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performance negative materials for
supercapacitors with excellent cycling stabilityt

{ ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 17497

Xuexia Liu, Ying Wu, Huiwen Wang, Yinfeng Wang, ©2 Chunfang Huang, Limin Liu*

and Zhijun Wang

MoOs has gained a great deal of attention as a promising electrode material in energy storage devices. In
particular, the low dimensional MoOz nanosheets coated with carbon layers are desirable electrode
materials in supercapacitors. However, the fabrication or construction of B-MoOsz with a special
morphology is difficult. Here, we report a simple solvothermal treatment method to synthesize two-
B-MoOz@C (2D B-MoOz@C)
supercapacitors, the as-prepared material displays an ultra-long lifespan with a 94% retention ratio after
50 000 cycles at 2 A g~*. The excellent cycling stability is mainly attributed to the unique 2D nanosheet
structure and the presence of the carbon layer on the surface of the nanosheet. Specifically, the

dimensional nanosheets. When used as electrode materials for

presence of the carbon layer increases the electric conductivity of MoOs, which facilitates a good access
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Accepted 16th April 2020 point for electrolyte ions and short ion diffusion paths. In addition, MoOs that has been coated with

a carbon layer can maintain a good structural stability due to the carbon layer restricting the volume

DOI: 10.1039/d0ra01258k expansion of MoOsz during the charge procedure. We believe that the present work opens a new way for
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1. Introduction

Owing to the increasingly serious problems of environmental
pollution and the energy crisis, supercapacitors have attracted
increasing attention as one of the reliable energy storage
devices. Supercapacitors have the advantages of safety, envi-
ronmental friendliness, ultrafast charge-discharge rate, high
power density and long cycling life.”* Therefore, super-
capacitors are mainly utilized in memory backups, unin-
terruptible power supplies (UPS), consumer electronics,
elevators, braking systems and hybrid vehicles. Generally,
supercapacitors are mainly classified into two categories based
on the diverse energy storage and conversion mechanisms,
namely electric double layer capacitors (EDLCs) and pseudo-
capacitors.*® The EDLCs store charge at the interfacial regions
of the electrodes through electrostatic adsorption, whereas the
charge storage for the pseudocapacitors is due to the fast-
faradic redox reactions at the surface of the electroactive
materials.”® In general, the electrode materials determine the
performance of the supercapacitors. Currently, excellent
capacitive performance has been reported intensively from
positive materials. However, negative materials still cannot
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designing the 2D layered materials with unique architectures for supercapacitor applications.

match cathodes. In addition, the cycle life is the most important
factor for the widespread application of the supercapacitors.****
In this regard, considerable efforts have been made to explore
the excellent cycling stability of negative materials for
supercapacitors.

Carbon-based materials, conducting polymers and transi-
tion metal oxides are currently the main electrode materials of
the supercapacitor. Among them, ruthenium oxide (RuO,) is
a well-investigated electrode material owing to its maximum
specific capacitance of 1300 F g~'.**"7 Nevertheless, the high
cost and toxic nature of RuO, hinder its further commercial
application.* Thus, in order to replace RuO,, various materials
such as MoOj3, NiO, Ni(OH), MnO,, FeOOH, Fe;0, and NiC0,0,
have been widely explored for supercapacitors.”>*

Among them, molybdenum trioxides (MoO;) as typical
layered transition metal oxides (TMO), have attracted numerous
interests for supercapacitors due to their high electrochemical
activity, high stability, low cost and nontoxicity. At present,
MoO; possesses three polymorphs: the thermodynamically
stable orthorhombic «-Mo00;,*** metastable monoclinic -
Mo00;,>*¢ and hexagonal h-MoOj3,”** respectively. In a 2D
nanosheet of M0O3, a layer of Mo atoms is sandwiched by two
layers of oxide atoms, and the adjacent trilayers are connected
by weak van der Waals interactions. Due to the interspacing (~6
A) between consecutive layers, MoO; is favorable for serving as
a host of electrolyte ions in electrochemical applications.?**
Therefore, MoO; has been considered one of the promising
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electrode materials for supercapacitors.***” Furthermore, the
fabrication or construction of MoO; with a special morphology
has gained a certain achievement. For instance, Wang et al.
synthesized o-MoO; nanobelts by a hydrothermal synthesis
technique and treated the sample using LiCl for lithiation.*®
Sun et al reported the synthesis of a MoO;_, nanosheet,
involving the reflux of the bulk «-MoO; precursor in water at
80 °C for 7 days.* The B-MoO; phase is believed to be superior
to a-MoO; and h-MoO; in its catalysis and electrochemical
applications,**** but there are only a few reports on the prepa-
ration of the metastable B-MoO; phase.* In this regard, it is
highly desirable to explore f-MoO; nanomaterials with a simple
and efficient method to meet the demand of high catalytic
performance energy storage devices in further commercial
applications.

However, the poor electronic conductivity and volume
expansion of MoO; during the charge process could lead to
tens of percentage capacity degradations within a few
hundred cycles, which would not meet the requirements of
the storage devices.****, Carbon-based materials could
significantly mitigate this shortcoming of the MoOj; electrode
materials and enhanced their performance.*®*” Many
MoO;@C nanomaterials have been exploited. For example,
Liu et al. have prepared arrays of vertically aligned polyani-
line (PANI) nanowires on MoOz;@polypyrrole (PPy) core-shell
nanobelts. The as-obtained MoO,/PPy/PANI composites
delivered a high energy density of 63 W h kg™ and capaci-
tance retention of 86% at 10 A g~ * after 20 000 cycles.*® It can
be clearly seen that the carbon coating strategy can achieve
high capacity and improve the cyclability of the materials.*®
Thus, B-MoO; nanomaterials coated by a carbon layer should
be the ideal electrode materials of supercapacitors.

Inspired by the above considerations, herein, we propose
a facile solvothermal strategy to prepare unique 2D B-MoO;@C
nanosheets. The 2D B-MoO;@C nanosheets exhibit large
surface areas and numerous active edge sites between the shell
and the cores, which can perfectly accommodate the large
volume expansion of the B-MoOj; cores during the charge/
discharge process. In particular, the 2D B-MoO;@C nanosheet
electrode materials exhibit remarkable cycling stability, along
with a 94% retention ratio after 50 000 cycles at 2 A g~ '. This
work sheds new light on the development of B-MoO; with high
electrochemical performance electrode materials through the
introduction of a carbon layer.

2. Experimental
2.1 Materials and methods

2.1.1 Preparation of precursors. Typically, 2.585 g of
ammonium molybdate tetrahydrate [(NH4)sMo0,0,,-4H,0] was
dissolved in 80 mL of absolute ethanol, and then the solution
was vigorously stirred for 1 h. Subsequently, the solution was
transferred into a 100 mL Teflon-lined stainless steel autoclave
and maintained at 180 °C for 20 h. After cooling naturally to
room temperature, the yellow precursor was washed with
ethanol and distilled water several times, and then dried at
60 °C for 12 h.
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2.1.2 Synthesis of 2D B-MoO;@C nanosheets. 320.0 mg of
the yellow precursor powder and 200.00 mg of dopamine (DA)
hydrochloride were dispersed into 100 mL of the Tris-buffer
solution (10 mM) in sequence. After stirring for 3 h at room
temperature, the black solid product was collected via centri-
fugation and washed separately with deionized water and
ethanol several times. The product was then dried at 70 °C for
12 h. Subsequently, the product was annealed at 500 °C for 5 h
under an Ar atmosphere with a heating rate of 2 °C min ™.
Finally, the 2D B-MoO;@C nanosheets were obtained by
centrifugation with distilled water and ethanol, and dried at
70 °C overnight. For comparison, the 2D B-MoO; without
a carbon layer was synthesized by directly annealing the yellow
precursor at 500 °C for 5 h under an Ar atmosphere with

a heating rate of 2 °C min™".

2.2 Material characterization

Thermogravimetric analysis (TGA) was carried out between 30
and 700 °C with a heating rating of 10 °C min~" in a nitrogen
atmosphere. X-ray diffraction (XRD) patterns of the products
were recorded on a D8 ADVANCE with Cu Ko radiation at
a voltage of 40 kV and a current of 40 mA over a 26 range of 10—
80°. The FT-IR spectra were obtained by a Nicolet iS10 FT-IR
(Nicolet, USA). The microscopic features of the materials were
characterized using a scanning electron microscope (SEM,
SU8020, 15 kV) and a high-resolution transmission electron
microscopy (HR-TEM, FEI Tecnai G2 F20, 200 kV). Raman
spectroscopy measurements were recorded on a spectropho-
tometer (inVia, Renishaw) with a 514 nm laser. X-ray photo-
electron spectroscopy (XPS, PHI-5000C ESCA system) with Mg
Ko radiation was used to characterize the crystallinity and
surface elemental composition of the materials. Atomic force
microscopy (AFM, Bruker Nanoscope III) was used to evaluate
the thickness of the nanosheets.

2.3 Electrochemical measurements

The as-prepared materials, acetylene black and polytetra-
fluoroethylene (PTFE) were mixed in a mass ratio of 80 : 10 : 10
in the presence of N-methyl pyrrolidinone (NMP). After being
ground for a few minutes, the slurry was uniformly pressed on
nickel foam with a 1 x 1 cm? area to form a working electrode.
After drying at 110 °C for 12 h in a vacuum oven, the total mass
of the active material on the working electrode was about 6 mg.
A three-electrode system was used for the electrochemical
performance test in 1 M KOH solution. In this system, the Ag/
AgCl electrode served as the reference electrode, and the
graphite rod was adopted as the counter electrode. Cyclic vol-
tammetry (CV) was tested using an electrochemical working
station (CHI660e, Shanghai, China) with scan rates of 5, 10, 20,
50,100 and 200 mV s~ ' in a potential range from —0.9 to —0.2 V.
Electrical impedance spectroscopy (EIS) was recorded in the
frequency range from 10 mHz to 100 kHz at an signal amplitude
of 5 mV. Galvanostatic charge/discharge (GCD) measurements
were performed at different current densities of 0.2, 0.5, 1.0, 2.0,
5.0 Ag™ ", respectively. The long-term cycle stability was tested at

This journal is © The Royal Society of Chemistry 2020
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a current density of 2.0 A g~ " using a Land Battery Measurement
System (CT 3001A, LAND, China).

The specific capacitance of the 2D B-MoO;@C nanosheets
were calculated by eqn (1) and (2) based on the CV and GCD
curves, respectively:

1
Ca =

= o a?) JIdV 1)

where m (g) is the mass of the active materials in the electrode, v
(vV's™") is the scan rate, AV (V) is the working potential window, I
(A) is the response current, and V (V) stands for the voltage.

IAt

Cp=
"IN

(2)
where C, (F g~') is the gravimetric specific capacitance, I (A) is
the discharge current, At (s) is the discharge duration, m (g) is
the mass of the active materials, and AV (V) is the discharge
potential window with the deduction of the IR drop.

To determine the energy density of the as-prepared 2D (-
MoO;@C nanosheets materials, a hybrid supercapacitor (HSC)
device was assembled using 2D B-MoO;@C nanosheets and
active carbon as the positive and negative electrodes, respec-
tively. For the HSC device, 1 M KOH was used as the electrolyte.
The negative electrode was fabricated by mingling active
carbon, acetylene black and PTFE with a massratioof8:1: 1in
NMP. The specific capacitance of the HSC was calculated
according to the GCD profiles based on eqn (2). The energy
density (E, W h kg™ ") and power density (P, W kg™ ') of the HSC
were calculated based on the following equations:

E=1Jvdt/m 3)

P = E/At (4)

where E and P are the energy density and power density of the
HSC, respectively, v (V) is the working potential window, and At
(s) is the discharge time of the HSC device.

3. Results and discussion
3.1 Synthesis of the 2D B-MoO;@C nanosheets

2D B-MoO;@C nanosheets were fabricated via a simple sol-
vothermal method, as schematically illustrated in Scheme 1. In
a typical experiment, a Mo resource was dispersed in absolute
ethanol at 180 °C for 20 h. When naturally cooled to room
temperature, the suspension color was changed to yellow
(Scheme 1b). The yellow precursor (Scheme 1c) was obtained
after centrifugation and drying. FTIR spectroscopic measure-
ments (Fig. S1t) indicate that the yellow precursor is molyb-
denum acid monohydrate. In the following step, DA could
undergo polymerization in a Tris-buffer solution to generate
polydopamine (PDA), and then molybdenum acid monohydrate
was coated with PDA (molybdenum acid monohydrate@PDA).
Finally, the 2D B-MoO;@C nanosheets (Scheme 1d and e) were
obtained via annealing in an Ar atmosphere. The carbon layer
coated on the surface of the B-MoO; nanosheets could enhance
the conductivity and restrict the large volume expansion of the
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Scheme 1 Schematic illustration showing the fabrication process of
the 2D B-MoO-z@C nanosheets.

cores. Hence, the 2D B-MoO;@C nanosheets may exhibit
excellent electrochemical performance as the electrode mate-
rials for SCs.

Scanning electron microscopy (SEM) characterization was
carried out to investigate the morphology of the as-prepared
materials. The SEM images of the as-prepared 2D -MoO;@C
(Fig. 1a—c) and 2D B-MoO; (Fig. S2a and bt) nanosheets showed
that the two materials were composed of nanosheets with
various areas. The nanosheets were tightly aggregated together
in the 2D B-MoO; nanosheets (Fig. S2at). After the coating of the
carbon layer, the nanosheets were independent of the 2D -
MoO;@C nanosheets (Fig. 1a and b), revealing more exposed
active sites in this material. In order to ascertain the thickness
of the nanosheets, AFM measurements were conducted. As
shown in Fig. S3,1 the nanosheet was very thin with a thickness
of 1.8 nm. In addition, the surfaces of the 2D B-MoO;@C
nanosheets were decorated with 30 to 200 nm carbon particles
(Fig. 1c). By comparison, the surfaces of the 2D B-MoO; nano-
sheets (Fig. S21) were smooth and flat. The carbon particles
decorated on the surfaces of the MoO; nanosheets led to the
mechanical stability of the nanocomposites, which was bene-
ficial for promoting the electrochemistry stability of the as-
prepared materials.’® The elemental mapping (Fig. 1d) of the
2D B-MoO; nanosheets indicated the uniform distribution of
the elements Mo, O and C throughout the entire nanosheets.

More details of the morphology and structure of the as-
prepared materials were further investigated by transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM). TEM images revealed that the
carbon particles were mainly dispersed on the surface of the 2D
B-MoO;@C (Fig. 1d) nanosheets, which is in accordance with
the microstructure obtained from SEM images. Fig. 1f and g
show the HRTEM images of the 2D -MoO,;@C nanosheets. The
spacing of the adjacent lattice fringes were 0.24 and 0.34 nm,
corresponding to the (112) and (011) planes of MoOs;,

RSC Adv, 2020, 10, 17497-17505 | 17499
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Fig. 1
(SAED) pattern of the 2D B-MoOz@C nanosheets.

respectively.”** This result further confirmed the crystalline
nature of -MoOj; in the 2D -MoO;@C nanosheets. Moreover,
Fig. 1g shows that the MoO; nanosheets were successfully
covered by a thin layer of carbon, and the thickness of the
carbon layer was about 2.7 nm.* By comparison, the (112) plane
also appeared in the 2D B-MoO; nanosheets, but no carbon
layer coat was detected on the surface of the 2D B-MoO;

(a—c) SEM images, (d) elemental mapping images, (e) TEM image, (f and g) HRTEM images, and (h) the selected area electron diffraction

nanosheets (Fig. S4f). The selected-area electron diffraction
(SAED) pattern of the 2D B-MoO;@C nanosheets (Fig. 1h)
displays the single crystalline nature. In addition, the mono-
clinic lattice of the nanosheets indicates the formation of B-
MoO;.

Raman spectra were recorded to further confirm the phase of
the as-prepared materials. As shown in Fig. 2a, the
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(a) Raman spectra of the 2D B-MoO3z and 2D B-MoOz@C nanosheets. (b) Raman spectra of the 2D B-MoOz@C nanosheets. (c) TGA

analysis of the 2D B-MoQs and 2D B-MoOs@C nanosheets at a temperature ramp of 10 °C min~! under a nitrogen atmosphere, and (d) XRD
patterns of the 2D B-MoOs and 2D B-MoOz@C nanosheets. The inset of (d) shows the XRD patterns of the 2D B-MoOz@C nanosheets in the

range of 12—-40°.
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Fig. 3 (a) XPS survey spectra of the 2D B-MoOz@C nanosheets. High-resolution (b) Mo 3d (c) O 1s and (d) C 1s spectra of the 2D B-MoOz@C

nanosheets.

characteristic peaks located at around 665.2, 820.7 and
993.3 ecm ™' corresponded to the M03;-O (Byg/Bsg), M0,-O (Ay/
Big) and Mo=0O0 (A4/B,,) stretching vibrations, respectively.*>**
The peaks at 1591.3 and 1349.0 cm ' in the 2D B-MoO;@C
nanosheets were ascribed to the G and D-bands of the crystal-
lization carbon, respectively. The Raman analysis results reveal
that the amorphous carbon was successfully introduced in the
composite of the 2D B-MoO;@C nanosheets, and the carbon
materials were simultaneously disordered. The peak intensity
ratio of the D-band to the G-band (referred to as Ip/I) can be
used to reflect the degree of the carbon layer graphitization.>
The Ip/Ig value of the 2D B-MoO;@C nanosheets was 0.96,
implying a high degree of graphitization in the carbon layer of
the as-prepared materials. In addition, the high degree of
graphitization is favorable for improving the electrochemical
performance of the electrode materials.> The carbon content of
the 2D B-MoO;@C nanosheets was evaluated by thermogravi-
metric analysis (TGA). According to the TGA curves (Fig. 2c), the
initial weight loss (6.6%) below 200 °C was ascribed to the
evaporation of physically adsorbed water. The second weight
loss between 300 and 500 °C can be attributed to the combus-
tion of carbon in the air. By calculation, the carbon content in
the 2D B-MoO;@C nanosheet is estimated to be 36.9%.%%°” XRD
patterns of the 2D B-MoO; and B-MoO;@C nanosheets are
presented in Fig. 2d. For the 2D B-MoO; nanosheets, the peaks
centered at 23.33°, 25.7°, 27.33°, 33.73° and 49.24° correspond

This journal is © The Royal Society of Chemistry 2020

to the (110), (040), (021), (111) and (002) planes of monoclinic B-
MoOj; (JCPDS card 47-1081).%*% The MoOg octahedron is the
basic building block that constructs each MoO; structure. o-
MoO; has a layered structure consisting of double-layers of
MoOsg octahedra along the (010) direction. However, the lower
intensity of the [010] lines in the 2D B-MoO; nanosheets further
indicates that the MoO; synthesized by the solvothermal treat-
ment method is primarily B-Mo00O;.**** This finding is consistent
with the SAED results. The extremely weak peaks of B-MoO; in
the 2D B-MoO;@C nanosheets indicate that B-MoO; has
a nanocrystalline structure in the 2D f-MoO;@C nanosheets. In
addition, the peak located at 26.5° (inset of Fig. 2d) corresponds
to the (002) planes of carbon, demonstrating the successful
introduction of the carbon layer on the surface of the 2D B-
MoOj; nanosheets.

X-ray photoelectron spectroscopy (XPS) analysis was
employed to identify the chemical state and composition of the
2D B-MoOj; and 2D B-MoO;@C nanosheet composite (Fig. 4 and
S51). The XPS spectra of the 2D B-MoOj; (Fig. S5at) and 2D B-
MoO;®@C nanosheets (Fig. 3a) revealed the presence of the Mo,
O and C elements. In addition, the C 1s XPS spectrum in the
curves confirmed that the carbon coating layers appeared in the
2D B-MoO;@C nanosheets. Fig. 3b and S5bt show the high-
resolution XPS spectra in the Mo 3d region. For the 2D f-
MoO; and 2D B-MoO;@C nanosheets, the obvious peaks at
232.5 and 235.7 eV were assigned to Mo 3ds;,, and Mo 3d;, of

RSC Adv,, 2020, 10, 17497-17505 | 17501


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01258k

Open Access Article. Published on 05 May 2020. Downloaded on 4/7/2026 4:43:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Mo®, indicating the formation of M00;.5>°%%* For the O 1s XPS
spectrum (Fig. 3c and S5ct), peaks with binding energies at
528.5, 531.8 and 533.4 eV were attributed to Mo-0O, C-O-C and
C=0, respectively.®® The C-O-C and C=0 bonds also proved
that the surface of MoO; was coated with a carbon layer.*
Finally, the C 1s XPS spectrum (Fig. 3d) was deconvoluted into
two peaks at 284.7 and 288.8 eV, which originated from the C-C
bond and C=0 bond in carbon, respectively.*®

3.2 Electrochemical characterizations of the 2D 3-MoO;@C
nanosheets

Electrochemical properties of the 2D B-MoO; and B-MoO;@C
nanosheets were examined by a three-electrode system in 1 M
KOH aqueous electrolyte. Fig. S6at and 4a show the CV curves
of the electrode materials at a scan rate from 5 to 200 mV s~ "
over the potential range of —0.9 to —0.2 V. The CV curves of the
2D B-MoO; and B-MoO;@C nanosheets showed a quasi-
rectangular shape without distinguishable redox peaks, indi-
cating the presence of an EDLC behavior.®® Furthermore, the
shape of the CV curves almost remained the same as the scan
rate increased, proving an excellent rate performance.”* The
good rate performance may also be attributed to the carbon
coated on the surface of the B-MoO; nanosheets, which can be
beneficial for fast and efficient ion transport. The areas of the
CV curves of the 2D -MoO; nanosheets were much lower than
that of the 2D B-MoO;@C nanosheets, confirming a higher
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specific capacitance of the 2D Bf-MoO;@C nanosheets. The
capacitance values of the samples calculated from the CV curves
are shown in Fig. 4b. The estimated capacitance values of the 2D
B-MoO;@C nanosheets decreased from 101.5 to 54.6 F g ' as
the scan rate increased from 5 to 200 mV s '. The higher
capacitances of 2D B-MoO;@C nanosheets at different scan
rates are ascribed to the high facilitated charge transport and
active site accessibility. Fig. S6b1 and 4c present the GCD curves
of the 2D B-MoO; and 2D B-MoO;@C nanosheets over the
potential range of —0.9 to —0.2 V at a current density from 0.1 to
5.0 A g~ respectively. The absence of a discharge platform
occurring at the discharge curves also supports the EDLC
behavior of the electrode materials. The specific capacitances of
different electrode materials at various current densities based
on the discharge curves are displayed in Fig. 4d. The 2D -
MoO;@C nanosheets delivered specific capacitance values of
80.7, 53.7, 45.7, 39.7 and 30.0 F g~ * at current densities of 0.2,
0.5, 1.0, 2.0 and 5.0 A g™, respectively. Notably, the specific
capacitances of the 2D B-MoO;@C nanosheets are much larger
than that of the 2D B-MoO; nanosheets. This is due to the fact
that the coated carbon on the surface of f-MoO; can boost the
specific capacitance of f-MoOs;. In addition, much more active
sites in the 2D B-MoO;@C nanosheets can improve the specific
capacitance of f-MoO;. The 2D B-MoO;@C nanosheets also
showed a good capacity retention value of 37% when the current
density increased from 0.2 to 5.0 A g~
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Fig.4 (a) CV curves of the 2D B-MoOs@C nanosheet at scan rates from 5 to 200 mV s™2. (b) Specific capacitances of the 2D B-MoOs and 2D B-
MoOz@C nanosheets at different scan rates. (c) Galvanostatic charge—discharge curves of the 2D B-MoO-s@C nanosheet electrodes at various
current densities ranging from 0.2 to 5.0 Ag~*in 1 M KOH solution. (d) Specific capacitance of the 2D p-MoOs and 2D B-MoOz@C nanosheets at

different current densities.
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EIS measurements are a significant parameter for investi-
gating the resistive and capacitive behaviors of the electrode
materials. High frequencies reflect the charge transfer imped-
ance R.. and an inclined line at low frequencies corresponding
to the Warburg diffusion impedance. Fig. 5a shows the Nyquist
plots of the 2D B-MoO; and 2D B-MoO;@C nanosheets over the
frequency range of 0.01 Hz to 100 kHz with an AC perturbation
of 5 mV. The plots are composed of a quasi-semicircular part at
the higher frequency region and a linear part at the lower
frequency. The diameter of the semicircle part is related to the
electron-transfer resistance (R.). Clearly, the charge transfer
impedance (R,) of the 2D B-MoO; and B-MoO;@C nanosheets
are 2.1 and 1.8 Q, respectively, indicating that the 2D (-
MoO;@C nanosheets suffered from low impedance and their
own high electrical conductivity. This can be attributed to the
introduction of the carbon layer on the surface of the 2D (-
MoO; nanosheets. The enhanced electronic conductivity may
be beneficial to increase the ion and charge transfer rates at the
interface of the electrode/electrolyte. Cyclability is a significant
property for the electrode material of the SCs. Fig. 5b shows the
cycling performances of the 2D B-MoO;@C nanosheet as the
electrode material at a current density of 2 A g~ . After 50 000
cycles, approximately 94.0% of its initial capacitance is
retained, which is superior to other formerly reported Mo-based
electrodes in the literature (Table S17). Such excellent electro-
capacitive performance is due to the 2D nanosheet structure
of the material and the existence of the carbon layer on the
surface of the materials. First, the conductive carbon layer can
promote the transportation of electrons and facilitate the
penetration of electrolyte ions. Second, the carbon layer coated
on the surface of the MoO; nanosheets can restrict the volume
expansion of MoO; during the charge procedure, which will
avoid the structural degradation of the 2D B-MoO;@C nano-
sheet. The SEM images (Fig. S7¥) prove that the 2D 3-MoO;@C
nanosheet still maintained the original nanosheet structure
after long-term cycling.

HSC was assembled to further evaluate the potential of the
prepared 2D B-MoO;@C nanosheet in practical application. The
performance was tested in a two-electrode system, and the

This journal is © The Royal Society of Chemistry 2020

operation voltage of the HSC was extended to 1.4 V. The CV curves
of the HSC at 10 to 200 mV s * are show in Fig. S8a.t At up to
200 mV's~ ', the CV curves still exhibited relatively quasi-rectangular
shape, proving the double-layer capacity of the HSC. GCD curves of
the HSC were performed at 0-1.4 V. From Fig. S8b,T the specific
capacitances based on the total active materials are calculated to be
32.7,29.1,27.1,20.9 and 17.9 A g, respectively. A capacity reten-
tion of 54.7% was obtained when the current density increased by
25 times, revealing the good rate capability characteristics of the
hybrid device. Based on eqn (3) and (4), the maximum power
density of the as-assembled HSC device could reach 131 W kg™ %,
and the corresponding energy density was 17.9 W h kg~ ". The
cycling performance of the HSC device was measured through
a GCD process at 2 A g~ *. As shown in Fig. S8c,T the capacity of the
device remained at about 96.2% of the initial value after 10 000
cycles, suggesting the excellent long cyclability of the hybrid device.

4. Conclusions

In conclusion, 2D B-MoO;@C nanosheets were prepared by
a simple hydrothermal method. The unique nanosheet struc-
tures could provide a good access point to electrolyte ions and
short ion diffusion paths, so the 2D B-MoO;@C nanosheets
exhibited EDLC characteristics and a specific capacitance of
80.7 F ¢~ ! at a current density of 0.2 A g~'. More importantly,
the coated carbon layer on the surface of the nanosheet could
provide more free space to accommodate the volume changes
and higher conductivity. As a result, 2D B-MoO;@C nanosheets
displayed superior cycling stability (94% retention after 50 000
cycles at 2.0 A g~ ). This work only researched the application of
the 2D B-MoO;@C nanosheet in supercapacitors. However, the
as-prepared materials are expected to be applicable for use in
energy storage devices, such as Li ion batteries and solar cell
devices, owing to its good electrochemical properties and low
toxicity.
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