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Black phosphorus (BP) sponges synthesized electrochemically from
bulk BP crystals comprise ultrathin (less than 4.0 nm) and large
(over tens of micrometers) BP nanosheets as the basic unit and the
semi-connected nanosheets provide open channels. The general
oxidation of BP can be prevented by well-chosen apparatus with
tetrabutylphosphonium bromide as the electrolyte. The all-solid-state
supercapacitor constructed with BP sponge as the electrode material
exhibits a high capacitance of 80 F g~ at 10 mV s%, which is much
higher than those of bulk BP crystals and BP nanosheets. The BP
sponges thus have great potential in energy storage applications.
Furthermore, the modified electrochemical method provides the
possibility for the high-quality exfoliation of other two-dimensional
layered crystals to three-dimensional architectures.

Since the successful exfoliation of graphene in 2004, two-
dimensional (2D) layered materials with unique structural
properties have attracted enormous attention especially in
energy storage and conversion."”> However, the limited number
of active sites, poor ion transport among restacked nanosheets,
and blocked electron transport in the electrode materials
have severely impaired the performance.> Construction of a
three-dimensional (3D) architecture using 2D nanosheets as
the building block has been demonstrated to be an efficient
way to exploit the impressive properties of 2D materials.* ® First
of all, by inhibiting restacking of 2D nanosheets with a large
surface-to-volume ratio, the 3D architecture provides a large
number of exposed active sites for ion absorption and reaction.
Secondly, such a 3D architecture often provides pores or
channels galore to facilitate ion diffusion and transport.
Thirdly, the interpenetrating 2D nanosheets in the 3D structure
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Conceptual insights

Black phosphorus (BP) has attracted much research interest owing to its
unique puckered two-dimensional (2D) structure, large surface area, high
carrier mobility and strong mechanical strength, especially in energy
storage and conversion applications. Construction of a three-dimensional
(3D) structure using BP nanosheets as the building block might be an
efficient way to exploit its impressive properties. However, the
construction of 3D BP is very challenging because of its sensitivity to
water, air and oxidants. In this work, a high-quality 3D BP sponge is
synthesized in 3 minutes under ambient atmosphere by using a modified
electrochemical approach. The BP sponges comprise ultrathin (less than
4.0 nm), large (over tens of micrometers), and high-quality (unoxidized)
BP nanosheets as the basic unit. The semi-connected nanosheets in the
BP sponges provide plenty of open channels, and the all-solid-state
supercapacitor constructed with the BP sponge as the electrode
material has a high capacitance.

form an interconnected scaffold providing abundant paths
for electron transport. Since the transport kinetics of ions
and electrons among the materials are key to efficient energy
storage and conversion, the design and construction of 3D
structures from 2D materials is of scientific, technological, and
commercial significance.

As an emerging 2D material, black phosphorus (BP) has attracted
much research interest in physics, chemistry, and materials
science.”® Owing to the unique puckered 2D structure, BP has
a large surface area, high carrier mobility (£ 10000 cm* V" s7),
and strong mechanical strength (~94 GPa) which are favorable
properties in energy storage and conversion applications.'®°
For instance, in lithium-ion and sodium-ion batteries, BP
has a theoretical specific capacity of 2596 mA h g~* which is
about 7 times that of graphite.>” As an anode in sodium-ion
batteries, BP nanosheets have been demonstrated to yield a
specific capacity of 1968 mA h ¢ " at 100 mA g ' and the BP
nanosheet-based supercapacitor shows a capacitance of 45.8 F g
at 10 mV s~ .>*?° Since the 3D architecture of 2D nanomaterials
is expected to deliver even better performance, the development
of a 3D BP architecture is highly desired. In recent years, several
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strategies such as hydrothermal synthesis,>® chemical vapor
deposition,® template-assisted synthesis,*® and electrospinning
have been proposed to convert 2D nanomaterials into 3D ones.
However, in spite of recent advances, construction of a 3D BP
structure is very challenging because of the sensitivity of BP to
water, air and oxidants.>*3°

In this work, a semi-connected 3D sponge comprising ultra-
thin BP nanosheets is synthesized by using a modified electro-
chemical approach, in which a special apparatus cooperating with
a well-chosen bromide electrolyte ion is involved to prevent BP
oxidation. Composed of ultrathin (less than 4.0 nm), large (over
tens of micrometers), and high-quality BP nanosheets as the basic
unit, the BP sponges have plenty of channels boding well for
electrochemical energy storage. The all-solid-state supercapacitor
composed of BP sponge electrodes has a high specific capacitance
of 80 F g~ at 10 mV s * as well as excellent stability.

The BP sponges are synthesized using a two-electrode
system under ambient conditions with bulk BP crystal as the
cathode, Pt sheet as the counter electrode, and tetrabutyl-
phosphonium bromide dissolved in N,N-dimethylformamide
(DMF) as the electrolyte (Fig. 1a) (see details in Material and
methods section). The electrochemical circuit is connected in a
H-type electrolytic cell with a cation-exchange membrane in the
middle of the bridge. In this way, the bulk BP cathode can be
separated with the Pt anode while the tetrabutylphosphonium
cations can diffuse between the two electrodes. Furthermore,
with bromine as the counter ion of quaternary phosphonium
salt, the generated oxidation product cannot react with BP units
in the synthesis process. The BP sponge is synthesized at a
constant applied bias voltage of —5 V and as shown in Fig. 1b,
the bulk BP crystal expands rapidly by ~90 times after only
3 min. It is observed that the obtianed BP structure has a
sponge-like morphology. This result might be related to the
specific electrolyte. On the one hand, there are no gas bubbles
for intercalation during the synthesis, so the BP sponge can
maintain its morphology rather than separate into small pieces.
Furthermore, since the diameter of tetrabutylphosphonium
(0.884 nm) is much larger than the interplanar spacing of BP
(0.53 nm),**~® the efficient intercalation of cations promotes
the fabrication of the sponge.

BP Sponges

Fig. 1 Synthesis of BP sponge: (a) schematic illustration of bulk BP, the
electrochemical cell, and BP sponge; (b) photographs taken at different
times during synthesis.
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Fig. 2 Characterization of BP sponge: (a and b) SEM images; (c) Raman
scattering and (d) XPS spectra (P 2p) of the BP sponge and bulk BP.

The as-generated BP sponge is characterized by scanning
electron microscopy (SEM), Raman scattering, and X-ray photo-
electron spectroscopy (XPS). As shown in Fig. 2a and b, the BP
sponge consists of large BP nanosheets reaching over dozens of
micrometers. The crumpled and layered BP units are quite
different from the heavily stacked platelets in bulk BP (Fig. S1,
ESIt). The magnified SEM images in Fig. S2 (ESIt) reveal that
the preserved nanosheets in BP sponge are ultrathin and large.
Furthermore, the semi-crosslinked 3D sponge possesses a lot of
pores and small channels among the crumpled BP nanosheets.
The large intrinsic BP nanosheets and the formed pores/chan-
nels are favorable to energy storage.

The Raman scattering spectra of the bulk BP and BP sponge
are compared. As shown in Fig. 2¢, the BP sponge exhibits three
prominent peaks at 362.2, 438.3 and 466.1 cm ' which are
attributed to the Ay, By, and Ay phonon modes, respectively.*
The in-plane and out-of-plane vibration modes indicate good
crystalline quality.”® Compared to bulk BP, the vibrational
modes blue-shift suggests reduced thickness and the presence
of few-layer BP nanosheets in the sponge.***

The composition and chemical states of bulk BP and BP
sponge are determined by XPS and the high-resolution P 2p and
O 1s spectra are displayed in Fig. 2d, Fig. S3 and S4 (ESIY),
respectively. Obviously, the BP sponge exhibits characteristic
doublets of 2p,,, at 130.53 €V and 2p;,, at 129.72 eV, which are
in accordance with those of bulk BP (130.54 eV and 129.71 eV).
The small peaks at 130.95 eV and 130.15 eV might be ascribed
to the changed P atoms at the edge of the nanosheets or the
residual tetrabutylphosphonium electrolyte.** Furthermore,
compared with bulk BP, BP sponge exhibits similar O 1s spectra
(Fig. S4, ESIT) and negligible characteristic broad peak of
phosphorus oxide (Fig. 2d and Fig. S3, ESIt). This demonstrates
that the BP sponge is not oxidized during the synthesis process.**
Even though oxidation often occurs during the exfoliation of
BP nanosheets, it does not happen here because of the H-type
electrolytic cell and the well-chosen bromide electrolyte used in
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Fig. 3 AFM image of nanosheets in BP sponge and their height profiles.

the synthesis. Being placed on either side of the H-type cell, the
bulk BP and Pt sheet are separated by a cation-exchange
membrane. As the reaction proceeds, the solution in the anode
gradually becomes orange due to the generated oxidation
product (bromine) while the cathodic solution retains the original
color (Fig. S5, ESIt). With the cation-exchange membrane as
the separator, oxidizing bromine generated at the anode is kept
away from the phosphorus source and consequently, oxidation
of BP is mitigated.

Atomic force microscopy (AFM), transmission electron
microscopy (TEM) and selected area electron diffraction (SAED)
are employed to further explore the basic unit in the semi-
connected BP sponge. The separated 2D BP samples are obtained
by sonicating small pieces of BP sponge in ethanol for 20 min. The
thickness of the BP nanosheets is investigated by AFM. As shown in
Fig. 3a, the AFM image exihibits ultrathin BP nanosheets. From
the curly and crumpled flakes, the thickness of BP ranges from
1.8 to 4.0 nm, which suggests that the BP sponge is composed
by few-layer BP nanosheets (Fig. 3b).

The thickness, morphology and crystal structure of the BP
units are further examined by TEM and the coresponding
SAED.**"’ Fig. 4a shows a typical ultrathin and large nanosheet
with obvious wrinkles. More TEM images are shown in Fig. S6
(ESIT) and the corresponding SAED patterns are displayed in
Fig. 4b and Fig. S7 (ESIt). The ultrathin BP is revealed by
forbidden reflections such as (010) and (110). As shown by the
simulated SAED patterns (Fig. S8, ESIY), the (010) reflection
indicates single-layer BP and the high-intensity (110) reflection
confirms the presence of single-layer BP nanosheets.*” The
high-resolution TEM images of the BP nanosheets are in good
agreement with the above results. Fig. 4c and d show lattice
fringes of 0.28, 0.34, and 0.44 nm. This atomic arrangement is
very different from that of the orthometric structure of multi-
layered BP but matches that of single-layer BP (Fig. 4e and f).*
These results show that the semi-connected BP sponge is
composed of ultrathin BP nanosheets, among which some
single-layer BP nanosheets exist.

Since the BP sponges contain ultrathin and large BP nano-
sheets and plenty of channels, good energy storage properties are
expected. For verification and demonstration, an all-solid-state
supercapacitor composed of the BP sponge electrode (BP-ASSP)
is prepared as shown in Fig. 5a. In brief, the BP sponge is cut
into small pieces and suspended in ethanol. After spreading on
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Fig. 4 Characterization of the nanosheets in BP sponge: (a) TEM image;
(b) SAED pattern; (c) HR-TEM image; (d) magnified HR-TEM image;
schematic atomic structures of (e) multilayer and (f) single-layer BP.
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Fig. 5 Synthesis and performance of the BP-ASSP: (a) schematic illustra-
tion of the fabrication process; (b) cyclic voltammograms acquired
at different scanning rates; (c) mass capacitances calculated from
the CV curves at different scanning rates; (d) galvanostatic charging/
discharging curves obtained at different current densities; (e) cycle stability
for 15000 cycles at a scanning rate of 100 mV s~
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the Au-coated PET substrate, the BP sponge electrodes are
infiltrated with a gel electrolyte of poly(vinylalcohol)/phospho-
ric acid (PVA/H;PO,).*® The two electrodes are pressed together
to fabricate a sandwiched all-solid-state supercapacitor. The
assembly is carried out under ambient conditions (see details
in Material and methods section). From the cross-section SEM
image of the electrode, the thickness of BP is found to be
~4 pm (Fig. 89, ESIT). And the amount of BP in the electrode is
estimated to be 50 pug cm > by using elemental analysis.

The performance of BP-ASSP is evaluated by cyclic voltammetry
(CV). As shown in Fig. 5b, the CV curves at scanning rates between
10 and 100 mV s show characteristic rectangular electro-
chemical double-layer capacitance curves. The corresponding
mass capacitances of BP-ASSP at the different scanning rates are
given in Fig. 5¢c. At a scanning rate of 10 mV s~ ', the BP-ASSP has a
specific capacitance of 80 F g~ . Although the calculated capaci-
tance decreases as the scanning rate increases, a high capacitance
of 28 F g~ is still observed at 100 mV s~ .

The galvanostatic charging/discharging (GCD) curves of the
BP-ASSP at various current densities are presented in Fig. 5d.
The GCD curves show typical electrochemical double-layer
capacitance characteristics with a triangular shape indicating
the good charge diffusion at the BP nanosheet/H;PO, interfaces
during adsorption/desorption. The cycling ability is crucial in
practice for supercapacitors and the BP-ASSP is assessed at a
high scanning rate of 100 mV s™'. The specific capacitance
retention is 80% after 15000 charging/discharging cycles con-
firming the good reversibility (Fig. 5e).

The excellent performance of BP sponge in the all-solid-state
supercapacitor is possibly due to the following factors. Firstly, in the
BP sponge, the ultrathin nanosheets provide a large ratio of exposed
atoms and high carrier mobility. Secondly, the basic BP unit in the
sponge is of high-quality and has a large size up to a few tens of
micrometers thus facilitating the interfacial electron transfer
kinetics since the high energy barriers among the individual
nanosheets are remitted. Thirdly, the channels and pores in the
BP sponge benefit electrolytic diffusion and promote ion transport.
In contrast, the all-solid-state supercapacitors comprising bulk BP
or 2D BP nanosheets as the electrode materials have much lower
mass current densities (Fig. S10 and S11, ESIt) further illustrating
the superiority of the BP sponge.

Conclusions

In conclusion, 3D semi-connected BP sponges are synthesized
by a rapid and simple electrochemical technique in 3 min
under ambient atmosphere. The as-generated sponge consists
of large (over tens of micrometers) and ultrathin (less than
4.0 nm) BP nanosheets and the semi-connected nanosheets
provide plenty of open channels. Although BP is very reactive,
oxidation does not occur during synthesis due to the special
apparatus and the well-chosen bromide electrolyte ion. As an
electrode material in the all-solid-state supercapacitor, the BP
sponge has a specific capacitance of 80 F g~ ' at 10 mV s~ ' which
is much higher than those of bulk BP and 2D BP nanosheets.
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The high-quality BP sponges have great potential in energy
storage applications and will accelerate the development
of BP-based technologies. In addition, the modified electro-
chemical method provides a possibility for the exfoliation of
other two-dimensional layered crystals to three-dimensional
architectures.

Materials and methods
Synthesis of BP sponges

The BP sponges were synthesized by a simple electrochemical
method. It was performed using an IT6123B direct-current
power supply in an H-type electrolytic cell with the bulk BP
crystal as the cathode, platinum plate as the anode, and DMF
containing 0.05 M tetrabutylphosphonium bromide as the
electrolyte. The cathode and anode were separated by a
cation-exchange membrane. The cell voltage was 5 V and after
3 min, the synthesized BP sponges were taken out and rinsed
with DMF, acetone, n-hexane, and ethanol several times to
remove impurities.

Preparation of the PVA/H;PO, electrolyte

PVA (1 g) was dispersed in deionized water (10 mL) and heated
to 90 °C under continuous stirring until a clear solution was
obtained. During the cooling process, 2 g of analytical reagent
H3;PO, was gradually dropped into the solution under stirring
and the gel electrolyte was a colorless and clear solution.

Preparation of all-solid-state supercapacitor devices

A PET substrate coated with 60 nm Au served as the current
collector. Copper sheets were adhered to the edge of the
Au-coated PET with silver plastic. A BP sponge was cut into
small pieces and dispersed in ethanol. The suspension was
spread on the Au-coated PET substrate and after evaporation of
ethanol, the BP sponge electrode was covered by the PVA/H;PO,
electrolyte with a dosage of 20 uL cm 2. The PVA/H;PO, coated
electrode was left under ambient conditions for infiltration.
The excess water was removed by freeze drying. Two pieces of
the BP sponge electrode were pressed together to form the
sandwich device. After being encapsulated in epoxy resin, the
device was used for further electrochemical measurements.

Calculation of capacitance

The specific capacitance of the device was calculated from the
CV curves with the following eqn (1):

Cn = Ji(V)dV/mzzAV (1)

where Ci, refers to the mass capacitance of the device, m is the
mass of the electrode material, v is the scanning rate, and AV is
the potential window (V).
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