulting crystallographic structures, this theoretical frame-
work provides a powerful predictive tool for rational synthesis
(summarized in Table 2). Crucially, this analysis resolves the
apparent paradox of temperature in T-ZnO synthesis. It clarifies
that while a high-temperature environment is initially essential to
generate the extreme supersaturation required to trigger kinetic
control (Da; > 1) and form the foundational gas-phase defect
core, this exact same thermal energy becomes a double-edged
sword during the subsequent growth phase.

If the newly formed nuclei are not rapidly transported to a
cooler zone, the local environment loses its effective supersatura-
tion. As shown by Saunders et al,*' the zinc vapor actually
becomes undersaturated at these sustained high temperatures.
Without rapid quenching to maintain kinetic control (high Pe),
the thermodynamic drive to re-evaporate completely overwhelms
the advective growth rate.*" This thermal destruction erases the
internal defects and dissolves the emerging tetrapodal arms.
Consequently, the rational design of high-quality T-ZnO requires
spatially decoupled reactors: an initial high-temperature zone is
required to trigger extreme supersaturation and core nucleation
(high Day), followed immediately by a high-velocity, lower-
temperature zone to sustain the kinetic control required to
rapidly extend the arms (high Pe).">*"

The specific compositional gradient in the Zn/O ratio, mea-
sured from the core to the arm tip, physically records the fluctuat-
ing supersaturation and transport rates experienced by the particle
as it traverses the reactor.*>*” This macroscopic behavior is directly
supported by atomistic theory. Specifically, DFT and machine
learning (ML) predictions demonstrate how these shifting
chemical environments alter the localized energetics of individual

Table 2 A critical analysis of controllable parameters on the unified second Damkoéhler number (Day)) and Péclet number (Pe). This table distinguishes
between universal effects (valid for both vapor and hydrothermal phases) and phase-specific transport laws

Experimental
parameter

Mechanistic impact & scaling law

(kinetics) regime)

Primary outcome: nucleation (Day

Secondary trade-off: growth
(Pe regime)

Temperature (7)
(universal)

Reactor pressure (P)
(vapor-phase
specific)

Flow velocity (U)
(universal)

Chem. Soc. Rev.

Reaction dominates (k1 1): rate

constant k rises exponentially

(Arrhenius), overwhelmingly

outpacing gas-phase diffusion D.
E|

—_La
Da“ X €RT

Diffusion suppression (D] ): in
highly supersaturated
compressible gases, diffusivity is
strictly suppressed inversely with
total pressure (D oc 1/P) (note: in
liquid/hydrothermal, P has
negligible effect on D).

Advection dominates (Pe1):
directly establishes kinetic control
by overwhelmingly increasing the
advective transport rate over
lateral surface diffusion.

LU
Pe D

Establishing the defect core: the extreme
initial supersaturation drives Day > 1,
forcing gas-phase atoms to instantly lock
into twinned defects rather than relaxing
into surface films.*>?

Transition to gas-phase defect centers
increasing P drives Day > 1 by trapping
reactants, ensuring the rapid formation
of structural defects rather than
equilibrium substrate lattices.*®

Yielding free-standing cores: rapid
advection sweeps precursor species into
the fluid stream, preventing them from
structurally relaxing onto the reactor
walls.

Loss of supersaturation: sustained
high T eventually undersaturates the
environment. If kinetic control is not
maintained via rapid quenching,
atoms re-evaporate and the emerging
arms dissolve.*'

Anisotropic shaping: high P sustains
strict kinetic control (high Pe),
preventing lateral lattice relaxation
and forcing atoms to extend into
sharp, high-aspect-ratio tetrapodal
arms.*?

Morphology tuning: extreme kinetic
control (high Pe) forces atoms into
tapered tetrapodal arms. Conversely,
a loss of advection (low Pe) allows
atoms to relax into isotropic
agglomerations.*
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atomic fragments. By dynamically tuning the relative stability of
specific structural facets, these fundamental changes in kinetic
control directly drive the structural transitions in the macroscopic
morphology at the nanoscale.*?

Therefore, the scaling laws summarized in Table 2 offer a
predictive pathway for rational reactor engineering. For example,
to force the elongation of blunt structures into sharp tetrapodal
arms, the system must be pushed deeper into strict kinetic
control (Pe > 1). In gas-phase reactors, increasing pressure
inherently suppresses lateral diffusion; in continuous hydrother-
mal systems, increasing precursor flow enhances advection. Both
actions prevent atoms from relaxing into equilibrium lattices,
successfully locking them into the extending tips (note: in static
batch reactors where flow is negligible, the lack of advection
naturally reverts the system to thermodynamic control, allowing
atoms to form stable lattices that yield low-aspect-ratio isotropic
prisms). Conversely, to increase the yield of free-standing tetra-
pods rather than substrate films, the priority shifts to the Day.. A
sharp increase in temperature elevates the supersaturation, driv-
ing the reaction locus entirely into the gas phase (Day > 1). This
rapid kinetic control ensures that precursors instantly bond to
form twinned defect seeds before they can physically diffuse to
the reactor walls. Ultimately, this decoupled transport framework
moves the field beyond empirical trial-and-error, enabling the
deliberate design of both initial yield and precise final
morphology.”"*”*>*>8 This theoretical foundation provides a
direct transition to the applied synthesis methods discussed in
the following section.

2.3 Synthesis methods of T-ZnO

Tetrapodal ZnO can be synthesized via a variety of routes, which
are broadly divided into liquid-phase and vapor-phase methods,
which are discussed below. While liquid-phase routes offer
potential advantages in low-temperature processing, vapor-phase
approaches are the most established, widely utilized, and best
understood for producing high-quality crystalline T-ZnO. As such,
they will be discussed first.

2.3.1 Vapor phase methods. Vapor-phase approaches remain
the dominant and most established routes for T-ZnO synthesis.
However, they are not monolithic; instead, they represent a
spectrum of techniques defined by a trade-off between manufac-
turing scalability and morphological precision. Despite differences
in technical setup, all vapor-based routes are governed by the same
fundamental physicochemical sequence: (i) generation of gas-
phase zinc species, (ii) oxidation to form ZnO precursor, (iii)
nucleation of ZnO clusters driven by high supersaturation,**=*
and (iv) anisotropic crystal growth of WZ arms from these nuclei,
ultimately producing the characteristic tetrapodal structure.'®

As established in Section 2.2, these methods rely on generating
a high zinc flux to drive the system into the kinetic controlled
regime, ensuring the formation of tetrpodal structures rather than
compact crystals. Different vapor-phase methods, such as thermal
evaporation, chemical vapor deposition (CVD), FTS, plasma-
assisted growth, and combustion-based approaches can be distin-
guished by the zinc precursor, the heat source, and the strategy
used to control the vapor pressures. Each method provides a
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unique way of creating the required non-equilibrium conditions
for the self-organized emergence of tetrapodal morphology, each
with its own profile regarding cost, scalability, energy consump-
tion, and the precision of morphological control. Each vapor-based
method is discussed in detail in the following sections.

2.3.1.1 Thermal evaporation. Thermal evaporation represents
the most classical route to synthesize T-ZnO. Thermal evapora-
tion allows for high-throughput synthesis, but only offers lim-
ited control over the final morphology. The process relies on the
direct thermal oxidation of a metallic zinc source (powder, foil,
wires) in an oxygen-containing environment.**° Its key advan-
tage is the simplicity of the setup (often just a tube furnace)
which translates to low capital cost. Oxygen can be supplied
either by ambient air****° or by a controlled atmosphere with a
carrier gas such as Ar/N,.**! However, this simplicity is offset by
high operational costs, as the process is energy-intensive, using
external heat sources, with typical synthesis temperatures ran-
ging from 650 °C to 1100 °C.»*"?*33:52735 pig 7 schematically
illustrates the thermal evaporation process. Zinc atoms evapo-
rate and react with oxygen to form ZnO molecules, which
nucleate and aggregate into ZnO nuclei. These clusters evolve
into crystalline domains, ultimately growing into T-ZnO.

Depending on the setup, the oxidizing atmosphere can be
static (sealed batch systems) or utilize a continuous input of
oxidizer and/or zinc precursor. The process is most often
conducted as a batch-type reaction, where Zn powder, foils or
pellets are evaporated inside a tube furnace.***>%%3°

The final dimensions are highly sensitive to the temperature
gradient; higher deposition temperatures favor the growth of
larger tetrapods with longer arms,*”>® while lower temperatures
often yield shorter or irregular arms, as described in Section 2.1.
Reaction times vary and exert a significant influence on final
dimensions.**® The resulting tetrapods typically exhibit arm
lengths between 0.3 and 10 um and with diameters in the range
of 30-650 nm, depending on exact synthesis conditions.**%>%>¢

Thermal evaporation enables the rapid and direct synthesis
of T-ZnO in comparatively simple setups.”>>>*>” This makes it
attractive for applications requiring large amounts of material.
The primary drawback of this method, however, is the inherent
difficulty in precisely controlling these thermal and concen-
tration gradients, leading to inhomogeneous nucleation and
growth conditions across the deposition zone, resulting in a
product with broad size and morphology distributions.”*>*>®
This lack of monodispersity is a significant limitation for
advanced electronic or optical applications where uniformity
is paramount. Consequently, post-synthesis processing or
selection is often necessary if narrow dimensional control is
desired.>® Overall, thermal evaporation lacks the fine tunability
of more advanced techniques like CVD or plasma-assisted
processes. However, its low setup cost and proven ability to
produce gram-scale quantities®”>> ensure its continued rele-
vance. It remains particularly useful for mechanistic studies
and applications requiring large volumes of material, such as
fillers for polymer composites, where precise morphological
uniformity is a secondary concern.
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reaction with oxygen to generate ZnO monomers. These monomers aggregate into foundational nuclei and subsequently undergo anisotropic crystal

growth to yield the final T-ZnO morphology.

2.3.1.2 Combustion-driven synthesis: flame transport synthesis
(FTS) and related methods. Combustion-driven approaches
represent a scalable alternative to furnace-based heating, aim-
ing to improve energy efficiency by utilizing the chemical
energy of fuels. Among these, FTS is one of the most effective

and widely adopted techniques for producing T-Zn

0.12:21,58

Fig. 8 illustrates this process, where a mixture of zinc micro-
particles and a sacrificial organic component undergoes

Fig. 8

Chem. Soc. Rev.

combustion, generating a highly reactive flame atmosphere
that vaporizes zinc and drives the nucleation and growth of
T-ZnO. This method occupies a unique space in the synthesis
landscape, offering very high throughput and reduced reliance
on external energy, but at the cost of precise, steady-state
process control.

A mixture of Zn microparticles and a sacrificial organic fuel
undergoes combustion, generating a localized high-temperature,

Wi & . . ZnO-Nucleus
~ B @® Oxygen
s a \ @ zincAtom
- : ’3 g & Zinc Dust
L s ¢ PvB

Schematic of flame transport synthesis (FTS) for tetrapodal ZnO (T-ZnO).
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reactive atmosphere. The exothermic flame vaporizes zinc and
creates transient Zn/O ratios that drive rapid nucleation and
anisotropic growth of ZnO tetrapods.”®** In a typical approach,
a Zn microparticles: polyvinyl butyral (PVB) mixture is heated in
a muffle furnace at ~900-950 °C. The process combines zinc
microparticles with a sacrificial organic component, such as
PVB or ethanol. Upon combustion, this mixture generates a
highly reactive atmosphere.>'” Instead of relying entirely on
external heating to vaporize the zinc, an external heat source is
used to ignite the organic additive. The subsequent exothermic
combustion generates a rapid, intense, and localized high-
temperature environment that vaporizes zinc and establishes
the supersaturation conditions required for tetrapod nucleation
and growth.>® The PVB combustion releases Zn vapor along
with CO,, H,0, and other volatiles.>!

The advantage of FTS results from its dynamic, self-
regulating chemical environment, which directly dictates the
final morphology. Initially, the rapid combustion of the polymer
consumes local oxygen, creating a transient, Zn-rich atmosphere.
Initially, Zn and O atoms combine to form a primary cluster.
Additional Zn and O atoms then attach to this cluster at different
facets, leading to the formation of a stable nucleus. Once this
nucleus is established, subsequent Zn and O atoms drive conven-
tional one-dimensional spike growth along the c-axis (0001).
Nucleation represents a critical step, while homogeneous nuclea-
tion predominantly yields tetrapod-type structures, heterogeneous
nucleation can give rise to diverse morphologies, including multi-
pods, flowers, and tree-like architectures.>***° This intrinsic time-
dependence is also seen in variants like ethanol-assisted flame
transport synthesis (E-FTS), which yield morphologically distinct
tetrapods.®”®° From a critical perspective, this dynamic nature is
both a feature and a flaw. While it allows for the single-step
synthesis of complex morphologies and facilitates the incorpora-
tion of dopant metals such as Cu, Al, and Sn,*®*°! the lack of
steady-state control makes achieving high batch-to-batch reprodu-
cibility and morphological uniformity a significant challenge.
Furthermore, the use of a sacrificial fuel results in poor atom
economy, a key consideration from a green chemistry standpoint.

Other combustion-based strategies have been explored to gain
better control over the reaction environment. Xu et al.®> demon-
strated counterflow diffusion flame (CDF) synthesis, where zinc
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substrates are exposed to a methane-air flame. The controlled
gradients of temperature and oxygen yield diverse morphologies,
including rods, ribbons, flowers, and tetrapods, with morphology
being strongly dependent on flame conditions. Chen et al.®®
reported a melting-combustion method (MCM), directly igniting
molten zinc with an acetylene-oxygen flame to produce high-
purity tetrapods without catalysts or volatile precursors. Growth
follows a vapor-solid mechanism and occasionally shows bottle-
neck features along the arm.®* Offering perhaps the highest
energy efficiency, Hwang et al.®* introduced a self-propagating
high-temperature synthesis (SHS) approach. In this method,
compacted Zn powder with an oxidizer (NH,NO,) is ignited by
a heating coil in a closed chamber, the exothermic reaction
sustains itself, generating mainly tetrapodal ZnO with aspect
ratios up to 50 and yields of ~95% under optimized conditions.

Collectively, these methods highlight the versatility of com-
bustion as a scalable energy source for T-ZnO synthesis, though
precise morphological control remains a common challenge
across all variants. The methods also demonstrate that tetrapod
growth is driven by strong advection. The formation of high-
quality crystals in this chaotic environment confirms that
T-ZnO growth thrives under conditions of strong advection (),
where reaction rates dominate over diffusion.

2.3.1.3 Chemical vapor deposition (CVD). Representing the
high-precision, moderate-throughput approach to T-ZnO synth-
esis, CVD and related vapor-transport methods offer a significant
leap in morphological control compared to direct evaporation or
combustion. Fig. 9 illustrates the principle of this process in a
two-zone furnace setup, where Zn-based precursors are con-
verted into a supersaturated Zn vapor that is transported and
subsequently nucleates into T-ZnO crystals under controlled
conditions. The key advantage of CVD is the spatial decoupling
of the precursor source from the growth substrate, typically
achieved within a two-zone furnace.'®?*%*®® This arrangement
allows for independent and precise control over vapor generation
and crystal nucleation. Consequently, it enables a level of tun-
ability that is difficult to achieve with other methods. In contrast
to FTS, which operates in highly turbulent conditions, CVD
allows for the independent tuning of reaction temperature and
precursor flux and ratio.

Heating

Carrier Gas (N2/Ar) () wul

Oxygen@D ==
Zinc Atom @ o
ZnO Nucleus ‘

Zinc Source
800 °C - 1200°C

500°C - 700°C

Fig. 9 Schematic representation of T-ZnO synthesis via CVD in a two-zone furnace. Zn-based precursors undergo carbothermal reduction to form a
supersaturated Zn vapor, which is transported and oxidized under controlled gas atmospheres, leading to nucleation and anisotropic growth of T-ZnO

crystals on the substrate.
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In a typical approach, carbothermal reduction of Zn-based
precursors such as Zn, ZnO, or ZnCO; with graphite generates a
supersaturated Zn vapor that oxidizes under controlled atmo-
spheres in a two-zone furnace.'>>*%% Using this strategy, Yu
et al.”® produced high-quality, uniform T-ZnO nanocrystals with
arm diameters of 80-100 nm and lengths of 600-1000 nm,
guided by NiO nanoparticles that acted as catalytic nucleation
sites on substrates held at ~600 °C. Numerous catalyst-free
variations have also been reported.>® For example, Newton
et al."® synthesized tetrapods with arm lengths from 200 nm
to 10 um and diameters between 50 and 500 nm simply by
varying the oxygen content (0.5-5%) in the carrier gas, demon-
strating the strong influence of Zn/O ratios on growth. This
highlights the method’s capacity to systematically explore the
growth parameter space, where subtle shifts in partial pressure
and substrate temperature determine the final morphology.®’

Alternative variants further expand the accessible parameter
space. Self-catalytic growth using zinc mixed with zinc acetate
has been shown to promote anisotropic growth through a vapor-
liquid-solid mechanism at temperatures as low as 650 °C.”"
Catalyst-free CVD oxidation of pure Zn powders at 940-990 °C in
Ar/O, atmospheres yields tetrapod arms of 20-100 nm diameter
and 1-15 pm length, with O, concentration governing not only
morphology®” but also optical properties. Higher oxygen flows
enhance visible luminescence (590-610 nm) linked to oxygen
vacancies, whereas moderate O, favours stronger UV emission
(~3.2 eV excitons), directly connecting synthesis conditions to
functional behaviour.®”

Overall, CVD-based routes provide significant tunability, com-
bining the simplicity of thermal evaporation methods with a good
morphology control. Despite their advantages, CVD-based meth-
ods face several key limitations. They require advanced equip-
ment, including high-temperature furnaces, gas flow controllers,
and vacuum systems, which significantly increase both the cost
and technical complexity. Additionally, the use of catalysts such as

Zinc Powder

Reactor

R
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NiO or Zinc acetate, introduces health and environmental
hazards.”®”* Scalability also remains limited by furnace volume
and substrate area, making CVD not suitable for mass produc-
tion of T-ZnO. Finally, the high operating temperatures
(600-900 °C) contribute to energy consumption and carbon
emissions, limiting the sustainability.

2.3.1.4 Plasma-assisted synthesis of T-ZnO. Plasma-assisted
methods exploit highly reactive, non-equilibrium environments
to enable rapid ZnO formation while simultaneously offering a
pathway to sophisticated defect engineering. The fundamental
advantage of plasma lies in its unique chemistry. Fig. 10
illustrates this process, where precursor gases are ionized into
a plasma containing energetic ions, electrons, and radicals that
drive ultrafast nucleation and growth of T-ZnO. By applying
strong electromagnetic fields (microwave, DC), the precursor
gases are ionized into a highly energetic state containing ions
(zn**, 0*7), electrons, and reactive radicals (O®). These species
possess much higher chemical potential than their neutral
counterparts in thermal methods, allowing for extremely rapid
nucleation and growth at lower overall substrate temperatures.
This can also suppress thermal agglomeration, enabling the
formation of much finer nanostructures.”

Early work by Zhang et al.”® used a microwave plasma furnace
(400 W, 4 Torr, Ar/O,) to produce crystalline tetrapods with fine
arms (10-25 nm), showing that plasma conditions can inhibit
agglomeration and stabilize anisotropic growth. Lin et al”*
expanded this with a DC plasma reactor, where injected zinc
powder was vaporized and oxidized, yielding tetrapods along
with rods and nanoplatelets. The tetrapod yield (15-65%)
depended on plasma power and particle residence time, and
the process scaled up to ~1 kg h™*, though post-processing was
required. Lee et al.”® applied a 2.45 GHz microwave plasma
(~6500 K) with an N,/O, swirl gas, producing tetrapods
(~30 nm diameter, ~250 nm length). Yang et al.*® synthesized

Fig. 10 Schematic of plasma-assisted synthesis of tetrapodal ZnO (T-ZnO). Elemental Zn is injected into a plasma environment where strong
electromagnetic fields ionize precursor gases, generating energetic ions, electrons, and radicals. These reactive species enable rapid nucleation and
anisotropic growth of ZnO tetrapods at lower substrate temperatures compared to thermal vapor methods.
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morphology-controlled ZnO tetrapods using a direct arc plasma
discharge, showing that changing oxygen partial pressure-
controlled shape and structure.

Recent atmospheric-pressure microwave plasma (APMP) sys-
tems allowed for more control. Yang and Jeong”® demonstrated
that adjusting power and collection distance tuned tetrapod size,
with larger structures forming at greater distances. Padmanaban
et al.*® further showed that RF-powered microplasmas can pro-
duce defect-free nanoscale tetrapods (~65 nm arms, ~11 nm
diameters).

High plasma powers or reduced oxygen concentrations
strongly promote the formation of anisotropic ZnO microstruc-
tures, including well-defined tetrapods.”” While the influence
of plasma pressure has not yet been systematically investigated,
it is expected that lower pressures would favour the development
of more faceted tetrapods. Plasma-assisted methods, however,
inherently increase both the complexity and energy demands of
synthesis, resulting in higher costs compared even conventional
CVD approaches. Despite these drawbacks, certain plasma con-
figurations have demonstrated the ability to produce high-quality
T-ZnO with controlled morphology. One important advantage of
plasma-based techniques is that they do not require specialized
or expensive precursors, instead relying on elemental zinc. The
costs increase even further considering the high energy demands
for operating the plasma and possible external heat sources.
Plasma-based methods demonstrate that extreme non-
equilibrium conditions can be achieved by means other than
temperature. This allows for the study of precursor ratios inde-
pendently of thermal effects, offering a unique perspective on the
growth mechanism. Table 3 summarizes the geometries and
morphologies reported for each vapor-phase synthesis method.
It highlights typical ranges in arm length/diameter and key
features influencing morphology.

Ultimately, the selection of a vapor-phase synthesis route is a
strategic decision dictated by the classic engineering trade-off
between production scale, material quality, and cost. The methods
discussed represent a spectrum of choices along this continuum.

Table 3 Critical comparison of vapor-phase synthesis methods for T-ZnO
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At one end, thermal evaporation and combustion-based
approaches offer pathways to high-throughput, gram-scale pro-
duction, making them suitable for bulk applications like com-
posites and fillers; however, this scalability is fundamentally
coupled with poor morphological homogeneity and, in some
cases, high energy consumption or low atom economy. In
contrast, CVD provides unparalleled precision, enabling the
fabrication of uniform, defect-engineered T-ZnO crystals essen-
tial for high-performance devices, albeit with significant penal-
ties in setup complexity and scalability.

Plasma-assisted synthesis emerges as a compelling outlier, a
potential paradigm-shifter that promises both extreme speed
and fine nanostructure control. However, its very high energy
and capital costs currently remain a significant barrier to
widespread adoption. The persistent challenge in the field,
therefore, is to develop hybrid or novel synthetic routes that
unite the scalability of combustion with the precision of CVD in
an economically and environmentally sustainable manner.

2.3.2 Wet-phase synthesis of T-ZnO. In stark contrast to the
high-energy, non-equilibrium conditions of vapor-phase routes,
wet-chemical approaches represent a low-energy, solution-
processable frontier for T-ZnO synthesis. These methods, operat-
ing at or near room pressure and at significantly lower tempera-
tures (typically <200 °C), are rooted in the principles of green
chemistry. They offer the potential for reduced energy costs and
compatibility with heat-sensitive substrates like polymers. How-
ever, this synthesis paradigm is fundamentally different; instead
of being driven by rapid vapor condensation, it relies on con-
trolled, near-equilibrium precipitation from a complex solution,
making the underlying chemical mechanisms more subtle and
often more challenging to control.

2.3.2.1 Aqueous solution growth. The simplest wet-chemical
approach involves direct precipitation from an aqueous solution.
Using Zinc sulfate and ammonia, branched rods, crosses, and
tetrapods can form within 15 minutes at ~90 °C.%’® The chemistry
of this process is far more nuanced than the simple addition of

Tetrapod arm size/

Method Typical conditions morphology Key advantages Key limitations
Thermal 650-1100 °C in a tube ~ Arms 0.3-10 pm; diameters Low capital cost, simple setup, Poor morphological uniformity
evaporation furnace; ambient or 30-650 nm; sensitive to high material throughput. (broad size distribution), high

controlled O, thermal gradients

Combustion-driven
(FTS, SHS, etc.)

Ignition of Zn ion fuel/
oxidizer mixture

(e.g., PVB, NH,NO,);
~900-950 °C

tips due to dynamic gas
environment.

Carbothermal
reduction of ZnO in
a 2-zone furnace;
controlled gas flow.

Chemical vapor
deposition (CVD)

Arms 200 nm-10 pm;
diameters 20-500 nm;

high-quality crystals.

Microwave/DC/RF
plasma; high power
density; low- or
atmospheric-pressure.

Plasma-assisted
synthesis
intentionally engineered
crystals.
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Arms from nm to tens of
um; often features tapered

capable of highly uniform,

Very fine arms 10-65 nm;
can produce defect-free or

energy consumption.

High throughput, potentially
energy-efficient (exothermic),
single-step process.

Poor uniformity and reproducibility
due to lack of steady-state control;
poor atom economy.

Excellent morphological and
dimensional control, allows
for in situ defect engineering.

Higher capital cost, complex setup,
scalability limited by reactor size
and deposition rate.

Extremely rapid growth rates,
simultaneous control over
morphology and defects.

Very high capital and operational
(energy) costs, complex process
control.
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Zn** and OH™ ions. In reality, the zinc ions exist as stable
coordination complexes (e.g., tetraamminezinc, [Zn(NHj),J*").
The growth of ZnO occurs via the slow, controlled decomposition
of these complexes, which provides a steady supply of the funda-
mental growth units to the crystal surfaces. The process also relies
on the nucleation of a ZnO nucleus, from which arms extend by
the addition of Zn** and OH™ ions in the complex solution.® The
resulting tetrapods typically display arm lengths of about 5 pm and
diameters below 1 pm, with rather good homogeneity.® While
straightforward, this method’s outcome is extremely sensitive to
subtle fluctuations in pH, temperature, and concentration, which
alter the delicate equilibrium of the zinc complexes, making
precise morphological control and reproducibility a significant
challenge.

2.3.2.2 Mechanisms of aqueous growth and morphological
control. The wet phase synthesis employ Zn** and OH, for
example zinc sulfate, Zinc acetate and ammonia or sodium
hydroxide. For the case of ammonium containing solutions, ZnO
formation is governed by the equilibria between [Zn(OH),]*~ and
[Zn(NH;),]**, which therefore determines the activity of Zn>*. Thus,
they control axial and lateral growth at pH’s of 10-11 and
temperatures above 75 °C as they decompose to feed anisotropic
extension along (0001) directions.”® Fast nucleation under these
conditions yields a ZB nucleus (as described in the Epitaxial
growth model, Section 2.2.2) from which four WZ arms grow,
leading to the tetrapodal morphology.® The exact morphology is
further tuned by capping molecules that selectively adsorb on
polar or non-polar facets. Ammonia favors axial growth, whereas
citrate or PVA can suppress (0001) extension or induce twinning,
leading to the growth toward disks or dumbbells via facet passiva-
tion or bridging at (0001).2° Accordingly, these outcomes reflect
shifts in the surface-energy landscape which can be explained on
the basis of Wulff-based morphology maps and how ligands,
solvent, and temperature alter relative facet energies to drive
branching and arm growth.** Integrating supersaturation kinetics
with complexation chemistry and targeted facet capping thus
enables reproducible wet-chemical synthesis of T-ZnO.

2.3.2.3 Microemulsion-mediated and solvothermal methods.
To exert greater control over nucleation and growth, more
sophisticated methods have been developed. Microemulsion-
mediated hydrothermal methods attempt to address morphology
control by confining nucleation and growth within surfactant-
stabilized droplets. These droplets act as individual nanoreactors,
limiting nucleus size and promoting uniformity. Jiang et al.®'
used this approach to produce highly crystalline ZnO nanotetra-
pods with uniform leg lengths (200-300 nm) at 120 °C for 12 h.
The confinement effect of the reverse micelles, together with
surfactant interactions with ZnO surfaces, is believed to bias
growth along the [0001] axis. This mechanism, however, is still
not well understood, and the method depends on a balance of
surfactant, co-surfactant, and precursor concentrations.®'

Alcohol-based wet chemical synthesis has also been described
in the literature,®* where zinc alkoxides or acetates are decom-
posed in alcohol solutions, sometimes with stabilizers or
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surfactants. This approach can generate tetrapods with arm
diameters below 100 nm and relatively uniform morphologies.
The use of organic solvents and stabilizers can provide different
coordination environments for the zinc precursor compared to
water, offering another lever for controlling growth kinetics.
Variants that incorporate dopants such as Mg have been shown
to increase yield and improve structural homogeneity.** Never-
theless, these alcoholysis routes face similar challenges to hydro-
thermal methods: they are highly sensitive to precursor chemistry,
reaction conditions, and additives, which makes reproducibility
and scale-up difficult.

To sum up, wet-chemical synthesis provides a low-cost, low-
temperature alternative to vapor-phase methods for T-ZnO,
enabling direct formation of nanoscale tetrapods without specia-
lized hardware and offering compatibility with flexible substrates
for applications in catalysis and sensing. Compared to vapor-phase
approaches, however, these methods often suffer from lower
morphological uniformity, high sensitivity to precursor chemistry,
and limited reproducibility, which complicates scale-up. Their
main practical advantage lies in accessibility and affordability,
but they also introduce environmental problems, the solvents,
surfactants, and additives contaminate water, requiring removal or
disposal. The resulting tetrapods must be thoroughly washed to
eliminate residual chemicals. Future progress will depend on
greener chemistries and simplified purification strategies that
preserve the low-threshold nature of wet synthesis while improving
uniformity, scalability, and sustainability.

2.4 Computational and ML-driven insights

The competing experimental growth models highlight the
current limitations in capturing nanoscale nucleation events.
To overcome these limitations, the field is increasingly turning
to advanced computational methods, particularly the integration
of first-principles calculations with ML. This approach marks a
crucial shift from describing a few plausible-but-unproven
models to building a truly predictive framework for nanoparticle
formation. This trend is underscored by the 2024 Nobel Prize in
Chemistry for breakthroughs in computational protein design.

A prime example of this paradigm is the work by Chen and
Dixon,* who developed a fragment-based energy decomposi-
tion method enhanced with ML to rapidly and accurately
predict the stability of ZnO nanoparticles across different sizes
and polymorphs. Instead of relying solely on computationally
expensive (DFT calculations for each potential structure, they
trained a ML model on the energies of small atomic fragments).
This allowed them to predict the stability of large, complex
nanoclusters with DFT-level accuracy at a fraction of the cost.
The insights from this predictive approach are profound
because they begin to unify the preceding models:

2.4.1 Bridging precursor chemistry and thermodynamics.
The calculations revealed that ultrasmall ZnO clusters (<2 nm)
energetically favor cage-like or body-centered tetragonal struc-
tures, not WZ. This provides strong theoretical support for the
idea that symmetric, non-WZ “magic clusters” could be the
initial gas-phase building blocks. This focus on unique cluster
stability is directly supported by the work of Dmytruk et al.,**
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who used mass spectrometry and quantum calculations to identify
exceptionally stable nested shell clusters. They identified specific
clusters, such as (ZnO)y, and particularly (ZnO)eg, as likely nuclei.
Their findings suggest that these specific geometries act as
templates for the final tetrapod structure.** Chen and Dixon’s
model® further predicted that the stable WZ structure only
becomes dominant at larger sizes, driven by the minimization of
surface energy. This finding aligns perfectly with the thermody-
namic self-assembly of WZ grains proposed in earlier models.

2.4.1 Providing a fundamental reason for anisotropic growth.
The calculations confirmed that the non-polar WZ surfaces like
{1010} and {1120} are significantly more stable than the polar
{0001} faces. This provides a clear energetic explanation for the
rapid, anisotropic c-axis growth observed in all tetrapod synthesis.
These calculations confirm that the arm elongation observed in
experiments is the direct result of the kinetic suppression of
diffusion to the stable side facets, validating the transport model
proposed in Section 2.2.
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This predictive link between atomistic surface energetics
and macroscopic shape is further strengthened by the work of
Gouveia and co-workers.*” As illustrated in Fig. 11, they com-
bined DFT surface energy calculations with the Wulff construc-
These
diagrams successfully reproduce experimentally observed ZnO
shapes (from prisms to plates) by simulating how growth
conditions (governed by the local Pe) alter the relative stability
of the polar and non-polar surfaces.?

Ultimately, this computational framework offers a potential
pathway to settle the long-standing debate. By simulating
the energy landscapes under varied chemical potentials,
ML-enhanced models could predict which nucleation pathway.
Specifically, they could determine if a ZB core, a twinned WZ
embryo, or a multi-grain assembly dominates under specific
synthesis conditions. This approach bridges the atomistic

tion to generate comprehensive morphology maps.

world of precursor chemistry with the nanoscale world of
crystallography, representing the most promising route toward
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Fig. 11 Computational morphology map of wurtzite (WZ) ZnO generated via Wulff constructions. The central structure represents the equilibrium
morphology based on standard surface energies. The surrounding pathways illustrate how the selective reduction of specific surface energies (e.g.,
stabilizing the non-polar {1010} yellow facets vs. the polar {0001} orange facets) drives the morphological transition from compact crystals to elongated
prisms or flat plates. Reproduced from ref. 32 with permision from MDPI,*? Copyright 2023.
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a unified, multi-scale understanding that could finally enable
the rational, predictive design of T-ZnO morphologies.

2.5 Future frontiers: integrating experiment and theory

The synthesis of T-ZnO is a mature field, yet it remains governed
by a fundamental paradox: the remarkable reproducibility of a
complex 3D morphology that emerges from a poorly under-
stood, atomistically-contested nucleation event. This review has
traced the evolution of this challenge, from the debate over
discrete crystallographic models to the practical trade-offs
between various synthesis routes. The path forward, however,
lies not in finding a single “winner” among the historical
growth models. Instead, it requires adopting a unified, multi-
scale framework. This framework must directly link controllable
macroscopic process parameters to the underlying nanoscale
physics of nucleation and growth.

The foundation for this framework is now in place. The
competition between kinetic and thermodynamic forces, quanti-
fied by the Pe and Day, provides the essential physical language to
connect reactor conditions to morphological outcomes. This
transport-reaction triad clarifies that complex methods like FTS
are not chaotic. Rather, they are governed by definable regimes
where the second Damkdhler number (Day) dictates the nuclea-
tion locus and the Pe controls the arm extension. Concurrently, the
rise of ML-enhanced computational methods provides the predic-
tive engine capable of navigating these vast energy landscapes.

The critical challenge is no longer a lack of plausible
theories, but rather the lack of a direct, data-rich feedback loop
between synthesis, in situ characterization, and predictive simu-
lation. Achieving true synthesis-by-design therefore requires a
concerted, three-pronged research initiative. This strategy aims
to bridge the gap between macroscopic processing and atomis-
tic control through the following interconnected approaches:

2.5.1 Mapping the parameter space. Future work must
utilize automated reactors to generate comprehensive experi-
mental maps. The goal is not merely to optimize yield. Instead,
it is to link specific reactor inputs (flow rates, temperature,
pressure as detailed in Table 2) to quantitative morphological
outputs. This links experimental data directly to their corres-
ponding dimensionless regimes (Daj; and Pe). This establishes
the “ground truth” for predictive models.

2.5.2 Visualizing the nucleation event. While replicating
industrial flame conditions inside an electron microscope is
unfeasible, two complementary strategies exist to resolve the
symmetry-breaking nucleation event:

2.5.2.1 Environmental TEM (ETEM) on model systems. We
cannot put a turbulent flame inside a TEM, but we can replicate
the chemical potential. By using an ETEM equipped with a
specialized micro-electro-mechanical systems (MEMS) heating
holder, researchers can replicate the chemical potential of the
reactor. This setup allows them to generate the exact same zinc
vapor and oxygen supersaturation conditions in a controlled,
low-pressure environment. This allows for real-time observa-
tion of the crystal’s birth, determining if the seed starts as a
metastable zinc blende cube, a magic cluster, or a multi-grain
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assembly, effectively validating the crystallographic pathway
without macroscopic turbulence.

2.5.2.2 In situ synchrotron X-ray scattering. To understand the
dense, turbulent environments of real-world reactors where
electrons cannot penetrate, high-energy synchrotron X-rays
(30-100 keV) are required. These hard X-rays can pass through
thick reactor walls and flames as if they were transparent. By
placing portable flame reactors directly in the beamline, small-
angle X-ray scattering (SAXS) can reveal real-time growth rates.
Simultaneously, wide-angle X-ray scattering (WAXS) captures
the exact millisecond of phase transition from molten Zn to
crystalline WZ. This provides kinetic data that ETEM cannot.

2.5.3 Closing the loop with ML. The gap between atomic
nucleation and industrial manufacturing is bridged by ML. Data
from these in situ experiments can train ML models to understand
the fundamental constitutive relations of defect formation and
growth. These learned physical laws can then be upscaled and
embedded into computational fluid dynamics (CFD) simulations
of large-scale reactors, enabling the predictive control of macro-
scopic production based on atomistic insights.

Ultimately, solving the T-ZnO growth puzzle is a model problem
for a grander challenge in materials science: the rational design of
complex, non-equilibrium 3D nanostructures. The strategies out-
lined here unite dimensionless physical descriptors with ML-
driven simulation and targeted in situ validation. They represent
a transferable blueprint for moving beyond empirical trial-and-
error, guiding the field toward the predictive synthesis of func-
tional materials with unparalleled architectural control.

3 Fundamental properties and
structure—property relationships

The scientific relevance of T-ZnO extends beyond its synthesis
and arises from the way its distinctive three-dimensional
morphology governs and couples a wide range of material
properties. Rather than acting as a passive scaffold, the tetra-
podal architecture strongly influences how optical, electronic,
mechanical, and chemical properties are expressed and inter-
act. Many of the functional characteristics of T-ZnO therefore
emerge not from its chemistry alone, but from the combination
of intrinsic ZnO properties with geometric confinement, aniso-
tropy, and connectivity across multiple length scales. This
section adopts a general, property-centered perspective and
aims to clarify how the characteristic architecture of T-ZnO
gives rise to coupled physical responses. These couplings are
central to understanding why T-ZnO often exhibits behavior
that differs markedly from that of simpler ZnO morphologies,
such as particles, rods, or films. Understanding these built-in
multi-physical interactions is essential for developing rational
synthesis strategies. Furthermore, it facilitates the translation
of T-ZnO from an empirical material system toward targeted,
application-driven design.

To provide a structured framework for these interdependen-
cies, the properties of T-ZnO are discussed hierarchically across
three length scales. At the atomic scale, the WZ crystal structure
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and the defect landscape define the intrinsic electronic, optical,
and piezoelectric properties and their fundamental limits. At
the microscale, the single tetrapod geometry introduces additional
functionalities, including anisotropic mechanical response, stress
concentration, and directional charge transport. At the macroscale,
the assembly of tetrapods into interconnected networks leads to
emergent properties governed by percolation, porosity, and collec-
tive deformation.

Following this hierarchy, the section begins with the crystal
structure and defect chemistry of T-ZnO (Section 3.1) and pro-
ceeds to discuss its electronic (Section 3.2), optical (Section 3.3),
mechanical (Section 3.4), piezoelectric (Section 3.5), and surface
chemical properties (Section 3.6). These individual aspects are
then brought together in Section 3.7 to highlight overarching
structure-property relationships and inherent trade-offs. This
integrated view provides the conceptual foundation for the
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application-oriented discussions in Section 4. To support this
multi-scale perspective, Fig. 12 summarizes the key structural
and functional domains of T-ZnO and illustrates how atomic-
scale characteristics translate into emergent behavior at the
network level.

3.1 Crystal structure and defect engineering

The functionality of T-ZnO emerges from the interplay between
its macroscopic 3D architecture and atomic-scale imperfec-
tions. This section deconstructs the anisotropic WZ arm struc-
ture (Section 3.1.1), the structural ambiguity of the central
junction (Section 3.1.2), and the resulting intrinsic defect land-
scape (Section 3.1.3). We then frame defect manipulation as an
exercise in applied thermodynamics (Section 3.1.4) and assess
the characterization suite required to resolve these features
(Section 3.1.5).

Fig. 12 A schematic overview of the fundamental structural, electrical, optical, mechanical, piezoelectric, and chemical/surface properties of T-ZnO.
The central image depicts a typical 3D network of interconnected tetrapods, while the inset highlights the key features of an individual tetrapod, including

its core and arm geometry, alongside a WZ unit cell model.

This journal is © The Royal Society of Chemistry 2026
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3.1.1 Wurtzite (WZ) structure of arms. Despite divergent
theories on the initial nucleus (Section 2.2), there is a con-
sensus that the four extended arms (Fig. 13a-c) consist of the
thermodynamically stable hexagonal WZ structure (space group
P63mc).>*%3%:37:8% The single-crystalline nature of these arms is
confirmed via X-ray diffraction (XRD), (Fig. 13f),>%?%3%86:87
Raman spectroscopy (Fig. 13e),>*”%"®° and high-resolution
imaging (HRTEM/selected area electron diffraction, SAED)
(Fig. 13d).””*®%® Collectively, these techniques confirm the
single-crystalline nature of individual arms.>'*%#%%° Directional
growth along the [0001] c-axis is driven by the inherent anisotropy
of the WZ unit cell (a = b = 0.325 nm and ¢ = 0.521 nm).>*>7,38:86%
During vapor-phase synthesis, kinetic conditions favor rapid
deposition on high-energy polar {0001} facets at the arm tips,
while suppressing growth on stable, lower-energy non-polar side
facets. Beyond simple measurement, subtle XRD-detectable lat-
tice parameter shifts signify lattice strain. This strain, modulated
by synthesis parameters like plasma power or intentional alloying
(e.g., with titanium®"), serves as a precision engineering tool.*"*>
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By slightly distorting the unit cell, this strain directly modulates
the electronic band structure. This provides a mechanism to fine-
tune the material’s band gap and, consequently, its optical and
electronic properties.?®"%>

The WZ is inherently non-centrosymmetric due to the tetra-
hedral coordination of Zn** and O~ ions.”*** This lack of inver-
sion symmetry leads to two primary functional consequences: a
net spontaneous polarization along the c-direction,*®*>% and
critically, strong piezoelectric properties.”* This intrinsic
electromechanical coupling provides the physical foundation for
T-ZnO applications in strain sensing and energy harvesting
(Section 3.4). While the arms typically maintain high crystalline
perfection,>132937:38:868889 they may host planar defects like
stacking faults and are often terminated by reactive polar surfaces
that act as sinks or sources for point defects.>"*%® This relative
structural integrity of the arms contrasts sharply with the complex,
defect-rich central junction discussed in the following section.

3.1.2 Ambiguity of the central core structure and its func-
tional consequences. While T-ZnO arms consistently exhibit a
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Fig. 13 SEM images of T-ZnO showing its tetrapodal morphology, with (a) a single tetrapod, (b) and (c) in a network at different magnifications.
(d) HRTEM and SAED analysis confirming the single-crystalline nature of a T-ZnO arm. A bright-field TEM image, a high-resolution micrograph taken
from the arm, revealing the atomic lattice. and a SAED tilting series, which confirms the arm is a single crystal that grew along the c-axis. () Raman
spectrum of T-ZnO and (f) XRD spectrum of T-ZnO synthesized via the FTS method. (d) Reproduced from ref. 21 with permision from American Chemical

Society,?* Copyright 2015.
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well-defined WZ structure, the atomic arrangement of the
central core remains a subject of active debate.>'*”**” This
uncertainty stems from the competing growth mechanisms
(Section 2.2) and the crystallographic challenge of transitioning
from an initial seed to four diverging arms. Two primary
hypotheses exist: the first posits a persistent ZB core, as
suggested by the epitaxial growth model (model A). This is
supported by specific HRTEM observations and theoretical
models (Fig. 2b) identifying a cubic phase at the junction
center.'*>*®% The second, more widely accepted hypothesis
suggests the core is a complex assembly of intricately joined WZ
domains, a conclusion shared by the octa-twin nucleus (model
B), nucleus transformation (model C), and multi-grain WZ
(model D) models. In these scenarios, the final core is
composed entirely of WZ domains separated by twin or grain
boundaries and associated planar defects.>!>?*%%°

Defining the T-ZnO core structure is critical, as divergent
atomic arrangements produce distinct functional signatures. A
persistent ZB core, for instance, would create ZB/WZ poly-
morphic homojunctions at the arm interfaces. The resulting
band offsets likely introduce significant potential energy bar-
riers that act as scattering centers, severely hindering inter-arm
charge transport.">**°>%"  Conversely, a highly strained,
twinned WZ core would serve as a preferential sink for defect
accumulation.”™*”#>7 Local strain fields around twin bound-
aries can lower the defect formation energy (EY), driving defects
toward the core region.'® This defect-rich environment influ-
ences optical and electronic performance by promoting non-
radiative recombination and introducing localized electronic
states at internal interfaces®” (Fig. 14). Furthermore, these
defect-laden boundaries function as both mechanical stress
concentrators for crack initiation and electronic resistive bottle-
necks, ultimately defining the material’s failure points and
conductivity limits under load.**

Beyond electronic and optical effects, the core structure also
plays a key role in the mechanical response of T-ZnO. Defect-
decorated twin boundaries can serve as stress concentrators
and preferential sites for crack initiation under load. Simulta-
neously, they serve as a resistive bottleneck for charge trans-
port. This dual role inextricably links mechanical deformation
to electrical performance. Together, these considerations high-
light that the unresolved core structure is a central element in
understanding the coupled mechanical, electronic, and optical
properties of T-ZnO,">>'2938:8

3.1.3 The intrinsic defect landscape. While the central core
acts as a localized defect “hotspot,” the functional properties of
T-ZnO are governed by a broader landscape of atomic-scale point
defects populating the entire crystal.'>?*!?93%5878897 Rather than
being homogeneously distributed, these imperfections form a
dynamic and complex defect landscape characterized by spatial
heterogeneity and the formation of defect complexes.”>'*>'* The
type and concentration of these defects are dictated by the thermo-
dynamic driving forces established during high-temperature,
non-equilibrium synthesis (Section 2)."** This landscape must be
understood as a collection of primary point defects and their
subsequent higher-order interactions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 14 Correlative analysis of the structural and optical properties of a
single T-ZnO particle. (a) High-resolution scanning transmission electron
microscopy (STEM) image. (b) Corresponding panchromatic cathodolu-
minescence (CL) map, showing highly luminescent arms contrasting with a
non-luminescent (dark) central junction. (c) Overall CL spectrum from
the tetrapod, displaying the dominant UV near-band-edge (NBE) peak
(~3.20 eV).%” (a)-(c) Reproduced from ref. 97 with permision from IOP
Science,?” Copyright 2021.

3.1.3.1 Primary intrinsic point defects. At the heart of T-ZnO’s
defect landscape are the primary point defects: vacancies,
interstitials, and antisites. These defects and their roles will
be discussed in the following sections and Table 4 provides a
summary of the primary intrinsic point defects of T-ZnO.

Oxygen vacancy (Vo). An oxygen atom missing from its lattice
site, is one of the most studied defects in Zn0.>¢°>1°%102 Wwhyile
historically and empirically linked to n-type conductivity,'*"?
foundational DFT studies suggest it is a deep donor, making it
an unlikely source for the high background carrier concentra-
tions (Fig. 15).'°>'°® Instead, it likely functions as a charge
compensation center and a primary contributor to visible PL,
specifically the green emission “g” band (Fig. 15b), though
surface states remain a debated alternative origin.*”*”'%” v,
exists in multiple charge states (V3, V6, V&) contingent on the
Fermi level.®® Its paramagnetic state (Vg) is detectable via elec-
tron paramagnetic resonance (EPR) but is thermodynamically
unstable (Fig. 15¢).*”%>1%3

Zinc vacancy (Vz,). A zinc atom absent from its lattice
site,**%%” the V,, is an acceptor-type defect,**'*® which is
more likely to form under oxygen-rich conditions. It acts to
compensate n-type conductivity and is also linked to visible PL.
While often associated with the green luminescence band,
sometimes as part of a defect complex, theoretical and
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Table 4 The intrinsic defect landscape of ZnO: functional roles and experimental signatures

Defect Primary functional role Electronic nature Favored conditions Key experimental signature(s)

Oxygen vacancy (Vo)  Charge compensation center; Deep donor'®® O-deficient (reducing) Photoluminescence (PL) (green
radiative & non-radiative emission, debated); electron
recombination center. paramagnetic resonance (EPR)

(for paramagnetic Vo); positron
annihilation spectroscopy (PAS)

Zinc vacancy (Vz,) Primary compensating Deep acceptor®® O-rich (oxidizing) PAS
acceptor in n-type ZnO.

Zinc interstitial (Zn;)  Potential source of temporary Shallow donor (high energy Zn-rich PL (violet/blue emission); difficult
n-type conductivity; charge needed to form, limiting to detect directly
compensation center. its amount)

Oxygen interstitial (O;) Compensating deep acceptor. Deep acceptor®® O-rich PL (yellow/orange/red emission);

Difficult to detect directly

Oxygen antisite (Oz,)  Likely insignificant due to very Deep acceptor Extreme lack of No clear signature
high energy needed to form. zinc or oxygen

Zinc antisite (Zno) Donor
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Fig. 15 First-principles calculations of intrinsic defect formation energies (AEg) as a function of the Fermi level (Eg), with the valence band maximum set
to 0.0 eV. (a) Comparative plot of the primary donor defects, the oxygen vacancy (Vo) and the zinc interstitial (Zn;). (b) Representative PL spectrum of ZnO
highlighting visible emission bands (green “g” and yellow "y") linked to intrinsic defects. (c) Detailed formation energies of the VO charge states,
illustrating its “negative-U" property where the paramagnetic V§ state is thermodynamically unstable. (d) Schematic energy band diagram of the ZnO
intrinsic defect landscape, mapping the deep and shallow energy levels and their proposed radiative transitions for UV and visible emissions. (a)
Reproduced from ref. 106 with permision from American Chemical Society,*°® Copyright 2014, (b) and (c) reproduced from ref. 105 with permision from
Elsevier,'> Copyright 2001, (d) reproduced from ref. 29 with permision from Royal Chemical Society,?® Copyright 2024
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experimental studies have also linked it to emissions in the
yellow or orange regions.*®

Zinc interstitial (Zn;). This occurs when a zinc atom occu-
pies on an interstitial site in the crystal lattice. Zn; is considered
a mobile shallow donor (can donate an electron).”"°® However,
its high E" limits its concentration under equilibrium, making
it an improbable source for stable n-type conductivity.'®® Since
neither Vo nor Zn; are thermodynamically favorable as stable
shallow donors, foundational DFT suggests that persistent
n-type conductivity originates from extrinsic sources, most
notably unintentional hydrogen (H) impurities.'® Experimentally,
Zn; is often associated with violet/blue PL emissions (e.g., ~420—
450 nm).*®

Oxygen interstitial (O;). This is when an oxygen atom is in a
space where it doesn’t belong, often sharing a spot with
another oxygen atom (split-interstitial configuration),'®® the
O; is a deep acceptor favored under O-rich conditions.?®'%?
Although having a high E', it has been identified as a potentially
dominant defect in certain electrochemical environments'®
and is linked to yellow, orange, or red PL bands (e.g., a weak red
emission around 705 nm).”*°®

Antisite defects (Oz,, Zng). These are defects where one type
of atom is on the site of the other (e.g., an oxygen atom on a zinc
site). They are generally considered to have very high formation
energies, E',2° consequently, they are not expected to be present
in significant concentrations under most conditions, and their
direct contribution to properties is considered minor.®

A schematic of the energy levels for these primary defects and
their corresponding radiative transitions is provided in Fig. 15d.

3.1.3.2 Defect complexes: the importance of interactions. Treat-
ing defects as isolated entities is an oversimplification; attrac-
tive electrostatic and strain-field interactions in the lattice often
lead to the formation of defect complexes with electronic and
optical signatures distinct from their constituents. Examples
include donor-acceptor pairs (Zn; and Vy,) or vacancy pairs
(Vzn and Vg). Although potentially electrically neutral, these
complexes function as significant scattering centers that
impede carrier mobility and provide unique radiative or
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non-radiative pathways, such as the ~400 nm PL band, often
attributed to Z,;/Vzn pairs.29

3.1.3.3 Spatial heterogeneity: a non-uniform defect landscape.
Evidence indicates a spatially heterogeneous defect landscape where
defects preferentially accumulate in specific regions.””*”'%*'% The
structurally disordered central core acts as a sink for point defects
to relieve lattice strain, creating a high-density defect zone that
hinders charge transport and initiates mechanical failure. Addi-
tionally, defects segregate toward the surfaces and arm tips. Energy
dispersive X-ray (EDX) analysis confirms this non-uniformity,
showing V, enrichment at the arm tips and zinc deficiency near
the bases (Fig. 16).”” This thermodynamically driven segregation
dictates that the most catalytically and sensorially active sites
reside at the arm extremities, a critical factor for device design.

This more detailed picture of an interacting and unevenly
distributed ‘“defect landscape” (rather than a simple list of
defects) is essential for moving toward a predictive understand-
ing of T-ZnO’s properties.

3.1.4 Defect engineering strategies: a thermodynamic
approach. Defect engineering, the intentional manipulation of
defect type, concentration, and spatial distribution is a primary
tool for tailoring T-ZnO’s functional properties.®”*11027104,109
This process is governed by applied thermodynamics, where the
stability of a defect is dictated by its formation energy (E). By
linking macroscopic processing parameters to these underlying
thermodynamic principles, defect populations can be rationally
tuned rather than empirically observed.

3.1.4.1 Foundational principles: defect formation energy.
Defect concentration in a crystal scales exponentially with the
Gibbs free energy of formation, which is dominated at a given
temperature by the formation enthalpy, or formation energy
(E".1°° For a defect D in charge state q, its E' is not a fixed
constant but a variable dependent on the atomic and electronic
reservoirs in equilibrium with the host lattice:'**"%

E'(D%) = Eoi(D%host) — Eigi(host) — Y " Am; + qEr (1)

In this expression, Ey.(D%:host) and E.(host) are the total
energies of the supercell with and without the defect.'®® The

A% Zn AL% 0 1
1 884 116 2
2 707 293
3 312 688 3
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Fig. 16 Spatial defect heterogeneity in T-ZnO. (a) SEM image of a tetrapod indicating the points of EDX analysis: the arm tip (1, black), arm middle (2, red),
and base/core (3, blue). (b) Corresponding EDX spectra and inset data table. The elemental quantification highlights an oxygen deficiency at the arm tip
(point 1, 11.6% O) and a zinc deficiency near the base (point 3, 31.2% Zn). (a) and (b) Reproduced from ref. 47 with permision from MDPI,*” Copyright 2023.
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term n; represents the number of atoms of type i added to (n; > 0)
or removed from (7; < 0) the crystal to create the defect. Finally, p;
is the chemical potential of that atomic species.'® The final term
accounts for the energy of exchanging q electrons with the electron
reservoir, defined by the Fermi level (Eg), which is typically refer-
enced relative to the valence band maximum.'®*% For ZnO, the
chemical potentials of zinc (uz,) and oxygen (uo) are thermo-
dynamically coupled by the stability of the ZnO lattice itself:"**

tizn + flo = AH{(ZnO) (2)

This thermodynamic constraint defines the accessible processing
window.'® The chemical potentials iz, and uo are inversely
coupled: conditions that are rich in zinc (high p,) must be poor
in oxygen (low po), and vice versa. This equation provides a
powerful predictive tool. The formation of an Vg, serves as a clear
example. Creating a Vo requires the removal of one oxygen atom
from the lattice, for which no = —1. Due to the negative sign in
front of the summation term in eqn (1), this action results in the
Uo making a positive contribution to the total formation energy.
This leads to a direct thermodynamic consequence: lowering the
Ef of a Vg requires lowering the . A low po corresponds to an
oxygen-poor environment. This provides the quantitative reason
why reducing conditions (i.e., oxygen-poor environments) make
the formation of oxygen vacancies thermodynamically more
favorable. %1%

3.1.4.2 Synthesis-level control of defect chemistry. The most
fundamental strategy for defect engineering involves governing
native defect chemistry during initial formation by modulating
the thermodynamic parameters of the synthesis environment
(Section 2).

Vapor-phase methods. In high-temperature routes such as
CVD and thermal evaporation, gas-phase partial pressures directly
establish the reactor’s chemical potentials (u, and po). Zn-rich
conditions, achieved with a high Zn/O precursor ratio, establish a
high 1z, and correspondingly low po, thereby lowering E(Ve) and
E'(Z,;) and promoting the formation of n-type conductivity.”®
Conversely, O-rich conditions lower u, and increase the Ef of
these donor defects, while making acceptor-like defects such as the
V, more stable.'® The FTS presents a more complex scenario:
rapid, localized combustion generates dynamic, non-equilibrium
temperature and chemical potential gradients that uniquely shape
the defect landscape.*’”” Such synthesis-level control can yield
counter-intuitive results; for example, adding an oxidizing agent
(H,0,) during vapor-phase synthesis has been shown to paradoxi-
cally increase the final oxygen vacancy concentration.*®

Solution-phase (wet) methods. In low-temperature solution-
based synthesis, the chemical potentials are not set by gas
pressures but by the concentrations of dissolved precursors,
pH, and the stability of complex ions (e.g., [Zn(NH;3),]*").”® The
controlled decomposition of these complexes ensures a steady-
state flux of growth species, creating a chemical potential
regime distinct from vapor-phase equilibrium.

It is crucial to note that while basic DFT studies have
established these principle,'® more recent work highlights
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the critical role of temperature.’” High-temperature phonon
contributions can significantly alter the Gibbs free energy of
formation, particularly for Vo, thereby shifting the thermody-
namic equilibrium and relative defect concentrations predicted
by calculations at absolute zero (0 K) alone.'%°

3.1.4.3 Post-synthesis treatments: thermodynamic re-equilibration
and surface modification. Post-synthesis treatments allow for
the precise modification of T-ZnO defect populations through
bulk thermodynamic re-equilibration or direct surface enginee-
ring.47’110_113
Atmosphere-controlled annealing. Thermal annealing is a
primary method for re-equilibrating bulk defect populations
under controlled thermodynamic conditions."*® By exposing the
material to specific atmospheres and temperatures, the external
chemical potentials drive point defect diffusion and reaction
toward a new equilibrium.'®® For example, annealing in O, or
air raises the i, which in turn increases the Ef of Vg and can
facilitate their annihilation.'®'® This is experimentally
observed as a suppression of the defect-related green PL.%® Li
and Seebauer'® validated this principle by demonstrating that
the surface potential, a direct proxy for the near-surface defect
population, could be precisely and reversibly tuned simply by
controlling temperature and the external oxygen partial pres-
sure. Their work confirms that the macroscopic environment
dictates the microscopic defect thermodynamics.' %'
However, this equilibrium is governed by the competition
between chemical enthalpy and thermal entropy. While mod-
erate temperatures favor oxidation, annealing at extremes (e.g.,
>1000C) can paradoxically increase oxygen vacancy concentra-
tions, even in oxidizing atmospheres.’®*'* At these tempera-
tures, the entropic driving force (AS) for lattice disorder
overrides the chemical potential of the atmosphere; upon rapid
cooling, these high-temperature vacancy populations are “fro-
zen in,” resulting in the oxygen-deficient surfaces characteristic
of high-temperature processing.”®'**

Energetic surface modification. Beyond thermal routes, post-
synthesis UV irradiation provides a non-contact method to
engineer surface defects. UV exposure can trigger a reversible
switch from hydrophobic to hydrophilic wettability, which ESR
and XPS correlate directly with an increased surface concen-
tration of oxygen vacancies.*’

Surface passivation and heterostructures. Surface engineering
focuses on passivating active sites or constructing heterostruc-
tures to define functional properties. Surface passivation neu-
tralizes electronic states that act as non-radiative recombination
centers, often via conformal organic or inorganic coatings.'®”
For instance, (3-aminopropyl)triethoxysilane (APTES) has been
utilized to passivate surface traps, confirmed by shifts in defect-
related PL (Fig. 17) and carrier dynamics evaluated through
time-resolved PL (TRPL).5%10%:107

Alternatively, the T-ZnO network can serve as a high-surface-
area scaffold for core-shell heterostructure growth,5>%7:88,97,107,113
Sequential dipping procedures have been used to grow complex
shells, such as ZnSe/CdSe/ZnSe, onto T-ZnO templates.®® This

This journal is © The Royal Society of Chemistry 2026
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Fig. 17 Optical signatures of surface defect passivation. (a) PL spectra of bare ZnO (dark green) and APTES-passivated ZnO (light green), highlighting the
relative intensities of the near-band-edge (NBE, ~378 nm) and defect-related deep-level emission (DLE, ~510 nm) bands. (b) Photoluminescence
excitation (PLE) spectra showing a tail of states (arrow) associated with the surface defect landscape before and after functionalization. (a) and (b)
Reproduced from ref. 107 with permision from American Chemical Society,’°” Copyright 2022.

enables the engineering of tailored band alignments to optimize
charge separation for photovoltaics or to achieve wavelength-
specific optical emissions by creating entirely new electronic
interfaces.

3.1.4.4 Extrinsic doping. Extrinsic doping overrides native
defect chemistry to precisely manipulate the thermodynamic
landscape of T-ZnO by shifting the Fermi level (E¢) and modify-
ing the local atomic environment,®"*°%1%°

Fermi level and carrier control. Strategic shifting of Er allows
for precise conductivity control, though outcomes differ signifi-
cantly between n-type and p-type regimes.”’

e N-type doping: reliable n-type conductivity is achieved
using group III elements (Ga, Al, In) as substitutional donors
for Zn. These elements substitute for Zn and act as shallow
donors, increasing the electron concentration and making the
material suitable for applications like transparent conductive
oxides (TCOs).5”"%®

e P-type doping: in contrast, achieving stable and reproducible
p-type ZnO remains a major challenge.®®''® Nitrogen is the most
explored p-type dopant, aiming to substitute for oxygen and act as
a shallow acceptor, pushing Ey towards the valence band.'**'%
However, as the Ey is reduced, the E of native donor defects like
the Vo, decreases dramatically. This triggers the spontaneous
formation of donors that counteract the intended acceptor levels,
pinning Er and hindering p-type stability."® Efforts to overcome
this hurdle include nitrogen doping via urea solid-state reactions'*
or ammonia-flow nitridation,” alongside co-doping strategies
with Fe, Cu, or Al to mitigate compensation effects.®”

Modification of host energetics and reactivity. Beyond electronic
control, dopants alter the host lattice’s chemical reactivity by
modifying local strain and bonding environments. Pala and

This journal is © The Royal Society of Chemistry 2026

Metiu'® systematically demonstrated that substituting surface
Zn with lower-valency cations (e.g., Li’, Ag') induces an “electron
deficit,” significantly reducing the Oxygen Vacancy Formation
Energy (OVFE). This reduction increases lattice oxygen reactivity,
enhancing oxidative catalytic power. Conversely, dopants that form
stronger oxygen bonds (e.g., AI*", Ti*") elevate the OVFE, rendering
the oxide more stable and less reactive. This provides a predictive
link between dopant chemistry and the thermodynamic stability of
native surface defects.

These multifaceted strategies are consolidated in Table 5,
which serves as a “control panel” linking functional goals to
thermodynamic principles and experimental levers.

3.1.5 Characterization techniques for structure and defects.
Resolving the interplay between T-ZnO’s 3D morphology, crystal
structure, and defect landscape necessitates a multi-modal
characterization framework spanning the angstrom to micron
scales.”” #>%” while individual tools (summarized in Table 6)
are powerful, they frequently lack the resolution to establish
direct structure-function causality.

The contentious interpretation of PL spectroscopy illustrates
this challenge. Although PL is a standard defect probe, attributing
specific signals, particularly the ubiquitous green luminescence,
exclusively to Vi, remains highly debated.’”**'*” Conflicting data
exist, with some models linking Vo, to red emission bands,*® while
others implicate surface states or adsorbed species.’®'**'%”
Furthermore, photoluminescence excitation (PLE) spectroscopy
reveals a complex near the band edge, providing electronic signa-
tures of surface functionalization that PL alone cannot resolve.'””
Consequently, bulk PL measurements remain insufficient for
definitive defect identification.””*”®® To achieve predictive control,
the field must advance through two primary strategies:

(1) Correlative microscopy: future defect identification
relies on multi-modal analysis performed on individual
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Table 5 The defect engineering control panel for T-ZnO. Strategic overview, linking desired functional goals to thermodynamic principles, experimental
actions, and essential verification methods for T-ZnO defect engineering

Desired functional goal Thermodynamic lever

Experimental action

Verification method

Decrease formation energy (E)
of native donors (Vo, Zn;)

Increase n-type
conductivity

Increase formation energy (Ef)
of VO

Suppress defect-related PL
(green luminescence)

Decrease E of acceptors (e.g.,
No (N on O site)) while mana-
ging self-compensation
Decrease oxygen vacancy for-
mation energy (OVFE) at the
surface

Neutralize electronically active

Achieve p-type conductivity

Enhance oxidative catalytic
activity

Passivate surface recombi-

Synthesis: use Zn-rich precursors.
Post-synthesis: anneal in reducing
atmosphere (e.g., Hy/Ar).

Post-synthesis: anneal in oxidizing
atmosphere (e.g., O,/air) at moderate
temperatures (<800 °C).

Doping: introduce nitrogen dopants (e.g.,
via NH; anneal) potentially with co-
dopants.

Doping: introduce lower-valency dopants
(e.g., Li*, Ag") to create an “electron
deficit.”

Post-synthesis: apply a conformal surface

Electrical: four-point probe.
Spectroscopic: PL shows an increased
NBE/DLE ratio.

Optical: PL spectroscopy shows a
suppressed green emission peak.

Electrical: hall effect measurement
showing positive Hall coefficient.

Chemical: catalytic performance
testing (e.g., CO oxidation).
Surface: XPS analysis.

Optical: time-resolved PL shows an

nation centers

surface states

coating (e.g., APTES, Al,O3).

Table 6 A strategic guide to characterizing the hierarchical structure and defects of T-ZnO

increased carrier lifetime.

Scale of
Technique information Primary application Key limitations & things to note
Scanning electron microscopy Micro- to Visualizing overall morphology, network Provides no information on crystal structure
(SEM) macro-scale connectivity, and porosity. or atomic-scale defects.
Transmission electron micro- Nano- to Confirming that arms are single crystals ~ Local probe: extremely small sampling

scopy (TEM)/high-resolution
TEM (HRTEM)/selected area
electron diffraction (SAED)
X-ray diffraction (XRD)

Raman spectroscopy

Photoluminescence (PL)
spectroscopy

Electron paramagnetic reso-
nance (EPR) spectroscopy

X-ray photoelectron spectro-
scopy (XPS)

Conductive atomic force
microscopy (c-AFM)

In situ TEM with nano-probes

nanostructures.>'?%47:8586:97107 - Applying HRTEM for atomic
Electron energy loss spectroscopy (EELS) for local

structure,*®%¢

atomic-scale

Bulk/large area

Bulk/large area

Bulk/large area

Bulk/large area
Surface
(~2-10 nm)
Nanoscale

(surface)

Nanoscale (sin-
gle junction)

(SAED); Seeing the atomic lattice and
planar defects (HRTEM).

Confirming the primary crystal phase
(wurtzite) and phase purity; measuring
average lattice strain.

Evaluating overall crystal quality and
lattice vibrational modes; detecting local
strain and disorder.

Evaluating overall optical quality
(near-band-edge/deep-level emission
(NBE/DLE) ratio); investigating the
presence of deep-level electronic states.

Clearly identifying specific paramagnetic
defects, such as the singly-ionized
oxygen vacancy (Vo).

Quantifying surface elemental
composition and chemical states (e.g,
distinguishing lattice O from hydroxyls).
Mapping local conductivity across sur-
faces and junctions; quantifying the
electronic barrier height of individual
T-ZnO-to-T-ZnO contacts.

Directly correlating the atomic structure
of a specific junction (e.g., degree

of sintering) with its measured
current-voltage (I-V) characteristics.

(CL38:47,86,97

combining high-resolution
with advanced electronic and chemical-state map-

volume; requires destructive preparation;
difficult to obtain statistically relevant data.

Averaging: provides no information on local
heterogeneity (e.g, core vs. arm) or point
defects.

Interpretation of defect-induced modes can
be complex; often requires low temperature
for clear resolution.

Highly debated interpretation: the origin of
the visible deep-level emission (e.g., green
luminescence) is controversial. It is often
attributed to V, but contributions from V,
and surface states are widely argued in
literature. Cannot identify specific defects in
isolation.

Selective: only sensitive to defects with
unpaired spins; “silent” to neutral or fully
ionized defects V&

Surface only: provides no information about
the bulk crystal; requires ultra-high vacuum
(UHV).

Mainly a surface probe; does not provide
simultaneous atomic-level structural
information of the underlying junction.

Technically demanding: high risk of beam
damage or contact resistance artifacts;
represents the most advanced
single-junction characterization.

imaging like HRTEM and

chemistry, and CL for emission mapping,*”®” to the exact same

tetrapod eliminates the ambiguity of ensemble averaging. This
suite must incorporate spatially resolved spectroscopy; for
example, EPR can distinguish V{ populations at the T-ZnO core
(g =1.962) v from those at the surface (g = 1.998).%° Additionally,
ultraviolet photoemission spectroscopy (UPS) is essential for
measuring Fermi levels and constructing precise band align-
ments in core-shell heterostructures.’* This approach,

Chem. Soc. Rev.

ping (EELS, UPS, EPR), would create a clear connection between
a directly observed atomic-scale feature (e.g., a specific twin
boundary or defect cluster) and its measured optical and
electronic properties, eliminating the uncertainty found in
measurements that average over a large sample.

(2) In situ and operando characterization: moving beyond
static snapshots to real-time observation is critical for understand-
ing T-ZnO dynamics. ETEM offers the potential to visualize

This journal is © The Royal Society of Chemistry 2026
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nucleation events during synthesis and track defect migration
under controlled thermal or atmospheric loads.'>'** Furthermore,
operando measurements allow for monitoring structural changes
within operating devices. These techniques are essential to resolve
long-standing structural questions, such as the precise atomic
arrangement of the central core, and to provide the experimental
evidence required for the rational design of T-ZnO properties.

3.2 Electronic and transport properties

The intrinsic semiconducting nature of the WZ unit cell forms
the foundation of T-ZnO’s electronic behavior, yet the overall
conductivity is shaped by a hierarchy of multi-scale effects. At
the atomic level, point defects such as vacancies and interstitials
introduce donor and trap states that modulate carrier concen-
tration and mobility. At the nanoscale, surface defects and
arm-tip states influence local charge distribution and depletion
layers, affecting transport along individual arms. The central
core, typically rich in defects, can act as a resistive bottleneck,
limiting inter-arm conduction. Finally, at the macroscale, the
connectivity and percolation of tetrapods within the network
govern the global transport properties, as even well-conducting
arms are constrained by junctions and network topology. Under-
standing this multi-level interplay is key to interpreting T-ZnO’s
electronic behavior and guiding the rational design of functional
devices.

3.2.1 The semiconducting nature of ZnO. As a direct,
wide-bandgap semiconductor crystallizing in the WZ structure
(Section 3.1.1), ZnO possesses intrinsic electronic properties
defined by two critical parameters. These parameters govern
the material’s performance in optoelectronics but simulta-
neously impose fundamental physical constraints.

1. The wide bandgap: at room temperature, ZnO’s bandgap
of approximately 3.37 eV>* (which increases to ~3.44 eV at
low temperatures®®). This wide gap ensures high optical trans-
parency and renders the material ideal for UV-regime applica-
tions, including photodetectors and light-emitting diodes
(LEDs),>%18:86,88,90,92,11L117-119 Hgwever, the wide bandgap is
also the primary barrier to stable p-type doping; it favors the
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formation of deep rather than shallow acceptor levels and
creates a thermodynamic drive for the spontaneous formation
of compensating native donor defects (Section 3.2.2).

2. The exciton binding energy trade-off: ZnO possesses an excep-
tionally large exciton binding energy of 60 meV,*>%8892111,118120-122
significantly exceeding the room-temperature thermal energy
(~26 meV). While this stability facilitates efficient radiative
recombination for light-emitting devices (Section 3.3.2), it com-
plicates light-harvesting and detection mechanisms. Photogen-
erated electron-hole pairs tend to remain as bound, neutral
excitons rather than free carriers. To generate a measurable
photocurrent (Fig. 18), these excitons must be dissociated, a
process requiring high internal or external electric fields to
overcome the associated energy barrier.*” Consequently, this
requirement can limit the conversion efficiency of ZnO-based
photodetectors and photovoltaic cells.

3.2.2 Origin of n-type conductivity. Undoped ZnO character-
istically exhibits residual n-type conductivity, as confirmed by
Seebeck measurements'>*"?* and Mott-Schottky analysis.”® For
decades, this behavior was conventionally attributed to the spon-
taneous formation of native donor defects, primarily Vo and Zn;,
during growth under oxygen-deficient conditions.*>°*'*® However,
this long-held view has been largely superseded by foundational
first-principles calculations. Ground-breaking DFT studies demon-
strated that these native defects are energetically unfavorable as
sources of high carrier concentrations.'” These calculations
revealed that the Vy, is a deep donor'?® (its energy level is too far
from the conduction band to be an effective source of free
electrons) while the Zn; has a high Ef, making it unlikely to form
in sufficient quantities to explain the observed conductivity.

The modern consensus, strongly supported by this compu-
tational work. It points to the unintentional incorporation of
hydrogen impurities as the primary source of ZnO’s intrinsic
n-type behavior.'®*'*® Ubiquitous in growth environments,
hydrogen acts as a robust shallow donor in ZnO, occupying
interstitial or substitutional sites (Fig. 19). Despite this shift,
native defects remain critical as charge-compensating entities.*>
The thermodynamic framework established in Section 3.1.4
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Fig. 18 Dynamic photocurrent response to UV light for T-ZnO networks synthesized at (a) 920 °C and (b) 1000 °C. The 920 °C sample exhibits a slow
response with persistent photocurrent, whereas the 1000 °C sample demonstrates a fast, reversible on/off response. (a) and (b) Reproduced from ref. 37

with permision from American Chemical Society,*” Copyright 2025.
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Fig. 19 Calculated formation energy (E") of hydrogen (H) in ZnO as a
function of the Fermi level (Ef), with the valence band maximum (EV) set to
0.0 eV and the conduction band minimum (EC) at ~3.37 eV. The plot
demonstrates that hydrogen exists exclusively in the positive charge state
(H*), as the neutral (H®) and negative (H™) charge states remain thermo-
dynamically unstable across the entire bandgap. Reproduced from ref. 105
with permision from Elsevier,'°® Copyright 2001.

shows that their formation energies are strongly dependent on
the Eg. Any attempt to make the material p-type (e.g., by nitrogen
doping) lowers the Eg, which in turn dramatically lowers the
E" of these native donors.®® This triggers the spontaneous
formation of donors that neutralize introduced acceptors, a
self-compensation mechanism that remains the fundamental
barrier to stable p-type Zn0Q.5%2%116

Ultimately, the carrier concentration in T-ZnO is a multifaceted
function of its synthesis and processing history. Concentrations
vary with intrinsic defect density, notably low in FTS T- products,'®
intentional doping, and post-treatment conditions.®” Furthermore,
secondary factors such as alloying,®” which can widen the
bandgap,”® or the presence of extended defects like dislocations
that can act as electron traps and scattering centers, thereby
reducing carrier mobility, can also influence the overall electro-
nic behavior.*”**?

3.2.3 Charge transport dynamics. Efficient charge transport
in T-ZnO is not governed by a single factor but emerges from a

a) Depletion Layer Size | b)

Core Junction c)
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hierarchy of resistive bottlenecks across multiple length scales.
Understanding these constraints is essential for the rational
design of high-performance architecture-centric electronics.

3.2.3.1 Bottlenecks of the electronic pathway

The ideal single-crystalline arm. At the most fundamental
level, each arm of a T-ZnO tetrapod is a single-crystalline Wz
structure. In an ideal, bulk crystal of this quality, electron
mobility would be high, naturally limited only by phonon
scattering at room temperature.'>>'>”*?% This highly crystalline
arm represents the intrinsic limit of conductivity, a low-
resistance pathway relative to the network architecture. In
practice, however, this ideal pathway is immediately compro-
mised by a series of bottlenecks, which effectively degrade this
performance long before the macroscopic scale is reached
(Fig. 20).

Bottleneck I (nanoscale): surface scattering and pinch-off. The first
major degradation to this ideal transport occurs at the nanoscale.
In arms with small diameters (<100 nm), the high surface-to-
volume ratio means that surface scattering from charged defect
states®*'%” and physical surface roughness becomes a dominant
limiting factor, significantly reducing the effective mobility com-
pared to bulk ZnO."**'%” This effect is physically governed by the
Debye length (Lp), which defines the width of the surface depletion
region caused by trapped charge at surface states.”>*>'** This
principle leads to a critical design constraint known as the
“pinch-off” effect (Fig. 20a): as the arm diameter is reduced to
twice the Ly (d ~2Lp), these depletion regions can merge and
deplete the entire arm of free carriers, making it highly resistive.”

Bottleneck II (single tetrapod): the central core junction. The
second bottleneck impedes transport within a single tetrapod.
As detailed in Section 3.1.2, the structurally complex and often
defect-rich central core, which contains a high density of
defects and misfit stresses from its complex growth, acts as a
potent scattering center (Fig. 20b). Direct impedance spectro-
scopy by Huh et al'® further demonstrate that this junction
region contributes disproportionately to the overall electrical
resistance of a ZnO tetrapod. Although its volume fraction is
small, the junction exhibits a higher local resistance than the WZ
arms, thereby dominating the total resistance pathway, shown by

Inter-Tetrapod Junction

Fig. 20 Schematic of the hierarchical charge transport bottlenecks in T-ZnO. (a) The nanoscale bottleneck: surface depletion layers (blue) and the
“pinch-off” effect in thinner arms. (b) The microscale bottleneck: the defect-rich central core junction impeding intra-tetrapod charge flow. (c) The
macroscale bottleneck: inter-tetrapod junctions (red circles) acting as the dominant resistive barriers across the macroscopic network.
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Fig. 21. This junction introduces significant potential energy
barriers® that hinder the efficient flow of charge from one arm
to another, directly impacting the measured I-V characteristics of
individual tetrapods and manifesting in techniques like intensity
modulated photocurrent spectroscopy (IMPS).*°

Bottleneck III (the network): the dominant inter-tetrapod
Junction. While nanoscale effects and the core structure influence
transport, experimental evidence indicates that the dominant
bottleneck in any macroscopic T-ZnO assembly arises at the
T-ZnO-to-T-ZnO junctions (Fig. 20¢).*”"*' Conduction across the
3D network relies on these inter-tetrapod contacts, which provide
multiple interconnected pathways.'*#%9>121:124 Thig has shown
to improve carrier collection in devices such as solar cells and
sensors when compared to nanoparticle films."> However, for
high-mobility electronics, transport is ultimately limited by the
high resistance at these junctions.®”"*!

This bottleneck can be understood by modeling the junction
as a nanoscale grain boundary.’® irst, the cross-sectional area of
the junction is typically much smaller than that of a single
tetrapod arm, limiting the available conduction pathway. Second,
electronic defect states at the interface trap charges, creating a
plane of fixed negative charge that further hinders electron flow.
This charge repels mobile electrons in the adjacent arms, result-
ing in two opposing depletion zones at the junction. The result-
ing potential profile is commonly described as a double Schottky
barrier (DSB)."* This explains the experimentally observed low
effective mobility of T-ZnO networks, which remains far below
the mobility of a single, defect-free arm.

3.2.3.2 Junction engineering: targeting the dominant bottle-
neck. The hierarchical analysis of transport dynamics dictates
that while all bottlenecks influence performance, enhancing
macroscopic conductivity necessitates targeting the dominant
inter-tetrapod junction. This “junction engineering” via

£x10° 210 410’

2'I0

Fig. 21 The SEM images of (a) two T-ZnO arms measured in series with
the T-ZnO core and (b) only one contacted T-ZnO arm. The impedance
spectra measured from (c) of the setup shown in (a) and (d) of setup shown
in (b), respectively, at 380 °C under air (solid squares). Also included in (c) is
the impedance spectrum measured under hydrogen at 380 °C (open
squares). The scale bars shown in (a) and (b) indicate 1 micrometer.
(a)-(d) Reproduced from ref. 129 with permision from AIP Publishing,*?°
Copyright 2008.

0
0 20  4x10°

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

post-synthesis modification is established as a critical strategy
for optimizing network-level transport properties.®” Mitigation
of the junction barrier is primarily pursued through two
complementary paradigms:

1. Geometric modification via sintering: thermal annealing
at high temperatures promotes stronger interconnections
between tetrapods. This geometric solution increases the phy-
sical cross-sectional area for current flow, thereby directly
reducing the junction resistance.

2. Electronic modification via passivation: surface passiva-
tion offers a chemical/electronic solution. By coating the T-ZnO
network with a suitable passivating layer, it is possible to
chemically neutralize the electronic trap states at the grain
boundary facilitating more efficient charge transport.

The fundamental divergence in transport physics between
an isolated, single-crystalline arm and the macroscopic assem-
bly is central to T-ZnO electronics. These scale-dependent
distinctions, which define the hierarchy of transport bottle-
necks, are summarized in Fig. 22. Resolving the junction-
limited nature of these networks remains the prerequisite for
the full realization of T-ZnO-based electronic and optoelectro-
nic architectures.

3.2.4 Band structure engineering: a thermodynamic per-
spective. The electronic band structure of T-ZnO can be pre-
cisely engineered through alloying and doping to modulate both
the bandgap and carrier concentration. Modern strategies must
be framed within the thermodynamic context established in
Section 3.1.4, as any lattice modification intrinsically alters the
formation energies of native defects. This principle underpins
the two primary approaches to band structure engineering:

3.2.4.1 Alloying: tuning the bandgap at a thermodynamic cost.
Alloying ZnO with isovalent elements provides a direct method for
bandgap tuning. Introducing magnesium (forming Mg,Zn; ,0)
widens the bandgap towards the deep-UV, while alloying with
cadmium (forming Cd,Zn; ,0) narrows it towards the visible
region.®® This allows for precise tailoring of the material’s spectral
response for applications like wavelength-selective photo-
detectors or solar cells. However, this engineering comes at a
thermodynamic cost. Alloying alters the host lattice parameters
and chemical bond energies, which in turn modifies the E* of
native point defects. For instance, theoretical studies have
shown that in MgZnO alloys, the Ef of key compensating donor
defects, like the Vg, can be even lower than in pure ZnO under
certain conditions.'”® This exacerbates the material’s intrinsic
tendency to self-compensate, making the already difficult chal-
lenge of achieving p-type conductivity even more challenging in
these wide-bandgap alloys.

3.2.4.2 Doping: a thermodynamic competition. Doping with
aliovalent elements is primarily used to control carrier concen-
tration by shifting the E¢'°®> which leads to the following two
scenarios:

e N-type doping: this is a thermodynamically straightfor-
ward process. Doping with group III elements like gallium (Ga)
or aluminum (Al) introduces shallow donor states that readily
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Fig. 22 A comparison of charge transport types and engineering targets in T-ZnO. (a) The single T-ZnO particle, (b) the interconnected T-ZnO network.

ionize, reliably increasing the n-type conductivity for applica-

tions like TCOs.%®

e P-type doping: in contrast, p-type doping is a thermody-
namic competition. The goal of introducing acceptors, such as
nitrogen substituting for oxygen, is to lower the Er towards the
valence band.°® However, as Er moves lower, the Ef of native
donor defects (like Vi) decreases dramatically, as determined
by the gE" term in the formation energy equation (eqn (1)). The
material responds to the introduction of acceptors by sponta-
neously forming these low-energy donor defects to counteract
them. This powerful self-compensation mechanism, predicted

y (eV)

o/

Formation energ

6.0

4.0

by first-principles thermodynamics,'® is the fundamental rea-
son why achieving stable p-type ZnO remains a major challenge
(Fig. 23).88°09%131 Thig illustrates that doping is not simply a
matter of adding impurities but a battle against the intrinsic
thermodynamic tendencies of the host crystal.

3.2.5 The critical link: bridging the junction gap. While T-

T T v

"~ Zn-rich

0.0 1.0 2.0 3.0

Fermi level (¢V)

0.0 1.0 2.0 3.0

Fermi level (eV)

ZnO’s intrinsic electronic properties are defined by its WZ
structure and defect chemistry (Section 3.1), macroscopic trans-
port is ultimately dictated by morphological bottlenecks. The
inter-tetrapod junction represents the primary constraint on
network mobility; however, much of the current physical

Fig. 23 Calculated formation energies (E) of native point defects in ZnO as a function of the Fermi level (Ef) under (left) Zn-rich and (right) O-rich
conditions. The Fermi level is referenced to the valence band maximum, 0.0 eV. Solid lines represent the most thermodynamically stable charge state for
a given defect, where the slope indicates the specific charge state and the kinks denote thermodynamic transition levels. Reproduced from ref. 131 with
permision from American Physical Society,** Copyright 2007.
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Table 7 T-ZnO electronic transport: from challenge to engineering target
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Conventional view
(past)

Core electronic

challenge Modern consensus (present)

Engineering imperative (future)

T-ZnO specific implication

Undoped n-type
conductivity

Native defects (Vo,
Zn;) act as primary
donors.

Hydrogen impurities: uninten-
tional H-incorporation is the
dominant shallow donor; native
defects act as compensators.

High formation
energy of acceptors;
low solubility.

Self-compensation: lowering the
Fermi level (Eg) spontaneously
lowers the formation energy of
native donors, which neutralize
acceptors.

P-type doping
difficulty

Wide bandgap/
exciton energy

Stable UV emission;
optical
transparency.

Recombination trade-off: high
exciton binding energy (~ 60

free carrier generation for
photocurrents.

Macroscopic Modeled as a simple Junction dominated: transport is

meV) favors emission but reduces

charge transport resistor network.

limited by a hierarchy of bottle-
necks: inter-tetrapod DSBs > core
impedance > surface scattering.

Impurity control: mitigate
H-incorporation for high-purity
applications, or exploit it for
robust n-type transparent
conductors.

Fermi level engineering: develop
co-doping or non-equilibrium

strategies to kinetically suppress
compensating donor formation.

Field management: integrate

strong internal fields to dissociate

excitons (for PV/detectors) or
enhance confinement (for LEDs).

Junction engineering: direct
modification of the barrier (sin-
tering, chemical passivation) and
characterization via c-AFM/in situ

Doping baseline: defines the
carrier concentration floor for
T-ZnO networks; shifts focus from
vacancy control to hydrogen
management.

Device limitation: hinders T-ZnO
p-n homojunctions; limits
applications to unipolar (n-type)
or heterojunction devices.

Surface dominance: high
surface-to-volume ratio of T-ZnO
arms exacerbates surface
recombination, competing with
intrinsic bulk emission.

The critical bottleneck: network
mobility is decoupled from
crystal quality; high-performance
requires solving the junction

understanding is derived from indirect bulk measurements.
Resolving the discrepancy between single-particle potential and
network-level performance is the ‘“grand challenge” of the field.
Transitioning from empirical optimization to rational design
necessitates direct nanoscale characterization. Advanced tech-
niques, including conductive atomic force microscopy (c-AFM)
and in situ TEM, are critical for quantifying local barrier heights
and the electronic structure of individual T-ZnO-to-T-ZnO
contacts.

Table 7 consolidates this multi-scale perspective, contrast-
ing historical paradigms with the modern consensus to identify
critical engineering targets. This synthesis illustrates the inter-
play between intrinsic semiconducting behavior, the hierarchy
of transport bottlenecks, and the thermodynamic boundaries
of band engineering.

3.3 Optical properties

Building upon the understanding of T-ZnO’s electronic struc-
ture, this section delves into its equally crucial optical proper-
ties. The unique functionality of T-ZnO arises from a complex,
multi-scale interaction with light. This section deconstructs
this hierarchy, beginning with the intrinsic absorption and
emission processes dictated by the atomic-scale electronic
structure. It then explores the primary strategies used to
engineer these core properties, such as bandgap tuning and
hybridization. From there, the discussion moves to the reso-
nant cavity effects governed by the nano- to microscale arm
geometry and finally explores the network-level light scattering
that emerges at the macroscale. This framework provides a
cohesive story of how T-ZnO’s structure engineers its inter-
action with light from the quantum to the macroscopic level.
3.3.1 Intrinsic absorption and photoluminescence (PL).
The core process of T-ZnO’s optical response lies at the atomic

This journal is © The Royal Society of Chemistry 2026

TEM. bottleneck.

scale, where its electronic structure and defect chemistry deter-
mine the fundamental processes of photon absorption and
energy conversion. This section explores these two key pro-
cesses in detail.

3.3.1.1 Absorption. The primary optical absorption feature of
T-ZnO is a sharp UV absorption edge below 400 nm,>:48:32:89:90,
120,1327134 Thig is defined by a strong excitonic absorption peak
often observed between 370-390 nm (Fig. 15b).26?%°286:89,90,119,120,132
With absorption coefficients exceeding10® cm™',* this peak
corresponds to the fundamental, direct bandgap transition from
the O,p-derived valence band to the Zn,.-derived conduction
band.®®®* This intrinsic UV sensitivity is critical for applications
like photocatalysis, where absorbed photons generate the elec-
tron-hole pairs necessary for redox reactions,?®°%110-113,133,135,136
and for UV photodetectors,*®3>86-97,120,121

While pristine ZnO primarily absorbs in the UV, defects
(Section 3.1.3) introduce mid-gap electronic states that facil-
itate sub-bandgap absorption.’®'*® This allows limited, but
functionally important photocatalytic activity under visible
light,'3*7:87:99,109135,137 although this is often insufficient for

high-efficiency applications without further engineering.®**°

3.3.1.2 Photoluminescence (PL). PL serves as a critical diag-
nostic for evaluating T-ZnO quality and its defect landscape.
T-ZnO typically exhibits two competing emission channels
(representative spectrum in Fig. 24).

(I) UV near-band-edge (NBE) emission: this is a sharp,
intense emission band observed near 380-390 nm at room
temperature.>®'%713%135 Driven by ZnO’s high exciton binding
energy (Section 3.2.1), it originates from the radiative recombi-
nation of excitons. The NBE is a composite of transitions
involving free excitons and excitons bound to neutral donors
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Fig. 24 PL spectra of T-ZnO illustrating the competition between the UV near-band-edge (NBE) and green deep-level emission (DLE) bands. (a) Spectra
as a function of growth temperature, demonstrating the relative suppression of the green DLE and dominance of the NBE emission at higher
temperatures. (b) Spectra as a function of mechanical abrasion, showing the proportional increase of the green DLE peak (~493 nm) alongside a stable
UV NBE peak (~397 nm). (a) Reproduced from ref. 92 with permision from Elsevier,®®> Copyright 2015, (b) reproduced from ref. 135 with permision from

Elsevier,*> Copyright 2022.

(D°X) or acceptors (A°X).298788103,1377139 A dominant NBE
signal is the hallmark of high crystalline perfection and low
defect density,>*8%97,107132,134,1387140 ypder high excitation
densities, this excitonic recombination can enable optically
pumped UV lasing.'*?

(IT) Deep-level emission (DLE): a broad emission band typically
spanning the green-yellow-orange region (~500-650 nm) and
frequently centered at ~510 nm.'%”"3%13513%141 Thig band repre-
sents an inefficient “energy leak,” where energy is lost through
light-producing  transitions involving deep-level electronic
states,?*88105:107:132,135137,142 Thege include the point defects (Vo
and Zn;), and complexes described in Section 3.1.3, as well as
eXtrinSiC impurities (Cu, Li, N).87,88,96,106,107,134,135,139,142

The green luminescence debate: the origin of the prominent
green luminescence (GL) band (~500-550 nm) is particularly
widely debated.®”:8%:134137:143 The debate is polarized between
two primary viewpoints: the intrinsic bulk defect model and the
surface state model. A critical comparison of the evidence
reveals why consensus remains elusive, and there are two
viewpoints:

Viewpoint 1: the oxygen vacancy (Vo) model. This classic
model attributes GL to the recombination of a photogenerated
hole with an electron trapped at a singly ionized Vq, (V55) deep
within the bulk lattice."** Experimentally, GL intensity often
increases in samples synthesized under reducing (oxygen-poor)
conditions, which thermodynamically favors Vo formation. EPR
studies have frequently shown a correlation between GL intensity
and the g ~ 1.96 signal attributed to paramagnetic defects.'*>"4¢
Foundational DFT calculations indicate that the formation energy
of VO is high in n-type ZnO' and that its thermodynamic
transition levels do not perfectly align with the green spectral
emission, casting doubt on it being the sole origin.

Viewpoint 2: the surface state model. This model suggests
that GL originates from electron transitions involving surface-
adsorbed species (e.g., -OH groups) or surface vacancies/dan-
gling bonds, rather than bulk defects. The high surface-to-
volume ratio of T-ZnO makes surface effects dominant.'*®

Chem. Soc. Rev.

Strong evidence comes from size-dependent studies where GL
intensity scales with surface area.'*® Crucially, surface passiva-
tion experiments (e.g., coating with polymers)'*® often quench
the GL band without altering the bulk crystal, directly implicat-
ing the surface as the emission source. This model struggles to
explain why GL is observed in large, bulk-like single crystals
where surface contributions should be negligible."*°

While frequently associated with defects such as the V or
surface imperfection,’>®719713%13%140 " compelling  evidence
from time-resolved PL and CL studies suggests that surface-
adsorbed species or complex surface oxygen dynamics may also
be responsible.?”#%°%1%* This ongoing uncertainty highlights
the necessity of the advanced correlative microscopy techni-
ques proposed in Section 3.1.5 to create a definite link between
atomic structure and optical signature.

3.3.1.3 Photoluminescence as a diagnostic tool. The relative
intensities, peak positions, and lifetimes of the NBE and DLE
bands are highly sensitive to synthesis conditions (Fig. 24a),
defect concentrations (Fig. 24b), and even spatial location on
the tetrapod structure,?®2%:87:97:135,1377139,143,151 'hig makes PL
a valuable diagnostic tool, allowing researchers to assess the
properties of T-ZnO and its performance in several key ways:

Assessing quality: the ratio of the NBE to DLE intensity (NBE/
DLE) serves as a key qualitative metric for material quality,
where a higher ratio generally indicates a lower density of non-
radiative defect pathways and often correlates with higher
photocatalytic or photoelectrochemical efficiency.*®?*">*

Probing charge transfer: TRPL is a powerful technique for
studying charge transfer dynamics. In hybrid systems, the
quenching of PL intensity is a direct indicator of efficient
charge transfer from the ZnO to an attached molecule or
nanoparticle (Fig. 25), signifying reduced recombination and
improved device performance.5°7:107:132:134

Overall, the PL spectrum provides a rich fingerprint of
T-ZnO’s internal workings, revealing both its ideal performance
(NBE) and its efficiency losses (DLE). While its use for identifying

This journal is © The Royal Society of Chemistry 2026
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Fig. 25 PL quenching in T-ZnO/Au hybrid systems. (a) Schematic illustrating the in situ photochemical growth of various gold nanostructures,
nanoparticles (AuNPs), nano-domes (AuNDs), and nanoparticle aggregates (AuNAs), onto the T-ZnO scaffold. (b) Comparative PL spectra demonstrating
the progressive quenching of the near-band-edge (NBE) emission of bare T-ZnO upon hybridization. (c) Quantification of the integrated NBE intensity
drop as a function of the Au nanostructure morphology. (a-c) Reproduced from ref. 97 with permision from IOP Science,®” Copyright 2021.

specific defects is filled with uncertainty, its role as a compre-
hensive diagnostic for material quality and charge transfer
dynamics is essential. To provide a detailed reference for these
various emission bands and their debated origins, the key PL
signatures are summarized and critically assessed in Table 8.

3.3.2 Engineering optical absorption: bandgap tuning and
hybridization. Overcoming the intrinsic limitations of T-ZnO,
specifically its negligible visible light absorption, requires
targeted engineering through two primary paradigms: bandgap
modulation and hybridization.

3.3.2.1 Bandgap and absorption tuning. The precise optical
bandgap and absorption characteristics of T-ZnO can be intention-
ally modified through several routes. At the nanoscale, quantum
confinement in smaller nanostructures can induce a blue-shift in
the absorption edge, effectively widening the bandgap.®***® var-
iations in lattice strain (Section 3.1.1), controlled during synthesis,
can also subtly tune the bandgap.>® More powerfully, doping with
elements like nitrogen can introduce mid-gap states that narrow
the effective bandgap and extend the material’s absorption

response into the visible region (Fig. 26a),**°>'*>">* a chemical

This journal is © The Royal Society of Chemistry 2026

and structural modification confirmed by XPS and Raman spectro-
scopy (Fig. 26b and ¢).”° This is a key strategy for developing visible-
light-driven photocatalysts and photodetectors. Conversely, surface
engineering can be used to passivate the ZnO surface and inten-
tionally suppress its intrinsic photo-activity. Applying conformal
coatings like polydimethylsiloxane (PDMS) or diamond-like carbon
has been shown to hinder ZnO’s photocatalytic response or prevent
UV-induced wettability changes, which is crucial for applications
where long-term stability is required."**">

3.3.2.2 Hybridization for visible light harvesting. Hybridiza-
tion leverages the high surface-to-volume ratio and ultra-porous
topology of the T-ZnO network (Section 3.6.1) to create intimate
interfaces with sensitizing materials.***'% These heterostructures
bypass intrinsic absorption limits through three main strategies:

e Quantum dots (QDs): to create type-II heterojunctions that
facilitate efficient charge separation after light absorption in
the QD.®°

e Plasmonic nanoparticles: noble metals like Ag or Au®”"*°
are used to leverage localized surface plasmon resonance
(LSPR). The intense, localized electromagnetic fields generated
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Approx.
wavelength
Radiative channel  Emission (nm) Proposed origin Diagnostic significance & impact on efficiency
Primary excitonic ~ NBE (UV) ~375-385 Excitonic recombination (e.g., FX, A key metric of crystal quality; a high NBE/DLE ratio
channel (efficient DOX); 5892107132139 exciton- indicates low defect density.”>">""** Its intensity also
pathway) exciton collision®®*137 measures energy transfer at interfaces in hybrid system.**°
Secondary defect ~ Violet/blue = ~400-450  Znj-related transitions; possibly Indicates the presence of interstitial-type donor defects.
channels (loss Zn;-Vy, pairs**?°
pathways) Green ~490-550  Highly debated: V, is the com- Represents a primary “‘energy leak.” While its origin is
mon proposal, but surface states ambiguous, its presence signifies a high density of deep-
and other defects are also level traps that reduce overall quantum
Candi' efﬁciency 105,107,135,137,151,153
date 85,87,88,92,107,132,135,137,153 ’
Yellow/ ~550-650  Oy; Vz-related complexes,®® Vo**  Indicates the presence of deep acceptor-type defects or
orange complexes, another energy-loss pathway.
Red ~640-710 Vg or O states; N-doping.>®#%137 Can be a signature of specific processing conditions (e.g.,
excess oxygen) or intentional doping.
b)| A !
) N-doped E E1LO C) sis N-doped ’11..5—./%___.
2h 1L0 4
2 2 4= . S ——
7] 0 280 290 300 390 395 400 405
g Branched < et s
9 o | Branched
E L N—
; n 280 290 300 390 395 400 405
- am————————
) N Pure

300 400 500 600 700 800 900

Wavelength (nm) 300

400
Wavenumbers /cm-1

290 300 390 395 400 405
Binding Energy (eV)

500 280

Fig. 26 Spectroscopic evidence for nitrogen doping in T-ZnO and its effect on optical absorption. (a) Diffuse reflectance spectra comparing pure T-ZnO
(blue) and N-doped T-ZnO (green), highlighting a sub-bandgap absorption tail in the visible region (~400-650 nm) for the doped sample. (b) Raman
spectra showing the emergence of a new defect-related peak (~275 cm™?) and the suppression of the primary ZnO (E2h) mode in the N-doped sample.
(c) XPS spectra displaying the N 1s peak (inset) in the N-doped sample, which is absent in pure T-ZnO. (a)-(c) Reproduced from ref. 90 with permision

from American Chemical Society,°® Copyright 2012.

by the LSPR dramatically enhance light absorption in the
adjacent ZnO. The processes efficiency is highly sensitive to
the size and morphology of the nanoparticles.’”**°

e Carbon materials, dyes, and polymers: heterostructures
with carbon-based materials like graphene oxid,''®'3>134143
polymers"®® are formed to create junctions that promote charge
separation and extend spectral absorption.

Hybrid systems, which increase the visible light harvesting
of T-ZnO, utilize a diverse toolkit of physical mechanisms to
overcome its intrinsic limitation.*” These include LSPR-
induced near-field enhancement®”'*° and better charge separa-
tion across Schottky barriers (for metal-ZnO hybrids®’) or
semiconductor heterojunctions.?”%%97:133:13% The effectiveness
of the charge separation processes can be seen for example via
the quenching of CL (Fig. 27), which provides direct proof of
energy transfer from the T-ZnO to the plasmonic sensitize."*’
This can also be studied in detail using TRPL.*>'%”

Such engineered absorption properties are pivotal for
advancing applications in photocatalysis,'>>"#81327135:137 gurface-
enhanced Raman spectroscopy (SERS),
photodetectors.®

133

and visible-light

Chem. Soc. Rev.

3.3.3 Nanoscale resonant cavity effects. At the nano- to
microscale, the precise hexagonal transverse geometry of indivi-
dual T-ZnO arms enables them to function as high-performance
optical waveguides and resonant microcavities.*”"*>*>" A primary
consequence of this geometry is the emergence of whispering
gallery modes (WGMs)."””*° These modes occur when light,
typically generated via internal PL, becomes trapped by sequential
total internal reflection against the arm’s optically smooth facets.
This circular confinement induces constructive interference at
specific resonant wavelengths, manifesting as sharp, periodic
peaks that modulate the broad UV-NBE emission spectrum
(Fig. 281)."*%1391> Thig phenomenon serves as a rigorous func-
tional “quality check” for T-ZnO, as resonance is hypersensitive
to structural integrity:

e Surface roughness: any significant roughness on the crystal
facets will scatter light out of the resonant cavity, preventing
mode formation or dramatically lowering the quality factor
(Q—factor).139’142’151

e Crystalline defects: internal defects can act as non-
radiative recombination or absorption centers, increasing opti-
cal losses and destroying the resonance.'*?

This journal is © The Royal Society of Chemistry 2026
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Fig. 27 Cathodoluminescence (CL) spectra of a T-ZnO/Au plasmonic
hybrid. The spectrum of the bare T-ZnO (blue) shows a dominant UV
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(green), this UV emission is quenched (~10x), while the Au localized
surface plasmon resonance (LSPR) emission peak (~2.4 eV) is simulta-
neously enhanced. Reproduced from ref. 140 with permision from
Springer Nature,*#® Copyright 2016.

Consequently, the experimental observation of high-finesse
WGM peaks validates a synthesis process’s ability to yield near-
perfect, defect-minimized crystal facets, linking the advanced
optics of T-ZnO directly to the precision growth methods
detailed in Section 2."****! In exceptionally high-purity arms,
the strong coupling regime between confined WGM photons
and intrinsic excitons facilitates the formation of hybrid light-
matter quasiparticles known as exciton-polaritons.'*®"? This
state is characterized by a distinctive anti-crossing in the polar-
iton dispersion curve (Fig. 28II), signaling a structurally and
electronically pristine system capable of supporting stable exci-
tons. Beyond linear interactions, the non-centrosymmetric wurt-
zite lattice enables nonlinear phenomena, such as second-
harmonic WGMs within the T-ZnO legs.'>® These advanced
optical properties position T-ZnO-based resonators as promising
candidates for polariton-based lasers, UV emitters with tunable
decay dynamics,**"*° and ultrasensitive optical biosensors,'****
all of which require a high degree of structural perfection.

3.3.4 Macroscale light scattering and trapping. While indi-
vidual arms function as nanoscale waveguides, the assembly
of interconnected tetrapods into a complex, porous frame-
work gives rise to emergent macroscopic optical pheno-
mena,>?32:88790,109,119,120,132,143 At thig hierarchical level, light
interaction shifts from intra-arm confinement to collective
scattering and trapping within the 3D network topology. This
macroscale light manipulation serves as a primary engineering
lever for maximizing the efficiency of light-driven architectures.

This journal is © The Royal Society of Chemistry 2026
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3.3.4.1 The mechanism of light trapping. The physical origin
of this behavior lies in the material’s hierarchical architecture,
where micron-scale tetrapods and high porosity create a spa-
tially varying refractive index landscape. This network functions
as a three-dimensional array of scattering centers where Mie
scattering dominates photon dynamics."*® This process rando-
mizes photon trajectories, inducing a “light trapping” effect
wherein incident photons are constrained to tortuous paths.”'*?
Consequently, the effective optical path length is dramatically
increased, significantly boosting the probability of photon-
material interaction and absorption.”'*'*? This trapping effect
significantly boosts the probability that the photon will be
absorbed.*® The functional implications include:

e Enhanced light harvesting: in devices like DSSCs, this light
trapping leads to an increase in light harvesting efficiency.”'**

e Improved photocatalysis: for photocatalysis, the increased
photon absorption probability directly leads to a higher rate of
electron-hole pair generation, improving the overall reaction
efficiency."*”'*

3.3.4.2 Architectural synergy and signal amplification. The
magnitude of this scattering can be so intense that the net-
work’s effective scattering cross-section exceeds the material’s
intrinsic absorption coefficient by an order of magnitude across
broad spectral ranges.*”'** Crucially, a synergy exists between
macroscale scattering and the atomic-scale defect landscape.®®
While the porous architecture traps light to increase interaction
frequency,” surface defects, specifically oxygen vacancies facilitate
the absorption of lower-energy visible photons.*” In this configu-
ration, the scattering network acts as a geometric amplifier,
enhancing the efficacy of defect-mediated absorption and sub-
stantially boosting the overall photoresponse of the system.

The preceding sections have described the multi-scale nat-
ure of T-ZnO’s interaction with light, revealing a sophisticated
hierarchy of optical phenomena. To consolidate these distinct
levels, Table 9 provides a summary in the form of an optical
engineering toolkit. This framework highlights how each struc-
tural scale (from the atomic to the macroscopic) offers a unique
physical phenomenon that can be leveraged as a distinct tool
for manipulating light, along with the key experimental strate-
gies for tuning its performance.

3.3.5 (Critical Link and the grand challenge for optical
engineering. The optical performance of T-ZnO is a product of
a multi-scale interaction hierarchy. Atomic-scale transitions
dictate the fundamental rules of absorption and emission
(Section 3.3.1), while the nano-to-microscale arm geometry
enables resonant cavity effects (Section 3.3.3). At the macroscale,
the porous network topology functions as a light-trapping
architecture, utilizing multiple scattering events to maximize
absorption probability (Section 3.3.4).

However, the field’s understanding of the energy relaxation
pathways following photon absorption remains fragmented.
While individual radiative and non-radiative channels are qualita-
tively identified, a quantitative map of the competing energy decay
pathways within the complex network topology is still missing.
Consequently, the grand challenge for T-ZnO photonics is to

Chem. Soc. Rev.
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Fig. 28 Whispering gallery mode (WGM) formation and exciton-polariton coupling in T-ZnO arms. (I) WGM peak observation: (a) T-ZnO arm radius (R)
profile along the scan position. (b) Waterfall plot of spatially resolved PL spectra showing broad UV near-band-edge (NBE) emission modulated by
periodic WGM peaks. (c) WGM energy shift versus arm radius fitted with a WGM-polariton model (dashed lines). (Il) WGM-polariton dispersion: (a) SEM
image of a tapered arm. (b) Spatially resolved cathodoluminescence (CL) map showing the NBE emission splitting into discrete WGM modes, with solid
lines representing theoretical fits for the characteristic anti-crossing dispersion curve. (I (a)-(c)) Reproduced from ref. 138 with permision from Elsevier,**®
Copyright 2018, (Il (a) and (b)) reproduced from ref. 139 with permision from Elsevier,"** Copyright 2013.

Table 9 The T-ZnO optical toolkit. This table summarizes how T-ZnO's hierarchical structure provides a multi-scale toolkit for engineering light, from
atomic-level absorption to macro-scale light trapping

Scale of Dominant physical
interaction phenomenon Primary engineering ‘“Tool” Key paramter (strategy) Primary diagnostic method
Atomic scale  Bandgap Control spectral sensitivity and Bandgap tuning: doping, alloying. UV-Vis spectroscopy, PL,
(Section 3.3.1) absorption & PL diagnose material quality. Hybridization: sensitizing with QDs, time-resolved PL.
plasmonic nanoparticles, or dyes.

Nano- to Waveguiding Create resonant microcavities for Synthesis perfection: growing High-resolution PL spectroscopy to
microscale & WGMs high-Q sensing, micro-lasers, and arms with optically smooth facets resolve sharp, periodic WGM peaks.
(Section 3.3.3) advanced emitters. and minimal crystalline defects.
Macroscale Mie scattering Enhance overall light harvesting  Architectural control: tuning Diffuse reflectance spectroscopy;
(Section 3.3.4) & light trapping efficiency by increasing the network porosity, tetrapod size, = measuring quantum efficiency in

effective optical path length. and density during synthesis. devices (e.g:, solar cells, photocatalysts).
transcend static characterization and elucidate the complete e Non-radiative losses: quantifying energy dissipation at

energy cascade. This requires resolving a fundamental question: spatially localized defect sinks (the disordered central core)
How is excitation energy partitioned among competing channels?  versus dispersed surface states.

Resolving this partition requires determining specific quan- e Radiative branching: distinguishing the ratio of excitonic
tum yields for each pathway: NBE UV emission to defect-mediated DLE.

Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026
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Table 10 The optical energy cascade in T-ZnO: tracking photon fate from harvest to extraction

Dominant structural

Stage of interaction feature Physical mechanism

Primary loss channel Engineering target

1. Light harvesting
(photon entry)

Macroscopic network:
porosity and random
arm orientation.

Multiple scattering (Mie)

interaction probability.

2. Excitation
(absorption)

Crystal lattice: wurtzite
band structure
(Eg ~ 3.37 eV).

(60 meV).

3. Recombination
(carrier dynamics)

Surface & core: high
surface-area-to-volume
ratio; disordered core.

competition between UV
decay.

4. Extraction
(photon exit)

Microscopic geometry:
hexagonal arm cross-
section.

Pérot or WGM cavities.

e Charge separation: determining the efficiency of carrier
extraction for photocatalytic redox reactions or photocurrent
generation.

Overcoming this challenge necessitates a shift from steady-state,
ensemble-averaged measurements to advanced, time-resolved, and
spatially-resolved spectroscopies. Future research must utilize
femtosecond transient absorption spectroscopy to track ultrafast
carrier cooling and spatially-resolved time-correlated single photon
counting (TCSPC) to map recombination lifetimes across the
specific arm-core-arm architecture. Mapping these energetic pro-
cesses is the prerequisite for transitioning from empirical optimi-
zation to predictive, efficiency-focused optical engineering.

Table 10 deconstructs this energy cascade, identifying the
dominant structural features, loss mechanisms, and specific
engineering imperatives for each stage of the light-material
interaction.

3.4 Mechanical properties

The mechanical performance of T-ZnO is a critical enabler for its
application in flexible electronics, structural composites, and
functional supports. Unlike typically brittle bulk ceramics, T-ZnO
exhibits counter-intuitive resilience and flexibility, emergent prop-
erties derived not from the material itself, but from its hierarchical
architecture. This analysis deconstructs these properties from the
single-arm scale to the interconnected network level.

3.4.1 Individual tetrapod arms. The individual arms of
T-ZnO, comprising single-crystalline WZ (Section 3.1.1), main-
tain a high intrinsic stiffness with a Young’s modulus of
approximately140-150 GPa.">”">® Despite the brittle nature of
bulk ZnO, these nanoscale filaments demonstrate exceptional
bending strength.'®” This resilience is governed by two physical
mechanisms. First, the principle of flaw tolerance applies at the
nanoscale.’®*™*®" Second, their high-aspect-ratio geometry
results in a very low second moment of inertia. This geometric
feature enables large bending radii under relatively low
stresses.'®® According to Griffith’s theory, the failure of brittle

This journal is © The Royal Society of Chemistry 2026

: the
3D architecture extends the
optical path length, increasing

Exciton generation: formation
of stable electron-hole pairs
with high binding energy

Radiative vs. non-radiative:

emission and trap-assisted

Resonance: arms act as Fabry-

Reflection/transmission:
light escaping the network
before absorption occurs.

“Black” ZnO: optimize packing
density to maximize scattering
events (light trapping).

Thermalization: hot carrier
cooling to the band edge
(phonon emission).

Bandgap tuning: doping (Mg/Cd)
to shift the absorption edge for
solar spectrum overlap.

Passivation: core-shell structures
to eliminate surface traps and
boost quantum yield.

Surface traps: non-
radiative recombination at
surface states or core
defects.

Reabsorption: emitted
photons being re-absorbed
by the network before
escaping.

Lasing cavities: exploit arm
geometry to achieve coherent
random lasing or WGM lasing.

materials is initiated at pre-existing flaws (microcracks, voids,
etc.).">® The extremely small volume of a nanoscale arm has a
statistically insignificant probability of containing a critical-
sized flaw.'®" Lacking these failure initiation sites, the arm’s
strength can approach its theoretical limit, allowing it to bend
to a high degree without fracturing.'®*

However, this ideal behavior is weakened by the arm’s real-
world structure. The practical mechanical response is signifi-
cantly influenced by the landscape of defects,'®" particularly in
the structurally complex and strained central core (Section
3.1.2), which can be considered the most susceptible region
to stress concentration of the entire tetrapod. Extended defects
like twin boundaries and stacking faults are concentrated in
this region. These defects can act as stress concentrators and
crack initiation sites. Detailed nanomechanical studies on
individual carbon-based tetrapods derived from ZnO templates
confirm this behavior. Specifically, they show that the struc-
ture’s deformation is governed by a reversible localized buck-
ling mechanism at the central joint (Fig. 29)."% Although this
model was developed for hollow carbon-based microtubes, Veys
et al.*®* suggest that a similar buckling mechanism also occurs
in solid ZnO tetrapods. The quantitative relationship between
specific defect populations and key metrics like fracture tough-
ness or fatigue resistance under cyclic loading remains a critical
but under-investigated area. This lack of a predictive model
means that the design of durable T-ZnO-based devices currently
relies on empirical observation rather than rational engineering,
highlighting a major challenge for the field.

3.4.2 Interconnected T-ZnO networks. When individual
arms assemble into large-scale interconnected networks, T-
ZnO transitions from a brittle ceramic to a resilient, flexible
ceramic architecture.®'>120:15416% 1 thig regime, macroscopic
properties, such as extreme compressibility and elastic recovery,
are dictated by the geometric topology of the network rather
than the intrinsic brittleness of the wurtzite lattice."**'®® The
fundamental physical principle behind this behavior is the

Chem. Soc. Rev.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00594a

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

1.6 ;
. EBucinng stage V":AGT;:E)SS
Tt 1.23
12 F ; 1.11
- ? 0.98
£ 10 premnasans 0.86 H
= o8} 074
= F 0.62 H
0.6 3 0.49 [
: ' 0.37 H
O ¢ : & AFM experiment 0.25
02t — Buckling-hinge model 0'12
00 Basicstage; U TZFEMsmuaton 500
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
o/ O,
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stress at the central joint. Reproduced from ref. 163 with permision from Springer Nature,*®* Copyright 2017.

morpholgies ability to transform the dominant deformation
mode. In a bulk ceramic, applied stress is concentrated in one
area, leading to a crack forming and spreading quickly, result-
ing in catastrophic brittle fracture.'>® The open, interconnected
3D architecture of a T-ZnO network fundamentally frustrates
this natural failure mode."**"*® An advancing crack cannot find
a continuous path and is effectively stopped at junctions
between induvidual tetrapods. Instead, the applied strain is
delocalized across the entire network.'® It is converted into a
series of collective, non-catastrophic deformation events. These
primarily involve the bending (Fig. 30) of thousands of indivi-
dual arms and rotation at inter-tetrapod junctions,'2!160:163:166
This transformation of a single, catastrophic fracture event into
a distributed, gradual bending response'®® is the core reason why
the network exhibits its characteristic flexibility and resilience.

This behavior creates a unique set of macroscopic properties.
The networks are characterized by low density and high porosity
(Fig. 31),%8>1201657168 which can be tuned over a wide range.
Specific porosity values of derived materials/composites are often
reported to exceed 90%,"”%'%%® with the ability to be tuned
between 50-98% via synthesis and post-processing.'>%0>108:169
This lightness and mechanical adaptability is clearly exemplified
in architectures derived from T-ZnO networks, such as aero-
boron nitride (Aero-BN),'®” three-dimensional carbon nanotube
assemblies (t-CNTs),'°>"®® stretchable aerographite hybrids,®
hybrid T-ZnO foams,®” or necklace-like N-doped tubular carbon
structures.®”

Critically, the effective Young’s modulus (E.g) of the network
does not behave like a simple solid but follows a power-law
relationship with network density (p) (Fig. 32): Eegr oc p", where
the exponent 7 (typically 2-3) depends on the network architec-
ture and the nature of the junctions.® This relationship identifies
density as the primary lever for tuning structural stiffness.

Chem. Soc. Rev.

However, global mechanical integrity remains contingent on
the nature of inter-tetrapod contacts, which range from weak
physical entanglement to robust, sintered necks®” that provide
the necessary support for structural loads.®'*"'%”

3.4.3 Composite reinforcement. Beyond its utility as a free-
standing network, T-ZnO serves as a high-efficiency mechanical
reinforcement filler in polymer composites, such as those based
on PDMS.**°17%171 1tg hierarchical 3D architecture offers rein-
forcement capabilities that significantly surpass conventional 0D
(spherical) or 1D (nanowire/fiber) fillers (Fig. 33).** The funda-
mental physical reason for this superiority is the ability of the
tetrapods to achieve mechanical percolation at an extremely low
volume fraction.*® Mechanical percolation refers to the formation
of a continuous, sample-spanning, stress-bearing network of
filler particles within the polymer matrix.*® The tetrapodal geo-
metry is exceptionally efficient at creating this network.'”* Unlike
1D rods, which require high concentrations and specific align-
ments to connect, or 0D spheres, which only percolate at very
high loadings, the four arms of the T-ZnO naturally branch out in
3D space.”®" This allows them to physically interlock with
neighboring tetrapods,'*® forming a rigid, interconnected back-
bone throughout the composite with very little material."® The
self-dispersing nature of tetrapods, which resist agglomeration,
further aids in the formation of a homogeneous and effective
networks.*$'7*

Under external loading, the percolated T-ZnO network provides
a high-efficiency pathway for stress transfer. This mechanism is
the mechanical analogue to the electrical percolation discussed in
Section 3.2.3: whereas the network in Section 3.2.3 provides a
continuous path for carriers, here it provides a continuous path
for mechanical flux. Applied stress is effectively shunted from
the compliant polymer matrix into the rigid, interconnected
inorganic framework. This transition from matrix-dominated to

This journal is © The Royal Society of Chemistry 2026
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structural response under tension, plotted on a 10 times higher force scale compared to compression. (a) and (b) Reproduced from ref. 163 with
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filler-dominated load-bearing results in dramatic enhance-
ments to composite stiffness, tensile strength, and fatigue
resistance (Fig. 34).36,94,115,135,170,171

3.3.4 Critical link and the grand challenge for mechanical
design. The mechanical profile of T-ZnO exemplifies how
structural hierarchy dictates macroscopic function. This transi-
tion from the nanoscale flaw tolerance of individual arms
(Section 3.4.1) to the collective, non-catastrophic buckling of
the 3D network (Section 3.4.2) and the mechanical percolation
in composites (Section 3.4.3), is deconstructed in Table 11.

As Table 11 elucidates, the mechanical response is not
governed by a single variable, but by the interplay between
network density and junction connectivity. Stiffness is primar-
ily governed by the relative density (porosity). T-ZnO networks
behave as open-cell cellular solids where the effective Young’s
modulus (E.¢) follows a classic power-law relationship with the
relative density (p):

E n
o o < P )

E, 2

In this expression, Eg and pg are he modulus and density of the

solid material, C is a geometric constant, and n is a scaling
exponent (typically 2 < n < 3 for bending-dominated structures).

This journal is © The Royal Society of Chemistry 2026

This fundamental law dictates that density acts as the dominant
“volume knob” for tuning the material’s load-bearing capacity.

Second, the inter-tetrapod junction acts as the specific deter-
minant of the deformation mode. While density sets the magni-
tude of the stiffness, the junction determines the material’s
resilience and operational range. Creating strong covalent necks
via high-temperature sintering maximizes connectivity, yielding a
rigid, stiff foam ideal for static structural support, though this
comes at the cost of reduced elastic recovery. In contrast, relying
on weak physical contacts results in a highly compliant network
capable of large-scale reversible deformation (spring-back beha-
vior). This configuration is perfectly suited for flexible sensors,
albeit with a lower overall stiffness.'*" Therefore, rational
mechanical design requires simultaneously tuning the macro-
scopic density to set the modulus and the microscopic junction
chemistry to define the failure mode.

This complexity points directly to the ultimate goal of the
field: the development of a ““digital twin” for T-ZnO. The grand
challenge is to create a predictive, multi-scale computational
model that can accurately forecast the macroscopic mechanical
response based on the microscopic parameters of the network.
Initial steps, such as combining finite element simulations
with analytical models to capture the non-linear buckling

Chem. Soc. Rev.
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from ref. 59 with permision from John Wiley & Sons,>® Copyright 2013.

mechanics of a single tetrapod, have been successfully demon-
strated and serve as key validation for this approach (Fig. 29).
However, extending this to a full network requires solving three
difficult problems: capturing the non-linear mechanics of arm
buckling,'®* modeling the complex friction/adhesion physics of
the junctions, and representing the random topology of the

Chem. Soc. Rev.

network. Success necessitates hybrid approaches integrating
physics-based finite element analysis (FEA) with ML to handle
topological complexity. Solving this challenge will finalize the
evolution of T-ZnO from a laboratory discovery to a predictably
engineered ceramic metamaterial.

3.5 Piezoelectric properties

Beyond its role as a passive electronic and optical medium, the
T-ZnO architecture functions as an active electromechanical
transducer. It converts mechanical energy into a suite of func-
tional outputs, serving as a platform where single-strain inputs
are translated into tailored electronic, optical, or chemical
work.>>>"* The operative mechanism is the intrinsic piezo-
electricity of the WZ lattice (Section 3.1.1), which generates an
internal electric field or piezopotential, under mechanical
stress.”*'”>17% The 3D tetrapodal geometry amplifies this effect
by routing and concentrating strain at critical junctions, creat-
ing complex potential landscapes.®” This transducer function-
ality is deconstructed across three coupled domains:

e Piezotronics: how the piezopotential is used to directly
control the flow of charge carriers, creating an electronic signal
from a mechanical force.

e Piezo-phototronics: how the piezopotential is used to
dynamically alter the band structure at interfaces, controlling
the generation, separation, or recombination of photogener-
ated carriers and creating a strain-tunable optical response.

This journal is © The Royal Society of Chemistry 2026
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e Piezocatalysis: how the strain-induced electric fields are
used to enhance the efficiency of chemical reactions at the
material’s surface.

By establishing the physical origins and inherent limitations
of the piezopotential, this section demonstrates how T-ZnO’s
architecture transforms simple mechanical deformation into a
versatile energy-conversion engine.'”?

3.5.1 The piezopotential. The operational foundation of
the T-ZnO transducer is the intrinsic piezoelectricity of the non-

centrosymmetric wurtzite lattice (Section 3.1.1).°*°° Lacking a

This journal is © The Royal Society of Chemistry 2026

center of inversion, the WZ structure is characterized by a specific
set of piezoelectric constants (I's3, I'13, I'14) and dielectric per-
mittivity components (e33, €3), resulting in a net spontaneous
polarization along the [0001] c-axis.”*'”*

3.5.1.1 The piezopotential mechanism. Mechanical stress
induces a relative displacement between the Zn>" cations and
O”" anions, creating an internal ionic dipole.”"**'”>'’* The
resulting macroscopic electric field, the piezopotential, locally
modulates the electronic band structure by shifting the
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Table 11 A hierarchical view of T-ZnO'’s mechanical properties: from brittle component to flexible metamaterial

Scale/system  Key mechanical behavior Basic physical principle

Primary engineering
application

Critical limitation/design
trade-off

Tetrapod arm High stiffness &

ﬂexibﬂity157,158,16l

critical-sized defects).

Macroscopic ~ “Flexible ceramic” behavior 1. Transformation of deformation
network (high compressibility & mode (fracture to bending).'®**%®
resilience)®'21%¢ 2. Stiffness scales with network
density (power law: E oc p”).
Composite Efficient mechanical The 3D shape forms a continuous,

reinforcement reinforcement®*!1%:135168,171

enabling efficient stress
transfer.48,115,135,168,171

conduction and valence band edges.®®°® This piezopotential

serves as a dynamic ‘“‘gate” to modulate carrier transport (piezo-
tronic effect).”®?>'”> This coupling of ZnO’s dual semiconduct-
ing (Section 3.2) and piezoelectric properties®®8893172:175,176
also allows mechanical stress to profoundly influence optoelectro-
nic processes. The piezopotential can modulate the generation,
separation, transport, or recombination of photogenerated

174176 thereby tuning light emission or detection effi-
172,176

carrier,
ciency in what is termed the piezo-phototronic effect.
Further discussion on the origin of piezoelectricity in WZ ZnO
can be found in.'”?

3.5.1.2 The critical limitation. The primary bottleneck for
T-ZnO piezoelectricity is free carrier screening.”®'’> Because
ZnO is an n-type semiconductor®® with a high background
electron concentration (Section 3.2.2), mobile electrons® migrate
in response to the strain-induced field. These electrons are
attracted to positively polarized zones and repelled from negative
ones, effectively neutralizing the ionic polarization and weak-
ening the net electric field.”>'”*> Consequently, the observable
piezoelectric response is governed by a dynamic competition
between the rate of piezopotential generation (strain-driven) and
the rate of carrier screening (conductivity-driven).” Efficient device
design requires not only a high piezoelectric coefficient but also
precise engineering of the material’s electronic properties to
mitigate this screening effect (Fig. 35)."”

3.5.2 Geometric amplification via strain concentration. While
the WZ lattice provides the intrinsic piezoelectric “engine,” the 3D
tetrapodal architecture functions as a geometric amplifier, signifi-
cantly elevating the functional output relative to 1D nanorods
(NRs) (Fig. 36).3¢°1°%% This architectural advantage is quantita-
tively confirmed by T-ZnO sensors reaching sensitivities of
182.5 mV N ',°* far exceeding the performance of sensors based
on 1D ZnO nanowires (23.6 mV kPa *)."””

3.5.2.1 The mechanism of strain concentration. The primary
physical driver of this amplification is architected strain
concentration at the arm roots.”> Unlike 1D structures where
stress is more uniformly distributed, the T-ZnO geometry

Chem. Soc. Rev.

Intrinsic WZ crystal stiffness™”
combined with nanoscale flaw

tolerance (low probability
158,159,161

of network.

stress-bearing network at an
extremely low volume fraction,

The defect-rich central core acts
as a stress concentrator'>®'%* and
the final limit on the arm’s ideal
strength.

The basic, stiff building
block for the macroscopic

Flexible sensor,"?° com-
pressible catalyst supports,
lightweight structural
materials. 8154165167

A trade-off between stiffness (from
strongly fused junctions) and
flexibility/ability to spring back
(from weak, physical
junctions).®” 121154

High-performance polymer
composites with enhanced
strength and
durability.35’94’115‘l71

Reinforcement is limited by the
quality of the bonding at the
filler-matrix interface.

Poor bonding leads to early failure.

“funnels” mechanical energy toward the base of the arms
and the structurally complex central core (Section 3.1.2).'¢*
Since the piezopotential is directly proportional to local strain,
this concentration locally amplifies the piezoelectric output
(Fig. 36b-d), rendering the tetrapod a significantly more sensitive
transducer than linear nanostructures. This geometric configu-
ration offers two decisive operational advantages:

e Independent cantilever action: each arm can bend inde-
pendently like a cantilever."®>"'7® This enables a single tetrapod
to resolve the magnitude and 3D direction of complex stress
vectors simultaneously, a multi-axial sensing capability inher-
ently absent in 1D rods.”>'”*

e Complex potential landscapes: the 3D architecture supports
complex deformation modes, including concurrent bending and
torsion across multiple arms. This generates a spatially varying
piezopotential distribution, particularly near the core junction
(Fig. 36a).>*?> Such complex landscapes enable advanced func-
tional devices,” such as three-terminal logic switches, where
localized mechanical force on a single ‘“gate” leg modulates
carrier transport between the remaining arms."”

This geometrically amplified transduction allows for the
precise mechanical tuning of conductance'’> and enhance
the response of piezocapacitive sensors®’ establishing T-ZnO
as a superior platform for active electromechanical devices.

3.5.3 Piezotronics. Following the generation of a strain-
amplified piezopotential, piezotronics emerges as the primary
electronic domain of the T-ZnO transducer. In this regime, the
strain-induced field serves as a dynamic, localized gate voltage
to directly modulate charge carrier transport.®>*”>

3.5.3.1 The mechanical gate mechanism. When a T-ZnO arm
is bent, the resulting piezopotential locally raises or lowers the
conduction and valence band edges. This band modulation can
alter the height of a Schottky barrier at a metal contact or
change the local carrier concentration within the semiconductor
channel,'”? thereby controlling the flow of current.”>'” This
process is functionally analogous to a field-effect transistor
(FET), but where the gating input is a mechanical force rather
than an electrical voltage."”>

This journal is © The Royal Society of Chemistry 2026
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Copyright 2024.

3.5.3.2 Spatial localization and screening dynamics. The sen-
sitivity of this gating effect is maximized at regions of peak strain,
specifically the arm roots and the central core junction (Section
3.5.2)."%® These localized high-strain zones enable high-precision
control over charge transport. However, as noted in Section 3.5.1,
the operational efficiency remains governed by the carrier screen-
ing effect. The net modulation of current depends on the kinetic
equilibrium between the strain-induced ionic field and its electro-
static neutralization by mobile background electrons.

3.5.3.3 The single-tetrapod logic switch. The pinnacle of this
application is the single-tetrapod electromechanical switch
(Fig. 37)."7° By applying a localized force to a single “‘gate”
arm, a piezopotential is generated at the central junction. This
potential acts to either enhance or deplete the conductive
pathway between the remaining ‘“‘source’” and ‘“drain” arms,
facilitating discrete “ON”’ and “OFF” logic states. The output is
hypersensitive to both force direction and source-drain bias,
providing a level of control'”® that underpins the development
of advanced flexible logic, multi-axial strain sensors, and
integrated electromechanical circuits.>®%°

3.5.4 Piezo-phototronics. The piezopotential used to gate
electronic transport can also be leveraged to modulate optical

This journal is © The Royal Society of Chemistry 2026

interactions. Piezo-phototronics represents the optoelectronic
domain of the T-ZnO transducer, where piezoelectricity dyna-
mically tunes the generation, separation, and recombination of
photogenerated carriers.'”>"”® The core principle involves using
the strain-induced piezopotential to change the local electronic

173174 such as a metal-

172

band structure at a critical interface,
semiconductor Schottky contact'’® or a p-n junction.

When a T-ZnO structure is strained, the resulting piezo-
potential can change the Schottky barrier height,'”® tilt the
energy profile of a junction, or modify the width of a depletion
region. This directly influences the key processes governing
optoelectronic device performance: the generation, separation,
transport, and/or recombination of photogenerated charge
carriers (linking to concepts in Sections 3.2 and 3.3). For
example, a strategically applied strain can create an electric
field that assists in separating electron-hole pairs at a junction,
reducing recombination and thereby enhancing the efficiency
of a photodetector or photovoltaic cell.’”>'7¢ As with piezo-
tronics, the effectiveness of this modulation is subject to the
fundamental limitation of carrier screening.'”*'”® The ability of
the piezopotential to sustainably alter the band structure is in
constant competition with its neutralization by the material’s
mobile charge carriers.
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Fig. 36 Comparison of piezocapacitive sensor performance using 3D T-ZnO tetrapods, 1D ZnO nanowires (NWs), and pristine PDMS. (a) Pressure
sensitivity curves for the T-ZnO composite (2.55 kPa™?), 1D ZnO NW sensor (0.36 kPa™?), and pristine PDMS device (0.034 kPa™?). (b) Response and
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T-ZnO geometries compared to 1D nanowires under pressure. (a)—(c) Reproduced from ref. 51 with permision from Royal Chemical Society,* Copyright

2021.

A definitive demonstration of this principle is the strain-tunable
UV sensor (Fig. 38)."”® Under UV illumination, the sensitivity of a T-
ZnO-based sensor to mechanical force is dramatically amplified.
This is driven by a synergy at the Schottky contact: the mechanically
induced piezopotential and the accumulation of photogenerated
holes work in tandem to lower the SBH. This combined stimulus
produces a current response far exceeding the sum of individual
force or light inputs, enabling high-performance, multi-modal
sensing.'”®

The tetrapodal architecture expands these possibilities through
independent arm control. The ability to strain one arm to modulate
the photoresponse in another suggests a path toward integrated
opto-electromechanical logic, a degree of spatial and functional
complexity unattainable in simple 1D nanowire systems."”>"”®

3.5.5 Piezocatalysis and piezo-photocatalysis. Beyond elec-
tronic and optical domains, the T-ZnO transducer facilitates a
potent “chemical channel,” wherein mechanical energy is har-
vested to initiate or accelerate redox reactions at the crystal
surface.” This phenomenon, known as piezocatalysis, can also
be coupled with light to create piezo-photocatalysis, where mechan-
ical and optical stimuli co-modulate reaction kinetics.'”*7*

Chem. Soc. Rev.

3.5.5.1 The mechanism of piezochemical transduction. The
central role of the strain-induced piezopotential is to mitigate
the primary bottleneck in catalysis: the rapid recombination of
charge carriers."””>""”* When T-ZnO is subjected to mechanical
stress (e.g., from ultrasound or vibration), the resulting piezo-
potential creates a strong internal electric field. This field tilts
the band structure and drives the spatial separation of charge
carriers,"””>™7* in piezo-photocatalysis, these are photogenerated
electron-hole pairs; in piezocatalysis, they are mobile surface
charges or thermally generated carriers."”* This improved charge
separation is the key to enhanced catalytic activity. By extending
carrier lifetimes, the piezopotential increases the availability of
charges for critical redox reactions, facilitating the generation of
reactive oxygen species (ROS)."”* These highly reactive radicals
serve as the primary agents for the degradation of organic pollu-
tants and the inactivation of bacteria.

The T-ZnO network is uniquely optimized for this ‘“‘chemical
work” compared to 1D structures.®*®'*° The independent defor-
mation of multiple arms across the 3D topology maximizes the
generation of diverse piezopotential gradients throughout the
network, significantly enhancing global catalytic efficiency

This journal is © The Royal Society of Chemistry 2026
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175 with permision from Royal Chemical Society,'”> Copyright 2011.

relative to simple nanorods."®’ This architectural advantage has
been validated in environmental remediation and disinfection,
providing a robust pathway for converting ambient vibrations
into high-value chemical work."”%'7*

3.5.6 Critical link and the grand challenge for piezofunc-
tional design. The piezoelectric properties of T-ZnO demon-
strate how hierarchical structure facilitates a transition from
passive material to active transducer. This functional journey,
from the atomic origin of the piezopotential (Section 3.5.1) to
its geometric amplification (Section 3.5.2) and subsequent
application in electronic, optical, and chemical domains, is
synthesized in Table 12.

As Table 12 elucidates, while the functional outputs are
diverse, they are unified by a common physical bottleneck: the
electrostatic screening of the piezopotential. The ultimate objec-
tive for the field is the evolution of T-ZnO into a ‘“programmable
piezotronic metamaterial.” This paradigm envisions a macro-
scopic network that can be dynamically reconfigured to perform
disparate functions on demand through the application of
precisely tuned, anisotropic strain fields. The central scientific
question is whether T-ZnO can be “programmed” via its stress
state: could an X-axis strain maximize piezotronic sensitivity for

This journal is © The Royal Society of Chemistry 2026

force sensing, while a transition to Z-axis strain reconfigures
surface band-bending to optimize the network for piezocatalytic
disinfection?

Realizing this level of control is a formidable “grand chal-
lenge” requiring:

1. Multi-physics modeling capable of mapping complex
strain vectors onto the 3D piezopotential landscape of an entire
stochastic network.

2. Kinetic accounting for the competitive screening rates of
mobile carriers in real-time.

Solving these problems would mark the transition of T-ZnO
from a material with isolated properties to a fully integrated,
programmable electromechanical device platform.

3.6 The tunable functional interface

Beyond its intrinsic electronic and mechanical properties, the
functional efficacy of T-ZnO is determined by its interaction with
the external environment. This interaction is mediated not by a
static boundary, but by a programmable “tunable functional
interface.” This section frames the T-ZnO surface as the primary
active zone, the locus for all heterogeneous processes including
catalysis,"** sensing,'®* and bio-integration occur.®®®® The utility
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Fig. 38 The piezo-phototronic effect: experimental data and theoretical model for a strain-tunable force sensor, demonstrating the synergistic coupling of
mechanical strain and UV illumination. (@) and (b) Experimental /-V curves and the resulting current—force (sensitivity) plot. The sensitivity (the slope of the line in b) is
dramatically enhanced under UV illumination, increasing from 0.17 A N~* (dark, red line) to 2.05 AN~ (UV, green line). (e) Quantification of the mechanism, showing
the change in Schottky barrier height as a function of force. The barrier is lowered significantly more under the combined effect of strain and UV light. (f) The
theoretical energy band diagram explaining the synergy. Both the strain-induced piezopotential (q¥) and the accumulation of photogenerated holes (q¥ ) work
together to lower the SBH, boosting the device's current and sensitivity. (a)—(f) Reproduced from ref. 176 with permision from AIP Publishing,X”® Copyright 2013.

Table 12 T-ZnO as a mechanical-to-multi-domain transducer: input, mechanism, and output

Controlling Key engineering
Device channel principle Basic physical mechanism application Critical limiting factor
Electronic Piezotronics  Piezopotential acts as a gate to Strain/force sensors, Free carrier screening: the neutralization of
domain control the flow of charge by chan-  electromechanical logic the piezopotential by background free
ging energy barriers. switches. electrons, reducing the gating effect
Optoelectronic  Piezo- Strain-induced fields modify band Strain-tunable Screening-induced quenching: high carrier
domain phototronics  alignment at interfaces, controlling  photodetectors, concentration weakens the internal field
the separation or recombination of  enhanced-efficiency solar ~ necessary for assisting charge separation.
electron-hole pairs. cells.
Chemical Piezocatalysis The surface piezopotential drives the Enhanced pollutant Surface potential reduction: screening
domain spatial separation of charge carriers, degradation; Vibration- reduces the magnitude of the surface

Chem. Soc. Rev.

prolonging their lifetime for redox
reactions (e.g., ROS formation)

assisted disinfection

potential available to drive redox chemistry
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of this interface is derived from four distinct engineering vectors
that allow for the precise programming of interfacial behavior:

e Hierarchical porosity and scale: an architectural feature
that defines the magnitude and accessibility of the active sur-
face area.’®

e Atomic-scale landscape: the intrinsic chemical reactivity
governed by specific crystal facets and point defect distributions.

e Surface functionalization: the capacity for covalent or
non-covalent modification to introduce exogenous chemical
functionalities.

e Dynamic wettability: a switchable gating mechanism that
regulates molecular access to the interface through stimulus-
responsive surface energy changes.*’

Synergistically optimizing these parameters transforms T-
ZnO from a passive scaffold into a sophisticated, multi-
functional platform for advanced interfacial engineering.

3.6.1 Hierarchical porosity and surface area. The primary
structural lever for engineering the functional interface is the T-
ZnO architecture itself, which serves as a scaffold to maximize
the scale and accessibility of the active zone.'>'>* The synergy
between nanoscale arm dimensions and the interconnected 3D
topology results in an exceptionally high specific surface
area.'>'*%%17% Measured SSA values vary significantly depend-
ing on the specific morphology, ranging from ~11 m> g~" for
individual particles™** to over 754 m> g~ for certain intercon-
nected forms."”® Critically, the functional advantage of T-ZnO
lies not just in the magnitude of the SSA, but in its open
porosity, ensuring nearly 100% environmental accessibility.*®
The network creates a multi-scale open-pore structure, which
consists of the following:

e Large super-macropores between clusters of tetrapods act
as highways for rapid, convective mass transport.

e Smaller macropores within the interlocked arms allow for
diffusive access to the deeper regions of the network.

This system is paramount for any heterogeneous application,
as it ensures that reactants can efficiently reach the high density
of active sites on the internal surfaces.>'”® Total network
porosity is highly tunable, frequently exceeding 90%.'37-120:16>

This unique combination of high, accessible surface area
and complex 3D shape also provides distinct advantages in
composite materials.*®'*® The tetrapod geometry promotes
homogeneous self-dispersion within a matrix and ensures that
its nanoscopic features remain accessible, unlike simple nano-
particle agglomerates.’®*® The branching structure can also
increase the effective roughness factor of a surface,’® a key
parameter for tuning wettability. Furthermore, t his entire
highly accessible architecture is a transferable property, when
T-ZnO networks are used as sacrificial templates, the resulting
aeromaterials inherit this high porosity, demonstrating the
power of T-ZnO as an architectural design,'?%"4*1%5

3.6.2 The atomic landscape: facet-dependent reactivity and
defect sites. While morphology defines the scale of interaction,
the interface’s ultimate functionality is dictated by its atomic-
scale landscape, a synergistic combination of crystallographic
orientation, point defects, and chemical adsorbates.'**'% The
WZ crystal structure of T-ZnO exposes various crystallographic

This journal is © The Royal Society of Chemistry 2026
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Fig. 39 Structural and chemical characterization of the polar O-
terminated (0001) facet. (a) Ball model of the wurtzite crystal structure
illustrating the polar stacking of Zn and O atoms. (b) and (c) Scanning
tunneling microscopy (STM) and AFM images displaying the step-terrace
surface morphology, with the inset in (c) showing a height profile across
the steps. (d) O 1s XPS spectra showing peaks corresponding to bulk lattice
oxygen (O%7) and surface hydroxyl (~OH) groups as a function of tem-
perature. (a)-(d) Reproduced from ref. 180 with permision from American
Chemical Society,*®° Copyright 2011.

facets, primarily the polar {0001} planes and the non-polar {1010}
and {1120} facets.” Fig. 39 provides a detailed look at the polar O-
terminated (0001) facet."® The non-polar facets are charge-neutral
and thermodynamically stable. In contrast, the polar (0001) and
(0001) facets are terminated exclusively by a single ion type (either
Zn>* or O%7), creating a net surface charge and a diverging
electrostatic potential.”® This configuration is thermodynamically
unstable, an effect known as the “polar catastrophe”.**

To stabilize themselves, these polar surfaces must undergo
significant atomic or electronic reconstructions. This can
involve the formation of triangular surface pits, the adsorption
of counter-ions (like hydroxyl groups), or the creation of a high
density of surface vacancies.*®'®® This mandatory reconstruc-
tion is the physical origin of the polar facets’ superior reactivity
compared to non-polar planes.®””'”* These reconstructed sur-
faces present a high density of unique, low-coordination (atoms
with fewer bonds than usual), and electronically active sites

that are ideal for molecular adsorption and catalysis.?”*'7°

3.6.2.1 The role of surface defects and adsorbates. The atomic
landscape is further populated by intrinsic defects and ambient
adsorbates that act as the primary engines for heterogeneous
redox reactions.®”'°> The two main types are:

o Surface defects: intrinsic point defects, particularly Vg at or
near the surface, act as critical sites for dissociative molecular
adsorption and electron transfer.?®*”#”'%” Their concentration
and chemical state, which can be measured by surface-sensitive
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techniques like XPS,*®*®'">17® directly correlate with photoca-
talytic activity.>”'%

e Adsorbates: under ambient conditions, the T-ZnO surface
is not pristine but is typically covered with a layer of adsorbed
species, primarily hydroxyl groups (OH)"*® and molecular oxygen
(0,).387120:179 These adsorbates are not just contaminants; they
are essential parts of the active interface.'”*"”® Surface hydroxyls
can act as proton donors/acceptors or as sites for generating highly
reactive hydroxyl radicals (*OH) during photocatalysis,"”**® while
adsorbed oxygen is the primary electron acceptor for generating
superoxide radicals (O,*). The presence and nature of these
species can be readily identified using techniques like Fourier-
transform infrared spectroscopy (FTIR).%*'3>179

Mastering this atomic landscape, specifically the interplay
between polar stabilization and defect distribution, is the
prerequisite for engineering high-selectivity sensors and high-
efficiency catalysts."%°

3.6.3 Surface functionalization strategies. While the intrin-
sic properties of the ZnO surface are highly tunable, the surface
can be further enhanced by functionalization. The T-ZnO mor-
phology, with its high accessible surface area (Section 3.6.1) and
an abundance of surface hydroxyl groups (TOH) and defect
sites,'>138%87:135:179 gerves as a uniquely flexible framework for
these advanced modification techniques. This section decon-
structs the three primary paradigms used to exploit this frame-
work: robust covalent attachment, conformal coating for core-
shell architectures, and targeted molecular immobilization.

3.6.3.1 Covalent attachment. The primary method for creat-
ing robust, permanent modifications is through covalent
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attachment, most commonly achieved via silanization. The
high density of surface hydroxyls provides ideal reaction sites
for silane coupling agents. For example, octadecyltrichlorosi-
lane (OTS) can be used to create a low-surface-energy layer.'*®
Alternatively, aminosilanes like APTES provide anchor points
for further functionalization.'””"*** This creates a stable base-
layer that can then be used to chemically bond a wide variety of
functional molecules, including the following:

e Biomolecules: for creating highly specific bio-interfaces,
such as immobilizing Deoxyribonucleic Acid (DNA) for gene
delivery"®* or antibodies for biosensing applications.®®"%”
Fig. 40 provides a complete model for this process, showing
both the step-by-step chemical functionalization (Fig. 40a) and
the resulting changes in the electronic band structure (Fig. 40b-
e) that create the sensing mechanism.'®”

e Polymers or nanoparticles: for improving filler-matrix adhe-
sion in composites or creating hybrid materials,**"3>%171179

3.6.3.2 Conformal coating and shell accretion. The open, 3D
topology of the T-ZnO network serves as a superior template for
the accretion of uniform, continuous coatings or shells,'>'3?
effectively generating a new functional interface atop the ZnO
core. A broad spectrum of materials can be deposited to form
core-shell heterostructures with synergistic properties:

e Plasmonic nanoparticles: decorating the surface with
Ag'>1388 or Au®”'° nanoparticles is a primary strategy for
inducing LSPR. This effect enhances photocatalytic efficiency
and enables SERS (Fig. 41)."*°

e Other semiconductors: depositing shells of materials like
Ti0,,'>"*'*3 or ZnSe/CdSe (via dipping procedures®®) creates
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Fig. 40 Schematic model of T-ZnO biosensor functionalization and interfacial band bending. (a) Chemical procedure for covalent attachment
(silanization), detailing the functionalization of the native ZnO surface with APTES to provide amine (-NH;) anchors for antibody binding. (b)-(e) Energy
band diagrams illustrating the progressive modification of surface band bending following each functionalization step. (a)-(e) Reproduced from ref. 107

with permision from American Chemical Society,®” Copyright 2022.
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Fig. 41 Surface functionalization of T-ZnO with plasmonic gold (Au)
nanoparticles. (a) Schematic of the photochemical synthesis for decorating
a T-ZnO scaffold with Au nanoparticles. (b) Photographs of the T-ZnO
dispersion displaying color changes during progressive Au nanoparticle
formation. (c) HAADF-STEM image of a T-ZnO arm uniformly decorated
with Au nanoparticles. (e) High-resolution TEM image showing the inter-
face between the crystalline Au nanoparticles and the T-ZnO surface. (a)-
(e) Reproduced from ref. 140 with permision from Springer Nature,**©
Copyright 2016.

heterojunctions with staggered band alignments. These config-
urations are engineered to maximize charge separation and
minimize recombination losses.?”8%%7

e Protective layers: ultrathin protective layers of materials
such as Al,0;,%% Ti0,,”° amorphous silica derived from TEOS,'"®
or diamond-like carbon nanocomposites'*® are utilized to pas-
sivate electronic surface states. These coatings serve as a critical
defense against photocorrosion, ensuring long-term device sta-
bility in harsh environments.

e Polymers and metal-organic framework (MOFs) and 2D-
nanomaterials: the network can be coated with polymers like
PDMS,'*® polymethacrylates'*>'*® or poly(N-isopropylacrylamide)
(PNIPAM) hydrogels,"” or with MOFs like zeolitic imidazolate
framework, ZIF-8,"*'°* or 2D-nanomaterials like two-dimensional
transition metal carbides/nitrides (MXenes),'®* to create hybrid
materials for specialized applications.

3.6.3.2 Molecular immobilization. Finally, the extensive and
accessible surface, combined with its chemically active sites
(Section 3.6.2), allows for the efficient adsorption and immo-
bilization of specific molecules. Fig. 42 presents a definitive
case study of this mechanism, detailing both the synthesis of a
T-ZnO hybrid (Fig. 42a) and the precise electrostatic mecha-
nism (Fig. 42b) by which surface sites adsorb target analytes."””
This is a key strategy for creating interfaces with highly targeted
functions, for instance:

e Dye sensitization: adsorbing dye molecules to enhance
visible light absorption for photocatalysis.'*"**

e Selective sensing: creating surfaces tailored for the specific
adsorption of gas molecules'*"**”'%* or other chemical analytes®>'”
for high-sensitivity sensor devices.**'*

e biomolecular immobilization: attaching specific bio-
molecules for biosensing'>®*'%7'?° or advanced biomedical appli-
cations. A notable example involves amino-modified tetrapods

This journal is © The Royal Society of Chemistry 2026
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used to electrostatically bind plasmid DNA. The unique tetrapodal
geometry allows the structures to ‘stand’ on cell membranes,
facilitating gene delivery while minimizing cytotoxicity by prevent-
ing full cellular uptake.'®*

Through these diverse strategies, the T-ZnO surface can be
transformed from its native state into a highly programmed,
multifunctional interface, precisely tailored for a wide variety of
advanced applications.

3.6.4 Wettability as an active gating mechanism. Beyond
static chemical functionalization, the dynamic modulation of
surface wettability serves as an active functional gate, regulating
molecular access to the T-ZnO interface.'”® Pristine, flat ZnO
surfaces are intrinsically hydrophilic due to the presence of
surface hydroxyl groups.'"! However, the hierarchical roughness
of a T-ZnO network, with its micro- and nanoscale features, can
trap air pockets between the arms, rendering the surface
hydrophobic or even superhydrophobic in what is known as a
Cassie-Baxter state."'*'">178

Crucially, this wettability is not static and can be reversibly
switched using various external stimuli, including UV irradia-
tion, thermal annealing, and applied electric fields.''*""*318
The most widely studied method is photoswitching. Under UV
irradiation with photon energy greater than ZnO’s bandgap,
electron-hole pairs are generated. The holes migrate to the
surface and react with lattice oxygen ions (0*") to create surface
oxygen vacancies. These defect sites are kinetically favorable for
the dissociative adsorption of water molecules from the ambi-
ent air. This leads to a high density of surface hydroxyl groups
and a transition to a hydrophilic or superhydrophilic
state.'*®™2113 Conversely, this process can be reversed and
the hydrophobic state restored through thermal annealing’* or
by extended storage in the dark, which removes the adsorbed
hydroxyl groups.''®"** While this intrinsic photoswitching is a
property of the ZnO material itself, hybrid systems can also be
designed where the switching is governed by organic photo-
chromic molecules (like azobenzene derivatives) integrated into
the T-ZnO composite network.">®

This switchable behavior has profound functional conse-
quences, allowing the surface to be actively “gated” on or off for
specific applications. A hydrophilic surface promotes intimate
contact between the T-ZnO lattice and the surrounding aqueous
medium. This maximizes the interaction between reactants and
active sites, which can accelerate interfacial processes such as
photocatalysis by over 2.5 times compared to the hydrophobic
state (Fig. 43).”” Conversely, a superhydrophobic state, by trapping
a layer of air, can effectively shut down the same reaction by
preventing aqueous reactants from reaching the catalytic surface;
experiments on ZnO nanorods confirm that achieving a super-
hydrophobic state leads to minimal photocatalytic activity.'™*

This inherent photosensitivity, however, is not always desir-
able, as uncontrolled changes in wettability can compromise the
long-term stability of a device. This effect can be intentionally
suppressed through surface engineering. For instance, applying a
thin, conformal passivating layer, such as a diamond-like carbon
nanocomposite film, can physically block the UV-induced mecha-
nism and stabilize the surface wettability over time, even under UV

Chem. Soc. Rev.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00594a

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

OH
= COOH

OH ED:I
COOH -
OH -l

Activated Carbon

b) q
v -
$—on 2
4—( 00H &
‘ A Protonation Pl |
( O0H  — p- 3
» -/ ()
@ 2
“OH %on o 5
G coon <

A\
—(Ccram

-

ZnO;Tetrapods

Adsorption of Cr (lll) on the surface

View Article Online

Chem Soc Rev

4—- OH

Hydrothermal ‘— C ‘:())ll]l
Method C ()()ll"
N «’ —— ()()ll
ZnO-TetrapodsIActlvated
Carbon
-4
Electrostatic 0:,

Attraction Z 2 &M%

Reduction

CBE

®
< ) %‘se \'a»
I

@ -~
@ 2\
s =« Cram)

N 4

< 1
f ZnO-T /Acti > &7 2
of ZnO-Tetrapods/Activated Carbon&:ﬁ‘g)s
o <

<
f
/B
\&f—

@
g .

Fig. 42 A case study of T-ZnO functionalization for molecular adsorption. (a) A schematic showing the synthesis of a T-ZnO/Activated Carbon hybrid
material. (b) The detailed mechanism for molecular immobilization, demonstrating how surface hydroxyls (TOH) act as essential active sites that are

protonated to electrostatically attract and adsorb a target chemical analyte (Cr(v)). (a) and (b) Reproduced from ref. 179 with permision from Elsevier,

Copyright 2019.

exposure.''® Thus, the wettability of a T-ZnO interface is a highly
tunable property that can be used as a functional gate or protected
for stability, depending on the specific application requirements.

3.6.5 Critical link and the grand challenge for interfacial
design. The interfacial properties of T-ZnO represent the ulti-
mate expression of its hierarchical design. Rather than a static
boundary, the T-ZnO surface functions as a highly program-
mable functional interface, the material’s primary active zone
for all heterogeneous interactions. The power of this platform
lies in the synergistic deployment of four distinct engineering
parameters: a vast, accessible surface area (Section 3.6.1), an
intrinsically reactive atomic landscape (Section 3.6.2), a versa-
tile capacity for exogenous functionalization (Section 3.6.3),
and a dynamically switchable wettability gate (Section 3.6.4).
Table 13 serves as a strategic roadmap for this engineering
process, linking specific functional goals to the chemical
modifications and physical mechanisms that drive them.

As Table 13 illustrates, mastering these individual para-
meters to create single-function interfaces represents the cur-
rent state-of-the-art. The next frontier lies in multi-functional
integration. Therefore, the grand challenge for the field is the

Chem. Soc. Rev.
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development of a ‘“‘spatially-addressable, multi-functional bio-
interface.”

This vision entails using the T-ZnO network not just as a
uniform scaffold, but as an integrated device with distinct,
spatially defined functional zones. The central scientific objec-
tive is to achieve a level of regional control that allows different
functions to be programmed onto specific segments of the
same tetrapod network, the ¢lab-on-a-tetrapod” concept.
Future research must establish the feasibility of compartmen-
talizing the 3D architecture such that:

e Zone A is functionalized with enzymes for specific bio-
detection.

e Zone B is decorated with plasmonic nanoparticles to serve
as a SERS hotspot.

e Zone C features dynamically switchable wettability to
function as a microfluidic gate or valve.

Achieving this requires the development of spatially selec-
tive functionalization techniques and a predictive understand-
ing of how these distinct engineered zones interact within a
continuous 3D architecture. Solving this challenge will trans-
form T-ZnO from a passive scaffold into a truly programmable

This journal is © The Royal Society of Chemistry 2026
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(a) and (b) Changes in the concentration of MB and kinetic curves for hydrophobic ZnO-Ts. (c) and (d) Changes in the concentration of MB and

kinetic curves for hydrophilic ZnO-Ts. (e) A photograph of a water droplet on the surface of the hydrophobic ZnO-T powder. (a)-(e) Reproduced from

ref. 47 with permision from MDPI,*” Copyright 2023.

Table 13 A guide to programming the T-ZnO functional interface

Primary engineering
goal

Functionalization strategy & physical
mechanism

Resulting interfacial property Target application

Enhance visible
light absorption

Hybridization with sensitizers: LSPR from
plasmonic NPs (Ag, Au)’”"*

Heterojunctions with QDs or dyes®

Catalytic decoration: attachment of noble metal
NPs (e.g., Au, Pt); creation of heterojunctions
with co-catalysts (e.g, TiO,)"**

Engineer surface
reactivity

Create bio-specific
interfaces

Biomolecular attachment: covalent anchoring
of enzymes, antibodies, or DNA via
silanization®"%7-182

Surface energy engineering: modification with
low-surface-energy molecules (e.g., PFO,"”®
OTS'*?) or uniform coating with polymers
(e.g., PDMS"'*®) to engineer hierarchical
roughness and control surface energy.
Dielectric coating: conformal deposition of
chemically stable, wide-bandgap oxides

(e.g., Al,O3, Ti0,)%7 880

Tune surface
wetting & adhesion

Improve stability &
passivation

platform for the most complex, integrated interfacial systems in
modern materials science.

3.7 Integrated structure-property nexus: from coupled
physics to core design principles

The true structure-property nexus in T-ZnO demonstrates how
a shared, hierarchical morphology forces distinct physical
domains into a simultaneous, tightly coupled state. Rather than
acting as a passive scaffold, the tetrapodal architecture dictates
an instantaneous transduction of energy across multiple physi-
cal regimes. For instance, the application of a macroscopic

This journal is © The Royal Society of Chemistry 2026

Increased optical cross-section in
the visible range; improved charge
separation.

Creation of new active sites;
modified adsorption energies;
enhanced charge separation at
interfaces.

Specific molecular recognition
capability; tailored
biocompatibility.

Tailored surface energy, leading
to superhydrophobicity or
superhydrophilicity

Visible-light photocatalysis, solar
cells, photodetectors.

Heterogeneous catalysis, surface-
enhanced Raman spectroscopy.**’

Biosensing, targeted drug/gene
delivery, bio-scaffolds.

Self-cleaning surfaces, anti-
fouling coatings, water-oil
separation membranes

Passivation of electronic surface
states; creation of a protective
barrier against photocorrosion.

Stable photoanodes for water
splitting, durable optoelectronic
devices.

mechanical force to the network does not yield a simple,
isolated structural deformation. Instead, the force is geometri-
cally concentrated as localized strain at the arm roots, which
instantaneously generates a highly localized piezopotential.
This strain-induced field simultaneously redefines the electro-
nic landscape by shifting charge carrier transport pathways,
alters the optical recombination rates of excitons, and induces
surface band-bending that immediately modifies the rates of
solid-liquid interfacial catalysis. Consequently, engineering
T-ZnO requires acknowledging that any single input will invari-
ably trigger a tightly coupled, multi-physics response.
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3.7.1 The T-ZnO design blueprint. As illustrated in the
multiscale blueprint (Fig. 44-46), T-ZnO’s functionality
emerges across three distinct tiers: the atomic foundation,
the nanoscale geometry, and the macroscale network.

3.7.1.1 Atomic scale (Fig. 44). The fundamental characteristics
of T-ZnO are dictated by WZ thermodynamics. At this level, the
crystal lattice provides the intrinsic high mechanical stiffness,
the wide bandgap necessary for UV optics, and the non-
centrosymmetry required for piezoelectricity. Furthermore, the
defect landscape, primarily governed by unintentional hydrogen
impurities and intrinsic thermodynamic limits, serves as the
baseline tuning layer for conductivity and visible-range emis-
sion. However, this scale also introduces absolute thermody-
namic constraints, most notably the spontaneous formation of
native donor defects (self-compensation) that severely limits the
feasibility of stable p-type doping.

3.7.1.2 Nano/micro scale (Fig. 45). The geometry of the indi-
vidual tetrapod arms translates these atomic properties into
localized functionalities. The high aspect ratio and single-
crystalline nature of the arms enable nanoscale flaw tolerance
and permit them to function as optical microcavities supporting
WGMs. Simultaneously, this scale introduces the system’s pri-
mary structural bottlenecks: nanoscale surface depletion layers
that can pinch off charge transport, and the highly defective
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central core, which acts as a mechanical stress concentrator and
a primary scattering center for electrons.

3.7.1.3 Macroscale (Fig. 46). The collective behavior of the
interconnected 3D network yields macroscopic properties that
differ fundamentally from the bulk material. The tetrapodal
geometry transforms the intrinsically brittle ceramic into a
flexible, compressible macroscopic foam and converts a pris-
tine UV absorber into a highly efficient, broad-spectrum light
scatterer via Mie scattering. The ultimate performance limita-
tion at this scale is defined by the inter-tetrapod junctions,
where the formation of double Schottky barriers dictates the
macroscopic electrical and thermal transport efficiency of the
entire network.

3.7.2 The three design axioms. The complex interplay
across these hierarchical scales indicates that engineering
T-ZnO is strictly a multi-objective optimization problem governed
by three fundamental design axioms:

3.7.2.1 Axiom 1: morphological translation of intrinsic proper-
ties. The 3D architecture dictates how bulk material properties
manifest at the macroscale. The tetrapodal structure acts as a
geometric translator, enabling the emergence of properties,
such as macroscopic mechanical flexibility and extreme poros-
ity, that the intrinsic ceramic constituents cannot achieve in
thin-film or bulk forms.
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Fig. 44 Atomic scale properties of T-ZnO. This diagram illustrates the intrinsic material characteristics of the crystal lattice and defect landscape,
highlighting the fundamental mechanical stiffness, wide-bandgap electronic behavior, and polar-facet reactivity alongside their inherent physical

limitations.
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Fig. 45 Nano/micro scale geometric effects in T-ZnO. This figure details how the single-arm geometry and central core architecture influence
properties such as flaw tolerance and optical waveguiding, while introducing bottlenecks like surface depletion and strain concentration at the arm base.

3.7.2.2 Axiom 2: the inevitability of multi-physics trade-offs.
Because the physical domains in T-ZnO are inherently coupled,
optimizing one parameter frequently degrades another. For
example, heavily doping the network to maximize electrical
conductivity inherently increases the concentration of free charge
carriers, which subsequently screen and dampen the strain-
induced piezoelectric response. Similarly, enhancing the mechan-
ical strength of the macroscopic network via high-temperature
sintering creates rigid covalent bonds that destroy its structural
flexibility. Engineering T-ZnO, therefore, requires managing these
compromises rather than attempting to eliminate them.

3.7.2.3 Axiom 3: dynamic evolution of the functional interface.
The structure-property relationships within T-ZnO are not
static. Under operational conditions, the material undergoes
continuous evolution: the surface defect landscape interacts
with environmental adsorbates, the central cores accumulate
mechanical fatigue, and the functional interface degrades. This
dynamic behavior highlights a critical ‘synthesis-stability
nexus”, wherein the initial synthesis parameters dictate not
only the as-grown properties but also the evolutionary degrada-
tion and ultimate operational lifetime of the material.

3.7.3 The unified challenge: bridging scales via computa-
tional modeling. Overcoming the empirical, trial-and-error
limitations of current T-ZnO engineering requires moving
beyond isolated material characterizations. The unifying
challenge for the field is the development of a predictive,

This journal is © The Royal Society of Chemistry 2026

multi-physics computational framework for T-ZnO. Achieving
this requires bridging distinct computational methodologies
across all relevant length scales. It necessitates linking fluid
dynamics models (governed by the second Damkohler and
Péclet numbers) from the initial synthesis phase to atomistic
DFT calculations of defect and surface energetics. These atomic
insights must then be upscaled into continuum mechanics
models, utilizing FEM or phase-field modeling to predict
macroscopic stress distribution, network percolation, and carrier
transport. Ultimately, because of the inescapable compromises
defined by Axiom 2, the successful deployment of T-ZnO is an
exercise in precision engineering. The following section (Section
4) will explore how researchers navigate this highly coupled multi-
physics matrix, identifying and exploiting the optimal operational
regimes to drive current and emerging applications.

4 T-ZnO applications

The true promise of T-ZnO lies not only in enhancing existing
technologies but also in enabling entirely new approaches,
ranging from innovative microstructured actuators to wearable
sensors that monitor health in real-time and ultralightweight
materials with the potential to revolutionize aerospace, medi-
cine and soft robotics. This section highlights the applications
that are beginning to translate T-ZnO’s potential into reality.
The unique combination of properties detailed in Section 3,
from its semiconducting (Section 3.2) and piezoelectric nature

Chem. Soc. Rev.
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(Section 3.5) to its remarkable mechanical resilience (Section 3.4)
and high specific surface area (Section 3.6.1), establishes T-ZnO as
a uniquely versatile platform for a wide range of advanced
applications. The utility of T-ZnO is not just a sum of these
individual characteristics. Instead, it is a result of their synergistic
interplay, as summarized in the integrated structure-property
nexus (Section 3.7). The applications that stem from this versatility
can be broadly categorized based on the primary role the material
plays. On one hand, many applications exploit the intrinsic
properties of ZnO, where the material itself is the active compo-
nent in sensing, catalysis, or optoelectronics. On the other hand, a
ground-breaking class of applications leverages its unique 3D
morphology. Here, the tetrapod network acts purely as a structural
backbone for mechanical reinforcement or, more innovatively, as a
sacrificial template. This templating capability allows researchers
to architect entirely new materials with unprecedented properties,
literally sculpting other materials from the micro to the macro
scale using the T-ZnO network as a removable template. A visual
overview of these distinct application pathways, from active sen-
sors to templated aeromaterials, is presented in Fig. 47. This
section will explore these diverse applications, highlighting how
T-ZnO’s hierarchical structure is leveraged to achieve novel
functionalities.

4.1 T-ZnO as an active functional material

Applications in this category exploit the intrinsic electronic
(Section 3.2), optical (Section 3.3), piezoelectric (Section 3.5), or

Chem. Soc. Rev.

chemical properties (Section 3.6) of ZnO itself. Here, the
material’s high surface area and unique morphology serve to
enhance its inherent performance. In its role as an active
functional material, T-ZnO directly employs its fundamental
material characteristics to interact with and respond to its
environment. This includes leveraging its intrinsic semicon-
ducting nature (Section 3.2), where electrical conductivity can
be precisely modulated by external stimuli like UV light or
gas adsorption. As well as its distinct optical properties,
governed by a wide bandgap (Section 3.3.1) and characteristic
PL (Section 3.3.2) and its piezoelectric effect, which originates
from its non-centrosymmetric crystal structure (Section 3.5.1)
and allows for the conversion of mechanical stress into elec-
trical energy.

Crucially, performance in these applications is not merely a
function of bulk ZnO properties but is dramatically amplified
by the tetrapod architecture. The high surface-to-volume ratio of
the nanoscale arms (Section 3.6.1) creates a vast interface for
interaction, making the material exceptionally sensitive. Further-
more, the interconnected 3D network ensures this surface is
highly accessible and provides robust pathways for efficient
charge transport (Section 3.2.3). This prevents the performance
losses often seen in simple nanoparticle or nanowire agglomer-
ates. In essence, the unique morphology acts as a structural
amplifier. This makes T-ZnO a superior platform for devices like
highly sensitive sensors and materials for advanced surface
engineering and environmental control.

This journal is © The Royal Society of Chemistry 2026
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Fig. 47 T-ZnO as a multifunctional application platform. The unique interplay between the properties of individual T-ZnO tetrapods and extended T-
ZnO networks (orange boxes) unlocks a wide range of applications (red boxes). These can be broadly divided into two categories: (i) T-ZnO as an active
functional material, where its intrinsic properties are directly utilized, and (i) T-ZnO as a structural element, where it either enhances composite
performance or serves as a sacrificial template to transfer its unique 3D network architecture into aeromaterials and channel structures (blue boxes).

4.1.1 Sensing applications

4.1.1.1 Chemiresistive sensors (gas). The high specific surface
area (Section 3.6.1) and semiconducting nature (Section 3.2) of
T-ZnO make it well suited for chemiresistive sensing, where
changes in electrical resistance are induced by interactions
with the chemical environment or radiation. In gas and UV
sensors, the tetrapodal morphology offers a clear advantage
over simpler particle shapes. It suppresses dense agglomera-
tion and preserves a high accessible surface area.

Gas sensing with T-ZnO has been extensively studied. The
sensing mechanism is based on resistance changes caused by the
interaction of target gas molecules with chemisorbed oxygen ions
on the ZnO surface. These interactions modulate the electron
depletion layer and alter conductive pathways (Fig. 48a). This field
was comprehensively reviewed in 2018" and significant progress
has since been made, particularly in improving sensitivity and

This journal is © The Royal Society of Chemistry 2026

selectivity (Section 3.6.4). For example, Poschmann et al.*® coated

T-ZnO with a thin ZIF-8 layer. This formed a molecular sieve that
enabled highly selective hydrogen sensing even in the presence of
methane. Their device achieved fast response times (1-2 s), low
operating temperature (100 °C), and a reported 60-fold sensitivity
enhancement. While promising, such approaches raise concerns
regarding long-term stability in humid environments and the
scalability of multi-step fabrication processes.

In a similar vein, the combination of T-ZnO with graphene
oxide'®® and CuO'*'®” have been reported as materials for
selective hydrogen gas sensors. A further effective method
involves surface modification of T-ZnO with ZnFe,O,. This
has also demonstrated promising results in enhancing selec-
tivity in gas sensing applications. For example, Mei et al.'®®
coated the surface of T-ZnO via a hydrothermal approach and
tested the material as a gas sensor for different volatile organic
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Fig. 48 Chemoresistive sensing mechanism in T-ZnO. A cross-section of a T-ZnO arm illustrates surface depletion layer modulation. In the dark or with
oxidizing gases, adsorbed oxygen ions (O,7) capture electrons, narrowing the conductive channel and increasing resistance. Conversely, (a) reducing
gases or (b) UV irradiation release trapped electrons, widening the channel and lowering resistance.®”8® (c)-(f) Surface modification of T-ZnO with ZIF-8,
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CH,4 mixtures, collectively highlighting enhanced H, sensitivity.2°2 (g) UV sensitivity of gas sensor measurements for different T-ZnO morphologies and

(h) dynamic response under varying UV light intensities.2°? (c)-(f) Reproduced from ref. 102 with permision from American Chemical Society,

102

Copyright 2023, (g)-(h) reproduced from ref. 202 with permision from Elsevier,2°2 Copyright 2019.

compounds (VOCs) and reported a high selectivity for ethanol.
Li et al.*® coated the surface of T-ZnO with a ZnFe,0, as well,
using a wet-chemical approach followed by a calcination step.
Their material shows satisfactory results as a H,S sensor with a
detection limit of 2 ppm at 250 °C. Next to the detection of
hydrogen,9>8>186190191 ethanol %192 and H,S,'®® T-ZnO based
gas sensors have been discussed for the detection of O,,'** NO,"**
methane'®'°® and different VOCs.'*”'%®

Interestingly, these results are obtained even though the
most chemically active sites, the polar {0001} facets at the

Chem. Soc. Rev.

tetrapod tips (Section 3.6.2), contribute only weakly to the
electrical percolation pathways. These pathways are dominated
by less reactive non-polar side-facet junctions. Moreover, most
studies employ tetrapods with micrometer-scale arm diameters.
However, Gupta et al.’*® showed that significantly higher sensi-
tivities are achieved when the arm diameter approaches the
nanometer-scale depletion layer thickness, where charge trans-
port becomes strongly surface-controlled.

Despite promising laboratory-scale results, several chal-
lenges remain critical for real-world implementation. Humidity

This journal is © The Royal Society of Chemistry 2026
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cross-sensitivity, the frequent need for elevated operating tem-
peratures (100-250 °C),"*>*° and insufficient long-term stabi-
lity testing remain recurring issues. From an outlook
perspective, future research should focus less on demonstrat-
ing new analytes. Instead, it should prioritize systematic opti-
mization of morphology, defect concentration, and network
architecture, as well as strategies enabling room-temperature
operation and robust signal compensation.

4.1.1.2 Chemiresistive sensors (UV). Complementing its uti-
lity in gas detection, T-ZnO is also highly effective for UV
sensing. UV light below ~375 nm excites electrons from the
valence to the conduction band (Section 3.3.1), generating charge
carriers that decrease resistance. Simultaneously, holes migrate to
the ZnO surface, react with adsorbed oxygen, and release electrons
back into the conduction band (Fig. 48b). This combines photo-
generation with surface chemistry (Section 3.6.2). The high exciton
binding energy of ZnO (60 meV, Section 3.2.1) enables room-
temperature UV detection. Compared to spherical ZnO particles, T-
ZnO exhibits superior sensitivity, response, and recovery times.
This is primarily due to its highly porous, three-dimensional
network, which increases accessible surface area and enhances
interactions with oxygen and UV radiation.>>%%120:197,201-203
Although T-ZnO generally exhibits superior UV-sensing properties
compared to spherical ZnO particles, further optimization of its
morphology and size holds the potential to enhance sensor device
performance. Ilickas et al® compared different T-ZnO sizes
regarding UV sensitivity. T-ZnO arm diameters of approximately
twice the Ly, showed the best sensing performance. This is a key
parameter whose influence on charge transport was introduced in
Section 3.2.3. These results agree with the findings by Postica
et al.,”® who discussed the influence of different T-ZnO morphol-
ogies on UV sensitivity. They demonstrated that T-ZnO with thin
and long tips and diameters close to the Ly shows the best UV
sensitivity (Fig. 48g and h). Via a functionalization of T-ZnO with
CNTs further improvement of the UV sensing performances is
possible due to an improved carrier separation at the T-ZnO/CNT
interface. The superior UV-detection capabilities of T-ZnO are
increasingly being validated in real-world applications (e.g., mon-
itoring UV exposure in ruminant animals**"). This demonstrates
that the reliability and robustness of T-ZnO-based UV sensors have
already reached a high level.

Collectively, these findings for both gas and UV sensing high-
light a key design principle. The unique, high-surface-area network
of T-ZnO amplifies its intrinsic semiconducting properties, mak-
ing it an excellent platform for next-generation chemiresistive
sensors. An additional critical design consideration, often over-
looked, is the tetrapod arm diameter. Ideally, this should match
the depletion layer thickness to maximize sensitivity.*>"9%*%

4.1.1.3 Electromechanical sensors (pressure & strain). The
piezoelectric properties (Section 3.5) and mechanical robustness
(Section 3.4) of T-ZnO enable its use in pressure sensors. These
devices either generate a voltage proportional to applied force
via the piezoelectric effect or show a change in capacitance via
the capacitive effect (Fig. 49a). Although T-ZnO is intrinsically

This journal is © The Royal Society of Chemistry 2026
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piezoelectric, the random orientation of tetrapods in a compo-
site matrix causes the piezoelectric potentials of individual arms
to largely cancel, limiting the macroscopic response. Conse-
quently, capacitive sensors are often more effective. Here, T-ZnO
is embedded in a polymer matrix (e.g;, PDMS or polyvinylidene
fluoride, PVDF) to form dielectric structures whose capacitance
changes under mechanical force. The interlocking tetrapod net-
work provides high compressibility and resilience for enhanced
sensitivity (Fig. 49b). These T-ZnO/polymer composite sensors***
yield mechanically robust devices while maintaining high sensi-
tivity, with detection limits as low as 1 Pa’?®>"%%?0520% Thege
sensors have been tested for advanced technologies especially in
biomedical applications. For example, Wang et al.”* presented a
pressure sensor based on a T-ZnO/PDMS composite with a sensi-
tivity of 182.5 mV N ", This demonstrated distinct responses to
objects of varying stiffness and highlighted its potential use as an
end-effector component in surgical robots (Fig. 49c-f). This tech-
nology is further developed in several studies enabling detection of
body movements by athletes>®® or the flexion and detection of
fingers, which is usable to directly translate sign language.”*®

The practical application of these sensors, however, requires
addressing several challenges. One key issue is mechanical
hysteresis in the polymer matrix, where the material does not
immediately return to its initial state, potentially causing signal
drift. The long-term durability and fatigue resistance under
thousands of compression cycles are also critical for wearable
or robotic applications. These factors are highly dependent on
the interfacial adhesion between the T-ZnO filler and the
polymer matrix. Moreover, as noted by Liu et al®°® these
composites can exhibit cross-sensitivity to temperature and
humidity, which can interfere with the pressure signal. Future
work must focus on developing materials with reduced hyster-
esis and implementing compensation algorithms to deconvolve
pressure signals from these environmental variables.

Such signal disentanglement can even enable multifunctional
sensing, as demonstrated by Wang et al.,>*° who reported a sensor
capable of independently detecting multiple stimuli, including
strain, temperature, and the contacted material. This was achieved
by minimizing signal interference via machine-learning-based
separation of the underlying physical effects. Furthermore, func-
tionalization of T-ZnO (e.g:, with laccase-like oxidase) enables
additional sensing modalities, such as lactate concentration.”®”
This establishes T-ZnO as a versatile platform for pressure sensors
with advanced signal-processing capabilities.

To proceed in the field of T-ZnO based pressure sensors,
systematic investigations of tetrapod size, network concentration,
and defect density are needed. Understanding their effects on
sensor sensitivity would be highly valuable for identifying opti-
mal T-ZnO design parameters. At present, existing studies vary
widely in these and other parameters. Tetrapod sizes, for exam-
ple, range from a few micrometers®®?% to several hundred
micrometers.?°”*% This variability makes it difficult to draw clear
conclusions about their influence on performance.

4.1.1.4 Optical & electrochemical biosensors. Beyond chemir-
esistive and mechanical sensing, T-ZnO’s unique combination
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Fig. 49 Piezocapacitive sensing mechanism in T-ZnO. (a) Schematic illustration of the piezocapacitive effect. (b) Fabrication process of a T-ZnO/PDMS
thin film sensor. (c) Photograph of the T-ZnO/PDMS-based piezocapacitive device. (d) and (e) Output voltage signals when gripping different materials
under applied forces of 0.1 N and 0.3 N, respectively. (f) Voltage response of the sensor to varying gripping forces from 0.1 N to 5 N. (a)-(f) Reproduced

from ref. 94 with permision from Elsevier,”* Copyright 2024.

of high surface area, strong optical response, and good elec-
trical conductivity makes it an ideal scaffold for advanced
biosensors. Its 3D architecture provides a stable and accessible
platform for immobilizing biological recognition elements (like
enzymes or antibodies), whose activity can then be read out
using various signal transduction methods, primarily optical
and electrochemical (Fig. 50a).

The optical properties of T-ZnO (Section 3.3) expand the
materials sensing capabilities to further sensing applications
under wet conditions. In such sensing devices, detection often
relies on the quenching effect (decreasing effect on the PL
intensity) of target molecules on the PL of T-ZnO under UV
irradiation. The high crystal quality of T-ZnO arms provides a
strong and stable baseline PL signal, while their high surface
area allows for a dense functionalization with bioreceptors,
amplifying the quenching effect and boosting sensitivity.

Chem. Soc. Rev.

Fundamentally, the efficiency of this quenching process
depends on the precise energy level alignment between the T-
ZnO band edges and the analyte’s molecular orbitals. This
factor can be significantly influenced by surface defects (Section
3.1.3), which act as competing recombination pathways. For
example, Li et al.”'° used this mechanism to detect dopamine in
a 3D-printed hydrogel containing neurons, opening avenues for
creating self-monitoring, 3D-printed tissues as in-vitro models
for neurological diseases. The self-monitoring 3D tissue might
also become an alternative for animal testing regarding its
higher degree of conformity with real human tissue compared
to 2D cultures (Fig. 50b and c). The PL modifiying sensing
mechanism has also shown its usability for tetracycline,'®”
streptavidine®'" and SARS-CoV-2>'? sensors. However, regarding
real-world applicability, several challenges remain. In particular,
small variations in synthesis conditions, defect concentration,

This journal is © The Royal Society of Chemistry 2026
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Fig. 50 Optical & electrochemical biosensors. (a) For biosensing, T-ZnO can be surface-functionalized with various materials such as metal
nanoparticles, enzymes, or other bioactive molecules. (b) Photograph of a T-ZnO-containing bioprinted scaffold. (c) PL quenching observed after
dopamine addition to the scaffold.?*° (d) Photograph of an electrochemical glucose sensor incorporating T-ZnO. (e) High selectivity of the sensor toward
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range.?*®

(a)-(c) Reproduced from ref. 210 with permision from Elsevier,?*® Copyright 2023, (d)-(f) reproduced from ref. 213 with permision from

Elsevier,?*® Copyright 2022, (h)-(i) reproduced from ref. 219 with permision from MDPI,%*® Copyright 2021.

and the degree of broken tetrapods can significantly affect
luminescence properties (e.g., intensity; Section 3.3), posing
challenges for the reproducible production of sensors with
consistent performance.

Moreover, T-ZnO has been explored as a sensing material for
glucose detection, where its interconnected network provides
efficient pathways for electrochemical signal transduction.>'>”'?
For example, Myndrul et al.>"® coated a flexible electrode with
MXene coated T-ZnO, which was modified with glucose oxidase
and coated with a Nafion layer to fix the enzyme. The resulting
sensor is flexible and can be attached to the skin (Fig. 50d-f). There
it can selectively determine the glucose concentration of the sweat,
showing good correlation to the glucose concentration in the
blood and with a detection limit of 17 pM. This non-invasive

This journal is © The Royal Society of Chemistry 2026

approach could be a relief for diabetes patients. While promising,
it is important to note that the physiological correlation between
sweat and blood glucose is complex and remains a subject of
clinical debate, representing a significant challenge for the real-
world application of any sweat-based glucose sensor.”’® Such
electrochemical sensing mechanisms for biomarker molecules
are not limited to sugars but can also be extended to other
analytes such as uric acid®"’ or epidermal growth factor receptor
2 (HER-2),>'® a key biomarker for breast cancer. Despite these
initial promising results on electrochemical sensing with T-ZnO-
based sensors, further studies are needed to evaluate long-term
stability. Early reports indicate changes in sensor performance>'®
and many studies do not assess long-term effects.”***"” With
improved understanding in this direction, electrochemical

Chem. Soc. Rev.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00594a

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

T-ZnO-based sensors could become a cost-effective and mini-
mally invasive option for clinical biomarker monitoring.

Furthermore, The unique geometry of T-ZnO can be lever-
aged to create plasmonic “hot spots’ for SERS biosensor,>'*7>*!
enabling ultra-low detection limits. Tangsuwanjinda et a
demonstrated this by decorating T-ZnO with Ag nanoparticles
and 4,4'-dipyridyl (DPy), which allowed the system to detect
Hg”" ions in the femtomolar range (Fig. 50g-i). However, the
use of this sensor is tied to the possession of a typically
expensive Raman spectrometer, which may be a barrier to the
widespread adoption of this technique.

Overall, T-ZnO-based biosensors represent a promising
branch of T-ZnO-based sensing technologies, but they typically
face challenges common to the field.**> A primary challenge is
non-specific binding, where unwanted molecules from complex
biological fluids (like blood) adhere to the surface, causing false
signals.”*® The long-term stability of the immobilized biorecep-
tors and the potential for Zn** ion leaching, which could affect
both the sensor’s function and local cell viability, also require
careful consideration.”** Finally, developing robust methods
for calibrating these sensors, especially for wearable and in-vivo
applications, remains a critical step for their translation from
the lab to clinical use.

4.1.2 Optoelectronics & photonics. The optical properties
of T-ZnO (Section 3.3) are not exclusively interesting for sensing
applications but also for different optoelectronic devices and
photonics. Here, the unique architecture of T-ZnO provides
distinct advantages, from enhanced light-trapping in photode-
tectors to forming natural resonant cavities for microlasers. On
the one hand the direct optical properties of T-ZnO are useful to
create innovative devices and on the other hand aeromaterials
created by a sacrificial template approach using T-ZnO net-
works (Section 4.3) show advanced optical properties, interest-
ing for manifold applications (e.g. laser light scattering). The
latter are covered in Section 4.3.2.2.

T-ZnO has been explored as an active component in various
optical and electronic devices.>***® For instance, Giubileo
et al.>*® investigated the application of T-ZnO tips as electron-
emitting elements. Their study demonstrated that T-ZnO exhi-
bits stable electron emission with a low turn-on voltage of just
7 V. This combination of stability and low operating voltage
suggests its potential utility in applications where energy
efficiency and compact device design are critical. However,
for practical field emission devices, the crucial next step is to
evaluate the long-term operational lifetime under continuous
operation, as high-field emission can lead to tip degradation.

Karthick et al.>*® demonstrated that the integration of T-ZnO
with a p-type silicon wafer results in a robust photodetector,
where the 3D network can improve performance through
enhanced light scattering and efficient charge collection path-
ways. This benefit, however, comes with a critical trade-off: the
numerous inter-tetrapod junctions that form the network can
also act as potential barriers or trap states, which may limit the
device’s response speed. Furthermore, PL,*%°722923% WwGMs>*"
(which make individual arms ideal micro-resonators for lasing),
and second harmonic oscillation*** of T-ZnO are discussed in
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Realizing high-quality WGM lasing, however, is critically
dependent on synthesizing T-ZnO with exceptionally smooth
crystallographic facets, as surface roughness can dramatically
suppress the resonant modes (Section 3.3.3). While these
phenomena are promising for different optoelectronic devices,
the long-standing difficulty in achieving stable p-type ZnO
remains a significant hurdle for developing efficient T-ZnO-
based LEDs. Ultimately, a key challenge for the field is bridging
the gap from demonstrating these powerful optical phenomena
in single, isolated tetrapods to developing scalable fabrication
methods for creating reliable, large-area devices.

4.1.3 Surface engineering & environmental control

4.1.3.1 Advanced wettability and coatings. The development
of superhydrophobic and superhydrophilic surfaces plays a
major role in materials science due to their broad applicability,
including water harvesting and antifouling. T-ZnO is a versatile
material for tuning surface wettability, as it can exhibit both
hydrophilic and hydrophobic behavior. This switchable wettabil-
ity arises from changes in the surface concentration of oxygen
vacancies, which can be induced, for example, by UV irridiation
or thermal treatment (Fig. 51a). T-ZnO can also increase surface
roughness, reducing solid-liquid contact and thereby increasing
the contact angle, which enables superhydrophobic surfaces,
especially when combined with hydrophobic polymers (Section
3.6.3). The combination of tunable surface chemistry and inher-
ent 3D microtexturing makes T-ZnO a highly effective component
for advanced functional coatings.

Superhydrophobicity has been achieved in several studies
utilizing T-ZnO. Typically, a polymer precursor is mixed with T-
ZnO and applied to a surface, for example by spray coating.
Yamauchi et al.>** presented such an approach, combining T-
ZnO with PDMS to either cast a monolith or spray-coat a thin
film onto a target substrate. The authors describe the resulting
composite structure as analogous to a porcupine fish, where
the flexible PDMS matrix mimics the skin and the rigid T-ZnO
tetrapods resemble scales that create surface roughness. The
resulting composite exhibits superhydrophobic behavior, with
a water contact angle of 150°, which remains stable even after
mechanical abrasion and bending (Fig. 51b).

Through adapting the microstructure in to a gecko-, petal- or
lotus-like surface structure of a PDMS/T-ZnO composite via
different coating approaches, the water contact angle is mod-
ifiable as shown by Weng et al.*** (Fig. 51c). Furthermore, the
quality of T-ZnO-based superhydrophobic coatings can be
monitored via their PL response after abrasion. Increased
abrasion cycles cause more cracking of the T-ZnO particles,
generating new surfaces and defects, which in turn increase the
overall PL. This effect provides a non-destructive method for
quality control, as demonstrated via T-ZnO-methacrylate copo-
lymer composites by Liu et al.'**> Additional composites exhi-
biting similarly pronounced superhydrophobic properties have
been reported, further demonstrating the versatility and applic-
ability of T-ZnO-based materials for the fabrication of super-
hydrophobic surfaces,%*3>7242

regarding their use in different optoe-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs00594a

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chem Soc Rev Review Article

Hydrophobic Hydrophilic
c) d)
w
el o Hydrophilic-hydrophobic
—
nticisiiisiiiosias ittt ohadadadidiad um‘um-nm.u
Surface | Surface Il Surface 111 Surface IV 1 month
Ra 0.73 4 0.05 pm 1.12 4 0.08 pm 160 4 0.10 pm 2474033 pm
D . 32403 pm 45407 pm $2408 pm L.
W _ 982 4 30.8 pm 7544214 pm 6784132 pm wydrophilic
Wy — 98.6 + 308 pm 740 £ 19.1 pm 1193 £ 150 pm
' 3 months
Surface |
) iy A Hydrophilic region
Surface It
i gt Mg 'i 5 months
d I Surface 11
1= LT
;. !\n’"‘«\*w Wyt
|
Surface IV Hydrophobic region
0 months

b "
™

¥
J W \)"\"w““f-"q'

—

Fig. 51 T-ZnO wettability and coatings. (a) UV irradiation enhances T-ZnO water wettability by increasing the concentration of surface oxygen
vacancies (VO). (b) Superhydrophobic T-ZnO/PDMS composite and its corresponding SEM microstructure.?®® (c) Tailoring of the T-ZnO/PDMS
microstructure enables precise control over hydrophilicity.>** (d) Schematic of T-ZnO-incorporated Janus membranes exhibiting distinct dual-sided
wettability for fog-harvesting applications.?*° (e) Antifouling effects of T-ZnO-based coatings against marine biofouling.?** (b) Reproduced from ref. 233
with permision from American Chemical Society,?**> Copyright 2019, (c) Reproduced from ref. 234 with permision from Wiley,?** Copyright 2022, (d)
Reproduced from ref. 249 with permision from American Chemical Society,>*® Copyright 2023, (e) Reproduced from ref. 253 with permision from

Elsevier,?%® Copyright 2023.

Wettability is not only relevant in water-based systems.
Bajpayee et al.*** developed a superhydrophobic composite
coating comprising T-ZnO, amorphous silica, and fluorinated
polyhedral oligomeric silsesquioxane (F-POSS). The combi-
nation of multiscale surface texturing, enabled by the T-ZnO
and chemical surface functionalization with F-POSS not only
renders the surface non-wettable by low surface tension liquids
such as alcohols and n-hexadecane. The resulting minimization
of the contact area between the liquid and the surface further
effectively suppresses ice nucleation by inhibiting heteroge-
neous nucleation at the solid-liquid interface. Furthermore,
anti-icing surfaces based on T-ZnO/PDMS composites have
been reported by Weng et al.>**>*>

Although most studies on T-ZnO composite coatings focus
on superhydrophobicity, T-ZnO can also be employed to create
superhydrophilic surfaces. This has been demonstrated for a T-
ZnO coating functionalized with perfluorooctanesulfonate,
achieving a water contact angle of 0° and a contact angle of

This journal is © The Royal Society of Chemistry 2026

160° for viscous oil. When applied to a stainless-steel mesh with
micrometer-scale pores, the coating functions as an effective
separation membrane, enabling the removal of residual oil
from water-oil mixtures, with purified water containing less
than 300 ppm of oil.'”®

In conclusion, T-ZnO is a versatile material for creating both
superhydrophobic and superhydrophilic surfaces. Tetrapod sizes
in the micrometer range from a few micrometers>****”>* up to
hundred micrometers®*>**¢ appear sufficient for these applica-
tions. Surface homogeneity does not seem critical, as both
uniform®** and non-uniform tetrapods®****® can achieve super-
hydrophobicity. However, tetrapod density appears to influence
hydrophilicity.>*® To confirm these trends, further studies with
more systematically comparable parameters are desirable.
Furthermore, several challenges remain to be addressed.
Although abrasion stability has been tested with promising
results,”** the long-term stability of T-ZnO-based coatings is
still uncertain, since the switchable hydrophilicity may become
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problematic if oxygen vacancy concentrations change over time,
requiring repeated treatments such as UV irradiation. Yet, UV
exposure could also activate the photocatalytic properties of T-
ZnO, potentially degrading both the coating itself and com-
monly used polymer matrices. In particular, polymers such as
PDMS are prone to UV-induced decomposition.>*® Furthermore,
many reported composites combine T-ZnO with fluorinated
polymer matrices."””®*****3 While such systems demonstrate
excellent performance, fluorinated polymers pose significant
health and environmental risks and are subject to increasing
regulatory restrictions.>”” Their use should therefore be
avoided. T-ZnO, however, may enable the development of coat-
ings with comparable performance without relying on fluori-
nated polymers.>3%234

In addition to superhydrophobic and superhydrophilic sur-
faces, advanced T-ZnO-based composites with switchable, het-
erogeneous, or patterned wettability have been investigated in
several studies, enabling their use in applications such as oil-
water separation and fog harvesting.

Switchable wettability can be achieved, for example, by
functionalizing a T-ZnO/PDMS composite with azobenzene
molecules. Upon UV irradiation, the azobenzene moieties
undergo a trans-to-cis isomerization, rendering the surface
hydrophilic. Subsequent exposure to visible light reverses this
process, restoring the trans configuration and thus hydropho-
bic surface properties. The switching occurs within several
minutes, with the water contact angle shifting from approxi-
mately 140° (hydrophobic) to 40° (hydrophilic) and back. This
dynamic behavior enables the material to be used for selective
separation processes, such as oil removal from water-oil mix-
tures or water removal from oil-water mixtures, depending on
the desired wettability state.'>>>*

Furthermore, the design of surfaces with spatially hetero-
geneous wettability has attracted considerable interest for
enabling multifunctional membranes with directionally con-
trolled fluid transport. In this context, Janus membranes,
characterized by distinctly different surface properties on each
side, offer unique opportunities for applications such as fog
harvesting (Fig. 51d). Liu et al."** proposed an approach for fog
harvesting using T-ZnO coatings, in which a cotton fabric was
coated with a T-ZnO/poly(methyl methacrylate) (PMMA) com-
posite. Patterned wettability was achieved through selective UV
illumination. During fog harvesting experiments, water dro-
plets nucleated and accumulated on the hydrophilic regions,
while droplets on the hydrophobic areas rolled off, enabling
efficient water transport. These patterned wettability fog harvest-
ers demonstrated a water collection rate of 3.4 mg min~ " cm 2.
Following a similar concept, Chenxi et al.**® synthesized Janus
membranes for fog harvesting, showing high stability against
UV exposure and abrasion by sand, conditions typical of dry
environments such as deserts. Their membranes exhibited fog
harvesting efficiencies of 28.3 mg min ™' ecm 2 Li et al>*°
developed a Janus membrane by spray-coating one side of a
copper mesh with a T-ZnO/PDMS composite while growing
Cu(OH), nanoneedles on both sides. The T-ZnO/PDMS-coated
side exhibited hydrophobicity with a water contact angle of
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153°, whereas the opposite side, composed solely of Cu(OH),
nanoneedle arrays, was hydrophilic. This asymmetric wettabil-
ity facilitated condensation on the hydrophobic side, and the
resulting surface energy gradient induced a Laplace pressure-
driven transport of water to the hydrophilic side, where it could
be efficiently harvested at rates up to 30.8 mg min~ ' cm >
These fog-harvesting efficiencies are comparable to those of the
latest high-performance fog-harvesting devices.>**

Overall, T-ZnO demonstrates significant potential for appli-
cations requiring switchable, heterogeneous, or patterned wett-
ability. While preliminary studies have shown promising
performance in abrasion tests"*>**® and repeated cycle,**® the
long-term stability and effectiveness of the necessary complex
composites remain untested. With further investigation into
their durability, both intrinsic properties and microscale struc-
tural features of T-ZnO-based materials could be leveraged to
address challenging wettability application requirements.
These technologies may find broader applications in areas
such as fog harvesting,!3>249:250

Applied research on T-ZnO composite coatings is also highly
relevant in the field of antifouling. Fouling presents substantial
challenges, particularly in the shipping industry, where surface
deterioration and increased roughness lead to higher fuel con-
sumption and thus to elevated CO, emissions. The surface struc-
ture and wettability of T-ZnO-based antifouling coatings reduce
the adhesion of fouling organisms, resulting in decreased growth
of marine organisms at the surfaces and surfaces that are easier to
clean (Fig. 51e).>*>* Additionally, some antifouling coatings have
demonstrated a reduction in CaCO; crystal deposition, which
commonly occurs in water pipes and can cause serious issues
such as blockages and corrosion.>*® These findings demonstrate
that T-ZnO enables coatings capable of significantly extending
duty cycles for surfaces exposed to aqueous media, from marine
structures such as ship hulls®®**** and fishing nets*** to water
distribution system,>*> by controlling surface structure and wett-
ability. Moreover, T-ZnO-based coatings have been shown to be
biocompatible and could therefore represent an eco-friendly alter-
native to the copper-based biocidal coatings commonly employed
in marine environments. Nonetheless, the material quantities
required for large-scale applications, such as ship hulls, are
considerable, and industrial synthesis capacity is only beginning
to reach the necessary scale.

Aside from T-ZnO-based coatings designed to engineer sur-
face wettability, leveraging the intrinsic wettability of T-ZnO
and its unique structural features, several studies have intro-
duced advanced coatings and composites that further exploit
further properties of T-ZnO, such as its chemical reactivity and
interlocking structures.>>¢238

For instance, Liu et al>*° developed an aluminum phos-
phate coating for Ti-6Al-4V alloys incorporating Al,O;-coated T-
ZnO particles. The T-ZnO releases Zn>* ions, which facilitate
crosslinking within the aluminum phosphate matrix. The Al,O3
coating on T-ZnO controls the ion release rate, enabling
smooth and homogeneous crosslinking. This coating process
occurs at a low temperature of 70 °C, resulting in good adhe-
sion, increased hardness, and crack-free coatings. The low
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processing temperature is energy-efficient and prevents phase
transformations in the alloy that could lead to increased
brittleness. Another strategy, presented by Brindha et al.>*®
used the unique tetrapodal structure of T-ZnO to develop
polymer composite coatings with enhanced adhesion to Mg
alloys. These coatings form effective barriers against aqueous
electrolytes such as KOH, making them promising candidates
for anode protection in primary Mg batteries. These findings
demonstrate that coatings containing T-ZnO can exploit not
only the interplay between wettability and microstructure but
also other intrinsic properties, enabling the design of advanced
high-performance coatings.

4.1.3.2 Particle-based systems for decontaminant adsorption.
As discussed in the theoretical section (Section 3.6), T-ZnO
exhibits noteworthy surface properties. In particular, individual
tetrapods and T-ZnO networks possess a high and readily
accessible specific surface area, which can be easily modified.
These characteristics make T-ZnO highly suitable for deconta-
mination applications, where contaminants are removed from
a medium via adsorption. To enhance selectivity or maximize
adsorption capacity, T-ZnO is frequently incorporated into
composite materials.

In the literature, the main focus is on the development of T-
ZnO-based adsorbents for the removal of heavy metal
ions'79?%92% or 0il.>°! For example Sharma et al.'”® synthesized
a composite containing T-ZnO and activated carbon, which
demonstrated removal rates of Cr(vi) ions of up to 97%. In
another approach, T-ZnO was coated with Fe,O; nanorods and
PDMS to form a nanocomposite capable of efficiently removing
oil from wastewater. For instance, diesel removal rate is up to
96% and adsorption capacity 1135 mg g~ '. Through the mag-
netic Fe,O; nanorods the composite can easily be removed
from the cleaned water after adsorption of the 0il.>**

Although T-ZnO shows promising potential for wastewater
decontamination, primarily due to its large and tunable surface
area that enables efficient adsorption of contaminants, several
drawbacks must be considered. ZnO itself is toxic to aquatic
organisms, and if T-ZnO particles are not fully recovered after
treatment, they may increase rather than reduce water toxicity.
In acidic media, zinc ions can leach into the water, further
contributing to ecotoxicity.”*>*** In addition, compared to
established adsorbents such as activated carbon or zeolites,*®*
T-ZnO remains relatively costly, which currently limits its
broader applicability.

4.1.4 Biochemical & medical. Zinc oxide has a long history
of use in medical applications, with therapeutic uses documen-
ted as far back as two millennia ago.'>*% Despite this long-
standing recognition of ZnO’s healing properties, the
fundamental biological mechanisms underlying its effects are
only now being elucidated, largely due to interdisciplinary
research bridging nanomaterial science and biomedicine.
Numerous nanomaterials have been explored for therapeutic
applications and often exhibit promising effects. However,
many also display cytotoxic properties, which can diminish or
even negate their therapeutic potential. ZnO nanomaterials,
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while offering attractive properties such as antibacterial activity,
are not exempt from these issues and have been shown to
exhibit cytotoxicity, for instance toward human colon carcinoma
cells.*®® The toxicity of nano-ZnO is primarily attributed to the
release of Zn>" ions, which are chemically active and can induce
oxidative stress and dam age in biological systems.>**>%”

In contrast, T-ZnO microparticles hold significant promise
for biomedical applications. Due to their size, being larger than
typical cells, they are typically not internalized via endocytosis,
yet they still retain key nanoscale properties for medical appli-
cations. Moreover, compared to conventional ZnO nanoparticles
with diameters of just a few nanometers, T-ZnO microparticles
have a substantial, yet much lower, surface-to-volume ratio,
which may reduce the release of Zn** ions. This characteristic
may contribute to a lower cytotoxicity, making them a safer
alternative for biomedical use.’®'8%268:269 Moreover, T-ZnO
structures circumvent common drawbacks associated with con-
ventional nanomaterial morphologies, such as nanoparticles or
nanorods, including the tendency to agglomerate."?

As a result, research into the biomedical applications of T-
ZnO has expanded significantly, culminating in the establish-
ment of Phi-Stone AG, a company that produces good manu-
facturing practice (GMP)-certified, pharmaceutical-grade T-ZnO
microparticles for medical applications. A notable commercial
product is Afinovir, a wound protection gel that incorporates T-
Zn0.””°

4.1.4.1 Antibacterial and antiviral applicationsy. Several stu-
dies have reported the antibacterial and antiviral properties of
T-ZnO. Among these, its antibacterial activity is the most exten-
sively documented. Nevertheless, the underlying mechanism
remains a subject of ongoing investigation. It is commonly
proposed that the antibacterial effect arises either from the release
of Zn*" ions and/or the generation of ROS.>***”' T-ZnO has been
evaluated against a variety of bacterial strains, consistently demon-
strating superior antibacterial performance (Fig. 52a). For instance,
Collares et al.”’? incorporated T-ZnO as a filler in dental resin
sealers and observed effective antibacterial activity against Enter-
ococcus faecalis. Furthermore, the combination of T-ZnO with thin
film based surface acoustic waves showed increased antibacterial
properties.””® Additional studies have further substantiated the
antibacterial potential of T-ZnQ.>”**7*28!

In addition to its antibacterial properties, T-ZnO also exhi-
bits promising antiviral activity. Beyond the commonly dis-
cussed mechanisms, such as the release of Zn** ions and the
generation of ROS, further antiviral mechanisms have been
proposed. For instance, studies have shown that infections
caused by Hepatitis E and Hepatitis C viruses can be inhibited
by ZnO nanoparticles and T-ZnO structures.’®* This occurs
through a dual mechanism. First, physical binding and entrap-
ment of the viruses at the material surface prevents viral entry
into host cells. Second, the material inhibits viral replication.
However, compared to conventional ZnO nanoparticles, T-ZnO
has demonstrated superior antiviral efficacy, which may be
attributed to its unique morphology and the distinct crystal
structures and surface facets.>®> The virus-trapping capability is
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glaucoma stent containing T-ZnO.*° (a) Reproduced from ref. 276 with permision from Elsevier,2’® Copyright 2022, (c) Reproduced from ref. 268 with
permision from Wiley,2%® Copyright 2021, (d) Reproduced from ref. 170 with permision from American Chemical Society,’°® Copyright 2023.

believed to be driven by oxygen vacancies at the surface of T-
Zn0.*** Additionally, viruses bound to T-ZnO can be interna-
lized by antigen-presenting cells, thereby priming the immune
system for a more effective response (Fig. 52b).>®* This antiviral
activity makes T-ZnO a promising candidate not only for direct
therapeutic applications but also for the development of anti-
viral surface coatings. Such coatings have been successfully
demonstrated, for example, to reduce the infectivity of SARS-
Cov-2.2%

Antibacterial and antiviral applications represent one of the
most advanced research areas for T-ZnO. Particularly note-
worthy is its ability to entrap viruses at the T-ZnO particle
surface®® and promote their exposure to antigen-presenting
cells, thereby priming the immune system.?** These properties
make T-ZnO highly attractive for tackling of viral diseases like
Hepatitis E and C.** Intensive research in this field has already
led to the development of first market-ready pharmaceutical
products. Further long-term studies evaluating T-ZnO’s effec-
tiveness against additional diseases could further enhance the
medical relevance of T-ZnO.

4.1.4.2 T-ZnO containing composites for biomedical applica-
tions. Not only the direct antibacterial, antiviral, or antifungal

Chem. Soc. Rev.

effects of T-ZnO are relevant for biomedical applications. Other
properties, such as its mechanical stability and PL, are also of
great interest. In many cases, it is the combination of multiple
T-ZnO properties within composites that leads to highly effec-
tive biomedical products.

For example, Siebert et al>®® developed a smart wound
dressing platform by incorporating H,O,-modified and vascular
endothelial growth factor (VEGF)-decorated T-ZnO into 3D-
printed gelatin methacryloyl (GelMA) hydrogel wound patches.
In this multifunctional system, T-ZnO plays several crucial roles.
First, its intrinsic antibacterial properties reduce bacterial load at
the wound site. Second, due to its large and accessible surface
area, T-ZnO offers binding sites for bioactive molecules such as
VEGF, which, in this design, can be released in a light-triggered
manner within the optical spectrum (Fig. 52c). Additionally,
the incorporation of T-ZnO as a filler material enhances the
mechanical integrity of the hydrogel scaffold, contributing to
the structural robustness of the wound patch. T-ZnO has also
demonstrated its potential in other advanced wound dressing
platforms, e.g. in a composite with alginate.>”* Furthermore,
T-ZnO has been integrated with PDMS for the manufacturing
of stents used in minimally invasive glaucoma surgery to
effectively reduce intraocular pressure. Compared to stents
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composed solely of PDMS, the composite stents exhibit an
increased elastic modulus while maintaining sufficient flexibil-
ity to conform to the curvature of the eye (Fig. 52d). Moreover,
the incorporation of T-ZnO reduces fibroblast viability, leading
to antifibrotic properties upon implantation, likely due to the
combined effects of surface roughness and the release of Zn>*
ions‘170,286,287

Altogether, the combination of T-ZnO with other materials
for biomedical applications has been explored through a variety
of approaches. In these studies, multiple intrinsic properties of
T-ZnO are often leveraged simultaneously. Most commonly, its
inherent antibacterial activity is coupled with either its surface
modifiability or its favorable mechanical properties,'”%268274:288
Given the commercial availability of pharmaceutical-grade
T-ZnO, the reported findings hold significant promise and are
of considerable interest for further research and development.

4.1.5 Energy storage & conversion. The mechanical proper-
ties of T-ZnO, particularly its ability to form interconnected,
open-porous networks (see Section 3.4.2), make it highly attrac-
tive for applications in energy storage and conversion. In the
context of energy storage, the low percolation threshold of
T-ZnO networks is of particular interest, as it allows control
over thermal and electrical conductivity. For energy conversion,
such as in (photo)catalytic processes, the open-porous architecture
provides a large accessible surface area (Section 3.6.1), while the
material’s functionalization capabilities (Section 3.6.4) further
enhance its utility in catalytic applications.

4.1.5.1 Thermal energy storage and batteries. Energy storage
is one of the central challenges in the global transition from a
fossil-based economy to one relying on renewable energy
sources such as wind, solar, and hydropower. Unlike conven-
tional fossil-fuel power plants that provide a stable and contin-
uous energy output, renewable energy systems are inherently
intermittent, with their output fluctuating according to diurnal
cycles, weather conditions, and seasonal variations. As a result,
robust and scalable energy storage solutions are essential to
bridge the gap between energy supply and demand, both in the
short and long term. These solutions range from widely adopted
technologies like batteries to less conventional approaches such
as thermal energy storage. T-ZnO has been investigated in
several of these systems and has demonstrated the potential
to enhance their performance at the laboratory scale.

One promising strategy to enhance the performance of energy
storage systems is the integration of T-ZnO networks into phase
change material (PCM) matrices.**?%°°! For example, Balasubra-
manian et al.*® utilized paraffin wax as an organic PCM. This
material is capable of storing substantial amounts of thermal
energy during its phase transition from solid to liquid and
releasing it upon solidification. However, the practical application
of paraffin wax is limited by its inherently low thermal conductiv-
ity. By incorporating T-ZnO structures into the paraffin matrix, the
thermal conductivity was improved by up to 94% without com-
promising the material’s latent heat capacity. This significant
enhancement enables more efficient solar thermal energy harvest-
ing and improved thermal management.
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Moreover, T-ZnO structures have shown utility beyond
organic PCMs. Zhu et al.*®® demonstrated that also in inorganic
systems, such as CaCO;-based PCMs, the addition of T-ZnO (at
a mole ratio of just 5%) can increase thermal conductivity by
17.8%. This improvement is particularly beneficial at high
heating rates, where enhanced thermal transport directly accel-
erates reaction kinetics. These findings highlight the potential
of T-ZnO templated networks to improve both organic and
inorganic PCM systems, broadening their applicability in ther-
mal energy storage technologies.

In addition to its role in thermal energy storage, T-ZnO has
also demonstrated potential in the field of electrochemical
energy storage. Chang et al.>*> investigated the use of T-ZnO
as a coating for graphite anodes in lithium-ion batteries. Safety
remains a critical issue in lithium-ion battery technology, with
internal short circuits posing a major risk. These can initiate
localized heating, triggering a chain of exothermic reactions
that lead to a phenomenon known as thermal runaway. By
applying a T-ZnO coating to the graphite electrode, direct
contact between the anode and cathode can be mitigated,
thereby reducing the likelihood of internal short circuits. The
unique open-porous architecture of the T-ZnO network provides
thermal stability while maintaining efficient ion diffusion path-
ways. Unlike dense nanoscale ZnO coatings such as short rods,
the tetrapodal structure minimizes obstruction to lithium-ion
transport. This approach substantially improves the safety of
lithium-ion batteries, without compromising ion transport due
to the open porous architecture of the T-ZnO network.

To conclude, in energy storage, thermal systems as well as
batteries, T-ZnO is not typically employed as a direct storage
material. Instead, its incorporation into existing systems can
significantly enhance performance or safety. This improvement
arises mainly from the combination of its high thermal con-
ductivity and its ability to form highly porous networks, which
facilitate or enable efficient transfer processes such as heat and
ion transport.*®**> However, for thermal energy storage, the
transition of T-ZnO into real-life applications would require
large amounts of low-cost material, with industrial production
just starting to scale up. In batteries, by contrast, the potential
benefits must be carefully balanced with the complex electro-
chemistry of these systems, where ZnO may introduce addi-
tional effects that still need systematic investigation. However,
another major potential in the field of electrochemical energy
storage lies in the use of T-ZnO as a sacrificial template to
fabricate hierarchically structured electrodes. Such architec-
tures can significantly improve electrode performance by com-
bining large accessible surface areas with efficient transport
pathways, as discussed in Section 4.3.2.4.

4.1.5.2 (Photo-)catalysis. ZnO absorbs light in the UV region
due to its band gap of approximately 3.2 eV (see Section 3.3.1).
It also exhibits a large exciton binding energy of 60 meV (see
Section 3.2.1) and is known for its photocatalytic activity.
Combined with its chemical stability, radiation resistance,
relative abundance, and low toxicity, ZnO has become one of
the most extensively studied photocatalysts, with a wide range
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of nano- and microstructured morphologies explored. Among
these, the tetrapod morphology has demonstrated superior
photocatalytic performance in various studies.'*>**® This is
attributed to a lower concentration of nonradiative defects,
minimizing energy losses, a high accessible specific surface
area and reduced electron-hole recombination facilitated by
abundant surface states. As the photocatalytic properties of
T-ZnO have been comprehensively reviewed in a recent pub-
lication by Pujara et al.,'® they will not be discussed in further
detail here.

An aspect of T-ZnO not addressed in the review by Pujara
et al.™ is its unique capability to form interconnected networks
that serve as sacrificial templates for the synthesis of novel
materials. This templating strategy enables the fabrication of
photocatalytically active materials with complex, hierarchically
porous architectures. Such structures can enhance photocata-
lytic efficiency by providing a high surface area, improved mass
transport, and better light-harvesting capabilities, features
particularly advantageous for gas-phase and high-throughput
catalytic applications (see Section 4.3.2.4).

Beyond photocatalysis, T-ZnO has also been investigated in
several direct catalytic applications. In these contexts, T-ZnO
typically serves as a support material, for instance for metallic
nanoparticles. Compared to other ZnO-based substrates, T-ZnO
often demonstrates enhanced catalytic performance, likely due
to specific interactions between the catalyst and the unique
surface properties of the T-ZnO structure.>®”>%°

4.2 T-ZnO as active structural material

Beyond applications that leverage its intrinsic properties, a
ground-breaking class of technologies utilizes T-ZnO primarily
for its unique 3D shape. The tetrapods ability to form robust,
mechanically interlocked networks (achieving three-dimensional
percolation with a low filling factor) makes the architecture itself
the key functional feature (Section 3.4.2). This structure is
exploited in two main ways. First, it can serve as a permanent
structural backbone within a composite material. Second, it acts as
a removable, sacrificial template to architect entirely new classes of
materials from the micro to the macro scale. The latter will be
discussed in a Section 4.3.

4.2.1 Advanced composite materials. The unique, complex
geometry of T-ZnO makes it an exceptional structural filler for
advanced composites, where it provides benefits far beyond
simple volume filling.>***~% One key application is in mechanical
reinforcement and adhesion.?>**?%3%339%307 Ag detailed in the
discussion on composite reinforcement (Section 3.4.3), the 3D
shape of the tetrapods is ideal for creating a strong mechanical
interlock within a matrix. For example, Meinderink et al.>*® took
advantage of the tetrapodal structure by spray coating a mixture
of poly(acrylic acid) and T-ZnO onto poly(propylene) to intercon-
nect two poly(propylene) foils. This was used to interconnect two
poly(propylene) foils, which are typically hard to glue due to their
low surface energy. The T-ZnO mechanically interlocks the poly-
mer foils, which significantly increases the shear strength of the
laminate layers. Moreover, T-ZnO can be incorporated into poly-
mers and improve their mechanical properties.** By using epoxy
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as the polymer matrix, the incorporation CNTs not only facilitates
the formation of a conductive network but also reinforces the
mechanical properties of the composite. It has been suggested
that the presence of T-ZnO improves the dispersion of CNTs and
promotes the development of well-connected conductive path-
ways within the epoxy matrix.>®

To summarize T-ZnO acts as more than a simple filler: its
tetrapodal geometry enables strong mechanical interlocking,
improves adhesion and enhances matrix reinforcement. In
addition, it supports the dispersion of other nanofillers like
CNTs, fostering well-connected networks and thus enabling
multifunctional, high-performance composites.***% Never-
theless, the limited lab- and small-scale industrial production
of T-ZnO composites still hinders real-world applications. This
is mainly due to the large T-ZnO loadings required in compo-
sites and the currently high, non-competitive cost of T-ZnO for
fillers.

4.2.2 Advanced T-ZnO composites for EMI shielding.
T-ZnO’s as a structural backbone is also expertly exploited in
composites designed for electromagnetic interference (EMI)
shielding. As modern electronics proliferate, the increase in the
usage of wireless communication poses a huge risk for precise
electronic equipment. Therefore, the search for advanced materi-
als which can block Electromagnetic radiation effectively is of
high importance. Especially materials, which absorb lots of the
incoming electromagnetic radiation are interesting, because they
do not contaminate their environment with reflected radiation.
However, it is not simple to achieve high shielding effectiveness
combined with high absorption of electromagnetic waves
because materials that provide strong reflection, which is typi-
cally required for high shielding, often prevent electromagnetic
waves from penetrating the material, which is necessary for
absorption to occur.>*

To overcome this obstacle several approaches using T-ZnO
in composite shielding materials are proposed.***21°731* These
methods leverage the high surface area (Section 3.6.1) and
amenability to surface functionalization (Section 3.6.4) of the
T-ZnO network. For example, Xu et al.'" mixed electroless
silver plated T-ZnO with Fe;O, coated rGO in a water based
polyurethane emulsion, which forms a gradient thin film
during evaporation of the water, because the Ag coated T-ZnO
is denser then the Fe;0, coated reduced Graphene Oxide. This
gradient is responsible for the material’s excellent microwave
shielding performance, which works as follows: the microwaves
enter the material through the Fe;0,@rGO-rich side, which has
low reflectivity. There, the microwaves are attenuated through
magnetic and dielectric losses. The conductive Ag@T-ZnO-rich
side has high reflectivity and reflects the microwaves back into
the Fe;0,@rGO-rich side, where they are attenuated again.
With this approach the authors achieve a shielding effective-
ness of up to 87 dB in the X-band with the shielding effective-
ness contributing mainly from absorptive mechanisms and just
2.4 dB contributing from reflection.’*® Further developments
involve composites of T-ZnO with carbon cloth as a broadband
absorbers,*'° or the use of T-ZnO as a sacrificial template to
synthesize a lightweight and absorbing aeromaterial based on a
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carbon backbone decorated with MnO, and poly aniline®*'" or a
combination of PNIPAM hydrogel with MXenes and silver
nanowires, which allows switchable shielding performance
due to stimuli responsive behaviour of the hydrogel.*'*

In conclusion, T-ZnO serves as a versatile structural back-
bone in EMI shielding composites, enabling high absorption
and efficient reflection management through its 3D network
architecture, large surface area, and functionalizability. The
published composites surpass shielding effectiveness above
40 dB, which is suitable for most applications.**> Although
recently reported porous materials with similarly complex
synthesis achieve shielding effectiveness up to 109 dB,*'®
T-ZnO-based composites exhibit lower absolute shielding.
However, their tunable surface properties open opportunities
for designing complex, lightweight shielding materials with
enhanced or even switchable capabilities, representing promis-
ing directions for future research.

4.3 T-ZnO as sacrificial template for novel architectures

The most innovative application of T-ZnO’s structure, is its use
as a sacrificial template. This approach does not leverage the
intrinsic properties of ZnO, but its unique morphology to architect
entirely new materials. A template is a material that prescribes the
shape of (nano-)material growth or agglomeration. A template-
based synthesis approach consists of three steps: (i) template
preparation, (ii) template-guided synthesis/agglomeration of the
target molecule/material in the desired shape and (iii) removal of
the template structure. There is a huge variety of different template
synthesis approaches.”” T-ZnO is particularly well-suited as a
template to prescribe the structure for a multitude of different
advanced materials, because of its unusual shape, its ability to
form highly porous and accessible networks as described in
Section 3.6.1, its insolubility in many environments (except acidic
environments with pH < 6), which makes it easily removable via
acids, its rather low production costs and its low toxicity.'*>*®

4.3.1 Fabrication strategies: aeromaterials and channel
networks. In general, there are two different approaches to
use T-ZnO particles as a template (Fig. 53). The first approach
involves coating the T-ZnO network with a thin film of target
material (via methods related to surface functionalization, Sec-
tion 3.6.4) followed by the removal of T-ZnO, resulting in ultra-
lightweight structures known as ‘“aeromaterials”, which consist
of interconnected tubes in the shape of the hexagonal T-ZnO
arms. Conversely, the second approach entails filling the voids
of a T-ZnO network with a target material completely followed
by removing the T-ZnO, yielding a “interconnected microchan-
nel network” within the target material with channels in the
shape of the removed T-ZnO particles.

The seminal example of aeromaterials is ‘“aerographite”, the
first structure described in the literature, which is synthesized via
a T-ZnO templating approach. Aerographite is synthesized follow-
ing a dry-chemical CVD approach, in which a thin layer of
graphite is deposited at the surface of a T-ZnO network. The
hydrogen present in the reaction atmosphere is capable of redu-
cing the ZnO to Zn, which evaporates at elevated temperatures
and allows a simultaneous template removal. At its publication

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

date in 2012 aerographite was the most lightweight material on
earth with a density of 0.2 mg cm 7, illustrating that extreme
material properties are possible by using an inherently low-
density, high-porosity T-ZnO network (Section 3.6.1) as a tem-
plate structure.® Since the discovery of aerographite, numerous
CVD-based approaches for synthesizing diverse aeromaterials
have been reported. Building on this, a related technique known
as hybrid vapor phase epitaxy (HVPE)*'® has been employed to
grow a wide range of thin films directly on T-ZnO templates.
This method also enables subsequent aerofication, expanding
the versatility and material diversity of aeromaterial fabrication
Table 14. A review article focusing on the gas-phase synthesis of
aeromaterials, particularly semiconducting aeromaterials, was
published in 2025.3%°

The synthesis of ultralightweight aeromaterials is not limited
to gas phase processes, which can generate different homoge-
neous thin films at the T-ZnO template, but are technically
rather complex setups. It is also possible to wet-chemically coat
T-ZnO with a thin film of a target material. This can be done
either by infiltrating nanomaterial dispersions into a T-ZnO
network or by growing a thin film from solution at the surface of
the T-ZnO. The infiltration approach was first published in 2017
by Schiitt et al.>*" A comprehensive explanation of the infiltra-
tion method is provided by Rasch et al.'® Usually a 1D or 2D
nanomaterial dispersion containing e.g. exfoliated graphene,
graphene oxide, MXenes, MoS, or CNTs is infiltrated into the
highly accessible pores of a T-ZnO network (Section 3.6.1).
Through evaporating the solvent, a thin layer of nanomaterial
deposits at the surface of the T-ZnO. This simple infiltration
procedure can be repeated to increase the layer thickness of the
nanomaterial. The direct wet-chemical growth of a material at
the surface of T-ZnO was first published in 2023.'° Especially
the growth of SiO, films at the surface of T-ZnO has been
investigated in several publications, because it is simple to
achieve compared to other transparent and light scattering
aeromaterials e.g. Aero-hBN.'”?*?* The wet-chemical approach
(infiltration; direct growth) allows to synthesize samples with
several centimetre side length, which enables use cases with a
demand for large volumes, e.g. air filters.**?

A key advantage of the T-ZnO template approach, compared
to the synthesis of other ultralightweight structures like aero-
gels, is the ease with which composite aeromaterials can be
created. This is due to the fact that different nanomaterials can
be introduced or synthesized step by step on the mechanically
robust (Section 3.4) and chemically amenable surface of the
T-ZnO network."*?° In conventional aerogel synthesis, all nano-
materials are typically introduced simultaneously, which fre-
quently complicates or even precludes the process, as their
incorporation may require incompatible reaction conditions.

To summarize the synthesis of aeromaterials is methodolo-
gically diverse. The thin-film formation on the T-ZnO scaffold
has been realized through three primary routes: gas-phase
deposition techniques like CVD or HVPE, the infiltration of
pre-synthesized nanomaterial dispersions (e.g., graphene oxide,
MXenes, CNTs, etc.), or direct wet-chemical growth from pre-
cursor solutions. Gas-phase methods were the first to be
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Fig. 53 Schematic illustration of the synthesis and properties of sacrificial T-ZnO templates, their use in the fabrication of aeromaterials and channel
structures via different coating and template removal strategies, and the resulting diversity and tunability of both aeromaterials and channel structures.

reported and remain a powerful tool for discovering novel aero-
materials with high-quality, homogeneous coatings.®*'%>432>
However, their high synthetic complexity (often requiring vacuum
systems and high temperatures) limits scalability in terms of both
sample size and production quantity. In contrast, wet-chemical
approaches are generally less demanding and more amenable to
upscaling, making them promising for applications requiring
larger material volumes.?>*>°

In addition to the template-guided synthesis of aeromaterials
based on T-ZnO network structures, another important class of
materials can be structurally defined using these templates, so-
called channel structures. In this approach, the interconnected
pores of the T-ZnO network are fully infiltrated with a matrix
material, such as a polymer (e.g., PDMS)**” or a hydrogel (e.g.,
PNIPAM).'®> After complete infiltration, the T-ZnO template is
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selectively removed, leaving behind a continuous matrix
embedded with a network of interconnected microchannels
that mirror the original T-ZnO architecture.'®**?7733°

Moreover, it is also possible to synthesize an aeromaterial
and subsequently infiltrate its entire pore structure with a
matrix material, such as epoxy. This process results in a
continuous matrix embedded with a three-dimensional thin-
film network replicating the geometry of the aeromaterial. In
this way, percolating networks with ultra-low filler loadings can
be achieved. This combines mechanical integrity with func-
tional properties such as electrical conductivity or thermal
management,*?'~333

An additional approach involves coating the T-ZnO network
with a thin film of another material prior to infiltrating its
pores with a matrix material. After infiltration, the T-ZnO
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Table 14 Overview of published materials synthesized via a T-ZnO template approach
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Material type Synthesis approach Application (scenarios) Author (pulication date)
Graphite Aeromaterial CVD Supercondensator Mecklenburg et al. (2012)®
Graphite + GaN Aeromaterial CVD + HVPE Sensors Schuchardt et al. (2015)*"°
Graphite + epoxy Channel CVD + infiltration Conductive composite Chandrasekaran et al. (2016)**
Graphite + peptides + PEG Aeromaterials CVD + infiltration Cell growth Lamprecht et al. (2016)*%”
Graphite Aeromaterial CVD Gas sensor Lupan et al. (2016)*%
Silicon Aeromaterial Plasma-enhanced CVD Gas sensor Hélken et al. (2016)*%°
Graphite + nano T-ZnO Aeromaterial CVD + sputtering Optoelectronics Tiginyanu et al. (2016)"**
Graphite + epoxy Channel CVD + infiltration Pressure sensor Garlof et al. (2016)**
Graphite + epoxy Aeromaterial + CVD + infiltration Electronics Garlof et al. (2017)***
Channel
Graphite Aeromaterial CVD Supercapacitor Parlak et al. (2017)*%®
Graphite Aeromaterial CVD Theoretical Meija et al. (2017;163
Carbon + diamond + SnO, Aeromaterial Hot-filament chemical Electro wettability Silva et al. (2017)°%°
vapor deposition (HFCVD)
Graphite Aeromaterial CVD Gas sensing Lupan et al. (2017)**
MWCNT Aeromaterial + Infiltration Electronics Schiitt et al. (2017)***
Channel
Graphite + Si/SiO, NP Aeromaterial CVD + plasma jet Biomedical Daria et al. (2018)*7°
Graphite + InP Aeromaterial CVD + HVPE Strain sensors Plesco et al. (2018)*%
MWCNT + hydroxyapatite + SiO2 Aeromaterial Infiltration Cell growth Taale et al. (2018)**°
GaN Aeromaterials HVPE Electronics Tiginyanu et al. (2019)*”*
Graphite + CdTe Aeromaterial CVD Gas sensing Strobel et al. (2019)*7*
MWOCNT, graphite, graphene Aeromaterial  Infiltration, CVD Cell growth Taale et al. (2019)*"
Carbon Aeromaterial CVD Lithium-sulfur batteries Yang et al. (2019)***
GaN Aeromaterial HVPE Pressure sensor Dragoman et al. (2019)*%°
Graphite Aeromaterial CVD Theoretical Marx et al. (2019)°”3
MWCNT Aeromaterial Infiltration Electronics Pohls et al. (2019)'%°
Graphite + hydroxyapatite Aeromaterial CVD + electrophoresis Cell growth Taale et al. (2019)**
Graphene, graphene oxide, Aeromaterial  Infiltration Electronics Rasch et al. (2019)"'®
reduced graphene oxide
Carbon + ZIF-8 Aeromaterial Wet-chemical growth + pyrolysis Supercapacitors Yuksel et al. (2020)*
Carbon + polyaniline Aeromaterial ~Carbonization + polymerization EMI Li et al. (2020)*"
Hexagonal BN Aeromaterial CVD Laser light scattering Schiitt et al. (2020)*°”
PDMS Channel Infiltration Drug delivery Rasch et al. (2020)**”
Ga,0; Aeromaterial HVPE EM transparency Braniste et al. (2020)*”*
ZnS Aeromaterial HVPE Switchable hydrophilicity ~ Plesco et al. (2020)**
MWCNT + sulfur Aeromaterial Infiltration + vapor infiltration Lithium sulfur batteries Cavers et al. (2020)°>®
Graphene Aeromaterial Infiltration Theoretical Rezvani et al. (2021)*”°
Ga,0; + Pt/Au Aeromaterial HVPE Photocatalysis Plesco et al. (2021)*7°
Hydrogel + graphene Channel Infiltration + crosslinking Conductive hydrogel Arndt et al. (2021)***
GaN Aeromaterial HVPE Actuation Braniste (2021)*>*
Graphene, reduced Aeromaterial  Infiltration Electrically powered Schiitt et al. (2021)*%°
graphene oxide repeatable air explosions
(EPRAE) (actuation)
Hydrogel Channel Infiltration + crosslinking Cell migration Siemsen et al. (2021)°**
Hydrogel (PNIPAM) Channel Infiltration + crosslinking Actuation Spratte et al. (2022)"%
Graphene oxide Aeromaterial  Infiltration Cell growth Wang et al. (2022)**°
PDMS Channel Infiltration Drug delivery Hauck et al. (2022)**°
MoS, Aeromaterial Hydrothermal Potassium batteries Ma et al. (2022)*77
TiO, Aeromaterial HVPE Photocatalysis Ciobanu et al. (2022)*°®
Partially reduced graphene oxide Channel Vacuum filtration Pressure sensor Ren et al. (2023)*°"
(Membrane)
Ga,0;/ZnGa,0, Aeromaterial HVPE Lithium batteries Wolff et al. (2023)**”
(Poly(3,4-ethylenedioxythiophene): Aeromaterial Infiltration + initiated CVD Strain invariant conductor Barg et al. (2023)***
poly(styrenesulfonate) +
polytetrafluoroethylene (PTFE))
Hydrogel (PNIPAM) + graphene  Channel Infiltration + crosslinking Soft actuation Hauck et al. (2023)**
Graphene Aeromaterial Infiltration Air filtration Reimers et al. (2023)**
SiO, + reduced graphene oxide  Aeromaterial Wet chemical growth + Light driven actuators Saure et al. (2023)"°
infiltration
MXene Aeromaterial  Infiltration Supercapacitors Spurling et al. (2024)*>*
CNT Aeromaterial  Infiltration Underwater thermoacoustic Liu et al. (2024)'%°
Ce;_,Zn, O, 5 Aeromaterial Wet-chemical growth Photocatalysis Lumma et al. (2024)20
SiO, + CsPbBr; Aeromaterial ~Wet-chemical growth Laser light scattering + Saure et al. (2024)***
light conversion
Alginate Channel Infiltration + crosslinking Tissue engineering Li et al. (2024)**°
ZnS Aeromaterial HVPE Physical vapor transport  Ursaki et al. (2024)*”®
GaN Aeromaterial HVPE Photocatalysis Ciobanu et al. (2024)*”°
TiO, Aeromaterial HVPE Photocatalysis Ciobanu et al. (2024)**°
Graphene Aeromaterial  Infiltration Actuation Reimers et al. (2025)**°
TiO, Aeromaterial ALD UV Photodetector Nicolaescu et al. (2025)*%°
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template can be removed, resulting in a three-dimensional
channel system with functionalized or coated channel walls.
This method enables the fabrication of complex hierarchical
structures, where the coating imparts additional chemical,
electrical, or mechanical functionality to the internal surfaces
of the channel network.**"33433>

4.3.2 T-ZnO templated materials: material class overarch-
ing characteristics. Given the structural diversity of aeromater-
ials (distinguished by their base material, tetrapod morphology,
film thickness, and synthesis method), it is challenging to
define universal properties for the entire class. Nevertheless,
several distinguishing features characterize these materials. The
following parts detail the typical structural, mechanical, and
economic characteristics that define this material class.

4.3.2.1 Structural porosity and transport. First, the structure
of aeromaterials is highly open-porous, characterized by a net-
work of macropores that is typically interconnected throughout
the entire structure. This unique open porosity allows for the
rapid transport of gases or liquids between the internal pore
volume of the aeromaterial and the surrounding environment.
Compared to other low-density structures, such as aerogels
which often contain closed or rather closed pore architectures,
this degree of openness is untypical. This structural openness is
a key element for many specific applications, such as actuation
and tissue growth scaffolds, where mass transport is critical.*>*®

Only a few materials exhibit structures comparable to
T-ZnO-derived aeromaterials. The closest analogues are materi-
als derived from open-porous melamine foams (e.g., Basotect).
These melamine foams are inexpensive and industrially mass-
produced. However, their use as templates for lightweight
structures has several significant drawbacks. In particular, the
removal of the melamine backbone is challenging; unlike
T-ZnO, it is not soluble under mild conditions and tends to
melt before decomposing, which typically destroys the fragile
three-dimensional thin films deposited on the structure. A
commonly employed alternative is to first carbonize the mela-
mine foam, deposit the thin film, and subsequently remove the
carbonized backbone by oxidation.>*” The harsh conditions
required for this backbone removal limit the use of melamine
foams as templates to only a few aeromaterial classes, such as
SiO,-based systems, and hinder their applicability to others,
including carbon-based aeromaterials which would burn away
alongside the template.

4.3.2.2 Mechanical properties and stability. Beyond their
structural similarities, aeromaterials typically exhibit low abso-
lute mechanical strength. However, when normalized to their
extremely low density, their mechanical performance is often
remarkable and has been rigorously tested in several
studies.®>'®3?! This behavior can likely be attributed to a
specific buckling-hinge mechanism observed in the nodes of
the hollow tetrapods.’®® Mechanical stress remains a serious
threat to the structural integrity of these materials, as most
aeromaterials can be destroyed under direct compression.
Nevertheless, they are sufficiently stable to be carefully
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integrated into devices and can withstand notable pneumatic
pressures, such as those generated by gas streams. This robust-
ness makes them attractive for applications including air
filtration,**® gas-phase photocatalysis,>® and actuators.’>¢3¢
Furthermore, the shelf life of typical aeromaterials (whether
carbon-based, semiconducting, or SiO,-based) under standard
conditions is long, extending over years to decades. In addition,
exceptional application-related cycle stability against tempera-
ture and heat has been demonstrated over thousands of
cycles.>*®

4.3.2.3 Environmental impact and safety. The environmental
impact of degraded or destroyed aeromaterials has not yet been
investigated in detail. However, this impact is expected to
depend strongly on both the constituent materials and the
distinct microstructure of the aeromaterials. With respect to
material composition: (i) aeromaterials are extremely light-
weight, resulting in a very low total material mass released into
the environment, which reduces potential impact particularly
when toxic components are present; and (ii) a large proportion
of investigated aeromaterials are carbon-based and, in princi-
ple, biodegradable. Regarding the microstructure, aeromater-
ials are typically readily destroyed by (i) mechanical stress or (ii)
heat. Nevertheless, the environmental and biological impact of
aeromaterial fragments, which retain microrod-like structures,
has not yet been assessed. We therefore strongly recommend
further scientific investigation, particularly concerning the
potential risks and consequences of the inhalation of aeroma-
terial fragments.

4.3.2.4 Scalability and commercialization. To date, most aero-
materials have been synthesized only in laboratory-scale quan-
tities. Nevertheless, initial studies have demonstrated the
fabrication of large area aeromaterial plates, indicating the
feasibility of upscaling. This upscalability is closely linked to
increasing supplies from T-ZnO manufacturers, such as the
Phi-Stone AG company.’’® An important advantage is that the
most extensively studied carbon-based aeromaterials do not
depend on critical or costly resources such as rare earth
elements or noble metals. Despite this, the overall production
process, including T-ZnO synthesis, template construction,
template coating, and template removal, remains highly spe-
cialized and complex. Consequently, aeromaterials are likely to
remain relatively expensive. This makes them most suitable for
applications where: (i) only small amounts are required, (ii)
long-term use is feasible, and (iii) the aeromaterial enables
significantly superior performance compared with conven-
tional approaches. Despite these challenges, a company named
Aero Materials GmbH initiated the commercialization of aero-
materials this year.**®

4.3.2.5 Channel networks. Compared to aeromaterials, chan-
nel networks derived from T-ZnO exhibit a relatively dense,
matrix-dominated structure. They consist of a matrix material
permeated by interconnected, tube-shaped pores, with the pore
volume typically accounting for only 5-10% of the total volume.
Nevertheless, even this volumetrically small pore fraction can

This journal is © The Royal Society of Chemistry 2026
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significantly alter material properties, for example by strongly
affecting flow behavior in hydrogels.>*® Generating such a well-
percolating pore network within a dense matrix while main-
taining such a high solid volume fraction is challenging, and
only a few comparable manufacturing approaches exist to
achieve this topology. A widely known technique to fabricate
microchannels is using standard lithographic methods. How-
ever, these methods limit channel density and depth, making it
difficult to realize true three-dimensional microchannel archi-
tectures. To date, only a few methods exist that successfully
enable true 3D microfluidics.>*® The serial nature of many 3D
printing processes creates practical difficulties in realizing
dense structures over large areas, and inherent resolution
limits often prevent the routine construction of channels with
inner diameters smaller than 50 pm.**® Unlike tetrapodal
T-ZnO templates, a 3D-printed interconnected backbone is not
self-assembled and requires precise, active fabrication. However, to
advance the application of T-ZnO-derived microchannel networks
to microfludic applications, the microchannels must be maniu-
plated individually. Furthermore, other templates than T-ZnO can
be used to achive channel structures (e.g., sugar crystals). While
these are typically more cost-effective than T-ZnO, they lack the
highly anisotropic tetrapodal morphology necessary to achieve
sufficient percolation at low filler concentrations.

Because channel structures predominantly consist of the
matrix material (e.g., polymers such as PDMS), their mechan-
ical properties are typically close to those of the matrix itself.
These properties can be modified by introducing fillers into the
pore network. Owing to their similarity to bulk materials, the
environmental impact and durability of T-ZnO-derived channel
networks are likewise largely determined by the matrix material
used to form the pore network. To date, channel networks have
only been produced at the laboratory scale. In principle,
upscaling of this class of materials is feasible, but as with
aeromaterials, it strongly depends on the availability of scalable
T-ZnO production. However, compared to aeromaterials, far
fewer applications currently justify the production costs of
channel structures. Consequently, no industrial approaches
toward their commercialization are known so far.

4.3.3 Functional applications of templated architectures.
The templating approach using T-ZnO networks as a prescribing
structural element enables three-dimensional material design
from the microscale to the macroscale. This is applicable to a
multitude of different materials (e.g;, 2D-nanomaterials, 1D-
nanomaterials, polymers, silica, etc.). While all of these struc-
tures originate from the unique geometry of the T-ZnO network,
the resulting materials exhibit fundamentally different proper-
ties. For instance, aerographene is highly electrically conductive
and strongly absorbs light in the optical range,**® whereas aero-
hBN is electrically insulating and transparent in the visible
spectrum.’®” Consequently, each material derived from a
T-ZnO template offers distinct functional characteristics and
can be tailored for entirely different application scenarios
(Fig. 54). The three-dimensional structuring introduced by the
T-ZnO template plays a key role in imparting additional func-
tionalities to the resulting materials. This significantly enhances
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Fig. 54 Applications of aeromaterials and channel structures. Materials
derived from T-ZnO templates enable a wide range of applications.

their suitability for various applications or even enables entirely
new fields of use. This opens up a vast research space for the
development, characterization, and application-driven evalua-
tion of novel materials. A comprehensive discussion of all
possible application scenarios lies beyond the scope of this
review. An overview of the various materials synthesized via a
T-ZnO templating approach is provided in Table 14. However, a
selection of particularly innovative examples will be highlighted
in the following sections. We specifically focus on actuators and
optical materials for laser light illumination, biomedical appli-
cations, energy storage and conversion, and sensors.

4.3.3.1 Actuation and smart materials. The unique structure
of T-ZnO is particularly advantageous for the development of
actuators and smart materials. These are materials that can
significantly change their properties in a controlled manner in
response to external stimuli such as temperature or pressure.
T-ZnO enables precise three-dimensional microstructuring
within macroscopic samples, unlocking novel functionalities
or significantly enhancing performance.

An innovative actuation concept introduced by Schiitt et al.**® is
based on low-density aeromaterials composed of conductive, two-
dimensional carbon materials arranged in a three-dimensional
architecture defined by a T-ZnO template. Upon Joule heating,
these structures can be rapidly heated by several hundred Kelvin
within just a few milliseconds. The high specific surface area of the
aeromaterial facilitates efficient heat transfer to the surrounding
gas molecules. This results in a rapid and significant expansion of
gas volume. Due to the aeromaterial’s low heat capacity, it quickly
returns to its initial temperature. This process, referred to as
electrically powered repeatable air explosion (EPRAE), can be
repeated up to six times per second. It shows great promise for a
large variety of applications, including lightweight electrically
driven pneumatic systems, catalysis, sensing, sorption, propulsion,
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thermoacoustics, and microfluidics (Fig. 55I). This actuation
method has been extensively investigated in the context of
onboard pressure supply systems for soft robotics.**® Furthermore,
Saure et al.*® developed an alternative aeromaterial based on SiO,,
which is both transparent and highly scattering in the visible
spectrum. By incorporating small amounts of homogeneously
distributed rGO flakes, a three-dimensional light-absorbing
structure was synthesized. Due to the material’s low heat
capacity, exposure to high-intensity light, such as from a power-
ful lamp, can rapidly increase its temperature by several hun-
dred degrees Celsius throughout the entire volume. This results

View Article Online
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in a gas expansion effect comparable to that observed in the
EPRAE process. Further publications have demonstrated the
rapid heating capabilities of ultralight aeromaterials for appli-
cations such as underwater acoustic wave generation'®® and
self-cleaning air filtration system.>*?

Actuators based on the EPRAE mechanism, represent an
aeromaterial technology with the potential to significantly impact
industrial production. In such environments, compressed air
systems are among the largest electricity consumers, accounting
for up to 10% of industrial energy use.**! However, these systems
are typically inefficient, with leakage and poor maintenance
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335 (a) image and

schematic of T-ZnO-templated PNIPAM hydrogels with graphene channel walls. (b) Temperature-induced deswelling. (c) Swelling behavior comparison
of unstructured bulk, structured, and graphene-walled structured PNIPAM. (d) and (e) Gripper concepts utilizing the swelling/deswelling mechanics of
these hydrogels as artificial muscles. (I (a)-(d)) Reproduced from ref. 336 with permision from Elsevier,**® Copyright 2021, (I (a)—(e)) reproduced from ref.

335 with permision from Wiley,**®> Copyright 2023.
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leading to energy losses of 30% or more.*** The EPRAE mecha-
nism enables localized, on-demand pressure generation, thereby
eliminating the need for complex and leak-prone compressed-air
distribution networks. Moreover, the EPRAE process generates
pressure without relying on moving parts, in contrast to conven-
tional mechanical compressors. As a result, EPRAE technology has
the potential to substantially reduce both maintenance require-
ments and the overall energy demand associated with compressed-
air systems. Recent studies have demonstrated that carbon-based
conductive aeromaterials show promising cycling stability,**
scalability,’®® and effective pressure generation®***® via EPRAE.
Future research should aim at improving power-to-pressure con-
version efficiency, increasing maximum pressure output, and
identifying specific industrial applications where localized pres-
sure supply would provide the greatest benefit. Even at its present
stage of development, the EPRAE process may already provide
valuable solutions for specific industrial applications.

Other aeromaterials, such as Aero-ZnS and Aero-GaN, exhibit
distinct properties that enable self-propelling behavior at water
surfaces, making them promising candidates for actuation-
driven applications.?**?** Moreover, Barg et al.*** developed a
multilayered aeromaterial composed of a conductive poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
core coated with an insulating polytetrafluoroethylene (PTFE)
layer, resulting in a strain-invariant conductor. This material
shows promise for a range of applications, including soft electro-
nics and energy storage systems. However, due to the complexity
of its synthesis and the limited scalability of the approaches
discussed, these concepts are currently more likely to remain of
primarily scientific interest rather than being readily transferable
to large-scale applications.

Another approach to designing advanced actuators involves
channel structures templated by a porous T-ZnO network. Spratte
et al.*® filled the pores of such networks with a stimuli-responsive
hydrogel, namely PNIPAM, which exhibits a volume change at a
specific temperature. However, the swelling and deswelling capa-
city of bulk hydrogels is typically limited; the authors measured
only a 12% volume reduction for unstructured hydrogels. By
introducing microchannel structuring within the hydrogel network,
a volume reduction of up to 90% was achieved, while the stiffness
of the swollen hydrogel remained unchanged. Additionally, the
response rate was significantly enhanced. This microchannel-
structured hydrogel was successfully demonstrated as an artificial
muscle to power a gripper (Fig. 55I1)." By coating the T-ZnO
network with a thin layer of conductive material, such as exfoliated
graphene flakes, conductive hydrogels with exceptional conductiv-
ity and extremely low filler loading can be synthesized®* Hauck
et al*® further investigated composites combining the high con-
ductivity of microchannel-structured hydrogels with the thermo-
responsive behavior of PNIPAM. This composite material exhibited
a 400% enhancement in actuation dynamics and a 4000% increase
in actuation stress by effectively overcoming water transport limita-
tions inherent to hydrogels. The volume change of the hydrogel can
be triggered electrically or optically, enabling advanced actuation
concepts for soft actuators. Channel-network-based actuators have
demonstrated impressive performance. However, their synthesis
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and handling remain challenging. Consequently, alternative actua-
tion technologies based on T-ZnO-templated materials, such as the
EPRAE process, appear more promising for industrial applications.
With further progress toward simplified synthesis routes and
improved usability, this approach could become highly attractive
for soft robotics.

4.3.3.2 Photonics and laser light scattering. T-ZnO networks
exhibit unique optical properties, as discussed in Section 3.3.
Many of these properties are directly transferred to aeromaterials
structurally derived from T-ZnO and are further enhanced by the
characteristics of the materials composing the new aeromaterial.
Such materials are promising for a range of optical applications.
For instance, an aeromaterial consisting of interconnected hollow
h-BN microtubes and investigated by Schiitt et al'®” might be
useful as a laser light diffuser. Due to the wide band gap of hBN
(~6.5 eV), these aeromaterials exhibit extremely low absorption in
the optical range. The interconnected h-BN microtubes act as
individual Rayleigh scattering centers for incident laser light,
diffusely scattering it in all directions with low speckle contrast.
By simultaneously scattering blue, green, and red laser beams
within the Aero-hBN, white light generation is achieved, which is
conceptualized in Fig. 56a. This approach holds promise for high-
brightness lighting applications with light outputs surpassing
those of conventional LEDs, which are typically limited to about
5 kW cm 2. However, the efficiency of laser diodes, especially in
the green spectral region, remains a bottleneck. Saure et al.’*> have
proposed an approach to address this challenge. Their work
combines an aeromaterial based on SiO, (Fig. 56b), which exhibits
optical properties in the visible spectrum comparable to boron
nitride, with halide perovskite QDs (Fig. 56¢), known for their high
quantum yield. The CsPbBr; QDs used efficiently convert UV light
into green emission at 505 nm, as demonstrated in Fig. 56d. While
halide perovskite QDs are typically prone to degradation under
environmental stressors, the authors present initial strategies to
improve stability, including encapsulation with poly(ethylene
glycol)dimethacrylate (pEGDMA).

These findings highlight the potential to incorporate QDs
with different emission wavelengths into a laser-scattering aero-
material. This enables a single, efficient laser diode to generate
light that is both scattered and spectrally converted into the
desired color output. For the transfer of this technology into
real-world applications, emphasis should be placed on avoiding
lead-based materials such as the QDs reported by Saure et al.,*** as
well as other highly toxic components. Ensuring the long-term
stability of the laser light transformer and scatterer is also para-
mount. Furthermore, lasers can pose a serious health risk, parti-
cularly to the eyes, if the beam escapes a lighting device before
being scattered by an aeromaterial. Therefore, developing safety
mechanisms to ensure proper scattering and spatial distribution
of the laser light is essential before this technology can be
considered for real-world applications.

4.3.3.3 Biomedical applications. The hierarchical design cap-

abilities enabled by the T-ZnO templating method also hold
great potential for biomedical applications such as cell culture
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Fig. 56 (a) White-light generation via “artificial solid fog” using a 3D network of interconnected hollow h-BN microtubes (>99.99% porosity). Multiple
light scattering within the foam converts directional RGB laser inputs into an isotropic, high-brightness white-light source.*®” (b) and (c) Photographs of
pristine aeroglass and aeroglass-QD, respectively, under 275 nm excitation.>?2 (d) Emission (fex = 275 nm) and excitation (Jem = 505 nm) spectra of the
aeroglass-QD sample, demonstrating the down-conversion behavior of embedded QDs.*?? (a) Reproduced from ref. 167 with permision from Springer

Nature,*®” Copyright 2020, (b)-(d) reproduced from ref. 322 with permision from Springer Nature,>*? Copyright 2024.

and drug delivery. In particular, aeromaterials are highly attractive
as scaffolds for tissue engineering. This is due to their combi-
nation of a large, adaptable surface area for cell colonization and
an open porous structure that facilitates effective nutrient trans-
port (Fig. 57a).>**%* This concept was demonstrated for
instance by Taale et al.**® who developed a multi-walled carbon
nanotube (MWCNT)-based aeromaterial as a scaffold for osteo-
blast and fibroblast growth. The MWCNT scaffold was readily
functionalized with biomineralizing agents, such as hydroxyapatite
and bioactive glass nanoparticles, resulting in high cell viability

AG

30 min EPD 1 min EPD

PEPD 29/

and promising biocompatibility. When assessing aeromaterials for
cell scaffolds, a particularly advantageous aspect is their hierarch-
ical architecture, which closely mimics the multiscale structural
complexity of natural biological systems. The open porosity of
aeromaterial networks provides space for tissue growth while their
interconnected pores facilitate nutrient transport.>***>-34° Both of
which are key challenges in designing functional tissue
scaffolds.>*® Future research should focus on further enhancing
this multiscale porosity to more closely replicate the extreme
hierarchical architecture of biological systems. Increasing template
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Microchannel
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Fig. 57 Biomedical applications based on T-ZnO-templated materials. (a) SEM images of aerographite scaffolds for cell growth. The aerographite was
decorated with hydroxyapatite nanoparticles via periodic electrophoretic deposition and cultivated with pre-osteoblast cells (green).**> (b) Drug-
reservoir concept using a T-ZnO-templated PDMS microchannel network. Release occurs via diffusion, with rates tunable by adjusting channel density
(membrane porosity) and membrane thickness.>*C (a) Reproduced from ref. 345 with permision from American Chemical Society,**® Copyright 2019, (b)
reproduced from ref. 330 with permision from MDPI.**® Copyright 2022.
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complexity through methods such as laser cutting or additive
manufacturing may enable the development of biomimetic scaf-
folds. These could support the simultaneous growth of multiple
biological structures, including cells and blood vessels, marking
an important step toward the artificial fabrication of functional
organs.*’

In addition to aeromaterials, channel structures templated via
T-ZnO networks offer significant potential for biomedical applica-
tions, particularly in the field of controlled drug delivery. One
notable example is the work by Rasch et al.**” who developed a
PDMS-based microchannel network that functions as a drug
reservoir and enables diffusion-controlled release. By adjusting
the density and distribution of the drug-releasing channels, they
achieved a highly tunable drug release profile (Fig. 57b).
This simple yet effective system shows promise for applications
such as glioblastoma therapy. Building on this concept, Hauck
et al.>*® expanded the approach through detailed computa-
tional modeling of T-ZnO-templated channel networks,
enhancing understanding and design optimization of such
drug-delivery systems. Using T-ZnO-templated channel net-
works as drug delivery systems is a highly promising approach,
as demonstrated in the literature. The commonly used PDMS
matrix is easy to incorporate, and with further clinical evalua-
tion, this straightforward technology could become a viable
real-world application.

Hydrogel-based channel structures created via a T-ZnO templat-
ing approach can further serve as biomimetic models for human
tissue. Siemsen et al>*® investigated the migration behavior of
cancer cells within these structures. They demonstrated that large-
scale scaffolds can be infiltrated by cancer cells within just a few
days. Their study also revealed that both the stiffness and the
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microarchitecture of the hydrogel significantly influence cellular
invasion and nuclear dynamics. This underscores the importance
of mechanical and structural cues in tumor progression. This
study further highlights the potential of T-ZnO-templated materi-
als for applications where diverse and complex biological archi-
tectures need to be mimicked.

4.3.3.4 Energy storage and conversion. The ability to fabricate
hierarchically structured materials with large surface areas,
tunable surfaces, and interconnected open porosity is highly
attractive for applications in energy storage and conversion.

In the context of energy storage, T-ZnO-templated structures are
particularly promising for the development of advanced super-
capacitor electrodes.* High-performance supercapacitors require
thick electrodes that combine high areal mass loading with
efficient ion and electron transport, which can be achieved through
a carefully engineered pore architecture. The T-ZnO templating
approach has demonstrated impressive capabilities in this regard,
as shown by Spurling et al*** who developed an MXene-based
aeromaterial for supercapacitor applications (Fig. 58). Their design
achieved a high areal loading of 7.2 mg cm™?, a material density of
1.44 ¢ cm™>, and an excellent specific capacitance of 240 F g~ *

(140 F cm™®). Remarkably, even at high scan rates of 200 mv s,

the electrodes maintained an areal capacitance of 1.4 F cm 2
outperforming state-of-the-art MXene-based supercapacitor electro-
des. In a different approach, Yuksel et al.®® developed an aero-
composite composed of nitrogen-doped tubular carbon and ZIF-8
particles, which was evaluated as an electrode material for zinc-ion
supercapacitors. The resulting device exhibited an ultrahigh rate
capability of up to 2000 mV s~ * and achieved a specific capacitance
of 341.2 F ¢~ " at a current density of 0.1 A g™ .
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Fig. 58 Supercapacitors based on aero-MXenes. (a) Comparison between a conventional 2D nanomaterial thick film and a thick film produced by
compressing an MXene-based aeromaterial, resulting in a 3D-structured thick film with a pronounced influence on electrochemical performance. (b)
Density and areal loading of 3D-structured MXene (the grey area indicates the feasible electrode region; stars indicate the prepared and tested samples).
(c) Cyclic voltammogram of a 3D-structured MXene film with a mass loading of 5.8 mg cm~2in 0.5 M H,50, at scan rates from 5 mV s~ to 1000 mV s,
(a) Reproduced from ref. 353 with permision from Elsevier,*>* Copyright 2024.
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In addition to supercapacitors, hierarchically porous materials
derived from T-ZnO have also been investigated for battery appli-
cations, particularly in lithium-sulfur (Li-S) batteries. In this
context, the primary function of the T-ZnO-derived frameworks
is to immobilize polysulfides. This mitigates the shuttle effect,
thereby significantly enhancing the cycling stability and overall
lifespan of the battery.>**"**® Furthermore, an atypical material for
battery applications, composed of B-Ga,0;/ZnGa,04, has been
investigated in this context. It demonstrated promising initial
capacities of 714 mAh g~ and, beyond its electrochemical applic-
ability, exhibited narrow-band PL emission at 504 nm under UV
irradiation, thereby highlighting the multifunctional versatility of
aeromaterials derived from T-ZnO templates.**’

Despite promising lab-scale results, particularly for T-ZnO-
templated supercapacitor electrodes, this technology remains far
from real-world application. The high costs associated with T-ZnO,
nanomaterials and aerofication make energy storage devices eco-
nomically unfeasible. This is especially true when compared to
other T-ZnO-templated technologies, such as EPRAE-based actua-
tion, which offer unique functionalities and thus greater commer-
cial potential despite high production costs.

Regarding energy conversion, materials synthesized via a T-ZnO
templating approach have not yet been extensively studied. How-
ever, they hold significant potential, particularly in (photo)cataly-
sis. This is due to their open porous architecture, which facilitates
high flow conditions in gas-phase reactions while maintaining a
large surface area and, consequently, a high density of catalytically
active sites. This has been explored in several publications, with
typically photocatalytic materials such as zinc-doped cerium
oxide® (Fig. 59a) and titanium dioxide®***>® (Fig. 59b). The
structural benefits of these aeromaterials extend beyond morphol-
ogy, as their mechanical robustness under gas flow® (Fig. 59¢)
enables stable operation in continuous-flow reactions. Their
photocatalytic activity has also been demonstrated through the
degradation of tetracycline using Aero-TiO, under visible and UV
irradiation, including continuous-flow UV conditions (Fig. 59d).**®
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Furthermore, among the many strategies aimed at enhancing
photocatalytic performance, most of which focus on modifications
at the nano- and microscale, the use of sacrificial T-ZnO templates
presents a unique opportunity. It allows for structural control
across multiple length scales, from the nanoscale to the macro-
scale. Notably, the macroscale is often overlooked in photocatalyst
design. Yet, the ability to tailor features across all relevant scales,
including the macroscale, may significantly improve photocatalytic
efficiency.”%?*

4.3.3.5 Sensing. T-ZnO itself is a versatile and promising
material for various sensing applications (see Section 4.1.1). Its
primary advantages in this field stem from its unique three-
dimensional architecture. This provides, for example, a high
surface area, excellent accessibility of active sites, and
enhanced interaction with analytes. By employing T-ZnO as a
structural template for the fabrication of three-dimensionally
structured materials, these benefits can be transferred to other
functional materials. This significantly improves their sensing
performance. For example, Dragoman et al.>*° employed T-ZnO
networks as sacrificial templates to synthesize an aeromaterial
composed of GaN, which exhibits a high piezoelectric coeffi-
cient and demonstrates excellent sensitivity to pressures ran-
ging from 5 to 40 atm. Due to its low density and mechanical
robustness, this material holds significant promise for aero-
space applications. In another innovative approach, Ren et al.>*!
utilized the unique geometry of T-ZnO to fabricate a bio-inspired
pressure sensor. By combining T-ZnO and graphene oxide via
vacuum filtration, followed by T-ZnO etching and partial
reduction, they created a selective membrane for cations. When
placed between NaCl solution reservoirs, pressure applied to
one reservoir induces the migration of cations through the
membrane, generating a measurable signal as a result of
net charge flow. This sensor demonstrated a sensitivity of
0.282 nA Pa™ ' and response and recovery times of 90 ms and
110 ms, respectively. Further studies have highlighted the gas-
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Fig. 59 Applications of aeromaterials as photocatalysts: (a) SEM image of Aero-Ce;_,Zn,O,_s showing the hollow, architecture. (b) SEM image of Aero-
TiO; highlighting the open porous framework. (c) Pressure-drop curves of Aero-Ce; ,Zn,O,_s compared with pristine T-ZnO, illustrating the mechanical
stability and gas-flow characteristics of the aeromaterial structure. (d) Photocatalytic degradation of tetracycline using Aero-TiO, under visible and UV
irradiation. (a) and (c) Reproduced from ref. 20 with permision from American Chemical Society,20 Copyright 2024, (b) reproduced from ref. 358 with
permision from MDPI,>*® Copyright 2022, (d) reproduced from ref. 325 with permision from Springer Nature,*>> Copyright 2024.
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Glass substrate

(a) Schematic representation of the aerographite-based gas sensor structure, showing the interconnected aerographite network bridging Ag/Au
contacts on a glass substrate. (b) Gas response of the aerographite sensor at room temperature as a function of applied bias voltage for CO, (500 ppm),
NHz (100 ppm), H, (10 000 ppm), and CH, (10 000 ppm). (a) and (b) Reproduced from ref. 362 with permision from Royal Chemical Society,*®? Copyright
2016.

Fig. 60

sensing capabilities.**>** and UV-Photodetection capabilities**®

of T-ZnO-templated materials. (Fig. 60a) shows a schematic gas
sensor based on aerographite by Lupan et al.*®* (Fig. 60b) shows
the response of the sensor after exposition to various gases and
concentrations as a function of the applied bias voltage.*®> These
examples demonstrate how the distinctive architecture of T-ZnO
can be exploited as a microstructural template for designing
advanced and highly responsive sensing devices at the lab scale.
However, mass production of aeromaterial-based sensors
remains challenging due to the need for highly reproducible
control of film thickness, conduction pathways, and contacts.
Such precision is less critical in other applications (e.g, cell
scaffolds or EPRAE-based systems), suggesting that the com-
mercialization of T-ZnO-templated sensors will likely lag behind
other T-ZnO-templated material technologies.
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4.3.4 Current landscape and future perspectives for T-ZnO
templated materials. The following section summarizes all pub-
lished materials synthesized via a T-ZnO templating approach,
shown in Table 14. The table lists their composition, the type
(aeromaterial or channel structure), the synthesis approach, the
tested application or suggested application scenario and the
publication date.

The extensive list of materials and applications catalogued
in Table 14 illustrates a dynamic and rapidly expanding field of
research. To better synthesize these developments and identify
future opportunities, we have distilled this information into a
strategic “‘opportunity matrix” (Fig. 61). This matrix maps the
primary material classes against their application domains,
with the research maturity of each area color-coded according
to its chronological emergence. The matrix reveals a clear
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Fig. 61 The T-ZnO templating landscape, an opportunity matrix. This matrix provides a strategic overview of the research field, mapping material classes
against key application domains. The color-coding indicates the research maturity for each intersection, based on the chronology of publications in
Table 14: established (green, foundational work, since 2012), growing (light green, active diversification, since 2017), emerging (light red, recent
breakthroughs, since 2022), and unexplored (red, potential future research avenues). The matrix highlights the field's evolution from foundational
carbon-based materials towards a diverse and functionally driven frontier.
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three-phase evolutionary trajectory. The field was founded on
established (green) research into carbon and semiconductor
materials mainly for sensing applications, which served as the
initial proof-of-concept. A second wave of growing (light green)
research, beginning around 2017, saw a diversification into new
applications like actuation, largely driven by the adoption of
more scalable synthesis methods. From 2022 until 2025 (light
red) the field of T-ZnO templated materials made further
progress in refining existing materials and synthesis approaches
to tackle larger scale applications like air filters. Furthermore,
more complex materials were synthesized like rGO flake loaded
SiO, aeromaterials, which can be used for actuation via a
volumetric photothermal response. In addition, the opportunity
matrix shows material class application combinations, which
have not been explored yet (red), but may represent significant
opportunities for future investigation.

4.4 Key learnings from T-ZnO applications

The application landscape of T-ZnO is defined by a powerful
duality. This is a direct consequence of the unique structure—
property nexus described in Section 3. The material can be
leveraged either as a functionally active component, where its
intrinsic properties are paramount, or as a structurally trans-
formative sacrificial template. To provide a critical overview,
the diverse application areas discussed in this section are
systematically summarized and evaluated in Table 15. This
table offers a comparative analysis of each domain’s technolo-
gical maturity and the key challenges hindering its translation
from the laboratory to industrial scale.

4.4.1 Key takeaway. As an active material, the intercon-
nected tetrapod network acts as a structural amplifier. It takes
the intrinsic electronic and piezoelectric properties of the ZnO WZ
crystal (Sections 3.2 and 3.5) and magnifies their effect through its
high surface area and robust percolation pathways (Sections 3.4
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and 3.6). Conversely, the templating paradigm leverages solely a T-
ZnO network’s mechanical integrity and hierarchical porosity as a
sacrificial blueprint. This approach allows for a paradigm shift
from material-centric to architecture-centric, creating novel mate-
rials that inherit the form but not the function of ZnO.

4.4.2 Critical learning. The most profound insight is T-
ZnO’s role as a universal architectural platform that enables the
decoupling of chemistry from architecture. The ability to meti-
culously control T-ZnO synthesis (Section 2) allows us to perfect
a complex, hierarchical structure in one material system. This
“solved” architecture can then be imprinted onto a vast library
of other functional materials (e.g., conductive carbons, catalytic
oxides, soft hydrogels). These materials possess superior intrin-
sic properties but lack a natural pathway to form such intricate
networks. This transfer of spatial information is the single most
powerful capability offered by the T-ZnO platform.

4.4.3 Critical link. Across this diverse application space,
two fundamental barriers consistently impede the transition
from laboratory potential to real-world impact. First, ensuring
long-term operational stability. Second, bridging the enormous
scalability gap rooted in the synthesis methods discussed in
Section 2. These are not merely material-level problems; they
are systemic hurdles. They prevent T-ZnO-based structures
from becoming reliable components in functional, integrated
systems. Addressing these challenges requires a conceptual
leap beyond material optimization. It demands the systems-
level thinking embodied by the challenges that will define the
future perspectives of this field in the final section.

5. A practical outlook for T-ZnO
architected materials

This review has outlined the key structure-property relation-
ships of T-ZnO. Its utility does not arise from ideal crystallinity,

Table 15 A critical comparison of the primary application domains for T-ZnO. The table evaluates each area based on the core scientific principles being
exploited, its estimated technology readiness level (TRL), and the most significant barriers that must be overcome for widespread, real-world impact

Application area Primary T-ZnO property leveraged

Current TRL (estimated)

Primary bottleneck for scale-up

Sensing applications (gas,
UV, pressure, bio)

Chemiresistive effect,
piezoelectricity, high surface area,
and functionalizable surface
Switchable wettability,
hierarchical porosity/high surface
area, and photocatalytic activity

Surface engineering &
environmental (coatings,
decontamination,
catalysis)

Biomedical & healthcare
(antibacterial, wound
dressings, stents)
Energy storage &
conversion (batteries,
thermal storage)

Biocompatibility, antibacterial/
antiviral activity, and mechanical
reinforcement in composites.
Thermal conductivity,
hierarchical porosity (for ion
transport), and photocatalytic
properties.

Mechanical percolation and 3D
interlocking network to create a
functional backbone.

Unique 3D morphology,
hierarchical porosity, and chemical
removability (via etching).

concept)

Composite reinforcement
& EMI shielding (structural
fillers, shielding materials)
Sacrificial templating
(aeromaterials & channel
structures)

results)

Chem. Soc. Rev.

3-6 (lab-scale to pilot-scale;
prototypes in real-world
scenarios)

2-6 (proof-of-concept to
early industrial trials)

5-10 (advanced
development to early
commercialization)
2-4 (lab-scale/proof-of-

2-4 (advanced research
with promising laboratory

2-s6 (advanced research/
prototypes in real-world
scenarios/emerging field)

Long-term stability & drift, cross-sensitivity (to
humidity/temp), and reproducibility in complex
biological media.

Long-term durability (especially under UV),
cost-competitiveness with existing solutions (e.g.,
activated carbon), and environmental concerns of
some components (e.g., fluorinated polymers).
Ensuring long-term biocompatibility, navigating
complex regulatory approval pathways, scaling-up
pharma grade T-ZnO production

Scalable, low-cost synthesis for bulk applications;
improving overall energy conversion/storage
efficiency; ensuring long-term cycling stability.

Optimizing filler-matrix interfacial adhesion for
mechanical strength; balancing absorption vs.
reflection for EMI shielding; cost.

Complexity of multi-step processing; scalability

of high-quality coating methods (gas-phase vs.
wet-chemical); cost of template production coating
and template removal at industrial scale.
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but from a complex, defect-rich architecture that is arrested far
from its thermodynamic ground state. The same atomic defects
that enable n-type conductivity can also quench luminescence or
initiate mechanical fatigue. This trade-off is intrinsic and defines
the performance envelope of T-ZnO-based systems. Rather than
viewing defect-dependency as a liability, we propose treating it as
a programmable feature. T-ZnO is a material in which defects,
junctions, and network topology are not accidents, but control
knobs. These effects are supported by experimental observations
reported in the literature. Charge trapping at defect sites can
record prior exposure to stress, light, or electrical bias. Mean-
while, junctions govern how electrical or mechanical signals
propagate through the network.

5.1 Templating as a manufacturing approach

T-ZnO-based materials are best understood through the concept
of architectural templating, which occupies a distinct position
within advanced manufacturing. Additive manufacturing enables
precise macroscopic shape control but provides limited access to
complex nano- and microscale networks. Conversely, self-ordered
assembly produces nanoscale features but offers little control
over macroscopic form. T-ZnO templating bridges this critical
gap. T-ZnO solves the “scalability gap” in nanotechnology by
using self-assembly to create macroscopic, manipulatable parts.
It allows for the transfer of a pre-formed, self-assembled nano-
micro architecture into bulk materials with high fidelity. This
effectively scales the benefits of the nanoscale to the human
hand. T-ZnO performs best when function arises from the
tetrapodal network itself. Examples include high porosity, rapid
mass transport, low density, and large accessible surface area.
Comparable benefits can also be achieved when these network
properties are transferred into new material classes. In this way,
T-ZnO enables functional systems that remain difficult to achieve
using conventional fillers or fabrication strategies.

5.2 From laboratory studies to practical systems

Looking ahead, future progress in T-ZnO design depends on
controlling morphology together with the type, density, and
spatial distribution of imperfections. This is necessary to achieve
defined and testable functions. This requires correlating synthesis
parameters with measurable outputs such as junction density,
percolation threshold, carrier mobility, and mechanical compli-
ance. Two complementary strategies can be distinguished. First,
T-ZnO can act as an active framework in which sensing, memory-
related effects, and signal routing arise directly from the network
architecture. Second, it can serve as a sacrificial template to
transfer this architecture into polymers, carbons, or oxides. This
separates structural function from ZnO chemistry. Achieving either
strategy depends on predictive synthesis and scalable processing.
From a development perspective, bringing T-ZnO from laboratory
studies to practical use requires a clear and structured develop-
ment path. Recent advances in synthesis, structural control, and
integration indicate that T-ZnO can act as more than a passive
functional filler. It can function as a connected network whose
macroscopic response is governed by interactions between many
junctions. This, in turn, requires control over individual tetrapods,
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their connections, and the integration of resulting networks into
stable and scalable material systems.

5.2.1 Predictive synthesis. The first step is the transition
from empirical synthesis to predictive design of T-ZnO. This
requires quantitatively linking reactor conditions to tetrapod
geometry, defect density, and network topology. This data is
the foundational input required to build the ‘“digital twin”
envisioned in Section 3.7. A concrete research direction is the
development of predictive growth models for a defined target,
such as a T-ZnO network with a specified junction density and
percolation threshold. In such a scenario, reactor temperature
profiles, precursor concentration, and residence time must be
systematically varied and correlated with three-dimensional net-
work descriptors. These datasets will not only guide synthesis but
serve as the ground-truth calibration for the digital twin. This
allows researchers to virtually simulate and optimize application-
relevant architectures before physical fabrication begins.

5.2.2 Network integration and interfaces. Once predictive
synthesis is established, the focus shifts to network integration.
Here, performance is governed primarily by junction behavior,
including contact resistance, adhesion, and strain transfer. A
critical milestone will be the fabrication of thin, percolated T-
ZnO layers embedded in elastomeric matrices to serve as
pressure- or deformation-sensitive coatings. In this case, junc-
tion engineering through surface functionalization or partial
coating directly controls signal stability and sensitivity under
cyclic loading. This provides a clear link between interface
design and macroscopic response.

5.2.3 Scalability and manufacturing. For practical use, T-
ZnO systems must transition from batch to continuous proces-
sing to address the ultimate barrier: Cost. If high-purity T-ZnO
remains prohibitively expensive, it cannot compete with con-
ventional fillers like carbon black. Future success depends on
techno-economic breakthroughs, not just scientific ones. This
includes moving from energy-intensive batch furnaces to con-
tinuous flow reactors and investigating the use of recycled zinc
sources to lower feedstock costs. These economic constraints
will play a decisive role in defining which architectures are
viable beyond the laboratory scale.

5.2.4 Interdisciplinary integration. Progress across all
development directions depends on interdisciplinary research
that links synthesis, characterization, data analysis, and system
integration. Without this integration, relationships between
processing conditions, structure, and performance remain
fragmented. This slows reproducibility and scale-up.

Together, the technical directions described above form a
single, connected development path. Predictive synthesis, net-
work integration, and scalable manufacturing inform and con-
strain each other through continuous feedback.

5.3 Development roadmap and application perspectives

Table 16 summarizes a development roadmap for T-ZnO net-
work materials, highlighting current practice, key limitations,
and concrete steps required for progress.

If these challenges can be addressed, the T-ZnO platform
could enable several application directions that rely on
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Table 16 Outlook and roadmap for T-ZnO-based technologies
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Area Current practice Main limitation =~ Required advance TRL Outcome Feedback
Predictive Trial-and-error Weak process- Link reactor conditions 2 — 4 Controlled network  Enables integration and
synthesis synthesis structure link to tetrapod geometry topology scale-up
and junction density
Network Single-function Poor interface Control contact resis- 1 — 3 Predictable electrical Defines failure modes that
integration composites control tance, adhesion, and and mechanical dictate synthesis targets.
strain transfer response
Manufacturing  Lab-scale batch Low throughput, Develop continuous, 2 — 5 Scalable production Sets hard cost limits that
scale-up synthesis high energy cost energy-efficient reactors of T-ZnO networks eliminate non-viable
precursors.
Interdisciplinary ~Disciplinary Fragmented Integrate synthesis, N/A Faster iteration and  Closes the loop between
expertise separation workflows characterization, and reproducibility atomistic simulation and

system design

controlled network architecture rather than material composi-
tion alone. In catalysis and energy-related systems, the well-
defined geometry of tetrapod junctions can be used to create
microstructured catalysts and battery or supercapacitor electro-
des. These would feature high accessible surface area, efficient
mass transport, and improved mechanical stability. T-ZnO-
derived networks can also be used as physical systems in which
charge transport is distributed across many junctions. Their
electrical response is governed by network topology and junction
properties. This leads to history-dependent behavior without
relying on conventional circuit design. This nonlinear, memory-
driven response suggests that T-ZnO networks could serve as
physical substrates for reservoir computing and neuromorphic
hardware. For example, an elastomeric patch embedded with a T-
ZnO network could be utilized as an adaptive tactile sensor (a
smart skin), where the network inherently processes and filters
complex mechanical stimuli, such as human touch or robotic
grasping forces, without the need for external analog-to-digital
microprocessors. The same open, multiscale architectures make
T-ZnO templates suitable as scaffolds for biological systems or
hybrid bio-inorganic materials. Here, surface chemistry can be
tailored to control interactions with organic matter. Beyond static
structures, these networks further enable materials whose prop-
erties evolve over time. Examples include actuators with tunable
porosity or conductive pathways that change under electrical or
mechanical loading. Together, these examples illustrate how
control over network architecture can translate into additional,
application-specific functionality.

Ultimately, T-ZnO represents a paradigm shift from Material-
Centric to Architecture-Centric design. It is a versatile building
block for architected materials in which function is encoded in
network structure rather than added through composition alone.
Continued progress will depend on closing feedback loops
between synthesis, structure, and performance. This must be
supported by coordinated experimental, analytical, and proces-
sing expertise. With these elements in place, T-ZnO-based sys-
tems provide a well-defined platform for exploring structure-
driven functionality across a range of material applications.
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reactor engineering.

Glossary of abbreviations

0D/1D/2D/3D  Zero-/one-/two-/three-dimensional

Aero-BN Aero-boron nitride

APMP Atmospheric-pressure microwave plasma
APTES (3-Aminopropyl)triethoxysilane

c-AFM Conductive atomic force microscopy

CDF Counterflow diffusion flame

CFD Computational fluid dynamics

CL Cathodoluminescence

CNT Carbon nanotube

CVD Chemical vapor deposition

Da Damkdhler number (Da;, Day;)

DFT Density functional theory

DLE Deep-level emission

DNA Deoxyribonucleic acid

DPy 4,4’-Dipyridyl

DSSC Dye-sensitized solar cell

E-FTS Ethanol-assisted flame transport synthesis

ED Electron diffraction

EDX Energy dispersive X-ray (analysis)

EELS Electron energy loss spectroscopy

EMI Electromagnetic interference

EPRAE Electrically powered repeatable air explosion
EPR Electron paramagnetic resonance

ETEM Environmental transmission electron microscopy
F-POSS Fluorinated polyhedral oligomeric silsesquioxane
FEA Finite element analysis

FEM Finite element method

FET Field-effect transistor

FTIR Fourier-transform infrared spectroscopy

FTS Flame transport synthesis

GelMA Gelatin methacryloyl

GMP Good manufacturing practice

HER-2 Epidermal growth factor receptor 2

HFCVD Hot-filament chemical vapor deposition
HRTEM High-resolution transmission electron microscopy
HVPE Hybrid vapor phase epitaxy

IMPS Intensity modulated photocurrent spectroscopy

Lp Debye length

LED Light-emitting diode
LSPR Localized surface plasmon resonance
MCM Melting-combustion method
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MEMS Micro-electro-mechanical systems SEM Scanning electron microscopy

ML Machine learning SERS Surface-enhanced Raman spectroscopy

MOF Metal-organic framework SHS Self-propagating high-temperature synthesis

MWCNT Multi-walled carbon nanotube STEM Scanning transmission electron microscopy

NBE Near-band-edge (Emission) STM Scanning tunneling microscopy

OTS Octadecyltrichlorosilane TCO Transparent conductive oxide

OVFE Oxygen vacancy formation energy TEM Transmission electron microscopy

PCM Phase change material TRPL Time-resolved photoluminescence

PDMS Polydimethylsiloxane T-ZnO Tetrapodal zinc oxide

Pe Péclet number UPS Ultraviolet photoemission spectroscopy

PEDOT:PSS Poly(3,4-ethylenedioxythiophene)polystyrene VEGF Vascular endothelial growth factor
sulfonate VOCs Volatile organic compounds

PEGDMA Poly(ethylene glycol)dimethacrylate WAXS Wide-angle X-ray scattering

PL Photoluminescence WGM Whispering gallery mode

PLE Photoluminescence excitation wzZ Waurtzite (crystal structure)

PMMA Poly(methyl methacrylate) XPS X-ray photoelectron spectroscopy

PNIPAM Poly(N-isopropylacrylamide) XRD X-ray diffraction

PTFE Polytetrafluoroethylene ZB Zinc-blende (crystal structure)

PVB Polyvinyl butyral ZIF Zeolitic imidazolate framework

PVDF Polyvinylidene fluoride

QD Quantum dot

ROS Reactive oxygen species

SAED Selected area electron diffraction Master glossa ry

SAXS Small-angle X-ray scattering

Term Definition

Active functional material
Active structural material
Aeromaterial

Antifouling

Architectural templating

Atom economy

Band structure engineering
Carbothermal reduction
Cassie-Baxter state
Channel structure
Chemiresistive sensor
Correlative microscopy

Damkohler number,
second (Day;)

Depletion layer
Digital twin
Double Schottky
barrier (DSB)

Endocytosis

Exciton

This journal is © The Royal Society of Chemistry 2026

A design paradigm where the T-ZnO tetrapod itself performs the primary task (e.g., sensing, catalysis) by leveraging
its intrinsic electronic, optical, or piezoelectric properties.

A design paradigm where the T-ZnO network serves as a physical backbone. Its function relies on the 3D geometry
and mechanical connectivity (e.g., for reinforcement or EMI shielding) rather than chemical activity.

An ultra-lightweight, highly porous material synthesized by coating a sacrificial T-ZnO template with a target material
(e.g., Carbon, GaN) and subsequently etching away the ZnO, leaving a hollow, interconnected tubular network.
The capability of a surface coating to inhibit the attachment and growth of bio-organisms (e.g., marine biofouling). In
T-ZnO coatings, this is achieved through tunable wettability and surface micro-texture.

The strategic manufacturing niche of T-ZnO. It involves using the self-assembled tetrapod network to transfer
complex, high-fidelity micro-architectures to macroscopic materials, effectively bridging the scale gap between
bottom-up synthesis and top-down fabrication.

A green chemistry metric that evaluates the efficiency of a chemical reaction by calculating how many atoms from the
reactants are incorporated into the final product versus how many are lost as waste.

The modification of a material’s electronic structure (specifically the bandgap and band edges) through alloying
(e.g., MgZnO) or doping to tailor its optical absorption or electrical properties.

A high-temperature synthesis mechanism used in CVD where carbon acts as a reducing agent to strip oxygen from a
metal oxide (e.g., ZnO) to generate metal vapor.

A wetting regime where a liquid droplet sits on top of surface microstructures with trapped air pockets underneath,
resulting in superhydrophobicity and high contact angles.

An inverse-opal-like material created by infiltrating the void space of a T-ZnO network with a matrix (e.g., polymer,
hydrogel) and removing the template, resulting in a solid block permeated by interconnected micro-channels.

A sensor device that detects analytes (gases) or radiation (UV) by measuring changes in electrical resistance caused by
the modulation of the surface depletion layer width.

An analytical approach that applies multiple characterization techniques (e.g., CL, SEM, EELS) to the exact same
single nanostructure to directly link atomic-scale features to functional performance.

A dimensionless number representing the ratio of the chemical reaction rate to the diffusive mass transfer rate.
In T-ZnO synthesis, a high Day; indicates the system is reaction-dominated, favoring gas-phase nucleation of
tetrapods.

A space-charge region at the semiconductor surface depleted of mobile carriers. Its modulation by adsorbed oxygen
or target gases is the fundamental transduction mechanism for T-ZnO gas sensors.

A comprehensive, multi-physics computational model capable of simulating the material’s entire lifecycle. It con-
nects macroscopic reactor parameters (T,P,Flow) directly to the resulting atomic structure and final functional
performance.

The potential energy barrier formed at the grain boundary between two contacting tetrapod arms. It creates back-to-
back depletion regions, acting as the dominant resistive bottleneck for charge transport in the network.

The cellular uptake mechanism for small particles. T-ZnO microparticles are typically larger than the threshold for
endocytosis, which prevents cellular internalization and significantly reduces cytotoxicity compared to nanoparticles.
A quasiparticle consisting of an electron and a hole bound together by electrostatic attraction. ZnO has a high exciton
binding energy (60 meV), enabling stable room-temperature light emission.
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Term

Definition

Exciton-polariton

Flaw tolerance

Fog harvesting
Formation energy (Ey)
Free carrier screening
Geometric amplification
Janus membrane
Kinetic control
Localized buckling
Materials-by-design
Metastable

Mie scattering
Molecular sieve
Monodispersity
Nez.\r—lr.)and—edge (NBE)
emission
Non-centrosymmetric
Nucleation
Passivation
Piezo-phototronics
Piezotronics
Pinch-off effect

Polar catastrophe

Predictive synthesis
Rational design

Sacrificial templating

Self-compensation
Supersaturation
Switchable wettability

Synthesis-stability nexus

A hybrid light-matter quasiparticle resulting from the strong coupling of photons and excitons, typically observed in
high-quality T-ZnO optical cavities.

A nanomechanical principle based on Griffith’s theory: as material volume decreases (to the nanoscale), the
probability of containing a critical failure-inducing flaw drops, allowing ceramic T-ZnO arms to bend elastically
without fracturing.

The collection of water from the atmosphere using functionalized surfaces. T-ZnO composites, particularly those
with patterned wettability (Janus membranes), optimize the nucleation and transport of water droplets.

The thermodynamic energy cost required to create a specific defect. It is not fixed but varies with the Fermi level and
chemical potential (e.g., Zn-rich vs. O-rich conditions).

The phenomenon where mobile charge carriers (electrons) redistribute to neutralize the strain-induced piezo-
potential, fundamentally limiting the efficiency of piezoelectric sensing in semiconducting ZnO.

The structural mechanism where the tetrapod geometry concentrates applied macroscopic force at the arm roots
(junctions), generating a local piezopotential significantly higher than in simple nanowires.

A membrane engineered with asymmetric wettability (e.g., one side hydrophobic, the other hydrophilic) to drive
directional water transport, utilized in fog harvesting and separation applications.

A growth regime dominated by high energy and rapid flux. Atoms adhere to the crystal surface faster than they can
diffuse to equilibrium positions, leading to anisotropic, high-energy shapes like tetrapods.

The specific deformation mode of T-ZnO under compression, where the central core acts as a compliant hinge,
allowing the network to deform reversibly rather than fracturing.

A paradigm shifting from empirical trial-and-error to the predictive, rational engineering of materials with specific
target properties using computational modeling and fundamental physical laws.

A state that is energetically higher than the ground state but kinetically stable over long periods. The cubic zinc
blende (ZB) phase is hypothesized to be the metastable nucleus for T-ZnO.

The elastic scattering of light by particles comparable in size to the light’s wavelength. This is the dominant
mechanism driving the strong “light trapping”” and path-length enhancement in T-ZnO networks.

A porous coating (e.g., ZIF-8) applied to T-ZnO sensors that filters gas molecules based on kinetic diameter, thereby
enhancing selectivity (e.g:, allowing H, to pass while blocking larger molecules).

The state of a collection of particles having uniform size and shape.

Sharp, UV photoluminescence resulting from the direct recombination of excitons. A high NBE/DLE ratio is the
primary metric for high crystal quality.

A crystal lattice lacking a center of inversion (symmetry). This structural asymmetry in wurtzite ZnO leads to charge
polarization under strain, the origin of the piezoelectric effect.

The initial symmetry-breaking event in crystal growth where a small cluster of atoms rearranges into a stable
thermodynamic phase, providing the template for subsequent growth.

The application of a coating or chemical treatment to neutralize surface defect states, thereby reducing non-radiative
recombination and improving carrier mobility.

A field of coupled physics using the strain-induced piezopotential to modulate the band structure at an interface,
thereby controlling the generation, separation, and transport of photo-excited carriers.

A field using the piezoelectric potential as a ‘“‘gate” voltage to tune the charge carrier transport in a semiconductor
device (effectively a mechanical field-effect transistor).

A transport condition in nanowires where the surface depletion regions overlap, causing the entire cross-section to
become insulating.

The thermodynamic instability of crystal facets terminated by a single ionic species (e.g., the polar {0001} face). The
surface reconstructs or adsorbs species (like "OH) to neutralize this diverging potential, driving high chemical
reactivity.

The transition from empirical material discovery to data-driven manufacturing. It relies on establishing quantitative
scaling laws (like Day; and Pe) to accurately forecast morphological outcomes before physical synthesis begins.

An engineering approach based on the predictive understanding of fundamental chemical and physical principles to
create materials with specific, pre-determined functionalities.

A manufacturing strategy where the T-ZnO network defines the architecture of a new material. The “transcription” of
the tetrapodal geometry allows the fabrication of complex 3D structures from materials that cannot self-assemble
into such shapes.

A thermodynamic feedback loop where shifting the Fermi level (e.g., to achieve p-type doping) lowers the formation
energy of opposing native defects (e.g., donors), which spontaneously form to neutralize the intended doping.

A non-equilibrium state where a vapor or solution contains a concentration of solute exceeding the thermodynamic
solubility limit. It is the primary thermodynamic driving force for nucleation.

The ability of T-ZnO surfaces to reversibly transition between hydrophobic and hydrophilic states under external
stimuli (UV light, heat), acting as a gate for molecular access in sensors and coatings.

The principle that a material’s ultimate lifecycle and failure modes are inextricably pre-determined by the thermo-
dynamic path taken during its initial synthesis.

Synthesis-structure-property The foundational concept of materials science, describing the causal link where processing conditions determine

nexus
Thermal runaway

Thermodynamic control
Whispering gallery mode
(WGM)

Waurtzite (WZ)

Zinc-blende (ZB)

Chem. Soc. Rev.

atomic/micro-structure, which in turn dictates macroscopic material performance.

An uncontrolled exothermic chain reaction in batteries. T-ZnO coatings on separators or electrodes help prevent this
by providing thermal stability and preventing internal short circuits.

A growth regime dominated by stability and slow rates. Atoms have sufficient time to diffuse to low-energy sites,
resulting in compact, faceted shapes like spheres or prisms to minimize surface energy.

An optical resonance effect where light propagates around the hexagonal circumference of a T-ZnO arm via total
internal reflection, acting as a high-quality optical cavity.

The thermodynamically stable, hexagonal crystal polymorph of ZnO. It is non-centrosymmetric and forms the arms
of the tetrapod.

The metastable, cubic crystal polymorph of ZnO. Several growth models propose that a ZB seed is required to initiate
the tetrahedral symmetry of the tetrapod.
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