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In this paper, the MnO,/three-dimensional carbon nanotubes-graphene nanocomposite was synthesized
on Cu foil substrate by chemical vapor deposition and subsequent thermal decomposition of manganese
acetyllacetonate precursors. The nanocomposite material was directly used as a binder-free electrode to
investigate the supercapacitive performance. The results indicate that the appropriate defects and MnO,
nanoparticles are introduced simultaneously into the carbon nanotubes-graphene architecture in one-
step. The specific capacitance of MnO,/three-dimensional carbon nanotubes-graphene/Cu electrode is
up to 365 Fg~! at a current density of 1 Ag~! in 1.0 M Na,SOy4 solution, which is 9 times higher than that
of electrode without MnO, modification. After 1000 cycles at 1Ag~!, the capacity retention is still
maintained at 97.0%, suggesting potential applications in high-performance energy storage devices. The
excellent electrochemical performances of nanocomposite electrode can be attributed to the significantly
synergistic effects between the lasting electronic conductivity of three-dimensional carbon nanotubes-

graphene/Cu with the appropriate defects and the pseudocapacitance of the MnO; nanoparticles.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Energy storage materials and technology have become one of
the most important topics with the utilization of mobile electronic
devices and the development of renewable energy sources in
recent years [1—3]. As the most important electrochemical energy
storage devices, supercapacitors have been widely investigated
because of their low cost, high power density, long cycle life, and
fast dynamic responses. Carbon-based nanomaterials such as car-
bon nanotubes (CNTs) and graphene have been extensively used as
the effective electrodes of electrochemical double-layer capacitors
(EDLCs), owing to high specific surface area, excellent electrical
conductivity, high mechanical strength, and good electrochemical
stability in a large variety of electrolytes [4—6]. Especially, the
flexible lightweight carbon-based supercapacitors would satisfy
the implantable and wearable electronics in the future [7-9].
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Recent studies have indicated that three-dimensional CNTs-gra-
phene (3D CNTs-G) architecture with a covalently bonded junction
is a promising candidate for application in energy storage, elec-
tronic devices and environment due to desirable out-of-plane
transport and mechanical properties [10—15]. However, the most
of the reported hybrid structures demonstrated the low surface
area utilization efficiency due to morphologies of bundles [16], fi-
bers [17] and carpets [18,19] assembled by single nanotubes under
van der Waals interactions, which could make it difficult to perform
better on electrochemical energy storage. Recently, some works
have been made to address this problem. Zhang et al. [20] reported
that the vertically aligned multi-walled CNT carpets were split and
expanded by potassium vapor. The split CNT carpets exhibited the
enhanced electrochemical performance with better specific
capacitance in a supercapacitor owing to the increased surface
areas for ion accessibility. Shi et al. [21] introduced the defects on
the surface of CNT forest by annealing in air. The defective CNT
forest demonstrated a hydrophilic surface that is easier to contact
with the electrolyte, and thus improving the electrochemical
performance.

Incorporating transition-metal oxides such as MnO; [22—25],
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Co304 [26], NiO [27], and NiCo204 [28] into 3D CNTs-G hybrid
material has been considered to be another effective way to
improve the specific capacitance of carbon-based electrodes,
because of their large theoretical faradic pseudocapacitance.
Among these available pseudocapacitive materials, MnO; is
particularly attractive for application due to its natural abundance,
low cost, high capacitance and environmental compatibility. The
incorporation of a, f, vy and d structured MnO; on CNTs can be
realized through chemical co-precipitation, electrophoretic, elec-
trochemical deposition and thermal decomposition [29—33].
Thermal decomposition is a facile route to prepare MnO,-CNTs
composite electrodes. Fan et al. [34] reported that MnO, was syn-
thesized and dispersed on CNT matrix by thermal decomposing
Mn(NOs3),. Recently, Cui et al. [35] prepared the uniformly
dispersed Mn30O4 nanoparticles within CNT array by thermal
decomposition of Mn(CH3COO),-4H,0. The maximum specific
capacitance of the composite electrode reached to 143 Fg~! at scan
rate of 2mV s~ L The specific capacitance retained 77—81% of the
original value after 1000 cycles at a scan rate of 50 mV s~ .

In light of the above considerations, the electrochemical per-
formance of 3D CNTs-G hybrid materials could be enhanced from
morphologies and structures (dispersion, defects) of CNTs-G, and
modification of metal oxides. However, most of the reports
involved the two steps including surface oxides in acid solution or
in air at elevated temperatures, and the subsequent composite
process. So far, no method has been reported to simultaneously
introduce the numerous defects and MnO; nanoparticles in 3D
CNTs-G hybrid material by thermal decomposing manganese ace-
tyllacetonate in one-step.

The 3D hybrid materials were usually fabricated on foam nickel,
titanium, and carbon cloth substrates as binder-free electrodes
[36—38]. Although copper has a better electrical conductivity, few
studies have been reported copper foil as electrodes since it is easily
to react with electrolyte. In this study, the 3D CNTs-G with cova-
lently bonded interface grown directly on Cu foil as binder-free
integrated electrode (3D CNTs-G/Cu) for supercapacitors, which
can provide more efficient electron transport at interface than
traditional slurry-derived electrodes. The «-MnO, nanoparticles
have been synthesized to modify the 3D CNTs-G architecture
(MnO3/3D CNTs-G/Cu) through a facile thermal decomposing
Mn(acac)s-4H,0 method. Simultaneously, the 3D CNTs-G archi-
tecture exhibits the increased defects in structure and more
dispersed bundles in morphologies, which provides larger surface
area and rich active sits for electrochemical reactions as well as the
effective transport of electrolyte ions in electrode materials.

2. Experimental section
2.1. Preparation of MnO,/3D CNTs-G/Cu electrode

The synthesis schemes of MnO2/3D CNTs-G/Cu electrode are
illustrated in Fig. 1. The 3D CNTs-G hybrid material was constructed
on Cu foil substrate through the successive growing multi-layer
graphene and multi-wall CNTs using chemical vapor deposition
(CVD) method. The multi-layer graphene was grown on Cu foil for
15 min at 1000 C° under mixture atmosphere of 10 sccm CH4 and
300 sccm Hy, The multi-wall CNTs were grown for 15 min under an
atmosphere of 2 sccm C;H; and 210 sccm H; using the catalysts of
Fe and the buffer layer of Al,0s. The synthesis process was
described in details previously [13]. The as-prepared 3D CNTs-G/Cu
hybrid material was employed as substrate for synthesizing MnO,
nanoparticles via a thermal decomposition process. Typically,
70 mg of Mn(acac);-4H,0 were dissolved in 10 mL of ethylene
glycol by ultra-sonication 30 min. The 3D CNTs-G/Cu sample was
immersed into the Mn(acac)s-4H,0—CgH140; solution for 24 h.

Subsequently, the sample was taken out and dried in a vacuum
oven at 50°C for 24 h. Finally, the 3D-CNT-G/Cu loaded with
Mn(acac)s-4H;0 was heated in a tube furnace from room temper-
ature to 410 °C at a heating rate of 10 °C under air atmosphere. The
sample was quickly removed from the hot region and permitted to
cool to room temperature.

2.2. Materials characterization

The surface morphology of the samples was observed using a
field-emission scanning electron microscope (FESEM, JSM-6701F)
equipped with an Oxford INCA X-ray energy dispersive spectrom-
eter (EDS) at an accelerating voltage of 5 kV. The crystallographic
structure were characterized by powder X-ray diffraction (XRD,
Bruker D8 ADVANCE) instrument. The high-resolution trans-
mission electron microscopy (HRTEM) images were acquired using
an electron microscopy (FEI Tecnai G2F20). Raman spectra were
recorded using a confocal Raman spectrometer (LabRAM HR Evo-
lution) with a wavelength of 532 nm. X-ray photoelectron spectra
(XPS) were collected using spectrometer (Escalab 250Xi) with
monochromated Al Ke radiation. Thermo gravimetric analysis
(TGA) and differential thermal analysis (DTA) were performed from
room temperature to 700 °C in air at a heating rate of 10 °C min~"
using a thermoanalyser (NetzschSTA-409C). The Brunauer-
Emmett-Teller (BET) surface area and Barret-Joyner-Halenda (BJH)
pore size distribution curve of MnO,/3D CNTs-G were measured
at —197 °C by an apparatus (Micromeritics ASAP 2020).

2.3. Electrochemical measurements

The electrochemical properties of the samples were carried out
in a three-electrode cell system using a CS350H electrochemical
workstation (Wuhan Corrtest Instrument, China) at room temper-
ature [39,40]. The MnO,/3D CNTs-G/Cu sample with an area of
0.2 cm? was used directly as a binder-free working electrode. The
mass of the 3D CNTs-G and MnO,/3D CNTs-G materials were
calculated to be 0.08 mg and 0.1 mg, respectively. A saturated
calomel electrode (SCE) and a platinum foil were used as the
reference electrode and the counter electrode in a 1.0 M NaySO4
aqueous solution, respectively.

Cyclic voltammogram (CV) and galvanostatic charge-discharge
(GCD) curves were acquired in the potential range from —0.6 to
0V at different scanning rates and current densities. The electro-
chemical impedance spectroscopy (EIS) measurement was con-
ducted in the amplitude of 10 mV at the open circuit potential. The
specific capacitance was calculated from the charge-discharge
curves using the following equation:

14t
G = mdv

where | is the discharging current (A), At is the discharge time (s),
AV is the potential window (V), and m is the mass of active material
in the working electrode (g).

3. Results and discussion

Fig. 2a shows the curves of TG and DTA of Mn(acac)s;-4H,0
under air atmosphere. The weight loss of ~20% below 160 °C is
attributed to evaporation of residual ethylene glycol, adsorbed and
hydrated water molecules [41,42]. The decomposition of Mn(acac)s3
occurred above 160 °C due to the fractional decomposition of ace-
tylacetonate group. The weight loss of ~30% is observed in range of
~320—410 °C, which may be due to the complete decomposition of
Mn(acac)s leading to the formation of MnO; phase [43]. Therefore,
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Fig. 1. Schematic illustration for preparation of the binder-free MnO2/3D CNTs-G/Cu electrode.

in this study the decomposition was conducted at 410 °C for the
fabrication of MnO,/3D CNTs-G/Cu electrode. Fig. 2b shows the BET
surface area and BJH pore size distribution curve of MnO,/3D CNTs-
G. The specific surface area of the sample is as high as 119.6 m? g,
which should facilitate the formation of double layers at the elec-
trode/electrolyte interface. The sample has a hierarchical meso-
macro pore size distribution with the average pore size of 40 nm
in the range of 2—100 nm. Since micropores are not easily accessible
by electrolyte ions, while macropores are simply too large leading
to a reduced specific surface area [44], the MnO/3D CNTs-G
dominated by the mesopores centered at 15nm can provide
effective paths for electrolyte ion transport.

Fig. 3a—d shows the top-view SEM images of 3D CNTs-G/Cu and
MnO,/3D CNTs-G/Cu samples. The CNTs exist as tightly packed
bundles for 3D CNTs-G/Cu sample. The residual Fe/Al,03 catalyst
can be found on the tip of the curved CNTs bundles, suggesting a
tip-growth mechanism. After introducing MnO,, the bundles of
CNTs become thicker and coarse due to the increase of dispersion
for MnO,/3D CNTs-G/Cu sample, which may be beneficial for faster
transport of electrolyte ions during the electrochemical process.
Fig. 3e—g shows the elemental mapping images and EDS spectra of
MnO;/3D CNTs-G/Cu sample. The elemental distribution of Mn and
O implies that the MnO; derived from decomposition is quite
uniform in 3D CNTs-G.

Fig. 4a shows the XRD pattern of MnO,/3D CNTs-G/Cu electrode.
The diffraction peaks at 43.4° and 50.5° correspond to the (111) and
(200) planes of face-centered cubic Cu. The weak peaks at 36.6°,
42.5°, 61.7° and 73.4° were assigned to (111), (200), (220) and (311)
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planes of cubic Cuy0 (JCPDS No. 05—667), which implies that the
exposed surface of the Cu foil was oxidized partially at high tem-
perature. The unexposed surface of Cu foil was protected by gra-
phene and CNTs, forming a good electric contact at interface. Thus,
the Cu foil with passivation surface can be used as a sable collector in
Na,S04 solution. No diffraction peak of MnO, is observed which
could be due to the low content in the sample. Fig. 4b shows the
Raman spectra of G/Cu, CNTs-G/Cu and MnO;/3D CNTs-G/Cu. The
peaks observed in the range of 1000—1800 cm™! are typical D and G
peaks of carbon materials [45,46]. The G peak originates from first-
order scattering of the Eg phonons of sp>-hybridized carbon atoms,
while the D peak is due to the breathing mode of k-point photons of
Aqg symmetry that related to the defects [47]. The strong G peak at
1585 cm™ ! accompanied by the weak D peak at 1350 cm ™! indicates
that the high-quality graphene was grown on Cu substrate. After
CNTs growth, the D and G peaks shift slightly to 1330cm~! and
1578 cm™! in CNTs-G/Cu sample. Significantly, G peak shifts to
higher wavenumbers, meanwhile the intensity ratio of D peak to G
peak (Ip/Ig) increases from 0.24 for 3D CNTs-G/Cu to 0.57 for MnO,/
3D CNTs-G/Cu. This suggests increase of the defects owing to the
calcination in air, as the oxygen and Mn(acac)s molecules could etch
CNTs and graphene at high temperature [33]. Obviously, the high
defect density would be favorable for the enhancement of electro-
chemical performance as long as 3D CNTs-G can provide the lasting
electrical conducting and mechanical supporting for MnO, [21,48].
Moreover, the weak peak centered at 640cm™! in the low wave-
numbers is correlated to the Mn—O symmetric stretching vibration
[49], further implying the presence of MnO; in 3D CNTs-G/Cu.

0 20 40 60 80 100 120
Pore diameter (nm)

Fig. 2. (a) TG-DTA curves of Mn(acac)3-4H,0 under air atmosphere, (b) BET surface area and BJH pore size distribution of MnO,/3D CNTs-G.
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Fig. 3. (a, b) SEM images of 3D CNTs-G/Cu; (c, d) SEM images, (e, f) elemental mapping images and (g) EDS spectra of MnO,/3D CNTs-G/Cu sample.
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Fig. 4. (a) XRD pattern of MnO,/3D CNTs-G/Cu and (b) Raman spectra of G/Cu, CNTs-G/Cu and MnO,/3D CNTs-G/Cu.

XPS spectra obtained from MnQO;/3D CNTs-G/Cu and 3D CNTs-G/
Cu are shown in Fig. 5. The Mn 2p3), peak centered at 642.3 eV and
Mn 2p1; peak at 654.0 eV with a spin-energy separation of 11.7 eV
are in good agreement with the binding energy of MnO, [50]. The
Mn—0 bonding in MnO; can be clearly observed at 530.3 eV from
the O 1s spectrum in Fig. 5b. In order to compare the variation of 3D
CNTs-G and MnO;/3D CNTs-G/Cu, the C 1s spectra was deconvo-
luted into three components at 284.8, 285.9 and 288.4 eV, corre-
sponding to C—C C—0, C=0 bonds, respectively [51,52]. The full
width at half maximum (FWHM) of C—C peak increased remarkably
from 0.8 for 3D CNTs-G/Cu to 1.2 for MnO;/3D CNTs-G/Cu, which
implies that the defects such as sp>-hybridized carbon atoms were
introduced into 3D CNTs-G matrix.

Fig. 6 show the HRTEM images and the selected-area electron
diffraction (SAED) pattern of MnO2/3D CNTs-G. The CNTs in close
contact with a graphene sheet can be observed in Fig. 6a. The
nanosized MnO; nanoparticles were anchored or encapsulated
between adjacent CNTs, as shown in Fig. 6b. The selected-area
electron diffraction (SAED) pattern (Fig. 6¢) shows that the MnO,
derived from thermal decomposition is polycrystalline nature with
a tetragonal crystal structure. In Fig. 6d, the lattice fringes with the
spacing of 0.34 nm and 0.18 nm are in agreement with the (002)
plane of CNTs and the (411) plane of a-MnO, respectively. Fig. Ge
and f shows the HRTEM images of a CNT with defects. The amor-
phous structure and the peeled graphene layer can be clearly seen
on the nanotube walls, which provides a direct proof of introducing
defects in 3D CNTs-G via a facile thermal decomposing process.

Fig. 7a shows the cyclic voltammetry (CV) curves of 3D CNTs-G/
Cu at scan rates of 10, 20, 50, 100, and 200 mV s~ ! with a voltage
window of -0.6—0V. The CV curves exhibit rectangular-like shape
with a few humps, which is a typical double-layer capacitive
behavior of carbon-based electrode. This is confirmed by the nearly
triangular charge-discharge curve at current density of 1, 5, 10 and
20Ag~! in Fig. 7c. As shown in Fig. 7b, the Mn0O/3D CNTs-G/Cu
electrode exhibits much larger rectangle area of CV curves at the
same scan rate compared to the 3D CNTs-G/Cu electrode, which
indicates a superior capacitive performance. The rectangular-like
curves are maintained even at an ultrahigh scan rate of
200mV s~ !, suggesting that the pseudocapacitive reaction is fast
and reversible. The charge-discharge curves with nearly linear but a
large distortion indicates the pseudocapacitance contribution of
the MnO;/3D CNTs-G/Cu electrode due to redox process. The spe-
cific capacitances of both 3D CNTs-G/Cu and MnO,/3D CNTs-G/Cu
electrodes were calculated at various current density from the
galvanostatic charge-discharge (GCD) curves, and the results are
shown in Fig. 7e. The specific capacitance of 3D CNTs-G/Cu elec-
trode is 42.3Fg! at current density of 1Ag~!, which is close to
data in literature [20,53]. The specific capacitance of pure MnO,
derived by thermal decomposition is 30 Fg~! at current density of
1A g~\. The specific capacitance of MnO,/3D CNTs-G/Cu electrode
increases remarkably to 365 Fg~!, which is about nine times that of
3D CNTs-G/Cu and twelve times that of pure MnO,. This specific
capacitance is also higher than that of other MnO,/CNTs composite
electrodes reported in literature [54,55]. As the current density
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Fig. 5. XPS spectra of (a) Mn 2p, (b) O 1s and (c) C 1s of Mn0O2/3D CNTs-G/Cu, and (d) C 1s of 3D CNTs-G/Cu.

Fig. 6. (a, b) TEM images, (c) SAED pattern and (d—f) HRTEM images of Mn02/3D CNTs-G.

increases to 20A g, the composite electrode still maintains a
reversible capacitance as high as 287 Fg~!, implying the excellent
rate capability. EIS was used to analyze the kinetics of the inter-
action between electrode and electrolyte for supercapacitors. Fig. 7f
shows the Nyquist plots of 3D CNTs-G/Cu and MnO;/3D CNTs-G/Cu
electrodes. The equivalent circuit of the working electrode are
shown in the illustration. Rs represents the equivalent series

resistance depending on the electrolyte resistance, electrode
resistance and the contact resistance at the interface between
electrodes and the current collector [56]. The Rg value of MnO3/3D
CNTs-G/Cu electrode is close to that of 3D CNTs-G/Cu electrode,
indicating that the thermal decomposing did not lead to the
degeneration on electrical conductivity of 3D CNTs-G/Cu electrode.

The semicircle diameter in the high-frequency region
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corresponds to the charge-transfer resistance (R¢) caused by the
Faradaic reaction at the surface and interfaces. The R value of
MnO;/3D CNTs-G/Cu electrode (0.23 Q) is much lower than those of
the MnO,/CNTs (0.6—2 Q) electrodes synthesized by liquid-phase
methods [57—59], suggesting that the MnO;/3D CNTs-G/Cu elec-
trode has an easier electrolyte ion access and electron transport
behavior. Cq; corresponds to the capacitance of the electrode, and W
is the Warburg impedance which reflected the ion diffusion in the
electrode.

The long-term cycling stability of the MnO,/3D CNTs-G/Cu
electrode was further performed at a current density of 1.0Ag™,
as shown in Fig. 8a. The special capacitance undergoes a slight
fluctuation and reaches a stable value after initial charge-discharge
100 cycles. After 1000 cycles, the MnO;,/3D CNTs-G/Cu electrode
exhibits an excellent long-term cycling stability with 97.0% capac-
itance retention, indicating that the repetitive charge-discharge
cycles do not induce noticeable degradation of the

microstructure. Furthermore, the coulombic efficiency is over 97.6%
during the cycling process, implying the excellent charge-discharge
reversibility and high energy efficiency. The Nyquist plots of the
electrode before and after cycles are very similar, but more vertical
line in the low frequency region is observed in Fig. 8b after 1000
cycles due to the electrolyte fully penetrating into the electrode
material.

The MnO,/3D CNTs-G/Cu electrode exhibits superior capacitive
performance with high specific capacitance and excellent cycling
stability, which can be attributed to the synergistic effects of
defective 3D CNTs-G with lasting conductivity and MnO; nano-
particles with high specific pseudocapacitance. Thus, the thermal
decomposition conditions such as temperature and time need to be
considered to exploit fully the inherent advantages of components
in the MnO,/3D CNTs-G/Cu. The MnO> nanoparticles could not
provide a valid pseudocapacitance due to the incomplete decom-
position of Mn(acac)3 at low temperature. However, the 3D CNTs-G/
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electrode.

Cu would not offer the reliable and effective conducting pathways
for ions and electrons due to be oxidation and damage of CNTs and
graphene at high temperature and long-time calcination. Actually,
the active materials partially peeled off from Cu substrate, as the
decomposing temperature for MnO,/3D CNTs-G/Cu-10 sample is at
410°C for 10 min. As shown in Fig. S1, the CV curves of MnO;/3D
CNTs-G/Cu-10 electrode exhibit a large distortion due to appear-
ance of redox peak, suggesting that 3D CNTs-G structure was
oxidized in air. In this case, the specific capacitance of 3D CNTs-G/
Cu-10 electrode decreased to 141.7Fg~' at current density of
1Ag !, which can be attributed to the structure collapse of 3D
CNTs-G.

4. Conclusions

In summary, a binder-free MnO,/3D CNTs-G/Cu electrode has
been successfully fabricated through the successive CVD process
followed by a facile thermal decomposition method. The a-MnO,
nanoparticles were formed in 3D CNTs-G by thermal decomposi-
tion of manganese acetyllacetonate precursors. Not only that, this
process introduced appropriate defects and resulted in more
dispersed bundles (larger surface area) in 3D CNTs-G structure,
which can provide rich active sit for electrochemical reactions as
well as the effective transport of electrolyte ions. Owing to the
significantly synergistic effects between the lasting electronic
conductivity of 3D CNTs-G/Cu with defects and the pseudo capac-
itance of the MnO, nanoparticles, the MnO2/3D CNTs-G/Cu elec-
trode exhibits a high specific capacitance of 365Fg~! at a current
density of 1Ag~! and an excellent capacity retention of 97% after
1000 cycles. This work provides a facile synthetic strategy for the
fabrication of the high-performance supercapacitor electrode ma-
terials by introducing the defects and transition metal oxide into
carbon-based nanomaterials in one-step.
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