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We show that repeatable energy absorption can be obtained via the reversible wurtzite-to-hexagonal phase
transformation of ZnO nanopillars at room temperature. The effect is demonstrated using molecular dynamics
simulations and available experimental data. With uniaxial compressive strains up to 22.1% along the [0001]
orientation, a ZnO nanopillar with a lateral dimension of 5.5 nm can produce average specific energy absorption
on the order of 26.7 J g~! under quasistatic cyclic loading and 11.1 J g~! under rapid loading. The theoretical
maximum of the specific energy absorption is 41.0 J g~! which can be approached at nanopillars with lateral

sizes above 55 nm. These values are comparable to that of widely used aluminum foams. The effects of inversion
domain boundaries and sample size on the repeatable energy absorbing capacity are discussed. The findings open
an avenue for ZnO nanostructures in mechanical energy absorption and dissipation applications.

1. Introduction

The need to remove excessive energy is a prevalent problem in en-
gineering and daily life, e.g., shock absorption in bridges, transport,
earthquake resistance of buildings, aircraft landing, running shoes, and
noise reduction in precision measurement such as atomic force micro-
scopy and transmission electron microscopy. Such a wide range of de-
mand and application has attracted intensive interest in the
development of energy absorbing technologies. The key is designing
materials and structures that can dissipate or store mechanical energy.
Great efforts have been made in seeking materials and structures with
exceptional lightweight [1], deformability [2] and attractive apparent
energy absorbing capacity [3,4]. In these studies, the mechanically
imposed energy can be either dissipated by heat exchange between a
material and the environment during elastic response or stored in ma-
terials via plastic deformation. Theoretically, elasticity offers repeatable
absorbing opportunities, but the time required to remove the imposed
energy is environment dependent. Plastic deformation, however, pre-
cludes repeatability as the materials such as metals [5,6] and alloys [7,
8] cannot recover their original shapes. Therefore, it is necessary to
resort to a different mechanism to achieve reusability.

Reversible phase transformation is such a behavior. It occurs when a
material experiences lattice structure changes under external
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stimulation, often in mechanical or thermal form. The energy absorption
and dissipation occur in the transformation process as the interface
between the original and new phases moves [9]. Since the material re-
covers its original size and shape after the transformation reverses, it can
be operated for another round of energy absorption. The reversible
phase transformations usually occur among polymorphs of a material in
which chemical bonds exhibit both covalency and ionicity [10]. It is the
non-uniformity of chemical bonds that allows phase transformation to
occur through variation of bond angles and change of coordination
number of atoms. For bulk materials, cracks may initiate prior to phase
transformation due to impurities and defects. For nanomaterials, how-
ever, much higher surface-to-volume ratios and the lack of defects in the
lattices provide higher atomic mobility, thereby enable phase trans-
formation without failure. Because of this, previously unknown poly-
morphs and mechanical behaviors have been revealed in a large number
of II-VI [11], III-V [12,13] and IV-IV [14] nanomaterials with the
pseudoelasticity that can underlie repeatable energy absorption. Among
them, ZnO nanostructures have attracted continued interest due to their
easy synthesis [15] and application in the field of energy generation [16,
17].  In  particular, reversible  wurtzite-to-hexagonal and
wurtzite-to-tetragonal transformations have been predicted by molecu-
lar dynamics simulations [18,19] and further confirmed by experiments
[20,21] in ZnO nanostructures, in examples that show computations can
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be applied to guide expensive and time-consuming trial-and-error
methods in laboratories [22].

In this paper, we combine molecular dynamics simulations with
available experimental data to identify a repeatable energy absorbing
concept through the reversible wurtzite-to-hexagonal phase trans-
formation of ZnO nanopillars (NPs) subjected to cycles of uniaxial
compressive loading and unloading at room temperature. The specific
energy absorption obtained by molecular dynamics simulations is veri-
fied by experimental data from axial indentation and tension of ZnO
nanowires [20,23]. The time expected to revert back to the original
wurtzite phase is validated by the hopping frequency between the
wurtzite and tetragonal phases previously measured in transmission
electron microscope [21]. The absorbing mechanism involves two as-
pects, dissipation resulting from motion of the interface between the
original and new phases as well as storage of configuration energy due to
the formation of inversion domain boundaries (IDBs) during the
hexagonal-to-wurtzite reverse phase transformation. The former has
been well elucidated by previous work [9]. Here, we focus on the latter,
as it is the formation of the IDBs and the material size that are respon-
sible for the variation in the average specific energy absorption under
different conditions.

2. Model and computational details

The initial ZnO NPs are in the wurtzite phase with a hexagonal cross-
sectional shape, six {0110} type lateral crystalline surfaces, and a
[0001] axial orientation [24,25]. To ensure traction-free boundary
conditions for the lateral surfaces, a vacuum region of 3 nm was main-
tained outside the lateral surfaces. Periodic boundary conditions were
applied along all directions. The lateral dimension of the NPs was chosen
to be from 5.5 to 19.8 nm to investigate the effect of size on specific
energy absorption per unit weight. The length to lateral dimension ratio
was set to 2:1 to avoid buckling.

The partially charged rigid ion model was employed to define the
non-Coulombic short-range Zn—O0O, Zn—Zn and O—O interactions (see
Supplementary material) [26]. Thermal properties predicted by the
model echo experimental results and therefore the temperature effect on
phase transformation can be captured. The model realistically tracks the
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surface energy, allowing investigation of size-dependent mechanical
properties of a NP. The long-range Coulombic interactions were calcu-
lated via the Wolf sum [27]. The motion of the atoms was tracked using a
Verlet leapfrog algorithm to yield velocities and positions with a time
step of 1 fs. The samples were relaxed for 200 ps before compression to
arrive at the initial free-standing configurations. To simulate compres-
sive deformation and obtain the mechanical properties of the ZnO NPs,
an extra velocity was applied along the [0001] orientation at each in-
tegral step via a modified isothermal-isobaric ensemble algorithm [28,
29]. This scheme was used to effect a compressive strain rate of 10%s7 !
for the NPs. Strain rates as low as 10° s~! were used to explore the strain
rate effect on energy absorption of the ZnO NPs. No discernable differ-
ence was seen. The stress tensor was calculated by the classical virial
formula and the system was maintained at target temperature by the
Nosé-Hoover thermostat [30,31]. The configuration energy landscape
of various crystalline structures was analyzed using a nudged elastic
band method [32]. All simulations were carried out by using a modified
version of the DL_POLY package [29].

3. Results
3.1. Wurtzite-to-hexagonal phase transformation

Under ambient conditions, ZnO adopts the wurtzite lattice structure,
as illustrated in Fig. 1 which is generated by the VMD software [33]. The
wurtzite lattice structure involves tetrahedral bonding with a coordi-
nation number of 4 and an O—Zn—O or Zn—O0—Zn bonding angle of
109.47°. The wurtzite-to-hexagonal transformation can be obtained
from wurtzite ZnO nanostructures via tension along the [0110] or [2110]
orientation or compression along the [0001] orientation [18,34]. Under
such external stimuli, Zn-cations on the (0001) plane and O-anions on
the (0001) plane tend to move toward each other and bond. As a result, a
new Zn—O bond along the [0001] orientation forms and 3 of the 4
original tetrahedral Zn—O bonds not in the [0001] direction are com-
pressed flat to within the {0001} plane. Thus, a hexagonal lattice with a
coordination number of 5 and two different types of bonding angles are
formed. The first type is the 90° bonding angle which consists of 2 Zn—0

[0001]

gil)

[2110]

Transformationﬂ

Fig. 1. Wurtzite and hexagonal lattices of ZnO. a, b and ¢ represent lattice constants. Opposite motion (shown by red arrows) of Zn-cations on (0001) plane and O-

anions on (0001) plane causes formation of new bonds (marked by circles) on (2110) plane along [0001] orientation, which transforms the original wurtzite
structure to a hexagonal one. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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bonds along the [0001] and [0001] orientations, respectively. The sec-
ond type includes 3 Zn—O bonds mutually forming a 120° bonding
angle on the {0001} plane (see Fig. 1).

3.2. Compressive loading and unloading cycle

As shown in Fig. 2, there are three distinct stages in the uniaxial
compressive loading curve of a ZnO NP. The first stage (from points A to
B) represents elastic compression of the original wurtzite lattice. In the
second stage, the wurtzite-to-hexagonal phase transformation is initi-
ated at point B and completed at point C. Fig. 3a shows that nucleation
sites are seen throughout the material as the NP is compressed to its
elastic limit at a strain of 9.2%. As the strain reaches 9.6%, coalescence
of the nucleation sites occurs, leading to regions with the transformed
hexagonal structures. The transformed regions grow and merge as the
strain increases. As the strain reaches 18.1% (point C in Fig. 2), the
entire NP is transformed to the hexagonal lattice structure, except for the
surfaces (see Fig. 3a and Supplementary Video S1). Subsequently, the
hexagonal-structured NP undergoes elastic compression as strain further
increases to 22.1% (from points C to D in Fig. 2). Point D represents the
limit of the recoverable strains beyond which failure of the NP would
occur. During unloading, the NP first undergoes elastic relaxation from
D to E, followed by a hexagonal-to-wurtzite reverse phase trans-
formation (from points E to F in Fig. 2). The last stage of the three-stage
unloading process in the stress-strain curve is the elastic recovery in the
wurtzite structure from F back to A. However, upon reaching A (zero
stress, zero strain), the NP does not fully recover its original single-
crystalline wurtzite structure. Instead, the NP is divided into two do-
mains with opposite orientations in the [0001] axial direction by an IDB
(see Fig. 3b).

Supplementary material related to this article can be found online at
d0i:10.1016/j.mtcomm.2021.102904.

The formation of the IDB even after full unloading and recovery can
be explained as follows. In the wurtzite-to-hexagonal phase trans-
formation, new Zn—O bonds form along the [0001] orientation, as
shown in Fig. 4. Both the newly formed and the original Zn—O bonds
along the [0001] orientation have the same probability to break during
the reverse transformation during unloading. Consequently, breaking of
the newly formed bonds restores the NP to the initial wurtzite state.
However, breaking of an original bond yields the inversion domain (see
Fig. 4). The IDB can be eliminated by Zn—O re-bonding along
the [0001] and [0001] orientations with another round of compressive
loading. The inset in Fig. 3b shows that an IDB consists of planer four-
atom rings with each ring plane perpendicular to the boundary
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Fig. 2. Uniaxial compressive loading and unloading stress-strain curves of a
ZnO NP with a lateral dimension of 5.5 nm at a temperature of 300 K and a
loading rate of 10° s~ ™.
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between two oppositely oriented domains. The thickness of the IDB is
the Zn—O bond length of 0.2 nm. IDBs are frequently observed in
wurtzite II-VI [35,36], III-V [37,38] and IV-IV [39] compounds.

Since the unloading path does not overlap with the loading path, as
illustrated in Fig. 2, the area of the hysteresis loop is the energy absorbed
per unit volume over one cycle of compressive loading and unloading
(hereafter referred to as a cycle). The specific energy absorption per unit
weight E, after a cycle can be calculated by

17
E, = —}g ode, (€8}
p

where p, ¢ and ¢ are the mass density of ZnO [40], stress, and strain,
respectively. The E, of the NP with a lateral dimension of 5.5 nm is
29.8 J g~ It is worth noting here that E, consists of two parts, dissi-
pation resulting from the motion of the interface between the original
and new hexagonal phases [9] and the configuration energy of the IDB.

3.3. Repeatable energy absorption

Fig. 5a shows that E, fluctuates between 11.1 and 29.9 J g~ as a NP
with a lateral dimension of 5.5 nm undergoes 31 cycles of compressive
loading and unloading. During the loading part of the second cycle, the
IDB resulting from the first cycle is eliminated upon completion of the
wurtzite-to-hexagonal phase transformation. This process of IDB gen-
eration and elimination causes the fluctuation of E, in Fig. 5a. Different
numbers of IDBs can appear at various places in the NP due to stochastic
Zn—O bond-breaking along the [0001] and [0001] orientations during
the unloading part of the cycles, leading the variations in the magnitude
of the fluctuation in E,. Structural analysis indicates that E, is propor-
tional to the density of IDBs or fraction of atoms structurally involved in
IDBs in the NP (see Fig. 5b and c). For example, E, decreases from
29.8 J g~ ! in the first cycle to 16.3 J g~ ! in the second cycle as the IDB
concentration decreases from 4.8 at% to 0. In contrast, in the third cycle,
E, increases to 24.9 J g’1 as the IDB concentration increases to 4.5 at%.
Subsequently, E, further increases to 26.8 J g’l and the IDB concen-
tration goes up to 7.7 at% in the fourth cycle.

The fluctuation of E, over the cycles can be understood by the dif-
ference in configuration energy landscape between the wurtzite and
tetragonal lattices of ZnO. This is because four-atom rings are the
building blocks for IDBs. The two Zn—O pairs involved in each four-
atom ring has a configuration energy that is 0.11 eV higher than the
two Zn—O pairs in a wurtzite lattice (see Supplementary Fig. S1). The
IDB concentration change from cycle to cycle allows the change in E, to
be calculated (See Supplementary Eq. (S8)). For example, from the third
to fourth cycle, the change in E, is 2.1 J g~ (Supplementary Eq. (S8)).
This is very close to the result of 26.8-24.9=1.9Jg ! from the
simulation.

The two parts comprising E, can also be evaluated using Supple-
mentary Eq. (S8). For instance, after the first cycle, the IDB concentra-
tion change is 4.8%. The contribution of this change to E, is thus
calculated to be 3.1 J g’l, which accounts for 10.4% of E,. Therefore,
the energy dissipated by the motion of the interface between the original
wurtzite and resulting hexagonal phase is 29.8-3.1 = 26.7 J g~ (89.6%
of E,). This implies that E, can be maintained at least at this value overall
many cycles even if IDBs are fully removed after each cycle. This as-
sumes interfaces between the original wurtzite and new hexagonal
structures behavior the same way throughout the cycles. This is the long
cycle expected value for E, Note that Fig. 5b shows that the IDB con-
centration can indeed be zero at times, such as in the second, 10th and
22nd cycles. After such points, E, invariably goes up.

3.4. Thermal stability of an IDB

Annealing is a classic technique to eliminate undesirable structures
in asystem [41]. To estimate the time required to remove an IDB, the NP
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Fig. 3. Cross-sectional patterns of a NP under (a) loading and (b) unloading at various strains. Coordination numbers of 3, 4 and 5 correspond to atoms belonging to
surface, wurtzite and hexagonal lattices, respectively. Insets show partially enlarged structures of the original wurtzite and an IDB (denoted by a dashed line). The
inversion domain is marked by an arrowhead. Hollow arrows show opposite orientations of Zn—O bonds at two sides of the IDB.

was annealed after the first cycle at temperatures in the range of
600-900 K. The structure evolution at 600 K is shown in Fig. 6a, where a
4-step hop leads to the annihilation of the IDB at the surface of the NP.
Each step corresponds to 1/2 lattice unit along the [0110] orientation,
with a displacement of V3a/2 (a is the lattice constant of wurtzite ZnO,
see Supplementary Fig. S2a and Video S2). The time required is 660 ns.
For a travel distance of d, the time t expected to observe annihilation at
temperature T is

1= —elaT, @

where AQ is the activation energy of an IDB, kg and y,, are the Boltzmann
constant and vibrational frequency of ZnO, respectively. For AQ
= 0.76 eV (Supplementary Fig. $2b) and y, = 103 571, which are upper
limit values for optical phonons of wurtzite ZnO [42,43], Eq. (2) gives
predictions that track simulation results at various temperatures (see
Fig. 6b).

Supplementary material related to this article can be found online at
d0i:10.1016/j.mtcomm.2021.102904.

Since an energy absorbing device is most likely operated at room
temperature, it is more practical to extrapolate the time expected to
eliminate an IDB at 300 K. Based on our simulations, Eq. (2) predicts
that the time is 2.3 s (see Fig. 6b). This value is on the same order of
magnitude as the time scale (~ 10s) of a reversible wurtzite-to-
tetragonal phase transformation experimentally observed in ZnO
nano-islands at room temperature [21]. Note also that the density

functional theory calculation has put the energy barrier between wurt-
zite and tetragonal ZnO at 0.96 eV [21]. This value yields a time of
1340 s for a transformation event from a four-atom ring to two wurtzite
Zn—O pairs at 300 K, much longer than the simulation prediction and
experimental observation at room temperature. The density functional
theory is independent from experiments and molecular dynamics.
However, the interatomic interactions used in the latter are determined
by fitting to mechanical and physical properties that are experimentally
measured or partially predicted by the density functional theory [26].
Therefore, the time to annihilate an IDB derived from the density
functional theory deviates from the molecular dynamics and experi-
mental data.

3.5. Size effect

An analysis of the behavior of ZnO NPs with a range of lateral di-
mensions is carried out. The result shows that E, increases mono-
tonically from 29.8 to 39.2 J g~! as the lateral dimension D increases
from 5.5 to 19.8 nm (see Fig. 7). This is due to the reduction in the ratio
between surface atoms and volume atoms as D increases. As shown in
Fig. 3, the surface region with a thickness of one atomic layer does not
participate in the phase transformation and thus has no contribution to
energy absorption. If the thickness of the surface region remains the
same at a, E, can be written as a function of size D as

2
a
r=r(1-57) ®
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Inversion domain

i . I
Original wurtzite

Fig. 4. Formation of an IDB. (a) Original wurtzite and (b) transformed hex-
agonal structures and (c) two domains with opposite orientations divided by an
IDB. Symbols @ and @ denote sites of the original and new formed Zn—O
bonds. The dashed line marks position of the IDB. Bonding at @ transforms the
original wurtzite structure to a hexagonal one. Bond-breaking at @ restores the
original wurtzite region. However, bond-breaking at @ produces an inver-
sion domain.

where EC = 41.0 J g~ is the theoretical maximum of E, as D approaches
infinity, or the specific energy absorption of bulk wurtzite-structured
ZnO if the forward and reverse phase transformations could happen.
Eq. (3) is very consistent with our simulation results (see Fig. 7). It is
important to point out that the E; for a nanowire estimated from
available experimental data (Supplementary Eq. (516)) also coincides
with Eq. (3) at D = 55 nm.

4. Discussion

The hysteresis loop in the stress-strain relation in Fig. 2 associated
with the reversible wurtzite-to-hexagonal phase transformation is
typical of pseudoelastic material behavior due to a range of underlying
mechanisms. The reversible phase transformation consumes energy to
overcome the energy barrier between the original wurtzite and new
hexagonal phases, leading to the hysteresis loop. Such relations have
also been seen in the axial indentation force-displacement relations of
ZnO nanowires in atomic force microscopy experiments [20]. Such re-
lations allow the energy absorption to be assessed. The nanowires in
Ref. [20] have length to lateral dimension ratios around 10:1, therefore,
undergo buckling during axial indentation. This is an inefficient
configuration for energy absorption, as only the compressive side of the
bent wires can undergo the wurtzite-to-hexagonal transformation. In
addition, the tensile side can experience brittle fracture. Experiments
show that the tensile fracture stain of wurtzite-structured ZnO nano-
wires is in the range of 2-15% [23,44-46]. This gives rise to a high
degree of uncertainty in the extent of wurtzite-to-tetragonal phase
transformation that can happen in ZnO nanowires under indentation.
The critical buckling strain of a nanowire also deviates from the

Materials Today Communications 29 (2021) 102904
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Fig. 5. (a) The specific energy absorption per unit weight and (b) atomic
percentage of IDBs during 31 cycles of compressive loading and unloading. (c)
Lateral patterns with IDBs outlined in red after the first, 10th and 17th cycles.

prediction of the classical Euler buckling theory due to the lateral size
effect [47]. Because of these reasons and to avoid buckling, we believe
the optimal aspect ratio for energy absorption should be as low as it
could be, e.g., 2:1 for the slender NP analyzed here.

The part of the energy dissipated through the propagation of the
interface between the original wurtzite and transformed hexagonal
phases has been well elucidated previously [9]. The part that is associ-
ated with the formation of IDBs in the form of configuration energy
fluctuates as the occurrence of the IDBs does not fully coincide with the
loading-unloading cycles. Although for a particular cycle, IDBs can
enhance or reduce the specific energy absorption depending on the
starting and ending structure details, overall the occurrence of IDBs
lowers the energy dissipation capacity of the ZnO NPs. Since IDBs are
thermally unstable, they can spontaneously annihilate at the surfaces of
a NP with the expected time scale depending on the lateral size of the
NPs and temperature. The thermal energy in the form of lattice vibra-
tions measured by the temperature enables the transformation to over-
come the energy barrier between the wurtzite and tetragonal phases,
facilitating the motion of an IDB. Therefore, higher temperatures
correspond to faster annihilation of an IDB. Analysis shows that, at room
temperature, the time is on the order of 2.3 s for an IDB which is 1.1 nm
from the surface of a NP. This estimate is on the same order as the
tetragonal-to-wurtzite transformation time of ~ 10 s experimentally
measured in ZnO nano-islands at room temperature [21]. Taken
together, the simulations and the experiments suggest that the E, of NPs
with a lateral dimension of ~ 5.5 nm can be maintained at a relative
stable value for load-unload cycles with periods longer than ~ 2.3 s (~
0.4 Hz) to allow sufficient inter-cycle structural relaxation or recovery.
Under such conditions, E, can be on the order of 26.7 J g™, representing
the long cycle expected value. If the NPs with a lateral dimension of
5.5 nm are operated at frequencies higher than ~ 0.4 Hz, E, is at least
11.1 J ¢! which is the high-frequency lower limit.
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Fig. 6. Thermal stability of an IDB. (a) The distance from an IDB to surface of a
NP reduces with annealing time at 600 K. Insets show lateral patterns with an
IDB marked in red. (b) Time to remove an IDB versus temperature. The solid
and dash curves are theoretical predictions of Eq. (3) with 0.76 eV (the acti-
vation energy of the IDB obtained by the present study) and 0.96 eV (the energy
barrier between the four-atom ring and two Zn—O pairs of the wurtzite cell
from the density functional theory [21]). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 7. Size effect on energy absorption of ZnO nanopillars. An inset sketches a
core-shell model in which the outer shell of a nanopillar does not contribute to
energy absorption.
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So far, two types of IDBs have been experimentally observed in
wurtzite-structured ZnO. One type is along the {0001} planes due to
dopants such as Sn and Sb [35] and the other type occurs on the {0110}
planes in pristine ZnO [36]. Our analysis involves the latter.

The theoretical maximum of E, is 41.0 J g~* which can be seen in
NPs with large lateral dimensions. The experimental data in Ref. [20]
suggests that NPs with a lateral dimension of 55 nm have an E, of
40.8 J g1 (Supplementary Eq. (516)). This provides a practical guide
for the choice of lateral dimension as it suggests that lateral sizes of more
than 55 nm offer no further significant enhancement in E,. It is also
worth noting that the values of E, of ZnO NPs are comparable to those of
conventional energy absorbing materials such as aluminum and alloy
syntactic foams [48,49]. Recently, well aligned ZnO nanowire arrays
have been synthesized with tunable inter-wire distances [24,25], thus
demonstrating that the overall material density of ZnO NP arrays can be
tailored as the building blocks of energy absorbing devices (see Fig. 8).
Since reversible phase transformation has been identified in a large
number of II-VI [11], III-V [12,13] and IV-IV [14] nanomaterials, their
potential exploitation with similar effects as that in ZnO NPs can be
identified and studied in the future.

5. Conclusion

We have shown that [0001]-orientated ZnO NPs possess an ability to
repeatedly absorb mechanical energy during cycles of uniaxial
compressive loading and unloading. This ability is due to the reversible
phase transformation between wurtzite and hexagonal lattice structures
at the nanoscale. The analysis uses molecular dynamics simulations and
available experimental data. The specific energy absorption of NPs over
the size range of 5.5-55 nm is quantified from the hysteretic stress-strain
and force-displacement relations, in particular with the 5.5 nm case
associated with the cyclic loading and unloading.

The energy absorbing mechanisms include dissipation through mo-
tion of the interface between the original wurtzite and new hexagonal
phases and the storage of configuration energy in IDBs. Energy ab-
sorption fluctuates through cycles due to changes in the concentration of
IDBs. The analyses here have established the theoretical maximum
which can be approached at NPs with lateral sizes above 55 nm, long
cycle expected value, and high-frequency lower limit of the specific
energy absorption. IDBs can spontaneously move and annihilate over
time scales of several seconds at room temperature. These findings
provide guidance for designing mechanical energy absorbing devices
using ZnO NPs.

Fig. 8. A concept of a repeatable energy absorbing device based on a ZnO
nanopillar array.
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