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anobubbles: monocrystalline MOF
nanobubbles and their pyrolysis†
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Yusuke Yamauchi*bd and Ming Hu*a

While bulk-sized metal–organic frameworks (MOFs) face limits to their utilization in various research fields

such as energy storage applications, nanoarchitectonics is believed to be a possible solution. It is highly

challenging to realize MOF nanobubbles with monocrystalline frameworks. By a spatially controlled

etching approach, here, we can achieve the synthesis of zeolitic imidazolate framework (ZIF-8)

nanobubbles with a uniform size of less than 100 nm. Interestingly, the ZIF-8 nanobubbles possess

a monocrystalline nanoshell with a thickness of around 10 nm. Under optimal pyrolytic conditions, the

ZIF-8 nanobubbles can be converted into hollow carbon nanobubbles while keeping their original

shapes. The structure of the nanobubble enhances the fast Na+/K+ ion intercalation performance. Such

remarkable improvement cannot be realized by conventional MOFs or their derived carbons.
Introduction

Metal–organic frameworks (MOFs) and porous coordination
polymers represent an emerging class of crystalline porous
materials.1–4 While several interesting features, such as high
surface area and uniform arrangement of nanopores, make
MOFs attractive candidates for various applications, some
limitations are still to be overcome for these materials to reach
large-scale commercialization.5–13 When the size of a MOF
crystal decreases below a critical diameter, size-dependent
physicochemical properties become more signicant (e.g., fast
sorption rates, unusual phase-transition behaviour).14–17

Monocrystalline nanobubbles represent a special type of
capsule-like nanostructure. The size of the nanobubbles can lead
to small-scale effects. The nanoshells around the bubbles can
provide anisotropic shape-dependent properties similar to those
of nanolms, nanosheets, or nanoakes.18 The monocrystalline
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frameworks can guarantee a highly ordered crystallographic
orientation, as well as a uniform thickness. Such nanostructures
may be an ideal solution to improve the performance of MOFs
and their derived materials in electrical energy storage (EES)
applications. The synthesis of monocrystalline MOF nano-
bubbles is of great importance, and there have been several
attempts towards synthesizing MOF capsules/nanobubbles.19–26

Most of them, however, were based on aggregation or self-
assembly of MOF nanocrystals on so or hard templates
(Fig. 1a). Therefore, the obtained materials usually have poly-
crystalline frameworks or large particle size, which are not ideal
when investigating the properties of such nanoarchitectures.

Here, we demonstrate the rst synthesis of monocrystalline
MOF nanobubbles through a controlled etching approach,
which is different from the well-known templating methods,
Kirkendall effect, or Ostwald ripening.27–34 Thanks to the devel-
opment of etching techniques, the top-down fabrication of
MOFs at a macro-size scale has been well-addressed recently.31,34

From these existing methods, we are now able to work at a nano-
size scale. Protons can diffuse through the pores/channels inside
the parent nanocrystals, thus leading etching the core region
with nanoscale precision while preserving the monocrystalline
framework of the outer region (Fig. 1b). The obtained MOF
nanobubbles are of a small size, and they feature thin shells and
monocrystalline frameworks, which allows us to explore their
nanobubble-correlated physicochemical properties and extend
their range of application. The mother MOF nanoparticle and
MOF nanobubbles were pyrolyzed to convert into nanoporous
carbons (Fig. 1c and d). The carbonaceous nanobubbles possess
the structure that can change the ultra-fast Na+/K+ ion interca-
lation from battery-type to pseudocapacitor-type.35
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic illustration of the synthesis of hollow MOF crystals via traditional templating methods. (b) Schematic illustration of the
spatially controlled etching to produce monocrystalline MOF nanobubbles. The nanobubbles are less than 100 nm in size, and have a mono-
crystalline shell with a thickness less than 20 nm. (c) Schematic illustration of the pyrolysis of MOF nanocrystals and description of Na+/K+ ion
intercalation performance of the carbonized ZIF-8 nanocrystals (denoted as ‘non-hollow carbon nanoparticles’). (d) Schematic illustration of the
pyrolysis of MOF nanobubbles and description of Na+/K+ ion intercalation performance of the carbonizedMOF nanobubbles (denoted as ‘hollow
carbon nanobubbles’).
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Experimental
Synthesis of hollow ZIF-8 nanobubbles and hollow carbon
nanobubbles

Zn(NO3)2 (258 mg) and 2-methylimidazole (263 mg) were rst
mixed together. Then, methanol (40 mL) was added to dissolve
the mixed powders. The solution was stirred for 10 min, fol-
lowed by incubation at room temperature for 24 hours. The
resultant white precipitate (ZIF-8 nanocrystals) was obtained,
This journal is © The Royal Society of Chemistry 2017
washed withmethanol, and dried for further use. 2 mg of the as-
prepared ZIF-8 nanocrystals were incubated in 1 mL of a tannic
acid solution (5 g L�1) and aged for 5 min. The hollow ZIF-8
nanobubbles were collected by centrifugation and washed
with water and methanol. For pyrolysis of the ZIF-8 powders,
100 mg of the hollow ZIF-8 nanobubbles were heated at 600 �C
for 5 h under N2 atmosphere. The collected black powder was
then washed with concentrated HCl solution to completely
remove the residual Zn or ZnO. Aer washing with ethanol and
Chem. Sci., 2017, 8, 3538–3546 | 3539
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water repeatedly, the obtained black sample was nally dried
under vacuum at 100 �C.
Characterization

Transmission electron microscope (TEM) observations were
performed using a JEOL 2100F TEM system operated at 200 kV.
The morphologies were observed by a Hitachi SU-8000 eld
emission scanning electron microscope (SEM) at an acceler-
ating voltage of 5 kV. Wide-angle powder X-ray diffraction
(PXRD) patterns were obtained with a Rigaku Smartlab
diffractometer with monochromated Cu Ka radiation (40 kV, 40
mA) at a scanning rate of 1� min�1. Nitrogen adsorption–
desorption data were obtained with an Autosorb IQ Gas Sorp-
tion System at 77 K. Zeta-potential measurements were per-
formed with a Malvern Zetasizer Nano ZS. Fourier transform
infrared (FTIR) spectra of the samples were obtained with
a FTIR spectrophotometer (Varian 7000).
Electrochemical measurements

All the electrochemical measurements were carried out using
coin cells (CR 2032). The working electrode was fabricated by
mixing 80% as-prepared materials, 10% carbon black, and 10%
poly(vinylidene diuoride) (PVDF) in N-methyl-2-pyrrolidone
(NMP). The slurry was coated onto Cu foil and dried at 100 �C
for 15 h in a vacuum oven. The mass loading was 2 mg cm�2.
Glass bres (GF/D) from Whatman were utilized as separators.
For the sodium ion batteries, sodium metal was used as both
counter electrode and reference electrode. The electrolyte used
was 1 M NaClO4 dissolved in ethylene carbonate (EC) and
propylene carbonate (PC) (1 : 1 by volume) with 5% uorinated
ethylene carbonate as an electrolyte additive. For the potassium
ion batteries, potassium metal was used as both counter elec-
trode and reference electrode. The electrolyte used was 0.8 M
KPF6 dissolved in ethylene carbonate (EC) and diethyl
carbonate (DEC) (1 : 1 in volume). All the cells were assembled
in an argon-lled glove box with moisture and oxygen levels
below 0.1 ppm. The galvanostatic charge–discharge testing was
performed on a Land CT 2001A battery test system (Wuhan,
China). The cyclic voltammetry (CV) measurements were per-
formed on a CHI electrochemical workstation (CHI, 660E).
Results and discussion
Synthesis of the monocrystalline MOF nanobubbles

Zeolitic imidazolate frameworks-8 (ZIF-8) was selected as
a typical MOF.36 Fig. 2a and S1a† present TEM and SEM images
of the parent ZIF-8 nanocrystals, respectively. The nanoparticles
have a rhombic dodecahedral structure with truncated corners.
The average particle size was measured for over 100 particles
and was found to be around 75 nm. PXRD pattern of the
nanoparticles matches the simulated pattern of pure sodalite-
type ZIF-8 single-crystal data (Fig. S2†). The selected area elec-
tron diffraction (SAED) pattern taken from one single particle
reveals periodic spots, which can be assigned to a single-crystal
structure (Fig. 2a).
3540 | Chem. Sci., 2017, 8, 3538–3546
Aer simply immersing the parent ZIF-8 nanocrystals in
a tannic acid (C76H52O46) solution for 5 min, the centre of the
particles was adequately removed, as shown in Fig. 2b and S1b,†
indicating the occurrence of internal etching. Nanobubbles
with thin shells around 15 nm thick were obtained without any
by-products, such as irregularly etched particles. The shape and
sizes of the etched sample particles are similar to the ones from
the initial parent ZIF-8 (Fig. S1b†). Although other hollow MOF
crystals have been reported previously,19–26 the shells commonly
have a rough surface composed of aggregated nanoparticles, as
shown in Fig. 1a. In our case, the surface of the shell is smooth
and retains the parent monocrystalline nature, as conrmed by
SAED patterns (Fig. 2b). The PXRD pattern also conrms that
the obtained nanobubbles possess the same crystal structure as
the initial ZIF-8 nanoparticles (Fig. S2†). These results clearly
suggest that monocrystalline ZIF-8 nanobubbles can be ob-
tained via a chemical etching approach. This method is appli-
cable to other metal-imidazole coordinated MOFs (with the case
of ZIF-7 shown in Fig. S3†).

To understand the interaction between tannic acid and ZIF-
8, an in situ pH change of the suspension of ZIF-8 was moni-
tored (Fig. S4†). The pH value of the tannic acid solution is as
low as 3.8, suggesting that protons can be released from tannic
acid. Aer adding ZIF-8 nanoparticles, the pH value was
increased to 6.1 immediately, indicating that the protons were
captured by ZIF-8. The etching of ZIF-8 probably happens at this
stage. Then, the pH value gradually increased to 8 within
10 min. This is because of the 2-methylimidazole released from
ZIF-8 which can neutralize the protons. As the pH becomes
basic, the etching of ZIF-8 stops automatically. Considering the
short etching duration, ZIF-8 can only be dissolved partly. To
clarify why the dissolved part is mainly in the centre rather than
at the surface, the surface zeta-potentials of the non-hollow ZIF-
8 and hollow ZIF-8 were compared. The initial zeta potential of
the ZIF-8 is positive (+20 mV). Aer etching, the surface of the
particles change from positive to negative (�38 mV), indicating
that tannic acid is adsorbed. The adsorption of tannic acid is
also supported by FTIR (Fig. S5†). Vibration and stretching
bands of tannic acid are present in the spectrum recorded from
the etched ZIF-8. The bands marked by arrows come from the
adsorbed tannic acid.37

To see whether polymeric acids other than tannic acid can be
employed to fabricate hollow ZIFs, polymaleic acid and hya-
luronic acid were employed. In the presence of polymaleic acid,
ZIF-8 particles are etched but the shapes are not well-dened
(Fig. S6†). The shells are partly destroyed, because the etching
cannot be conned in the centre of ZIF-8. The reason is prob-
ably that the polymaleic acid cannot coat on the surface of ZIF-8
uniformly owing to the linear conformation of the molecule and
the scarcity of hydroxyl groups. In the case of hyaluronic acid,
the ZIF-8 nanoparticles cannot be etched at all (Fig. S7†). The
reason is that hyaluronic acid cannot provide enough protons to
induce disassociation of ZIF-8.

To demonstrate whether the stability of MOFs against
protonation is a critical factor, we further applied this tannic
acid etchingmethod for other MOFs such as MIL-101 or UIO-66.
Both MIL-101 and UIO-66 are stable in acid solution. Aer
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 From left to right, illustration, TEM image, SAED pattern, and particle size distribution (with shell thickness for nanobubbles) of the (a)
parent ZIF-8 nanocrystals, (b) ZIF-8 nanobubbles after etching, (c) carbonized ZIF-8 nanocrystals (non-hollow carbon nanoparticles), and (d)
carbonized ZIF-8 nanobubbles (hollow carbon nanobubbles). The scale bars in all the images correspond to 100 nm. The SAED patterns were
collected from individual nanocrystals/nanobubbles. The size–distribution profiles were analysed by counting 100 nanocrystals/nanobubbles.
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etching, the nanocrystals remain unaffected (Fig. S8 and S9†).
The absence of internal cavity conrms that the weak stability of
MOFs is critical for this technique to be successful.

In other words, tannic acid acts as a protecting agent as well
as an etching agent, while ZIF-8 provides the necessary triggers
to interrupt the etching automatically. Tannic acid releases
protons (pKa ¼ 10)37 to penetrate the surface and reach the
central region of the ZIFs through the interconnected pores/
channels to dissolve the core. In the meantime, the planar
conformation and abundance of hydroxyl group allow the
molecules to be adsorbed on the surfaces of the ZIF nano-
particles uniformly. Since tannic acid is too large to penetrate
the MOFs, the adsorbed molecules can cover most of the
surface, thus protecting the outer region of the crystals. The fast
This journal is © The Royal Society of Chemistry 2017
etching takes place inside the nanocrystals, thereby leading to
monocrystalline MOF nanobubbles. The released organic
ligand from ZIF-8 raises the pH and stops the etching before
reaching complete dissolution. Such cooperation between ZIF-8
and tannic acid is crucial for obtaining a precise and uniform
etching.

Conversion of ZIF-8 nanobubbles into hollow carbon
nanobubbles

To evaluate the correlation between the nanostructure and the
electrochemical properties of the ZIF-8 nanobubbles, the solid-
state conversion of ZIFs can bemodelled. Solid-state pyrolysis of
MOFs has been recently recognized as critical for their appli-
cations.11–14 Compared materials prepared from other sources,
Chem. Sci., 2017, 8, 3538–3546 | 3541
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solids derived from ZIFs show attractive properties, such as
high porosity and electrochemical activity.7–10 Here, nanoporous
carbons are prepared by pyrolyzing the parent ZIF-8 nano-
crystals and nanobubbles, as illustrated in Fig. 1c and d and 2c
and d.

The ZIF-8 nanocrystals and nanobubbles are carbonized
under the same conditions (at 600 �C under N2 atmosphere),
followed by an extensive etching of the remaining Zn species
with a HCl solution. Elemental analysis conrms that both the
samples are converted into carbonaceous materials. The prod-
ucts are mainly composed of carbon and nitrogen, while
hydrogen is present as well. Fig. 2c and d show the TEM images
of both samples aer pyrolysis. Both samples retain a similar
morphology to the initial ZIF-8 nanocrystals and nanobubbles.
Hereaer, the carbons derived from the parent ZIF-8 nano-
crystals are denoted as “non-hollow carbon nanoparticles”,
while the carbons derived from the ZIF-8 nanobubbles are
denoted as “hollow carbon nanobubbles”. The particle size and
shell thickness distributions are shown in the rightmost
column. The average size of both non-hollow carbon nano-
particles and hollow carbon nanobubbles is around 60 nm (with
a shell thickness of around 10 nm for the nanobubbles). The
thickness and particle size are slightly reduced compared to the
parent ZIF samples, because of the removal of Zn and carbon-
ization of the organic components.

PXRD proles of both carbonaceous samples are shown in
Fig. 3a, conrming that both samples are amorphous, although
partly graphitized. A broad peak is centred at 24.1� for the non-
hollow carbon nanoparticles and at 21.8� for the hollow carbon
nanobubbles, as shown by the arrows in Fig. 3a. Each peak
come from the graphitic domain of their respective sample.
This shi suggests that the interlayer spacing of the graphitized
Fig. 3 (a) Wide-angle PXRD patterns, (b) Raman spectra, and (c) N2

adsorption–desorption isotherms of the non-hollow carbon nano-
particles and hollow carbon nanobubbles. The pore size distribution of
the hollow carbon nanobubbles is calculated by the non-local density
functional theory (NLDFT) method, as shown in the inset of (c).

3542 | Chem. Sci., 2017, 8, 3538–3546
layers in both samples is different. According to the (002) peak,
the average interlayer distance increased from 0.35 nm for the
nanoparticles to 0.41 nm for the nanobubbles. The Raman
spectra of both samples exhibit broad disorder-induced D-band
and in-plane vibrational G-band (Fig. 3b). The integral intensity
ratio (IG/ID) of the hollow carbon nanobubbles is 1.06, which is
smaller than the value for the non-hollow carbon nanoparticles
(1.13). The lower value of IG/ID for the nanobubbles suggests
a lower degree of graphitization, which matches their larger
interlayer spacing.38 There are several possible reactions that
occur during the carbonization process, such as the generation
of gases, the movement of carbon, nitrogen, and hydrogen
atoms, and the re-formation of graphitic structure. The mobility
of carbon atoms inside the monocrystalline ZIF-8 nanobubbles
during pyrolysis is probably limited by the connement in two-
dimensional space. Therefore, the degree of graphitization for
the hollow carbon nanobubbles is lower.

N2 adsorption–desorption isotherms were collected to
compare the porosity of both samples (Fig. 3c). A large increase
at low relative pressure (P/P0 < 0.1) indicates the presence of
micropores. A clear hysteresis loop is observed for the hollow
carbon nanobubbles, suggesting the presence of a signicant
amount of randomly arranged mesopores. The specic surface
areas are �900 m2 g�1 for the non-hollow carbon nanoparticles
and �700 m2 g�1 for the hollow carbon nanobubbles. The pore
size distribution for the hollow carbon nanobubbles shows
micropores (less than 2 nm), small-sized mesopores (�6 nm),
and large-sized mesopores (i.e., hollow cavity size, �40 nm), as
shown in the inset of Fig. 3c. Small-sized mesopores are prob-
ably formed due to the diffusion of protons during the etching
process.
Electrochemical performance

Nanoporous carbons have been widely utilized in various
applications.39–41 Recently, they have also been recognized as
promising anode materials for sodium ion batteries, which are
considered as a potential alternative to the lithium ion battery
because of the global abundance and low cost of their main
components.42–45 To evaluate the electrochemical performance
of the hollow carbon nanobubbles, half-cell tests of sodium ion
battery were carried out.

The shape of the CV curves and the kinetics of the ion
storage are two characteristics which are necessary to assess to
distinguish the intercalation behavior.35,46 A battery-type inter-
calation usually results in a CV curve with signicant faradaic
redox peaks, while a pseudocapacitor-type intercalation has
a quasi-rectangular curve. The kinetics during the ion interca-
lation can be described as i ¼ Cvb, where i is the current (A), C
and b are adjustable values, and v is the sweep rate (mV s�1).46 In
the case of battery-type intercalation, the kinetics is hyperbolic
(b < 1), while for the pseudocapacitor-type intercalation, the
kinetics is liner (b ¼ 1). The pseudocapacitor-type ion storage
can allow a faster insertion/extraction of ions than the battery-
type intercalation, and can thus benet from fast electro-
chemical energy storage. Herein, we have investigated the shape
of the CV curves and added the kinetic information obtained
This journal is © The Royal Society of Chemistry 2017
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from sweep voltammetry of the hollow and non-hollow mate-
rials (Fig. 4a–d and S10†).

The CV curves of the non-hollow carbon nanoparticles are
shown in Fig. 4a and S10.† Redox peaks can be observed in the
range of 1.5–3.0 V and 0.0–0.5 V. In contrast, the CV curves of
the hollow carbon nanobubbles exhibit a stable quasi-
rectangular-shape (Fig. 4b).46 The ion storage kinetics of both
materials are also distinct. The kinetics of the hollow carbon
nanobubbles and of the non-hollow carbon nanoparticle can be
tted with i ¼ Cv and i ¼ Cv0.3, respectively. All these results
suggests that the hollow carbon nanobubble have a pseudo-
capacitor-type ion storage, while the non-hollow carbon nano-
particles seem to adopt a battery-type ion intercalation.

The capacitor-type intercalation behaviour of the hollow
carbon nanobubbles is interesting because it offers high levels
of charge storage within a short period.46 Herein, enhanced rate-
performance is achieved by using the hollow carbon nano-
bubbles as a negative electrode. Charge/discharge proles of the
hollow carbon nanobubbles measured between 0.001 and
3.000 V versus Na+/Na at 50 mA g�1 are shown in Fig. S11.† The
rst charge and discharge exhibit specic capacities of 260 and
380 mA h g�1, respectively. At a low current density (50 mA g�1),
the hollow carbon nanobubbles and non-hollow carbon nano-
particles almost deliver the same capacity (about 240 mA h g�1,
see Fig. 4e). When the current density is increased up to 15 000
mA g�1, however, the capacity of the hollow and non-hollow
structures drop down to 90 mA h g�1 and 4 mA h g�1,
Fig. 4 CV curves of (a) the non-hollow carbon nanoparticles and (b) hol
sweeping rate of 5 mV s�1. (c) CV curves of the hollow carbon nanobub
40mV s�1. (d) The dependence of anodic and cathodic current (at 2 V) on
hollow carbon nanobubbles and non-hollow carbon nanoparticles. The
density of 50 mA g�1 before testing at the current density of 10 000 mA

This journal is © The Royal Society of Chemistry 2017
respectively, thus showcasing the superior charge storage ability
of the nanobubbles.

The hollow carbon nanobubbles also show superior cycling
stability at a high current density (10 000 mA g�1) (Fig. 4f). The
electrode containing the hollow carbon nanobubbles delivers
a discharge capacity of 100 mA h g�1 in the rst cycle, and
remains unchanged aer 1000 cycles. The coulombic efficiency
approaches 99% over 1000 cycles (Fig. S12†). The samples were
observed by TEM aer 1000 charge/discharge cycles (Fig. S13†).
Clearly, both the hollow and non-hollow carbons are stable
during the electrochemical testing. Therefore, the signicant
differences in the rate-performance and cycling stability
between the two samples are not caused by differences in the
stability of thematerials, but can be explained by the correlation
between the sodium storage behaviour and the nanostructure.

To highlight the correlation between the high-rate perfor-
mance and the sodium storage behaviour of the hollow carbon
nanobubbles, the charge/discharge proles of the hollow
carbon nanobubbles and non-hollow carbon nanoparticles at
various current densities are shown in Fig. 5a and b. The hollow
carbon nanobubbles can maintain their capacitor-type behav-
iour upon increasing the current density from 50 to 15 000 mA
g�1. The non-hollow carbon nanoparticles show typical battery-
type behaviour, which is normal for the intercalation of Na+

ions. The pseudocapacitor intercalation behaviour is the reason
for such high-rate performance in the hollow carbon nano-
bubbles. The elemental mapping of sodium suggests that a high
low carbon nanobubbles between 1 and 3 V (vs. Na+/Na) at a potential
bles between 1 and 3 V (vs. Na+/Na) at various rate in the range of 5–
scanning rate. (e) Rate performance and (f) cycling performance of the
electrodes were firstly activated by charging/discharging at a current
g�1, then tested between 0.001–3 V (vs. Na+/Na).
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Fig. 5 Galvanostatic charge/discharge curves of (a) the non-hollow
carbon nanoparticles and (b) the hollow carbon nanobubbles between
0.001 and 3.000 V (vs. Na+/Na) at various current densities, ranging
from 50 to 15 000mA g�1. (c) Elemental mapping of sodium content in
the non-hollow nanoparticles and the hollow nanobubbles after
insertion of Na+ ions at a current density of 10 000 mA g�1. The red
pixels represent sodium. (d) Rate capability for hard carbon,42

expanded graphite,11 hollow carbon nanowires,41 hollow carbon
nanospheres,44 and our non-hollow carbon nanoparticles and hollow
carbon nanobubbles.
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density of Na+ ions penetrates uniformly the entire hollow
carbon nanobubble structure, even at current density as high as
10 000 mA g�1, while only few ions can be found in non-hollow
carbon nanoparticles aer insertion (Fig. 5c). This is a direct
evidence of the achievement of high capacity retention at
current densities higher than 1000 mA g�1 (Fig. 5d). Compared
with other carbons (hard carbon,43 expanded graphite,15 hollow
nanowires,42 hollow nanospheres45), our hollow carbon nano-
bubbles show competitive and promisingly high capacity.

Analogically, potassium ion batteries are also known for
being a sustainable alternative to lithium ion batteries.
Although K+ ions are bigger than Na+ ions, their stronger
interaction with graphitic carbon can be a motivating factor for
combining them with carbon-based anodes.11–13,47 Our hollow
carbon nanobubbles show promising performance when
implemented in such devices (see Fig. S14 and S15†). To
demonstrate the potential of the hollow carbon nanobubbles
for K+ ion insertion/extraction, half-cell tests are performed.
Fig. S14a† shows the CV curves of the hollow carbon nano-
bubbles and the non-hollow nanoparticles. The formation of
SEI lms can be deduced from the appearance of an irreversible
peak at 0.75 V for both samples. Aer the rst cycle of interca-
lation, the CV curve of the hollow carbon nanobubbles presents
a quasi-rectangular shape, corresponding to pseudocapacitor
behaviour. In contrast, the CV curve of the non-hollow carbon
nanoparticles has a broad redox peak in the voltage range from
2 to 3 V. Charge/discharge proles measured between 0.001 and
3.000 V vs. K/K+ at 50 mA g�1 are shown in Fig. S14b.† The rst
charge capacity of the hollow carbon nanobubbles (330 mA h
g�1) is signicantly larger than the capacity of the nanoparticles
3544 | Chem. Sci., 2017, 8, 3538–3546
(200 mA h g�1), thus highlighting their stronger interactions
with K+ ions.

The rate performance of the hollow carbon nanobubbles is
also higher than that of the non-hollow carbon nanoparticles,
similarly to the Na+ ion battery tests. When the current density
increased up to 2 A g�1, the retained capacity of the hollow
carbon nanobubbles is 100 mA h g�1, while the non-hollow
carbon nanoparticles could only deliver a capacity of around
20mA h g�1 (Fig. S14c†). The good cycling stability of the hollow
carbon nanobubbles at a high current density (1000 mA g�1) is
shown in Fig. S14d.† The electrode containing the hollow
carbon nanobubbles delivered a capacity of 130 mA h g�1 in the
rst cycle and retained a reversible capacity of 100 mA h g�1

aer 50 cycles. The non-hollow carbon nanoparticles showed
a capacity of 25 mA h g�1 in the rst cycle and a retained
capacity of 20 mA h g�1 aer 50 cycles.

The promising rate-performance and cycling stability of the
hollow carbon nanobubbles can be attributed to their capacitor-
type behaviour as demonstrated by the charge/discharge
proles at various current densities. The curves of the hollow
carbon nanobubbles retain their capacitor-type shape when the
current density is increased from 50 up to 2000 mA g�1

(Fig. S15a and b†). The curves of the non-hollow carbon nano-
particles have a plateau, suggesting a typical battery-type
behaviour, which is normal for the intercalation of K+ ions.
The pseudocapacitor K+ ion intercalation behaviour of the
nanobubbles is similar to their Na+ ion intercalation behaviour,
which demonstrates that the hollow nanostructure facilitate
fast ion storage. This property is responsible for their good rate-
capacity compared to previously reported carbon materials
(Fig. S15c†).

We further utilized the hollow and non-hollow carbon
nanoparticles as host for sulphur in Li–S battery. The electrode
using hollow carbon nanobubbles shows an improved cycling
stability than the electrode made by non-hollow nanoparticles
(Fig. S16†). Such a result suggests that the hollow structure has
the ability to enhance the performance of nanoporous carbons
for Li–S battery.

Conclusions

Here, we have reported a spatially controlled etching strategy to
prepare monocrystalline ZIF nanobubbles. The nanoetching
strategy can be extended to many other MOFs, with various size
or shape and with interconnected pores/channels, respective to
the parent material. The direct carbonization of MOF nano-
bubbles is used as a simple and exible pathway to fabricate
hollow carbon nanobubbles. With traditional approaches, the
shapes and structures of the hollow MOFs are limited. In
contrast to the previous methods, the present work represents
a promising strategy to fabricate nanosize monocrystalline
hollow MOF nanobubbles. Our hollow carbon nanobubbles
have signicant advantages for EES applications. Although
several approaches have been reported for hollow nanoporous
carbons, such uniformlysized hollow nanobubbles with thin
shells have never been reported. The commonly employed
templating methods are complicated and usually involve
This journal is © The Royal Society of Chemistry 2017
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template functionalization (e.g., silica spheres), deposition of
precursors, carbonization, template removal, and activation of
the obtained carbons. In our case, the hollow carbon nano-
bubbles can be easily prepared through carbonization of the
hollow MOF nanobubbles. Interestingly, the nanobubble
structure sets the Na+/K+ ion intercalation in MOF-derived
carbons to a pseudocapacitor-type. Ion intercalation is slow in
most batteries, but fast ion storage does occur through surface
redox reactions or ultrafast ion intercalation in pseudocapaci-
tors.46 The nanobubbles not only have a nanosize diameter (<70
nm), but also have a thin shell structure (around 10 nm in
thickness), promoting a shorter diffusion pathway and more
easily accessible surfaces for ions than the corresponding non-
hollow nanoparticles. In this work, the intercalation of the Na+/
K+ ions in the nanobubbles can be fast, leading to a capacitor-
type intercalation behaviour. These results demonstrate that
nanoshell-dependent electrochemical properties constitute an
exciting alternative to achieve superior battery performance.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No. 21401056). V. M. thanks the
Japan Society for Promotion of Science (JSPS) for providing the
JSPS standard postdoctoral fellowship.

Notes and references

1 S. R. Batten and R. Robson, Angew. Chem., Int. Ed., 1998, 37,
1460–1494.

2 M. Eddaoudi, J. Kim, N. Rosi, D. Vodak, J. Wachter,
M. O'Keeffe and O. M. Yaghi, Science, 2002, 295, 469–472.

3 S. Kitagawa, R. Kitaura and S. Noro, Angew. Chem., Int. Ed.,
2004, 43, 2334–2375.

4 K. Liang, R. Ricco, C. M. Doherty, M. J. Styles, S. Bell,
N. Kirby, S. Mudie, D. Haylock, A. J. Hill, C. J. Doonan and
P. Falcaro, Nat. Commun., 2015, 6, 8.

5 H. C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012, 112,
673–674.

6 Y. Takashima, V. M. Martinez, S. Furukawa, M. Kondo,
S. Shimomura, H. Uehara, M. Nakahama, K. Sugimoto and
S. Kitagawa, Nat. Commun., 2011, 2, 8.

7 (a) M. Hu, J. Reboul, S. Furukawa, N. L. Torad, Q. M. Ji,
P. Srinivasu, K. Ariga, S. Kitagawa and Y. Yamauchi, J. Am.
Chem. Soc., 2012, 134, 2864–2867; (b) J. Tang and
Y. Yamauchi, Nat. Chem., 2016, 8, 638–639; (c)
R. R. Salunkhe, C. Young, J. Tang, T. Takei, Y. Ide,
N. Kobayashi and Y. Yamauchi, Chem. Commun., 2016, 52,
4764–4767; (d) R. R. Salunkhe, Y. V. Kaneti, J. Kim,
J. H. Kim and Y. Yamauchi, Acc. Chem. Res., 2016, 49,
2796–2806.

8 H. L. Jiang, B. Liu, Y. Q. Lan, K. Kuratani, T. Akita,
H. Shioyama, F. Q. Zong and Q. Xu, J. Am. Chem. Soc.,
2011, 133, 11854–11857.

9 V. Malgras, Q. M. Ji, Y. Kamachi, T. Mori, F. K. Shieh,
K. C. W. Wu, K. Ariga and Y. Yamauchi, Bull. Chem. Soc.
Jpn., 2015, 88, 1171–1200.
This journal is © The Royal Society of Chemistry 2017
10 J. K. Sun and Q. Xu, Energy Environ. Sci., 2014, 7, 2071–2100.
11 Y. Wen, K. He, Y. Zhu, F. Han, Y. Xu, I. Matsuda, Y. Ishii,

J. Cumings and C. Wang, Nat. Commun., 2014, 5, 4033.
12 Z. Jian, W. Luo and X. Ji, J. Am. Chem. Soc., 2015, 137, 11566–

11569.
13 W. Luo, J. Wan, B. Ozdemir, W. Bao, Y. Chen, J. Dai, H. Lin,

Y. Xu, F. Gu, V. Barone and L. Hu, Nano Lett., 2015, 15, 7671–
7677.

14 S. Diring, S. Furukawa, Y. Takashima, T. Tsuruoka and
S. Kitagawa, Chem. Mater., 2010, 22, 4531–4538.

15 S. Furukawa, J. Reboul, S. Diring, K. Sumida and S. Kitagawa,
Chem. Soc. Rev., 2014, 43, 5700–5734.

16 D. Tanaka, A. Henke, K. Albrecht, M. Moeller, K. Nakagawa,
S. Kitagawa and J. Groll, Nat. Chem., 2010, 2, 410–416.

17 A. Carne, C. Carbonell, I. Imaz and D. Maspoch, Chem. Soc.
Rev., 2011, 40, 291–305.

18 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva and A. A. Firsov,
Science, 2004, 306, 666–669.

19 Z. C. Zhang, Y. F. Chen, S. He, J. C. Zhang, X. B. Xu, Y. Yang,
F. Nosheen, F. Saleem, W. He and X. Wang, Angew. Chem.,
Int. Ed., 2014, 53, 12517–12521.

20 R. Ameloot, F. Vermoortele, W. Vanhove, M. B. J. Roeffaers,
B. F. Sels and D. E. De Vos, Nat. Chem., 2011, 3, 382–387.

21 A. Carne-Sanchez, I. Imaz, M. Cano-Sarabia and D. Maspoch,
Nat. Chem., 2013, 5, 203–211.

22 M. L. Pang, A. J. Cairns, Y. L. Liu, Y. Belmabkhout, H. C. Zeng
and M. Eddaoudi, J. Am. Chem. Soc., 2013, 135, 10234–10237.

23 F. Zhang, Y. Y. Wei, X. T. Wu, H. Y. Jiang, W. Wang and
H. X. Li, J. Am. Chem. Soc., 2014, 136, 13963–13966.

24 H. Kim, M. Oh, D. Kim, J. Park, J. Seong, S. K. Kwak and
M. S. Lah, Chem. Commun., 2015, 51, 3678–3681.

25 Y. F. Yang, F. W. Wang, Q. H. Yang, Y. L. Hu, H. Yan,
Y. Z. Chen, H. R. Liu, G. Q. Zhang, J. L. Lu, H. L. Jiang and
H. X. Xu, ACS Appl. Mater. Interfaces, 2014, 6, 18163–18171.

26 H. J. Lee, W. Cho and M. Oh, Chem. Commun., 2012, 48, 221–
223.

27 S. E. Skrabalak, J. Y. Chen, Y. G. Sun, X. M. Lu, L. Au,
C. M. Cobley and Y. N. Xia, Acc. Chem. Res., 2008, 41,
1587–1595.

28 Z. Y. Wang, L. Zhou and X. W. Lou, Adv. Mater., 2012, 24,
1903–1911.

29 F. Caruso, R. A. Caruso and H. Mohwald, Science, 1998, 282,
1111–1114.

30 M. H. Oh, T. Yu, S. H. Yu, B. Lim, K. T. Ko, M. G. Willinger,
D. H. Seo, B. H. Kim, M. G. Cho, J. H. Park, K. Kang,
Y. E. Sung, N. Pinna and T. Hyeon, Science, 2013, 340, 964–
968.

31 M. Hu, Y. Ju, K. Liang, T. Suma, J. Cui and F. Caruso, Adv.
Funct. Mater., 2016, 26, 5827–5834.

32 Y. D. Yin, R. M. Rioux, C. K. Erdonmez, S. Hughes,
G. A. Somorjai and A. P. Alivisatos, Science, 2004, 304, 711–
714.

33 Q. Zhang, T. R. Zhang, J. P. Ge and Y. D. Yin,Nano Lett., 2008,
8, 2867–2871.
Chem. Sci., 2017, 8, 3538–3546 | 3545

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04903f


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
01

7.
 D

ow
nl

oa
de

d 
on

 3
/2

8/
20

26
 7

:5
1:

55
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
34 C. Avci, J. Arinez-Soriano, A. Carne-Sanchez, V. Guillerm,
C. Carbonell, I. Imaz and D. Maspoch, Angew. Chem., Int.
Ed., 2015, 54, 14417–14421.

35 (a) V. C. Chen, Y. Wen, X. Hu, X. Ji, M. Yan, L. Mai, P. Hu,
B. Shan and Y. Huang, Nat. Commun., 2015, 6, 6929; (b)
P. X. Wang, S. Kajiyama, H. Iinuma, E. Hosono, S. Oro,
I. Moriguchi, M. Okubo and A. Yamada, Nat. Commun.,
2015, 6, 6544.

36 K. S. Park, Z. Ni, A. P. Cote, J. Y. Choi, R. Huang, F. J. Uribe-
Romo, H. K. Chae, M. O'Keeffe and O. M. Yaghi, Proc. Natl.
Acad. Sci. U. S. A., 2006, 103, 10186–10191.

37 (a) M. Arshad, A. Beg and Z. A. Siddiqui, Angew. Makromol.
Chem., 1969, 7, 67–78; (b) A. E. Hagerman, Tannin
Handbook, Miami University, Oxford OH, 2002.

38 A. C. Ferrari and J. Robertson, Phys. Rev. B: Condens. Matter
Mater. Phys., 2000, 61, 14095–14107.

39 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845–854.
40 J. Liang, X. Du, C. Gibson, X. W. Du and S. Z. Qiao, Adv.

Mater., 2013, 25, 6226–6231.
3546 | Chem. Sci., 2017, 8, 3538–3546
41 J. Liu, N. P. Wickramaratne, S. Z. Qiao and M. Jaroniec, Nat.
Mater., 2015, 14, 763–774.

42 Y. L. Cao, L. F. Xiao, M. L. Sushko, W. Wang, B. Schwenzer,
J. Xiao, Z. M. Nie, L. V. Saraf, Z. G. Yang and J. Liu, Nano Lett.,
2012, 12, 3783–3787.

43 S. Komaba, W. Murata, T. Ishikawa, N. Yabuuchi, T. Ozeki,
T. Nakayama, A. Ogata, K. Gotoh and K. Fujiwara, Adv.
Funct. Mater., 2011, 21, 3859–3867.

44 D. A. Stevens and J. R. Dahn, J. Electrochem. Soc., 2000, 147,
1271–1273.

45 K. Tang, L. J. Fu, R. J. White, L. H. Yu, M. M. Titirici,
M. Antonietti and J. Maier, Adv. Energy Mater., 2012, 2,
873–877.

46 (a) V. Augustyn, J. Come, M. A. Lowe, J. W. Kim,
P.-L. Taberna, S. H. Tolbert, H. D. Abruna, P. Simon and
B. Dunn, Nat. Mater., 2013, 12, 518–522; (b) P. Simmon,
Y. Gogotsi and B. Dunn, Science, 2014, 343, 1210.

47 Z. Jian, Z. Xing, C. Bommier, Z. Li and X. Ji, Adv. Energy
Mater., 2016, 6, 1501874.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc04903f

	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f

	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f

	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f
	Hollow carbon nanobubbles: monocrystalline MOF nanobubbles and their pyrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/c6sc04903f


