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A family of microscale 2 × 2 × 2 Pocket Cubes†

Minahi S. Aldossary,‡a Jian Zhu,‡a Rakesh R. Porobb and Da Deng *a

Hierarchical microscale materials have received much attention recently. They can find many important ap-

plications, including wastewater treatment and energy storage. However, it is still a challenging task to fac-

ilely synthesize microscale structures with good size distribution, unique structures and, particularly, tun-

able composition. Herein, we have prepared a family of 2 × 2 × 2 Pocket Cube-like hierarchical

microparticles, with different chemical compositions, including bimetal hydroxide (ZnSnĲOH)6), mixed bi-

metal oxide and metal oxide (Zn2SnO4&SnO2), carbon coated bimetal oxide and metal (Zn2SnO4&Sn@C),

all with the same overall mesoscale microstructures. This family of microscale Pocket Cubes, with different

chemical compositions and their associated different physiochemical properties, may offer a set of func-

tional materials for many applications. In order to demonstrate their potential applications, we have prelimi-

narily studied their performances in rechargeable batteries and water remediation. Interestingly, these

selected Pocket Cubes are electrochemically active toward the reversible storage of both sodium and lithium

with comparable performances to those nanoparticles reported, although their sizes are remarkably large

on the microscale. We found that the shapes of the microparticles can influence their photocatalytic per-

formances. Our preliminary results suggest that this family of microscale Pocket Cubes, with further opti-

mization and improvement, can find many promising applications, including wastewater treatment and

energy storage.

1. Introduction

Design and synthesis of microscale functional materials have
been attracting much attention in recent years. Microscale
functional materials, with tunable morphologies and struc-
ture dependent properties, may offer paradigm shifts in many
applications, including energy storage,1–3 wastewater treat-
ment,4 chemical sensors,5–7 catalysis,8 drug delivery,9 etc.
However, it is still a challenging task to facilely prepare a fam-
ily of uniquely structured microscale materials with the same
overall morphology and good size distribution, but with dif-
ferent chemical compositions. This family of microscale mate-
rials can offer customized materials, and their tunable prop-
erties can meet the requirements for various applications.
Recently, significant progress has been achieved in the prepa-
ration of functional microscale materials. For example,
CuO@ZnO microcubes were prepared via a two-step solution

route and were proved to be the superior materials for p-type
gas sensor application;10 hollow Li1.2Mn0.5Co0.25Ni0.05O2

microcubes were prepared via a template method and show
good electrochemical performance as cathode materials for
Li-ion batteries;1 microstructured Zn2SnO4 was prepared by a
hydrothermal method, demonstrating its improved photovol-
taic and photoreduction performances.11 We have been work-
ing on the design and synthesis of microscale materials for
battery applications, including the microscale cubes of
Zn2SnO4 based electrode materials, achieving improved volu-
metric capacities.12

Besides its application in batteries, the semiconductor
Zn2SnO4, which has a band gap energy (Eg) of 3.6 eV (same as
that of SnO2),

13–15 can be potentially used in other applica-
tions, including photocatalysis.8 Zn2SnO4 has been prepared
by a hydrothermal method,8 thermal evaporation method,16

electrodeposition,17 and high temperature solid-state reaction
method.18 Most of the reported Zn2SnO4 materials are on the
nanoscale. Interestingly, the preparation of Zn2SnO4 on the
microscale with good size distribution is relatively rare. It is
still a challenging task to facilely prepare Zn2SnO4 with
unique structure on the microscale under mild conditions.
Given that Zn2SnO4 and SnO2 have the same band gap, it is
believed that their composite, Zn2SnO4/SnO2, may offer new
properties due to synergistic effects.19 For example, Zn2SnO4/
SnO2 could have a lower band gap than pure Zn2SnO4.

20

Therefore, it will be interesting to explore facile procedures of
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synthesizing Zn2SnO4/SnO2 based microscale composites and
their derivatives.

Herein, we report the facile synthesis of a family of Pocket
Cube-like microstructures via a simple procedure. We dem-
onstrate that Pocket Cubes of (1) crystalline ZnSnĲOH)6, (2)
mixed metal oxide Zn2SnO4&SnO2 nanoparticles as the build-
ing units, (3) mixed metal oxide and a metal encapsulated in
carbon Zn2SnO4&Sn@C nanoparticles as the building units,
and (4) carbon bubbles as the basic building units could be
facilely prepared. This family of Pocket Cubes, with different
chemical compositions but with similar microscale struc-
tures, can offer a series of microscale materials for potential
applications. We preliminarily demonstrated that this family
of Pocket Cubes, although on the microscale instead of nano-
scale, can be employed for energy storage in rechargeable
lithium and sodium ion batteries, and as photocatalysis for
water treatment.

2. Experimental section
Preparation of Pocket Cubes of ZnSnĲOH)6

The Pocket Cubes of ZnSnĲOH)6 particles were synthesized by
co-precipitation at room temperature. Typically, a calculated
amount of ZnCl2 and SnCl4 was added into 50 mL ethanol
under stirring, forming a solution with a concentration of
0.025 M and 0.045 M for ZnCl2 and SnCl4, respectively. Then,
50 mL NaOH aqueous solution (0.32 M) was added into the
mixed solution dropwise under vigorous stirring. After fur-
ther stirring for one hour, the solution was maintained at
room temperature for 24 hours without stirring. A white pre-
cipitate was collected by centrifugation and washed with wa-
ter and ethanol three times to remove any residual ions. The
ZnSnĲOH)6 precursor powder was then dried in a conven-
tional oven at 100 °C overnight.

Preparation of Pocket Cubes of Zn2SnO4&SnO2

Typically, the Pocket Cubes of the ZnSnĲOH)6 precursor were
heated at 800 °C at a ramping rate of 20 °C min−1 in air to
obtain the Pocket Cubes of Zn2SnO4&SnO2 nanoparticle
aggregates.

Preparation of Pocket Cubes of Zn2SnO4&Sn@C

The Pocket Cubes of Zn2SnO4&SnO2 were treated by chemical
vapor deposition (CVD) at 650 °C for 1 h in a tube furnace
with a flow of mixture gas (10% acetylene as the carbon
source balanced by argon) at 100 sccm to obtain the Pocket
Cubes of Zn2SnO4&Sn@C. Acetylene can reduce SnO2 into
metallic Sn, which is well documented. Argon was used in
the heating and cooling processes.

Preparation of Pocket Cubes of C nanobubbles

Pocket Cubes of C nanobubble assemblies were prepared by
removing the carbon encapsulated Zn2SnO4&Sn nanoparticles
from concentrated HCl acid (12 M) for 2 days and thoroughly
washed.

Materials characterization

X-ray diffraction (XRD) was carried out using a Rigaku
SmartLab X-ray diffractometer, with Cu Kα radiation (λ =
0.15418 nm) at a scanning speed of 4.0 degrees per minute.
The morphology of the products was characterized using
field emission scanning electron microscopy (JSM-7600
FESEM, equipped with Pegasus Apex 2 integrated EDS, with
an accelerating voltage of 15 kV) and by transmission
electron microscopy (JEOL 2010 TEM instrument, with an ac-
celerating voltage of 200 kV). Thermo-gravimetric analysis
(TGA) was performed under an argon atmosphere at a
heating rate of 10 °C min−1 (TA instrument SDT Q600).

Evaluation of photocatalytic activity

Methylene blue (MB), as the model for organic chemical con-
taminant, was dissolved in DI-water to prepare a blue color
aqueous solution (6 μM). 60 ml of the MB solution was
stirred for 10 minutes in the dark before adding the catalysts.
Then, 60 mg of the as prepared Zn2SnO4&SnO2 microparticle
powder was added into the solution and stirred for 15 min in
the dark to establish the adsorption and desorption equilib-
rium. The mixture was kept stirring for the entire experi-
ment. At time zero (after the equilibrium was established),
the photocatalytic treatment was started by turning on the
UV light (ACE photochemical apparatus equipped with a 450
watt UV light source). 2 mL of the solution under the expo-
sure to UV light was taken out every three minute and ana-
lyzed using UV-vis spectrophotometers (Shimadzu2600) and
poured back after the measurement.

Evaluation of electrochemical performance

For Na-ion batteries, the as-prepared Pocket Cubes of carbon
bubbles as the building units (90 wt%) were mixed with 10
wt% of polyvinylidene fluoride (PVDF) in N-methylpyrrolidone
(NMP) to prepare a slurry. Note: no carbon black as a conduc-
tivity enhancer was used. The slurry was coated on a Cu disc
current collector. The coated Cu disc was dried in a vacuum
oven at 80 °C overnight. The as-prepared electrodes as the
working electrodes were assembled in CR2032 coin-type cells
in an argon-filled glove box, with a metallic Na disc as the
counter electrode, NaClO4 (1 M) in a mixture of ethylene car-
bonate (EC) and diethyl carbonate (DEC) (1 : 1, v/v) as the
electrolyte, and a Celgard 3501 PP membrane as the separa-
tor. The as-assembled Na-ion batteries were tested
galvanostatically at room temperature, with a cut-off voltage
range of 0.005–2 V at currents from 25 to 300 mA g−1 using
an MTI BST8-WA battery tester. Tests for the performances in
lithium-ion batteries were carried out similarly.

3. Results and discussion
3.1. Formation of a family of 2 × 2 × 2 Pocket Cubes with
different compositions

The overall idea and the procedure under the experimental
conditions involved in each step are illustrated in Scheme 1.
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The Pocket Cubes of ZnSnĲOH)6 were prepared without any
surfactants via a simple co-precipitation method. This
method could easily produce grams of Pocket Cube
ZnSnĲOH)6 microparticles at room temperature. Simple calci-
nation in air could convert ZnSnĲOH)6 to Zn2SnO4&SnO2 via
dehydration. The CVD treatment using acetylene as the car-
bon source and reducing agent under the protection of argon
could achieve good encapsulation of the Zn2SnO4&Sn in car-
bon shells, where the metallic Sn was reduced from SnO2 un-
der CVD conditions. Carbon nanobubble aggregation was
obtained via the removal of the Zn2SnO4&Sn core by acid
wash. All the family members have the same microscale
Pocket Cube-like structures.

The chemical compositions of those selected family mem-
bers of the Pocket microcubes were characterized by XRD
(Fig. 1). All the diffraction peaks could be assigned to
ZnSnĲOH)6 (JCPDS card no. 20-1455) with no other peaks
(Fig. 1a), indicating the successful formation of the Pn3̄m cu-
bic phase ZnSnĲOH)6 with high purity. No impurity peaks as-
sociated with Zn (OH)2, SnĲOH)4, ZnO, or SnO2 were deter-
mined, suggesting that our formulated alkaline environment
using an excess amount of OH− and room temperature reac-
tions could help to avoid the formation of those impurities.
The simple reaction can be described as:

Sn4+
(aq) + Zn2+

(aq) + 6OH−
(aq) → ZnSn(OH)6↓ (1)

In Fig. 1(b), all diffraction peaks in the XRD pattern for
the calcinated sample can be assigned to the Fd3̄m cubic
phase Zn2SnO4 (JCPDS card no. 24-1470) and P42/mnm tetrag-
onal phase SnO2 (JCPDS card no. 41-1445). XRD analysis sug-
gests the complete conversion of ZnSnĲOH)6 into Zn2SnO4

and SnO2 under heat treatment. The reaction is as follows:

2ZnSn(OH)6 → Zn2SnO4 + SnO2 + 6H2O (2)

The TGA analysis of the precursor, the Pocket Cubes of
ZnSnĲOH)6, from room temperature to 900 °C range at a
heating rate of 10 °C min−1, further confirmed the as-
proposed decomposition reaction (2) under heat treatment
(Fig. S1 in the ESI†). The TGA curve involves an initial weight
loss of 1.8 wt% below 200 °C corresponding to the removal of
the absorbed and adsorbed water and ethanol. After the ini-
tial weight loss, a sharp decrease in the mass starting at
∼200 °C and ending at ∼280 °C was observed, which could
represent the dehydration of the precursor, ZnSnĲOH)6, with
the loss of water. The total weight loss between 200 °C to 600
°C was calculated to be 19.26 wt%, which agrees closely with
the theoretical weigh loss (18.87 wt%) of reaction (2). There-
fore, the TGA analysis also indirectly evidenced that the as-
prepared Pocket Cubes of ZnSnĲOH)6 is highly phase pure.

In Fig. 1(c), the XRD patterns of the Pocket Cubes of
Zn2SnO4&Sn@C obtained through the CVD treatment of
Zn2SnO4&SnO2 under acetylene clearly show the presence of
metallic Sn. The distinguishable peak at around 26°, for
SnO2 (110) in Fig. 2(b), almost disappeared after the CVD
treatment. Instead, the characteristic peaks at 31° and 32° as-
sociated with metallic Sn (JCPDS card no. 04-0673) appeared
after the CVD treatment. This suggests that SnO2 was re-
duced to Sn by acetylene through the CVD process. Acetylene
with reducing capacity can transform SnO2 into metallic Sn
under such CVD conditions.21–23 No peak of carbon was ob-
served, indicating that the as-coated carbon was mainly
amorphous. Based on the broadness of the diffraction peaks,
the grain sizes of those samples can be roughly estimated
using the Scherrer equation. The estimated crystalline size

Scheme 1 Schematic of the flow chart for the synthesis of a family of Pocket Cubes with different compositions and building units: Pocket
microcubes of (a) ZnSnĲOH)6 prepared by co-precipitation, (b) mixed oxides of Zn2SnO4&SnO2 obtained by calcinating (a) in air, (c) Zn2SnO4&Sn@C
obtained by the CVD treatment of (b), and (d) hollow carbon nanobubble assemblies obtained by the acid-removal of the Zn2SnO4&Sn core from
(c). Their nanosized building units were enlarged beneath those microparticles to illustrate their porous nature.

Fig. 1 XRD patterns of the Pocket Cubes of the (a) ZnSnĲOH)6
precursor, (b) Zn2SnO4&SnO2 particle aggregates obtained via
calcination of (a), and (c) Zn2SnO4&Sn@C obtained via the CVD
treatment of (b).
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for the Pocket Cubes of ZnSnĲOH)6 after co-precipitation is
about 50 nm; after calcination, Zn2SnO4 and SnO2 have a size
of 23 nm and 13 nm, respectively; and after the chemical va-
por deposition treatment, Zn2SnO4 and Sn have a size of 27
nm and 19 nm, respectively.

3.2. Morphology of the 2 × 2 × 2 Pocket Cubes of ZnSnĲOH)6

The morphology and sizes of the Pocket Cubes of the
ZnSnĲOH)6 precursor particles were thoroughly characterized
by FESEM, as shown in Fig. 2. The low-magnification FESEM
images clearly show the unique microscale structures, similar
to Pocket Cubes, with 8 corners. The average size is approxi-
mately 1.5 μm (Fig. 2a and b). A cave at the center of one
facet of the Pocket Cube structure was observed (Fig. 2c). To
the best of our knowledge, this unique Pocket Cube-like
structure of ZnSnĲOH)6 with a microscale size has not been
reported before. Most of the reported ZnSnĲOH)6 have spheri-
cal or polyhedral structures, such as cube and octahedrons,
and typically have nanoscale sizes.24,25 The surface of the

ZnSnĲOH)6 precursor is relatively smooth on the microscale
(Fig. 2d). Microparticles with sharper features of Pocket
Cubes were observed (Fig. S2 in the ESI†). The Pocket Cubes
with different degrees of maturity were observed as well (Fig.
S3 in the ESI†).

3.3. Tuning the morphologies of the ZnSnĲOH)6
microparticles

Experimentally, we could tune the morphologies of those
microparticles by changing the experimental conditions. For
example, microsized particles with the shapes of cube, trun-
cated cube, cubic frame and Pocket Cube were successfully
synthesized (Fig. 3). At low concentrations of SnCl4 at 0.025
M and ZnCl2 at 0.05 M but with an abundant concentration
of NaOH at 0.32 M, mesocubes were formed (Fig. 3a).12 When
the concentrations of SnCl4 and ZnCl2 were further reduced,
truncated mesocubes were formed (Fig. 3b). Dashed lines are
provided to highlight the features of the truncated cubes in
Fig. S6 in the ESI.† The formation of truncated mesocubes
could be considered to be because the corners were etched
off by OH− to minimize the surface energy or attributed to
the slow growth in the vertices. As compared to those meso-
cubes, smaller particles were observed on the surface of those
truncated mesocubes. Interesting cubic mesoframes were
formed when the concentration of ZnCl2 was decreased while
the concentration of SnCl4 was unchanged (Fig. 3c). When
the concentration of SnCl4 was increased while the concen-
tration of ZnCl2 was unchanged, Pocket mesocubes were
formed (Fig. 3d). In order to clearly show the structural fea-
tures of those microparticles observed by SEM, we tried to
provide illustrations beneath each SEM image of the parti-
cles, as shown in Fig. 3. It should be noted that the illustra-
tions may not precisely resemble the detailed morphologies
of those particles but they do clearly outline their main fea-
tures in terms of their overall morphology differences.

The morphology differences observed could be rational-
ized. With the abundance of NaOH, the presence of soluble
Znĳ(OH)4]

2− and Snĳ(OH)6]
2− was expected in the case of the

excess amount of ZnCl2 and SnCl4 used, respectively, .24

ZnSnĲOH)6 can be selectively etched if excessive amounts of
OH− exist in the reaction system for a prolonged time.26

Fig. 2 FESEM images of the ZnSnĲOH)6 Pocket Cube precursor
prepared via co-precipitation at different magnifications: (a) overall-
view, (b) a few representative Pocket Cubes, (c) single Pocket Cube
showing the detailed structure and (d) high-magnification image
showing the building units.

Fig. 3 Morphology of ZnSnĲOH)6 could be tuned by changing the experimental conditions: (a) mesocubes; synthesis conditions: SnCl4, 0.025 M;
ZnCl2, 0.05 M; NaOH, 0.32 M; time, 23 h. (b) Truncated mesocubes; synthesis conditions: SnCl4, 0.017 M; ZnCl2, 0.025 M; NaOH, 0.32 M; time, 2 h.
(c) Cubic frames; synthesis conditions: SnCl4, 0.025 M; ZnCl2, 0.025 M; NaOH, 0.32 M; time, 2 h. (d) Pocket mesocubes; synthesis conditions:
SnCl4, 0.045 M; ZnCl2, 0.025 M; NaOH, 0.32 M; time, 24 h.
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Those species could interact with the surface of the micropar-
ticles and change their surface energy, leading to the forma-
tion of different morphologies. At the same time, different
supersaturations at the growth front also lead to the aniso-
tropic growth forming different morphologies. The prelimi-
nary experimental results suggest that one can finely control
and tune the morphologies of the final products by control-
ling the experimental conditions, including time, concentra-
tion, and temperature. Those series of samples will provide
good models to investigate the structure–property relation-
ships, particularly the effects of different exposed facets on
the interface related properties. Our ongoing efforts are to
carry out systematic studies on the effects of other experi-
mental parameters, including the reaction temperature, time
and the concentration of all the reactants involved.

3.4. Formation mechanism in Pocket Cubes of ZnSnĲOH)6

At the initial stage, nucleation takes place and ZnSnĲOH)6
nanoparticles were formed via the co-precipitation reaction
(Scheme 2a). Then, small cubic particles were formed starting
from ZnSnĲOH)6 nanoseeds under the conditions where the
supersaturation on the surface was practically constant and
equal to that in the bulk of the mother liquor (Scheme 2b).27

As a typical perovskite-structured hydroxide, the evenly dis-
tributed Sn and Zn atoms in the ZnSnĲOH)6 structure are oc-
tahedrally coordinated with O atoms and the formed polyhe-
dra sharing their O atoms as corners. ZnSnĲOH)6 with face-
centered-cubic closed packing could form a cubic structure
under the right conditions. As the crystals grow to microscale
dimensions and consume the reactants, the supersaturation
over the central parts of the faces may be lower as compared to
that over the edges and vertices, leading to the growth along
the vertices which is faster than the growth at the center of
face. Faces with a pit at the center of the face were generated
(Scheme 2c). With prolonged reaction time, progressive deep-
ening of the pit takes place by smooth curving of the face
(Scheme 2c). The proposed formation mechanism illustrated
in Scheme 2 is also supported by experimental evidence,
where small cubes and large Pocket Cubes were observed
(Fig. S3 in the ESI†). We observed that, experimentally, the
amount of metallic cations introduced could significantly de-
termine the final products in the forms of cubic structures or
Pocket Cube structures. When the concentrations of ZnCl2
and SnCl4 were the same at a ratio of 1 : 1, cubic microframes

were observed. Cubic particles are also formed in excess Zn2+

(ZnCl2 and SnCl4 at a concentration of 0.05 M and 0.025 M,
respectively). In contrast, Pocket Cubes are formed in excess
Sn4+ (ZnCl2 and SnCl4 at a concentration of 0.025 M and
0.045 M, respectively). It was reported that the concentration
of AlCl3 as additives can significantly change the morphology
of the AgCl microparticle obtained.28 In our case, the exces-
sive amount of SnCl4 could play a similar role to AlCl3 in
changing the morphology of the ZnSnĲOH)6 microparticles
obtained. However, further studies are required to gain better
formation mechanism understanding.

3.5. Morphology of the 2 × 2 × 2 Pocket Cubes of
Zn2SnO4&SnO2

Microscale Pocket Cubes of Zn2SnO4&SnO2 were obtained by
calcinating the ZnSnĲOH)6 precursor. As shown in Fig. 4, the
secondary Pocket microcube structure was maintained after
thermal decomposition. The preserved Pocket Cube-like
structure suggests good structural stability of the obtained
composites of Zn2SnO4&SnO2 under higher temperature calci-
nation (Fig. 4a and b). The depression on each facets is also
preserved (Fig. 4c), but the surface of the microstructure is
much coarser indicting that the basic building units are the
nanoparticles. The size of the primary nanoparticles is in
agreement with the estimated crystalline sizes based on the
Scherrer equation from the XRD analysis. Therefore, the
ZnSnĲOH)6 precursor can be used to generate the nanoparti-
cle aggregates with evenly distributed Zn2SnO4 and SnO2

nanoparticles as the basic building units but still with the
unique Pocket Cube-like microscale structure. The micropar-
ticles are highly porous due to the loosely aggregated nano-
particle building units in the Pocket Cubes (Fig. 4d)

3.6. Morphology of the 2 × 2 × 2 Pocket Cubes of
Zn2SnO4&Sn@C

In another example, we demonstrate that the Zn2SnO4&Sn@C
Pocket Cubes could be prepared from the highly porous
Pocket Cubes of Zn2SnO4&SnO2 nanoparticle aggregates as
the precursor. The gaps or nanopores generated between
nanoparticle aggregates can facilitate the diffusion of C2H2

gas into the microstructure. CVD was carried out to coat the
carbon layer on the secondary microstructure as well as the
primary nanoparticles. The carbon coating outside the struc-
ture can serve as the conducting layer and also buffer layer

Scheme 2 Illustration of the proposed plausible mechanism of the formation of Pocket Cubes: (a) initial nucleation forming nanoparticles; (b)
nanocubes formed based on seeded growth; (c) formation of a Pocket Cube via diffusion controlled growth leading to anisotropic growth; further
growth, Ostwald ripening and NaOH etching could all contribute to the final product Pocket Cubes.
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for energy storage applications.29 It also allows the prepara-
tion of hollow carbon structures, which have various applica-
tions such as catalyst supports,30 gas storage, coating, and
sensors, as well as in separation.31 SnO2 was reduced to me-
tallic tin by C2H2, as proved by XRD. After the CVD process,
the overall Pocket Cube-like morphology with the secondary
microstructure and primary nanoparticles was well
maintained (Fig. 5a and b). The size of the primary nano-
particles is similar to the size of the primary nanoparticle of
Zn2SnO4&SnO2 (Fig. 5c and d). A few nanorods were observed,
which might be the carbon nanorods formed with Sn as the
catalyst, which has been documented before.23,32

3.7. Morphology of the 2 × 2 × 2 Pocket Cubes of carbon
nanobubbles

Acid treatment was carried out to remove the cores consisting
of Zn2SnO4 and Sn encapsulated inside of the carbon sheath.
The derived carbon structure was revealed by FESEM (Fig. 6).
Zn2+ and metallic Sn can be removed in the form of soluble
salts ZnCl2 and SnCl2/SnCl4. H4SnO4 would form via the reac-
tion between H+ and SnO4

4+, which may further react with
HCl.33,34 After the removal of the nanoparticle core, the sec-
ondary Pocket microcube structure can still be preserved
(Fig. 6a and b). And the shape of the primary particles was
also inherited from Zn2SnO4&Sn@C, with hollow C bubbles
as the primary building units (Fig. 6c and d). The nano-
bubble structure can be more clearly revealed by TEM
(Fig. 6e and f). The whole microstructure was in shallow
color, indicating the successful removal of Zn2SnO4 and Sn
cores by acid and the formation of nanobubble assemblies
(Fig. 6e). Only a few dark dots were observed, which came
from the Zn2SnO4 or Sn nanoparticle residues. The C nano-
bubbles are 30–60 nm in size, which is similar to the size of
Zn2SnO4 and Sn calculated from XRD and Zn2SnO4&Sn@C

Fig. 4 FESEM images of the Zn2SnO4&SnO2 Pocket Cubes prepared
via the calcination of the ZnSnĲOH)6 precursor: (a) overall-view, (b) a
few representative Pocket Cubes, (c) single Pocket Cube showing the
detailed structure, and (d) high-magnification image showing the
building units.

Fig. 5 FESEM images of the Zn2SnO4&Sn@C Pocket Cubes prepared
via CVD of the Zn2SnO4&SnO2 Pocket Cubes: (a) overall-view, (b) a
few representative Pocket Cubes, (c) single Pocket Cube structure
showing the details and (d) high-magnification image showing the
building units.

Fig. 6 FESEM images of the Pocket microcubes of C nanobubble
assemblies prepared via the acid treatment of the Zn2SnO4&Sn@C
Pocket microcube: (a) overall-view, (b) a few representative Pocket
Cubes, (c) single Pocket Cube structure showing the detailed structure
and (d) high-magnification image showing the building units. (e and f)
TEM images of final product Pocket Cube-like carbon nanobubble ag-
gregates. Dashed lines in (e) highlight two carbon Pocket Cubes.
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from FESEM, and the thickness of the carbon layer is ∼3 nm
(Fig. 6f). The formation of carbon bubbles indicates that
C2H2 diffused via the nanopores, and the carbon layer was
coated on all the primary nanoparticles inside the Pocket
Cubes. Thus, we have successfully prepared C nanobubble as-
semblies which inherited the secondary Pocket microcube
structure from its precursor. This unique hierarchical micro-
structure with theoretically high surface area may favor its
application in energy storage,35 catalysis,36 drug delivery,37

etc. It is also possible to use diluted acid to partially remove
the Zn2SnO4&Sn from Zn2SnO4&Sn@C, for obtaining the sec-
ondary Pocket microcube structure with SnO2@C nano-
bubbles as the primary building units, which is part our on-
going efforts.

3.8. Photocatalytic application of the Pocket Cubes

In order to preliminarily evaluate the potential applications
of this family of Pocket Cubes, we investigated the photocata-
lytic performance of one of the family members, the Pocket
Cubes of Zn2SnO4&SnO2, in wastewater treatment (Fig. 7).
Methylene blue (MB) was selected as the model organic con-
taminant in wastewater, and it can be easily monitored in wa-
ter. UV-visible absorption spectroscopy was used to record
the photo-degradation behaviors of the microscale Pocket
Cubes of Zn2SnO4&SnO2. Fig. 7a shows the time-dependent
absorption spectra of the MB solution. The characteristic ab-
sorption of MB at approximately 663 nm was used to monitor
the photo-degradation process for MB. To reveal the degrada-
tion behavior of the Pocket microcubes, the C/C0 vs. reaction
time was plotted (Fig. 7b). Here, C0 and C are the concentra-
tions of MB at 0 minute (right before it was exposed to UV
light after being kept in the dark for 15 min). The concentra-
tion change in the dark is insignificant after 15 minute. In
contrast, the MB concentration decreased rapidly under the
UV treatment, which demonstrated the capability of the
Zn2SnO4&SnO2 Pocket microcubes to photocatalytically de-
grade MB. 91.2% of MB was degraded in just 27 minutes.
The control experiment without the presence of
Zn2SnO4&SnO2 microparticles under the same UV-light treat-

ment is shown in Fig. S4 in the ESI.† The control experiment
demonstrated that the degradation of MB without any photo-
catalyst was not significant after the same exposure time. The
lnĲC/C0) vs. t plot was linear, indicating the 1st order reaction
kinetics (Fig. 7c). The rate constant of the de-colorization (k)
was estimated to be 0.04442 min−1. This rate constant is
higher than that of Zn2SnO4 particles, k = 0.0326 min−1,38

and significantly higher than that of SnO2 quantum dots, k =
0.0002–0.0095 min−1.39 The improved performances could be
attributed to the porous nature of the mixed oxides in those
microscale Pocket Cubes. We believe that additional optimi-
zation can further improve the photocatalytic performances
of our Pocket Cubes of Zn2SnO4&SnO2 microparticles in the
treatment of other organic compounds, which will require
further studies.

3.9. Application of the Pocket Cubes in batteries

In another proof-of-concept demonstration, we investigated
another family member, the Pocket Cubes of carbon bubble
assemblies, for their application in sodium-ion batteries
(Fig. 8). Different from the Li-ion storage, no significant
amount of Na ions can be reversibly stored in graphite (less
than 5 mA h g−1), which is widely used as the anode in Li-ion
batteries.40 There is increasing interest in the development of
various types of carbon materials, besides graphite, for the re-
versible storage of Na ions. For example, hard carbon and
amorphous carbon have been reported to reversibly store a
significant amount of Na ions (more than 100 mA h g−1).40–42

Nanostructured carbon materials are promising candidates
for sodium-ion batteries.42 The Pocket Cubes of the carbon
bubble assemblies are mainly in the amorphous state, as
evidenced by the lack of graphite peaks in the XRD analysis
(Fig. 1c).43 The defects and disorders are expected to be bene-
ficial to the Na-ion storage.

The initial charge–discharge profile is shown in Fig. 8a.
The first-cycle discharge capacity (sodium insertion) was
1080 mA h g−1. However, the first cycle irreversible capacity
loss was huge, 907 mA h g−1. The first cycle Coulombic effi-
ciency was low,16%. The irreversible capacity loss is

Fig. 7 (a) UV-vis absorption spectra of the methylene blue (MB) solution (6 μM, 60 mL) in the presence of 60 mg Pocket Cubes of the
Zn2SnO4&SnO2 microparticles at an interval of 3 min after the exposure to UV-visible light, (b) MB normalized concentration vs. the treatment time
plot, and (c) photocatalytic reaction kinetics of MB with the reaction time plot.
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attributed to the high surface area and decomposition of
electrolytes at the surface of the electrodes and the formation
of solid-electrolyte interphase. The Coulombic efficiency was
improved to 99.5% at the 82th cycle, indicating the highly re-
versible sodium ion insertion and extraction (Fig. 8b). Inter-
estingly, the Pocket Cubes of the carbon bubble assemblies
demonstrated reasonable rate performance when the testing
currents were increased (Fig. 8b). The capacities measured
were 79, 72, 66, 61, and 55 mA h g−1 at the testing currents
from 25 to 300 mA g−1. The capacity was recovered to 71 mA
h g−1 after the current was changed back to 25 mA g−1. The
capacity at a high testing current of 300 mA g−1 was about
70% of the capacity obtained at an initial testing current of
25 mA g−1, indicating a relatively good rate performance. This
good rate performance may be attributed to the good electric
conductivity and interconnection of the C nanobubbles.
Other members of this family of microscale Pocket Cubes
were also preliminarily evaluated for lithium-ion batteries,
demonstrating their activity in reversible lithium ion storage
(Fig. S5 in the ESI†). Although the preliminary results suggest
that their electrochemical performances are not very good,
one should note that our Pocket Cube-like particles are on
the microscale instead of nanoscale. We believe that electro-
chemical performances of those microscale Pocket Cubes
could be further improved and optimized, which is part of
our ongoing efforts.

4. Conclusion

We report a facile procedure to prepare a family of micro-
scale Pocket Cubes of nanoparticle aggregates on a large
scale. Our results suggest that it is possible to synthesize
microscale Pocket Cubes and tune their compositions and
properties. This family of microscale Pocket Cubes of differ-
ent chemical compositions will provide a rich pool of mate-
rials to meet the demands in different applications. We pre-
liminarily demonstrated that those family members of
microscale Pocket Cubes could find applications in photo-
catalysis and batteries. Our results suggest that microscale
particles could demonstrate comparable photocatalytic prop-
erties to nanoparticles. The family of microscale Pocket
Cubes could find applications in both sodium- and lithium-

ion batteries. Our ongoing effort is to further optimize their
performances and gain better fundamental understanding.
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