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ABSTRACT
Here, we report on a new aero-material, called aero-ZnS, representing self-organized architectures made of ZnS hollow micro-tetrapod struc-
tures with nanoscale thin walls. The fabrication process is based on the hydride vapor phase epitaxy of CdS on sacrificial micro-tetrapods of
ZnO with simultaneous or subsequent transformation of CdS into ZnS and removal of the sacrificial ZnO crystals. The nanostructure of the
obtained ZnS hollow micro-tetrapods exhibits the polytypic intergrowth of wurtzite- and sphalerite-type phases perpendicular to their close
packed planes. The inner surface of the micro-tetrapod walls preserves oxygen sites, as demonstrated by imaging based on electron energy-
loss filtering. The self-organized aero-ZnS architecture proves to be hydrophilic under tension and hydrophobic when compressed against
water. Self-propelled liquid marbles assembled using ZnS hollow micro-tetrapod structures are demonstrated.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0010222., s

INTRODUCTION

Over the last few years, research on a new class of extremely
porous and ultra-lightweight nanoarchitectured materials (so called
“aero-materials”) has demonstrated highly interesting mechani-
cal stability and physical properties to be considered promising
for a broad range of technological applications.1 For instance,
carbon-based aero-materials such as graphene aerogels are envi-
sioned for efficient oil/water separation and energy storage/energy
conversion, whereas aerographite and graphene foams do serve

as backbone materials for the fabrication of hybrid micro-/nano-
architectures.2,3 These foams may find applications in extremely
broad-band optical detectors, novel gas sensors, and robust ultra-
lightweight pressure sensors.2–11 Along with this, a sacrificial tem-
plate approach was demonstrated to synthesize aero-Si and aero-
BN foams, which exhibit sensitivity to acetone and ammonia gas
or demonstrated highly efficient optical light scattering properties,
respectively.12,13

Recently, we reported the fabrication of the first aero-material
based on the semiconductor compound aero-GaN, which exhibits
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dual hydrophilic/hydrophobic behavior and shows the inherent
tendency to the self-organization of constituting components when
interacting with water.14 Furthermore, the network structures show
self-healing capabilities, high sensitivity to pressure, and remarkable
electromagnetic shielding characteristics.14–18 We demonstrated the
possibility to fabricate a liquid marble (LM) using aero-GaN self-
assembling architectures, which represents a drop of liquid cov-
ered with GaN hollow micro-tetrapod structures and exhibits self-
propelled motion. Aero-GaN exhibits a hydrophobic outer surface
due to GaN and a hydrophilic inner surface due to the presence
of an ultra-thin layer of ZnO. Placed onto water, the hydropho-
bic network of hollow tetrapod structures creates a self-supporting
shell around the liquid droplet and facilitates the attainment of a
high speed of self-propelled rotation of LM, which attains 750 rot
min−1 when volatile compounds are added to the liquid droplet.14

The research interest in self-propulsion of liquid marbles is driven
by their unique capability to enclose a certain volume of substance
keeping gas exchange with external medium and to ensure a con-
stant mixing of the encapsulated liquid.19,20 Such controllable advec-
tion inside the encapsulated droplet is of great importance for small-
volume reactions and targeted mass transportation with applications
in nano- and biotechnology, synthetic chemistry, microfluidics, and
others.20–27

Zinc sulfide is an important II–VI semiconductor showing
remarkable properties as a wide direct bandgap and luminescence
in the visible spectrum, which makes it suitable for various applica-
tions including LED technology, lasers, infrared windows, sensors,
biodevices, and field emitters.28–32 Due to the similar chemical and
structural properties, the relevance of ZnS may be comparable to the
widely known ZnO. ZnS and ZnO crystallize in both cubic sphalerite
and hexagonal wurtzite-type structures, the cubic structure in ZnO
being metastable.33,34

The electronic bandgap in ZnS depends on crystal symme-
try (3.72 eV for cubic and 3.77 eV for hexagonal), and it is
larger than that of ZnO (3.4 eV for the hexagonal structure).35,36

The wide bandgap provides ZnS transparency from UV to far IR
spectrum, what makes it a good candidate for UV-B and UV-C
photodetecting devices and optical windows. At the same time,
ZnS is chemically less stable under humid atmosphere with the
formation of ZnO and intermediate compounds.37 Nevertheless,
the research interest in ZnS, a classic phosphorescent material,
has increased in the last decade due to technological progress
in the synthesis of low-dimensional structures, opening new
avenues for practical applications, e.g., in ionizing radiation detec-
tion, electrochemical immunosensing, and fluorescent biological
imaging.30,31

The aim of this paper is to elucidate the formation mecha-
nism of ZnS hollow tetrapod structures in a Hydride Vapor Phase
Epitaxy (HVPE) process by analyzing the composition and struc-
ture of materials at different steps of the technological route. We
show that the synthesis of aero-ZnS is possible via the template-
assisted growth of thin layers of CdS on ZnO tetrapodal tem-
plates with simultaneous or subsequent transformation of CdS
into ZnS and further decomposition of the sacrificial core mate-
rial, leaving three-dimensional hollow tetrapod structures of ZnS.
Aero-ZnS is a new 3D aero-material enriching the group of aero-
materials with unique structural, electronic, and mechanical prop-
erties. We report on its morphologic transformation during the

technological process, composition and crystal structure, as well as
its dual hydrophilic/hydrophobic behavior disclosed in the network
structures.

MATERIALS AND METHODS

The growth process of hollow ZnS tetrapod structures was car-
ried out in a horizontal HVPE reactor with two heating zones. A
ZnO micro-tetrapodal network was used as a sacrificial material and
Zn source, while CdS powder served as a S source. CdS powder was
heated up to 800 ○C, and CdS vapors were transported by hydrogen
with a flow rate of 160 cm3 min−1 to the second zone maintained at
650 ○C/680 ○C where the ZnO substrate was placed.38 The epitaxial
process duration was varied between 10 min and 60 min to obtain
different wall thicknesses of aero-ZnS. The ZnO tetrapod structures
were used as sacrificial substrates, and at the final step of the aero-
ZnS preparation, they were dissolved by thermal treatment at 700 ○C
in H2 flow with a flow rate of 160 cm3 min−1. The duration of the
substrate removal depends on the thickness of the epitaxial layer and
the degree of transformation of CdS into ZnS. Usually, this process
takes between 1 h and 2.5 h.

The crystallographic study of the hollow ZnS tetrapod struc-
tures was performed on a FEI Tecnai F30 G2 STwin 300 kV/FEG
microscope equipped with an EDX detector (Si/Li, EDAX) a Gatan
GIF camera for Electron Energy Loss Spectroscopy (EELS) and
Energy Filtered TEM (EFTEM), and a Philips CM30 300 kV/LaB6
microscope. Electron diffraction and HRTEM image simulations
were performed using JEMS electron microscopy simulation soft-
ware. High-resolution images were simulated by the multislice
method for the ZnS sphalerite structure oriented along ZA [110]
using a thickness of 6.11 nm, while for the wurtzite structure along
ZA [2-1-10] thickness of 5.32 nm was used. In both cases, a defo-
cus of −60 nm corresponding to the experimental conditions was
assumed.

Raman scattering measurements of aero-ZnS were performed
using a Renishaw inVia spectrometer at room temperature with a
488 nm diode pumped solid state (DPSS) laser having the maxi-
mum power of 20 mW. Laser light was focused on the sample using
a microscope lens in a spot of about 0.6 μm diameter. The scat-
tered light was analyzed in a backscattering geometry using 2400
grooves/mm grating and a cooled charge-coupled device detector.
The spectrometer was calibrated using the known peak values of a
bulk Si sample.

RESULTS AND DISCUSSIONS

The presented HVPE synthesis approach comprises two routes,
which are dependent on the substrate temperature regime to obtain
ZnS hollow tetrapod structures, as sketched in Fig. 1 and experimen-
tally verified by Scanning Electron Microscopy (SEM) observations
included in Fig. 2.

The first route [Figs. 1(a), 1(b), and 1(d)] describes the direct
growth of ZnS onto ZnO substrates at a temperature of 680 ○C. At
this temperature, the ZnO reduction is more active and the forma-
tion of ZnS is more probable than the formation of CdS [Fig. 1(b)].
Due to this fact, the ZnS shell directly grows on ZnO tetrapod
structures, and in the final step, a sacrificial ZnO template is dis-
solved by heating the samples in a H2 atmosphere at 700 ○C. The
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FIG. 1. Schematic representation of the synthesis process of aero-ZnS tetrapod structures: (a) ZnO substrate for the HVPE process, (b) formation of the ZnS epitaxial layer
on ZnO, (c) formation of the CdS epitaxial layer on ZnO, and (d) the final aero-ZnS material.

removal of sacrificial ZnO results in the formation of ZnS hollow
micro-tetrapod structures, as shown in Figs. 1(d), 2(c), and 2(d). The
second route [Figs. 1(a), 1(c), and 1(d)] describes the coverage of
ZnO substrates by a CdS shell at 650 ○C [Figs. 1(c) and 2(b)] and

subsequent transformation into ZnS and ZnO reduction during
thermal treatment in H2 at elevated temperatures (Fig. S1).

Each step of the synthesis process is accompanied by charac-
teristic changes of sample color, density, morphology, and chemical

FIG. 2. SEM micrographs of different
steps of the aero-ZnS preparation pro-
cess: (a) ZnO tetrapod structures used
as a sacrificial scaffold; (b) ZnO–CdS
core–shell structures after the CdS layer
were grown in the HVPE process; (c)
aero-ZnS obtained after thermal treat-
ment in H2 flow, residual ZnO can
be observed inside hollow structures;
and (d) completely hollow aero-ZnS
structures.
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composition. Thus, the initial ZnO tetrapodal template appears
white; after the growth of the CdS shell, it turns into intense
yellow; and after the transformation of CdS into ZnS, the sam-
ple color becomes white again; and the ZnO–ZnS structure dis-
plays pale yellow tone. It is notable that during the ZnO scaffold
decomposition [Fig. 2(c)], the process starts from the shell to the
center. Such behavior can be related to interstices contained in
the epitaxial layer through which hydrogen penetrates inside and
reduces the scaffold, creating the growing space between shell and
scaffold.

Nanowire growth experiments implying co-fed sources con-
taining both Cd2+ and Zn2+ cations demonstrated that they possess
a different reactivity. Thus, in the technological processes imply-
ing such a kind of source, core–shell CdS–ZnS or CdxZn1−xS com-
pound structures can be obtained.32,39–41 Using the metalorganic
chemical vapor deposition (MOCVD) process at 280 ○C or Vapor–
Liquid–Solid (VLS) growth at 750–800 ○C from the powder mix-
ture of CdS and ZnS, the formation of ZnS or core–shell CdS–ZnS
nanowires was demonstrated.2,41 In the case of core–shell systems,
it can be considered that CdS plays a role of the intermediate tem-
plate in ZnS nanowire formation. Obviously, CdS shows a higher
evaporation rate in such a process than ZnS, and the Cd2+ cation
can be substituted with Zn2+. Notably, the complete conversion of
CdS into ZnS can be obtained through the epitaxial process. During
the experiments related to aero-ZnS synthesis by means of HVPE,
it was observed that 680 ○C represents a critical temperature for
the decomposition of CdS, leading to the favorable formation of
ZnS in the vapor phase. At the conventionally used substrate tem-
perature of 650 ○C, we found that CdS can crystallize on the sub-
strate, and in this case, CdS to ZnS transformation occurs during
the ZnO scaffold removal at 700 ○C. Due to the fact that we use
both ZnO and CdS as sources, the kinematics of ZnO reduction will
also influence the process. The ZnO tetrapod structures used in our
experiments prove to have a high decomposition rate in H2 at ele-
vated temperatures between 600 ○C and 900 ○C at H2 flow rates of
90–160 ml min−1.15,42

Residues of Cd and O can be present in the final samples of
aero-ZnS obtained via the ZnO template-assisted method with the
intermediate stage involving CdS. The detection of ZnO by struc-
tural investigations is complicated due to the coincidence of several
d-values of both ZnO and ZnS in their wurtzite structure. Chem-
ical analyses by (Scanning) Transmission Electron Microscopy
[(S)TEM] Energy-dispersive X-ray spectroscopy (EDX) suggest that
the finally prepared samples are composed of Zn, S, and Cd, while
Cd concentrations do not exceed 5 at. %. After the thermal treatment
of the aero-ZnS material, the formation of highly perforated walls
with the thickness of tens of nanometers is evidenced. In this case,
EDX can detect only Zn (≈46 at. %) and S (≈54 at. %) [Fig. 3(a) and
Fig. S2]. Energy Filtered TEM (EFTEM) analysis [Fig. 3(b)] was per-
formed, which revealed almost homogeneous distribution of oxygen
in aero-ZnS thin walls. A higher signal intensity can be observed on
the wall edges perpendicular to the viewing plane due to the higher
projected thickness of the film.

ZnS may crystallize in cubic sphalerite, hexagonal wurtzite, and
cubic rock salt structures. In the bulk state, the most stable poly-
morph is the sphalerite structure, which can be transformed into
wurtzite at temperatures as high as 1020 ○C. Nevertheless, the HVPE
technique applied in this study reached only temperatures up to
700 ○C. It was experimentally demonstrated that nanostructuring
opens the possibility to produce both sphalerite and wurtzite poly-
morphs at low temperature, for instance, recent studies reported on
ZnS nanoparticles with the wurtzite structure.43–46

To analyze the crystallographic nanostructure, X-Ray Diffrac-
tion (XRD) and transmission electron microscopy were performed
on the aero-ZnS. XRD revealed the presence of wurtzite and
sphalerite ZnS phases on a macroscale for a sample with 1 × 1
× 1 cm3 dimensions, presented by its diffractogram in Fig. S4.
In order to determine how the material structure evolved on the
atomic level, HR(TEM) and electron diffraction methods were used.
The overview bright-field image of Fig. 4(a) shows a hollow tetra-
pod arm with porous walls. Precession Electron Diffraction (PED)
was performed on the aero-ZnS tube displaying Bragg intensity

FIG. 3. (a) Top: Z-contrast image of the porous ZnS tetrapod wall and bottom: enlarged section and STEM EDX maps. (b) EFTEM maps, the orange frame marks the same
region as in (a), highlighting the presence of oxygen in aero-ZnS.
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FIG. 4. Crystallographic investigation of aero-ZnS with intergrown domains of wurtzite- and sphalerite-type crystal structures: (a) TEM bright-field image of an aero-ZnS tube
and corresponding PED pattern (bottom); (b) HRTEM micrograph and FFT pattern (bottom) showing the [110] pattern of sphalerite-type ZnS, arrow indicates the growth
direction; and (c) HRTEM micrograph and FFT pattern showing the [2-1-10] pattern of wurtzite-type ZnS, arrow indicates the growth direction. Inclusions of the cubic motif
are marked with blue boxes on the HRTEM micrograph. (d) Magnified region of the sphalerite domain (b) with a phase contrast simulation of the cubic structure as the inset
(multislice algorithm) and (e) magnified region of the wurtzite matrix (c) with small cubic motifs and phase contrast simulation of the hexagonal structure as the inset (multislice
algorithm).

corresponding to a single crystal of the wurtzite structure in the
[2-1-10] zone axis and superimposed diffuse intensity on streaks
along the c-axis. The diffuse streaks arise from one dimensional
disordering, which, in this case, is attributed to the presence of poly-
typic disordering in the perpendicular direction to the close packed
planes of hexagonal and cubic stacking schemes, i.e., (0001) and
(111), respectively. Further analysis by HRTEM confirms that the
walls of ZnS hollow tetrapods consist of intergrown sphalerite- and
wurtzite-type layers. In both cubic and hexagonal structures, Zn and
S atoms are tetrahedrally coordinated, but the stacking sequence
of close packed atomic layers refers to (ABC)n and (AB)m, respec-
tively.47 The HRTEM micrograph [Fig. 4(b)] presents a region of
a ZnS thin wall exhibiting a cubic stacking sequence, which is dis-
rupted by numerous basal-plane stacking faults (type I1) perpen-
dicular to the growth direction.48,49 The formation of basal plane
stacking faults can be considered as a wurtzite–sphalerite transition
within a few atomic layers. An overall Fast Fourier Transforma-
tion (FFT) pattern of the micrograph shown in Fig. 4(b) reveals the
ZnS sphalerite structure oriented along ZA [110], as indicated by

the yellow circles stemming from the ED pattern simulation. The
opposite situation is demonstrated in Fig. 4(c) showing a wurtzite
dominant region oriented along ZA [2-1-10] with narrow cubic
domains marked inside blue boxes. The FFT resembles the PED pat-
tern showing the ZA [2-1-10] wurtzite with diffuse intensity because
of structural disorder induced by the sphalerite ordered domains. It
is notable that the synthesis process is accompanied by partial etch-
ing of the ZnS tube walls in the c-direction, which is demonstrated by
the elongated voids apparent in the TEM micrographs (Figs. 3 and
4 and Fig. S3).

The structural polytypism of aero-ZnS is indicated in the
measurement of distinct Raman modes as well. The zone-center
phonons of a wurtzite-type ZnS single crystal structure can be clas-
sified as follows: Γoptic = A1 + 2B1 + 2 × 102 + E1 and Γacoustic
= A1 + E1 among which A1, E1, and E2 symmetry modes are Raman-
active. The sphalerite type zone-center phonons are denoted by Γoptic

= A1 + E + T2(LO) and Γacoustic = T2.50,51 The first- and second-order
Raman modes in sphalerite and wurtzite ZnS have been studied since
1969.51–56 However, there are still existing ambiguous assignments
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of the Raman modes for both structures.57 Another big challenge
represents the identification of Raman modes related to wurtzite
and sphalerite structures, which have very close frequencies and are
more likely indistinguishable in the case of co-existence of both in
the same material.

A Raman spectrum acquired from the aero-ZnS tetrapod struc-
tures is depicted in Fig. 5 and contains a wide range of peaks,
which can be identified as wurtzite and sphalerite modifications of
ZnS.50–57 These data correlate well with the experimental conditions
and HRTEM measurements, which disclosed the presence of two
crystalline phases in aero-ZnS.

The spectrum is dominated by the first order phonon modes
at 348 cm−1 corresponding to the A1(LO) and E1(LO) phonons
of wurtzite-type ZnS with the calculated values of 347 cm−1 and
351 cm−1.50,57 A pronounced peak observed at 334 cm−1 can
be induced by the surface optical (SO) phonon, also previously
reported for rectangular ZnS and GaP nanowires, InN and GaN
nanobelts as well as for porous III-V compounds.50,55,58–62 Mod-
ulation in the nanowire growth rate can produce a modulation
in the nanowire cross-sectional area along its length and pro-
duce the Raman-active SO phonons, for example, during VLS
growth.52

Raman modes manifesting at 91 cm−1, 297 cm−1, and 513 cm−1

at the W critical point and 2[TO]X mode at 613 cm−1 and also acous-
tic modes at 177 cm−1 and 216 cm−1 can be uniquely attributed to
the sphalerite modification of ZnS.54,56

Several multiphonon modes are also observed for aero-ZnS,
which can be assigned to both crystal structures presented in the
material. A more detailed list of acquired Raman modes and their
assignments is presented in Table I. Combination modes show sig-
nificant broadening due to the complex nanostructured morphology

FIG. 5. First- and second-order Raman spectrum of aero-ZnS architectures,
measured at room temperature with excitation wavelength 488 nm.

of the aero-material, and a similar change in the spectrum occurs for
nanowires and nanocombs.50

Nanostructures and particle systems find various applications
in electronics and photonics due to the specific modulation of
bandgap and electronic transport.24,32 Recently, the development
of self-propelling liquid marbles using micro- and nanoparticles
with particular superficial properties was reported, which find

TABLE I. Raman active modes assignment. Experimental values are shown in boldface.

Uniquely assigned Common modes for sphalerite and wurtzite structures

ZnS F-43m ZnS P63mc Calc. Calc.
Expt. Calc.53,55 Expt. Calc.49 Expt. F-43m53 F-43m P63mc49 P63mc
( f, cm−1) ( f, cm−1) Assign. ( f, cm−1) ( f, cm−1) Assign. ( f, cm−1) ( f, cm−1) Assign. ( f, cm−1) assign.

1 9143 [LA-TAl]Σ 334 332.9 SO 272 271 A1(TO), Expt. 275 A1(TO), E1(TO)
Calc. 287

E1(TO) Expt. 279
Calc. 288

177 176 [2TA]X 348 349.6 A1(LO), 391 394 TO + TA]X 400 [TO + TA]M–L–H

35250 E1(LO)
216 219 [2LA]X 415 416 [TO + LA]X 414, 418 [LO + TA]L, M

297 295 2(0) at W 443 443 [LO + LA]X 443, 465 [LO + LA]L, M

513 511 2(0) at W 613 612 2[TO]X 61056 2[TO]L–K–H

60855

633 639 [LO + TO]X 645 [LO + TO]H, M, L

666 665 2[LO]Γ 680 [2LO]H–K
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potential applications as microfluidic reactors. In particular, liquid
marbles (LM) attract high interest for applications as bioreactors
for 3D cell growth, mass transportation, and toxin reduction.20,63

Liquid marbles are individual droplets of the solution covered with
hydrophobic micro- or nanoparticles. The flexible shell has pores
that allow the gas outlet from the LM. In previous studies, com-
binations of nanoparticles with alcohol solutions have been uti-
lized for the preparation of LM. One can mention polytetrafluo-
roethylene based LM embedding cell culture medium, LM based
on Fe3O4 nanoparticles embedding H2O2 or aqueous solutions of
dyes, LM based on Au nanoparticles encapsulating Resazurin alco-
hol solution, aero-GaN LM with alcoholic solution, and LM based on
lycopodium pollen and fumed fluorosilica with aqueous solution of
camphor oil.14,19,20,63 The self-driven locomotion of LM is explained
in terms of Marangoni solutocapillary flows and formation of Lei-
denfrost contact, which lifts LM above the liquid surface with a vapor
interlayer. The flexible shell of LM based on micro-/nanoparticles
contains pores with micro-/nano-dimensions. The porous shell
allows evaporation of the volatile compound from the droplet in
different directions with various velocities, leading to Marangoni
flows. These asymmetrical flows induce the directed translational
motion for marbles with symmetrical shapes or rotational motion
for the asymmetrical ones.14,19 The formation of Marangoni flows
and their impact on the self-driven motion of liquids covered in
a hydrophobic shell was demonstrated by Bormashenko et al. by
means of high frequency thermal imaging.19 It is notable that liq-
uids separated by the LM’s shell do not mix and only gas exchange
occurs.64,65

In the current study for the LM preparation, we used alcohol
solution droplets of low and high viscosity covered by hollow ZnS
micro-tetrapods, similarly to our previous report.14 A liquid droplet

was placed onto the aero-ZnS tetrapod bed and rolled over to obtain
the full coverage of its surface [Figs. 6(a) and 6(c)]. In the process
of liquid marble formation, the individual aero-tetrapods touch the
water surface with three of their arms, and the process continues
until the whole surface of the liquid droplet is covered with ZnS aero-
tetrapods. The density of the tetrapods in the network increases,
and the aero-ZnS shell becomes mechanically more stable (due to
the mutual interpenetration of the tetrapods) after a part of the liq-
uid evaporates and the volume of the liquid marble shrinks. The
shell of the liquid marble is characterized by a high degree of poros-
ity determined by the inner diameter of the hollow tetrapod arms
(about 2 μm) and the distance between arms of neighboring aero-
ZnS tetrapods, which is up to several tens of micrometers. In order to
observe the rotational motion of the droplet, it was slightly deformed
from spherical geometry and placed on the surface of distilled water
[Fig. 6(c)]. The aero-ZnS material demonstrates highly hydrophobic
behavior, a drop of water placed on the pressed pill of aero-tetrapod
structures discloses a contact angle of 118○, measured by the sessile
drop technique [Fig. 6(b)]. While Fig. 6(b) shows the hydrophobic
properties of aero-ZnS, the material exhibits hydrophilicity when
being removed from the water surface. The detachment force of
aero-ZnS from the water surface was estimated by using the follow-
ing strategy. A sample of aero-ZnS was placed on one arm of two
communicating vessels made from glass, while the other arm was
used to pour water until it reached the surface of the highly porous
aero-ZnS specimen. Subsequently, the water was slowly removed
from the free arm using a syringe. Videos 1 and 2 (see the supple-
mentary material) demonstrate how the aero-ZnS specimen holds
a 3.3 cm long water column attached to the bottom surface of the
aero-ZnS. In the experiment, the liquid was gradually removed from
the right arm until it was detached from the bottom surface of the

FIG. 6. (a) A water droplet rolling onto
an aero-ZnS tetrapod bed, (b) contact
angle measurement between a water
drop and aero-ZnS surface, (c) a liq-
uid droplet encapsulated by an aero ZnS
network on the water surface, and (d)
time dependency of speed of rotational
motions of the self-propelled aero-ZnS
liquid marbles.
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aero-ZnS specimen in the left arm. Taking into account the differ-
ence in the water levels at the point of detachment and the inner
diameter of communicating glass tubes (33 mm and 4 mm, respec-
tively), the force of detachment was estimated to be as high as
4.03 mN (meaning a specific force or tensile strength of
32 mN cm−2). The LM placed on the distilled water surface imme-
diately starts fast rotational motion. The process of motion was
recorded with a high-resolution, high-speed digital camera and fur-
ther analyzed. The LM’s motion on water was investigated dur-
ing 45 min [Fig. 6(d)]. The maximum angular velocity of an alco-
hol solution droplet covered by aero-ZnS attained the value of
0.6 rot s−1. During the 45 min time span, the rotation speed dropped
down to 0.35 rot s−1. This rotational speed proofs to be about
an order of magnitude higher than that inherent to LM based on
lycopodium and fluorosilica powder but at the same time is smaller
than the rotational speed reported for aero-GaN liquid marbles.14,19

After all the liquid from the marbles has been evaporated, the
self-assembled structure was contacted with silver paint and the
electrical and photoelectrical characterizations in air and vacuum
at room temperature have been performed. As shown in Fig. S5,
the environment influences upon the electrical and photoelectrical
characteristics of the material. In particular, since aero-ZnS is char-
acterized by high specific surface-area, adsorption of gas molecules
in air leads to different time dependences of the photocurrent when
measured in air and vacuum.

CONCLUSIONS

In conclusion, we developed a new aero-material consisting
of hollow ZnS micro-tetrapods obtained by the template assisted
approach using HVPE. Two potential synthesis routes have been
investigated, and their intermediate stages and the final product, a
new form of aero-ZnS material, were examined by SEM and TEM
as well as Raman spectroscopy. Elemental analysis of the aero-ZnS
material by x-ray spectroscopy and energy-filtered TEM indicated
the complete conversion of CdS into a pure phase ZnS material;
however, residual oxygen was probed presumably by stemming from
a chemically stabilized ultra-thin layer of the ZnO template. Atomic
structure observations demonstrated a structural polytypism of
wurtzite and sphalerite crystal structures in ZnS. The wurtzite struc-
ture is evidenced to be the majority component in aero-ZnS by elec-
tron diffraction experiments even though sphalerite is the most ener-
getically favorable modification in the bulk. This observation can be
related to the nanoscale phenomenon observed in ZnS nanowires
as well. The described aero-ZnS material exhibits an extremely low
density of 5.6 mg cm−3 and dual hydrophilic/hydrophobic prop-
erties, where the outer wall surface demonstrates hydrophobicity,
while the inner wall surface demonstrates hydrophilicity. These
properties open perspectives for micro-fluidic applications of aero-
ZnS, which have been tested on an asymmetrically shaped liquid
marble system to achieve rotational motion attaining speeds as high
as 0.6 rot s−1.

SUPPLEMENTARY MATERIAL

See the supplementary material for the EDX chemical analysis
of different steps of aero-material preparation and the XRD pattern
of aero-ZnS, the micrograph and selected area electron diffraction

(SAED) showing the direction of the ZnS wall etching, the results
of the electrical and photoelectrical characterization of aero-ZnS at
room temperature in air and vacuum, and the access links to videos
demonstrating the hydrophilicity of aero-ZnS.
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