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Vertical graphene (VG) nanowalls formed with controllable densities by adjusting CH,4: H, flow ratios are

achieved on silicon wafer

substrates via plasma-enhanced chemical

vapor deposition. The

pseudocapacitive materials of MnO, enhancing the energy storage capability are electrodeposited on

VG nanowalls. The VG densities of 0.83 mg cm™2, 2.35 mg cm™2, and 3.63 mg cm™2 fabricated with the

CHy: H; flow ratios of 1:5, 1:2.5, and 1:1 are carefully controlled. The supercapacitor electrode formed
with a flow ratio of 1:2.5 exhibits the highest specific capacitance of 166 mF cm™2 at a current density
of 0.5 mA cm™2 among the three electrodes. Furthermore, an asymmetric supercapacitor device with
MnO,/VG/Si as the positive electrode and carbon black as the negative electrode is assembled. The

Received 24th January 2022,

Accepted 17th May 2022 230.9 mF cm 2

DOI: 10.1039/d2ma00074a

a maximum energy density of 103.9 uyW h cm™*,
45 mW cm™2. This study presents the essential insights into the density effects on pseudocapacitive

supercapacitor device exhibits excellent electrochemical performance with a specific capacitance of

2, and the largest power density of

supercapacitor electrodes and the promising methods to prepare energy-storage devices with high

rsc.li/materials-advances electrochemical performance.

1. Introduction

The rapid development of portable and electronic devices,
including an integrated circuit and a micro-electromechanical
system, requires readily accessible electrical power sources and
demands energy storage systems with low cost, high energy and
power density, and excellent cycling performance."”> Among
numerous energy storage devices, supercapacitors are consid-
ered to be suitable power sources to fulfill the demands for the
modern world due to their elevated energy density, excellent
rate capability and long cycling life.> Graphene nanowalls, with
the characteristics of high electrical conductivity, high surface
area and two-dimensional structures, are promising and appro-
priate scaffolds to construct supercapacitor electrodes.*™®
Meanwhile, pseudocapacitive materials, such as MnO,, ZnO,
RuO,, and PANI, are being explored to improve the electro-
chemical performance for supercapacitors, which show excel-
lent energy storage capability compared to EDLCs due to the
energy-storage mechanism involving a faradaic redox
reaction.”® Among those materials, MnO, is considered to be
one of the suitable transition metal oxides comprising super-
capacitor electrodes because of the low cost, environmental
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friendliness, and high intrinsic capacitance (1370 F g~ *).*°™"?

Meanwhile, the supercapacitor electrodes based on metal-
MnO, materials exhibit excellent electrochemical performance
compared to MnO,-based pseudocapacitive materials.'*™®
However, the poor electrical conductivity of MnO, results in
slow ion transfer rates and a surface redox reaction containing
a very thin layer involved in the charge-discharge procedure,
limiting the utilization of MnO,-based supercapacitor
electrodes.'” ' Therefore, the MnO,/graphene composites have
been widely investigated as the most promising candidates for
supercapacitor electrodes. For example, a graphene oxide/
MnO,/Ni foam composite via a mild fabrication method with
a specific capacitance of 288 F g ' at a current density of
0.5 A g~ ' has been synthesized.”® The MnO,/graphene fabri-
cated using a one-step hydrothermal synthesis exhibits a spe-
cific capacitance of 255 F g~ " at 0.5 A g~ with a capacitance
retention of 84.5% after 10 000 cycles.>* The needle-like struc-
ture of MnO, coated on GO is formed, showing improved
performance compared with the other structures of MnO,.>?
An exfoliated graphene paper deposited by MnO, nanoflowers
with a specific capacitance of 385.2 F ¢~ ' at 1 mV s ' is
reported. Meanwhile, the supercapacitor device with graphene
paper/MnO, as the positive electrode and graphene as the
negative electrode is assembled, showing an area-normalized
specific capacitance of 76.8 mF cm ™2 at 0.05 mA cm > and a
capacitance retention of 82.2% after 5000 cycles.”® The MnO,/
graphene composites with the freestanding structures require
the current collectors (e.g., Ni foam or PET) and binders

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(e.g., PVDF) to enhance the robustness of the fabricated elec-
trodes. However, the aggregation of graphene materials jeopar-
dizes the electrochemical performance of supercapacitor
electrodes.”*>® More importantly, the poor controllability over
the microstructures of the graphene scaffolds supporting and
dispersing the active pseudocapacitive materials increases the
difficulty of investigating the morphology and density effects
on the performance of supercapacitor electrodes. The vertical
graphene nanowalls deposited directly on substrates, followed
by the coatings of pseudocapacitive materials, have been
synthesized as supercapacitor electrodes with the highly con-
trollable microstructures and well-dispersed nanowalls.”?” "
Yu et al. have reported that the vertical graphene-based super-
capacitor electrodes show a superior performance compared
with lateral graphene structures.*® The VG nanowalls can be
formed with a highly tunable morphology and density, which
provides access to investigate the modifiable scaffolds influen-
cing the performance of supercapacitor electrodes. Neverthe-
less, the density effects of graphene scaffolds on the
electrochemical performance of supercapacitor electrodes have
not been systematically studied. To investigate the density
effects of scaffolds, the deposition of pseudocapacitive materi-
als with highly distributed structures on vertical graphene
nanowalls by using water-ethanol solvents to prepare electro-
lytes, instead of depositing pseudocapacitive materials on the
top sides of vertical graphene using water-based electrolytes,
have been made in our previous work.>?

In this work, the vertical graphene nanowalls with control-
lable densities by adjusting the flow ratios of CH,:H, are
fabricated on silicon wafer substrates as supercapacitor elec-
trodes via plasma-enhanced chemical vapor deposition
(PECVD), followed by the electrochemical deposition of MnO,
under a constant condition. The silicon wafers are applied as
the substrates with the advantages of (1) the ideally flat surface
with easily observed status eliminates the roughness effects on
the growth of VG; (2) the natural SiO, nano-layers on the
surface of silicon wafers enhance the bonding intensity of VG
with substrates; (3) the MnO,/VG/Si constructions provide a
novel approach for the widespread applications in the electro-
nic and semiconductor fields.** Although the manganese diox-
ide possesses a lower theoretical specific capacitance among
the other types of metal oxides, such as RuO, (1400-2000 F g~ 1),
and Co;0, (3560 F g~'), it has tunable microstructures and
higher potential windows (~1 V) than those of RuO, and
C0;0,.1%%33%3¢ The improved distributions of MnO, deposi-
tions achieved by using a mixture of ethanol and distilled water
as the solvent facilitate the dispersion of MnO, on VG nano-
walls, which clearly reveal the density effects of VG scaffolds.
The supercapacitor electrode with the medium-density of VG
nanowalls shows the largest area-normalized specific capaci-
tance among all the electrodes. Subsequently, the asymmetric
supercapacitor device with MnO,/VG/Si as the positive elec-
trode and carbon black as the negative electrode is assembled.
The carbon black nanoparticles with a diameter of ~30 nm
possess the advantages of (1) high electric conductivity, (2) high
surface area, and (3) nanostructures corresponding to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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positive electrodes with VG nanowalls. The device demon-
strates a greatly superior electrochemical performance and
has strong potential for the applications powering micro-
sensors or electronics.

2. Experimental method

2.1 Preparation of electrodes consisting of VG and MnO, on
silicon wafer substrates

The VG nanowalls with tunable densities were deposited via
microwave plasma-enhanced chemical vapor deposition
(MPECVD, Seki-AX5200S) on silicon wafer substrates by adjust-
ing the flow ratios of CH,: H,. Briefly, the silicon wafers were
loaded into the deposition chamber vacuumed for 7 hours
before the deposition procedure. Then, the gas of H, was
introduced into the chamber under the plasma power at
650 W, increasing the pressure to 6000 Pa. Subsequently, the
gas of CH, as the carbon source with the flow rate of 20 sccm
was injected into the growing chamber to initiate the VG
growth for 30 min. The flow rates of H, were set to 20 sccm,
50 scem, and 100 sccm, corresponding to the CH, : H, ratios of
1:1,1:2.5,and 1:5 with the identification of VG;.;, VG;.,.5, and
VG5, respectively. Furthermore, the pseudocapacitive materi-
als of MnO, were electrodeposited on VG nanowalls by using a
three-electrode system with the as-prepared VG, platinum foil,
and Ag/AgCl as the working, counter, and reference electrodes.
The electrodeposition was conducted under a constant voltage
of 0.6 V for 400 s in all the as-prepared VGs by using the
electrolyte containing 0.1 M of Mn (CHCOO), and 0.1 M of
Na,S0, dissolved in the mixture of ethanol and distilled water
(ratio 2:3). The MnO,-coated VGs were then named MnO,/
VGi.1, MNO,/VGy., 5, and MnO,/VGy.s.

2.2 Characterization

The microstructures and morphologies of VGs and MnO,-
coated VG composites were investigated using scanning elec-
tron microscopy (Hitachi SU70, FE-SEM). The powders
scratched from the MnO,/VG-deposited silicon wafer sub-
strates, dispersed in ethanol, and dropped onto copper grids,
were observed using transmission electron microscopy (TEM,
JEOL JEM-2100F). The chemical compositions and structures
were analyzed by X-ray photoelectron spectroscopy (XPS).

The electrochemical measurements with the three-electrode
system in a typical aqueous solution of 1 M Na,SO, for a single
electrode and two-electrode system for a full device were con-
ducted by using an electrochemical workstation (HZ-7000,
Hokuto). The MnO,/VG, platinum, and Ag/AgCl were used as
working, counter, and reference electrodes in the three-
electrode system. The evaluations of a single electrode under
the working potential window of 0-1 V and the full cell in the
potential range of 0-1.8 V were performed employing cyclic
voltammetry (CV) and galvanostatic (GV) charge-discharge
curves. The CV tests were carried out under the typical scan
rates varying from 5 mV s~ to 100 mV s~ . The GV curves were
obtained with current densities between 0.5 mA ¢cm > and
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5 mA cm 2. Finally, electrochemical impedance spectroscopy
(EIS) (ALS Model 7082E) was conducted in a frequency between
0.1 Hz and 500 kHz with the sinusoid potential of 5 mV for a
single electrode and full cell.

3. Results and discussion
3.1 SEM and TEM of VG and MnO,-coated VG

The tunable density of vertical graphene adjusted by the
operation parameters, such as gas flow rates, chamber pres-
sure, temperature, etc., has been obtained in the previous
literature.>”~*° As shown in Fig. 1(a)-(c), the SEM images exhibit
the surface morphologies of the as-deposited VG nanowalls,
corresponding to VGi.;, VGi.,5, and VGy.s, respectively. The
uniform distributions with the decreasing density of the
nanosheets can be observed when the CH, concentration
decreases from 50 at% to 16.67 at%, suggesting the good and
controllable growth of VG nanowalls. The translucent
nanosheets, observed under the acceleration voltage of an
electron beam (10 kV), with the similar thickness in all VG
depositions indicate the ultra-thin nanowalls and homogenous
thickness on the whole layers, which agrees with the previous
reports that increasing concentration of CH, leads to the higher
nucleation tendency generating the higher density of VG nano-
walls with the constant thickness of nanosheets.*”***> Further-
more, the BET and BJH measurements were conducted to
demonstrate the surface area and average pore size. The surface
area values of VGyy, VGi,s, and VGys are 40.93 m”> g7,
27.12 m> g, and 21.61 m® g™, respectively. The decreases
of surface area, with the decreasing amounts of deposited VG,
correspond to the reducing densities from VGy.; to VG;.s. The
BJH results with the values of 12.59 nm, 19.58 nm, and
35.05 nm for VGy.1, VGy.» 5 and VGy.s5, agree with the changes
from denser microstructures for VG,.; to a sparser morphology
for VG;.5. A more detailed information on the characterization
of VG nanowalls can be found in our previous work.** Fig. 1(a’)-
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(¢’) show the surface morphologies of MnO,-coated VGs formed
via electrochemical deposition on VGi.;, VGi.,5, and VG
under the same conditions under the deposition potential of
0.6 V for 400 s. The homogeneous distributions of MnO,-coated
nanowalls with a larger thickness of around 600 nm in MnO,/
VG, (Fig. 1(a")) and a smaller thickness of approximately
400 nm in MnO,/VGy,, 5 and MnO,/VGy.5 (Fig. 1(b’) and (c))
suggest the uniform growth of MnO, on the surface of nano-
walls. The identical thicknesses of MnO,-coated nanowalls in
MnO,/VG;.,, 5 and MnO,/VG;.5 indicate the same deposition
rate on each nanowalls. As shown in the BET results, the higher
density of VG nanowalls gives the larger accessible surface area
to increase the current density, which produces a higher
amount of MnO, depositions. The MnO, depositions merging
with the adjacent nanowalls result in the increasing thickness
of nanowalls in MnO,/VGy.; due to the higher density of VGy.;.

The TEM and HRTEM images illustrating the MnO,-coated
VG, cross-sectional view of nanowalls, and crystals of MnO, are
shown in Fig. 2, which demonstrate the morphologies and
microstructures of as-deposited MnO, and VG in more detail.
The MnO,-coated VG scratched from the substrates are dis-
persed in ethanol by ultrasonification treatment for preparing a
TEM sample. The adhesive contacts of MnO, on VG indicate the
strong bonding between MnO, and VG as shown in Fig. 2(a),
which agrees with our previous investigations that the intimate
adhesion is formed through the electrochemical deposition
process.>® Furthermore, Fig. 2(b) shows the HRTEM images
exhibiting the well-stacked layers ranging from 10 to 20 with
the interplanar spacing of approximately 0.36 nm, which cor-
responds to the lattice constant of graphene, indicating the
formation of graphene nanowalls.*® In addition, the layer
distance of ~0.43 nm observed in Fig. 2(c) conforms to the
lattice parameter of B-MnO,, suggesting the formation of
crystals of MnO, via electrochemical deposition.**** According
to the HRTEM images, the VG nanowalls fabricated with a
thickness ranging from ~3 to ~8 nm via the PECVD process

Fig. 1 SEM images of as-deposited VG nanowalls of (a) VGy.1, (b) VGy.2 5, and (c) VGy.5; MNO,-coated VG nanowalls of (@’) MnO5/VGy 4, (') MNO,/VGy 25,

and (c’) MnO,/VGy.s.
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Fig. 2 TEM and HRTEM images of MnO,/VGy., 5: (@) MnO,-coated VG; (b) cross-section view of VG nanowalls; and (c) crystal structures of MnO,.

are successfully achieved. Moreover, the interaction between
MnO, and VG nanowalls with robust bonding can improve the
supercapacitor performance.

3.2 XPS and Raman analysis

XPS analysis is further conducted to reveal the elemental
compositions and valence states of MnO,/VGj., 5. As shown in
Fig. 3(a), the broad-ranged XPS spectra exhibit the main peaks
of Mn 2s, Mn 2p, O 1s, and C 1s, indicating the formation of
carbon-based scaffolds and manganese oxide. In Fig. 3(b), the C
1s spectrum can be deconvoluted into three peaks centered at
284.6 €V, 286.1 eV, and 288.0 eV, corresponding to the bonding
types of C-C, C=0, and O-C=O0, respectively.’**” The C-C
bonding agrees with the SEM and TEM results, showing the
successful growth of VG nanowalls.*® Furthermore, the two
peaks deconvoluted from the O 1s high-resolution spectrum
with the binding energy at the centers of 529.7 eV and 530.9 eV
present the Mn-O-Mn and C-O bonds as shown in
Fig. 3(c).*>° Moreover, the spin energy separation of 11.7 eV
in Mn 2p split into Mn 2p,,, (654.6 €V) and Mn 2p3, (642.9 eV)
suggests the presence of Mn**, indicating the formation of
MnO, via electrochemical methods.****”

Fig. 3(e) shows the Raman spectra of VG;., 5 and MnO,/
VGi.,5. The two distinct peaks, centered at 1347 cm™' and
1577 cm™ ' in VG, 5, assigned to D and G bands of graphene,
exhibit the intensity ratio Ip/I; of as low as 0.29, indicating the
low level of disorder and defect degree of graphene and the
formation of superior graphene nanowalls.*"*"** The low-
intensity ratio of Ip/Ig suggests the fabrication of graphene
nanowalls with a smaller amount of sp*-type defects in agree-
ment with our TEM images, which may lead to stronger
mechanical and better electrical properties.”>*>>® Further-
more, the three peaks located at 502.1 ecm™*, 571.7 cm™*, and
640.8 cm ™' in the range of 400 cm™ ' and 800 cm ™' in MnO,/
VG;,., 5 are attributed to the Mn-O stretching vibration, suggest-
ing the successful formation of MnQ,.**>*%

3.3 Electrochemical properties of the MnO,/VG;.;, MnO,/
VGi., 5, and MnO,/VG 5 electrodes

The CV and GV curves are obtained to evaluate the electro-
chemical performance of MnO,/VGi.;, MnO,/VG;.,,5, and
MnO,/VG,.;5s electrodes in a typical 1 M Na,SO, aqueous

© 2022 The Author(s). Published by the Royal Society of Chemistry

solution with a three-electrode system operated in the potential
window of 0-1 V. As shown in Fig. 4(a)-(c), the rectangular-
shaped CV curves at scan rates from 5 mV s~ to 100 mV s~ for
all the three electrodes suggest the excellent pseudocapacitive
performance and faradaic redox reaction during the charge-
discharge process.>*>* Meanwhile, the CV curves at the fast
scan rate of 100 mV s~ ' retain a quasi-rectangular configu-
ration, indicating the good rate capacitance for all the three
electrodes.'® The superior electrochemical behaviors are asso-
ciated with the nanostructures composed of the VG nanowalls
and highly dispersed MnO, depositions as discussed in our
previous study.*® For comparison, the CV curves for the three
electrodes at a scan rate of 5 mV s " are illustrated in Fig. 3(d).
The three CV curves belonging to the electrodes present differ-
ent current densities from the negative to positive current
flows. It is well-known that the integrated loop area of CV
curves represents the specific capacitance of supercapacitor
electrodes in ideal capacitive behaviors. For the cases of non-
ideality, the forward scan may have a higher area than the
reverse scan. Therefore, the calculation for specific capacitance
in non-ideality can be made with the data from the discharging
scan.® In the lowest current density of CV curves for our three
types of electrodes, the CV curves with the nearly symmetric
shapes suggests that the areas of CV loops can represent the
specific capacitance of supercapacitor electrodes. The lowest
current density of the MnO,/VG;.5 exhibit the smallest inte-
grated loop area, indicating an inferior specific capacitance.’
On the other hand, the electrode of MnO,/VG;., 5 with the VG
growth in a medium level of density demonstrates the strongest
current density in CV curves, suggesting the largest specific
capacitance. The better electrochemical performance of MnO,/
VG,.,5 can be ascribed to the VG scaffold with the medium
density, which provides plenty of surface area compared to
VG;.5. On the other hand, MnO,/VG;., 5 holds sufficient dis-
tances between nanowalls, leaving enough space for the growth
of MnO, instead of forming thicker MnO, depositions, com-
pared to MnO,/VGj.;. As shown in Fig. 1(a) and (a’), the smaller
gaps between nanowalls (VG;.;) and thicker MnO, depositions
(MnO,/VG;.;), which may increase the inner resistance due to
the poor electrical conductivity of MnO, and hinder the access
of electrolytes to active materials, affect the charge transport
and redox reaction, resulting in the lower negative and positive

Mater. Adv,, 2022, 3, 5406-5417 | 5409
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current density. In contrast, the weakest CV current density is
owing to the VG and MnO,-coated VG with a lowest level of
density giving a smaller amount of active materials, as observed
in Fig. 1(c) and (c¢’) for VG5 and MnO,/VG,.5. These results
suggest that the medium levels of graphene densities are able
to offer a balance between the accessibility of electrolytes to
active materials and the adequacy of pseudocapacitive materi-
als, producing the supercapacitor electrodes with promoted
electrochemical performance.

As shown in Fig. 5(a)-(c), further electrochemical evalua-
tions with GV charge-discharge curves obtained at current
densities sweeping from 0.5 mA cm > to 5 mA cm 2 for the
three electrodes are conducted. The nearly symmetrical and
quasi-triangular profiles for all the GV curves suggest superior
reversibility and pseudocapacitive behaviors.’”*® Among the
three electrodes, the longest discharging time of MnO,/VGj., 5

5410 | Mater. Adv, 2022, 3, 5406-5417

(Fig. 5(b)) suggests the better electrochemical performance,
which complies with the CV curves showing the largest
negative-to-positive current density. The area-normalized spe-
cific capacitance based on GV measurements can be calculated
by using the formula shown below.”**°

_ IAt
TAAV

where I and At are the discharging current density and dura-
tion. A and AV represent the operation area of an electrode and
potential window. As shown in Fig. 4(d), the area-normalized
specific capacitance of the three electrodes of MnO,/VGy.4,
MnO,/VG;.,5, and MnO,/VG,.; can be calculated to be
148 mF cm™?, 166 mF cm ™2, and 142 mF cm ™2
density of 0.5 mA cm™?, respectively. The specific capacitance

of MnO,/VGy., 5 at higher current rates up to 5 mA cm™ 2 retains

at a current

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the highest values compared to the other two electrodes,
indicating the improved charge-discharge properties under
all the working conditions. The reduction of the area-
normalized specific capacitance of MnO,/VGy,,5 from
166 mF cm ? to 142 mF cm™ 2 occurs due to the increase of
the charge-discharge rate from 0.5 mA cm > to 5 mA cm 2,
which demonstrates an excellent capacitance retention of
86.04%. Besides, the other two electrodes of MnO,/VG,.; and
MnO,/VG;.5 exhibit similar retentions of 87.4% and 85.84%
respectively, indicating the superior rate capability with the
increasing charge-discharge rates.

The ratios of gaseous precursors, densities of VG nanowalls,
and area-normalized specific capacitance are summarized in
Table 1. It has to be mentioned that the growing time, chamber
pressure, and operation power of plasma, etc., which are also
the factors determining the growing densities of VG nanowalls,
are set as constants for all the three electrodes. The quantitative
values of VG layers agree with the observations in Fig. 1(a)—(c)
that the increasing distances of gaps are observed from VG, ; to
VG;.5. With increasing ratios of H,, the VG densities on
substrates are reduced due to the etching function of H-
atoms, as discussed in the previous reports.’’*® The lowest
densities of VG;.5 and MnO,/VG;.5 exhibit the poorest specific
capacitance because of the less available nanowalls for growing
active materials. Compared with MnO,/VG,.s, the increase of
specific capacitance (~17%), with the larger density of VGy., 5
followed by the MnO, deposition, is observed due to the
increasing amount of nanowalls and active materials in
MnO,/VG;., 5. However, the inversion of specific capacitance
turning to a decrease in MnO,/VG,.; with the largest density of
VG nanowalls occurs, when the optimal VG density with a
medium level in MnO,/VGj., 5 is reached. The higher density
of MnO,/VG;.; leads to the worse access of electrolytes to the
active materials, resulting in the poor redox reaction and lower
specific capacitance (~10%). Consequently, MnO,/VGy.; 5
shows the highest area-normalized specific capacitance of
166 mF cm ™2, compared to the other two electrodes.

Electrochemical impedance spectroscopy (EIS) measure-
ments representing the electrochemical properties between
electrodes and electrolytes in the charge-discharge procedure
are conducted for the three electrodes. The Nyquist plots of
MnO,/VG;.1, MnO,/VG;., 5, and MnO,/VG;.; are displayed in
Fig. 6. The intersections between the curves and x-axis are
ascribed to equivalent series resistance (Rg) including the
resistance of electrodes, electrolytes, and the contact resis-
tances of electrodes and substrates.®® All the three electrodes
show the small R; with ~3.2 Q (MnO,/VG;.1), ~3.0 Q (MnO,/
VGi.y5), and ~4.0 Q (MnO,/VGy;5), suggesting that the low

Table 1 Summarization of ratios, densities and area-normalized specific
capacitance at 0.5 mA cm™2

Ratio of CH,: H, VG density (mg cm™?) Specific capacitance (mF cm?)

1:1 3.63 148
1:2.5 2.35 166
1:5 0.83 142
5412 | Mater. Adv, 2022, 3, 5406-5417
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resistance contributes to the direct growth and VG scaffolds on
silicon wafer substrates and intimate contacts between VG and
active materials as discussed in our previous work.*® The lowest
R of MnO,/VGj., 5 can be interpreted by the medium density of
nanowalls and the appropriate thickness of active materials. In
contrast, the higher thickness of MnO, depositions and smaller
distances between VG nanowalls result in a larger R, due to the
weak electrical conductivity of MnO, in MnO,/VG,.;. The lowest
density of VG scaffolds (MnO,/VGy.5) gives the fewer nanowalls
serving as electrical conductors, leading to the higher equiva-
lent series resistance. Furthermore, the diameters of semicircle
arcs named Rcr correspond to the resistance of electrolytes
diffusing into the pores of electrodes and the charge transfer
resistance.®>”® The similar Rcr values at around 0.5 Q for the
three electrodes indicate that the fast interactions between
electrodes and electrolytes, contributed to the highly distribu-
ted active materials and porous structure of MnO, depositions.
In the low-frequency region, the nearly perpendicular lines for
all the three electrodes suggest the ideal capacitive behavior
(either EDLC or pseudocapacitive) and low Warburg resistance
(W), indicating the excellent ion diffusivity and capacitive
behaviors.'®”” The slightly inclined curve of MnO,/VGy., s,
compared to that of the other two electrodes, reveals the more
pseudocapacitive behaviors leading to the highest area-
normalized specific capacitance, because of the increasing
amount of active materials involved in the faradaic redox
reaction.

The cycling stability of the MnO,/VGj., 5 electrode tested in a
three-electrode system is evaluated at a constant charge-
discharge rate of 5 mA cm > with the working window of 0-
1 V for consecutive 5000 cycles to confirm the long-term
charge-discharge performance. As shown in Fig. 7, the high
retention (98.68%) of the original capacitance at the end of
5000 cycles suggests the superior durability ascribed the direct

© 2022 The Author(s). Published by the Royal Society of Chemistry
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discharge rate of 5 mA cm™2 for consecutive 5000 cycles. Insets: Surface
morphologies of MNO,/VG;.; 5 at the initial status and after 500, 2000, and
5000 cycles.

growth of VG on silicon substrates and strong bonding between
active materials and scaffolds. The surface morphologies of
MnO,/VG,., 5 after 500, 2000, and 5000 cycles, showing the
changes in microstructures under long-term cycles, are demon-
strated in the insets. The redistribution of active materials from
the initial status to 500 cycles can be observed, which results in
the changes in the microstructures. However, the reversible
charge-discharge process of MnO, leads to the constant spe-
cific capacitance at the initial cycling stage. The ignorable
morphology changes in the SEM images for 500, 2000, and
5000 cycles suggest the stable and robust adhesion of MnO,,
achieve the long-term stability of the supercapacitor electrode.

3.4. Assembly of asymmetric supercapacitors with MnO,/VG/
Si and carbon black electrodes

The feasibility study of the supercapacitor electrodes contain-
ing the directly grown VG and electrochemically deposited
MnO, in a supercapacitor device is of importance investigating
the practical potentials of the prepared supercapacitor electro-
des. The asymmetric supercapacitor devices with MnO,/VG/Si
as the positive electrode and carbon black as the negative
electrode are assembled in a coin cell including 1 M Na,SO,
aqueous solution as the electrolyte and a piece of filter paper as
the separator. The shortened deposition time of MnO, (400 s)
in the above-mentioned electrodes benefits the microstructural
observations, due to the longer duration of electrochemical
depositions resulting in the complete filling of the gaps.** In
contrast, the increasing amounts of active materials deposited
on electrodes provide a higher specific capacitance, which can
be used to assemble supercapacitor devices with a better energy
storage capability. Meanwhile, the robust adhesions of VG on
silicon wafer substrates can afford heavy amounts of MnO,
depositions to obtain supercapacitor electrodes with an excel-
lent electrochemical performance.*® To demonstrate the stabi-
lity of VG scaffolds and the good electrochemical properties,
the positive electrode with VG, 5 as the scaffold and MnO,
electro-deposited under a constant potential of 0.6 V for 4000 s

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is prepared for the assembly of the asymmetric supercapacitor.
The porous structures of MnO, depositions with longer grow-
ing times, which may fill the gaps between nanowalls as
observed in our previous study, are still able to provide free
access of ions in the electrolyte to interact with electrodes.*?
The deposition amount of MnO, for 4000 s with the operation
potential of 0.6 V is calculated as 3.93 mg. The mass balance of
carbon black nanoparticles loaded in the negative electrode is
about 34.1 mg. Due to the energy storage nature of EDLC in
negative electrodes, the loading amounts of carbon black are
greatly larger than those of MnO, in positive electrodes, in
order to give the corresponding energy storage capability.
Fig. 8(a) shows the electrochemical performance of positive
and negative electrodes conducting charge-discharge process
in the Na,SO, electrolyte with three electrode system before
assembling in coin cells. The positive electrodes with the
working potential ranging from ~0 to ~1.3 V and negative
electrodes with the potential windows of ~0 and ~—0.7 V with
all the current densities between 0.5 and 5 mA cm™?, have the
expected potential ranges to store electrical power. The CV
curves performed with the scan rates of 5, 10, 20, 50, and
100 mV s~ ' under the voltage window of 0-1.8 V for the device
are shown in Fig. 8(b). The absence of the polarization phe-
nomenon at all the CV curves indicates that the device can
reach the working voltage up to 1.8 V.°® The GV charge-
discharge plots with the symmetrical and linear profiles for
all the current densities varying from 0.5 to 5 mA cm™> suggest
the good electrochemical performance of the as-prepared
supercapacitor device as shown in Fig. 8(c). The small IR drops
for all the curves at the inverting points from the charge-
discharge procedure imply the small Ry, which are ascribed to
the optimum preparation process of the device.> More impor-
tantly, the direct growth of VG on silicon wafers forms the tight
and intimate connections between active materials and current
collectors, which greatly reduce the R;. Furthermore, the spe-
cific capacitance of the supercapacitor device can be calculated
with the equation as mentioned above. The area-normalized
specific capacitances with the values of 230.93 mF cm™>
(0.5 mA cm™~?) and 164.92 mF cm > (5 mA cm ™ ?) are obtained,
presenting the excellent capacitance retention of 71.42% with
the increasing current density from 0.5 mA cm™ > to 5 mA cm ™ 2.
Furthermore, the energy and power density are calculated by
following the formulas®”

E— Ca X (AV)2
2
E
P=—
At

where E, P, and C, are energy density, power density, and
specific capacitance, respectively. AV and At represent potential
window and discharge time. The maximum energy density and
power density are calculated as E = 103.92 yW h em™> (P =
0.45 mW c¢cm > and 0.5 mA cm ?) and P = 4.5 mW cm >
(E = 7422 yW h em™? and 5 mA cm ?). The asymmetric
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electrolyte before assembling in coin cells; (b) CV curves; (c) GV curves;

(d) Nyquist plot; and (e) cycling stability with inset of powering a red LED of the asymmetric supercapacitor device.

Table 2 Comparing asymmetric supercapacitor device with the previous

reported literature

Power density

Specific capacitance Capacitance retention

Material Energy density (uW h cm™?) (mW cm™?) (mF cm™?) (%) [cycles] Ref.
MnO,/VGNs/Ni 7.7 5 56 80 [2000] 5
GNW/RuO, 15.1 2.49 109 N/A 31
CF/MnO, 2.7 8.3 4.9 89 [3000] 69
MnO,/VG/Si 103.9 4.5 230.9 77.3 [2000] This work

supercapacitor device exhibits a superior electrochemical per-
formance, compared to the reported studies as listed in Table 2.

The properties of the supercapacitor device measured using
electrochemical impedance spectroscopy (EIS) using the
Nyquist plot are evaluated as shown in Fig. 8(d). The low R
of ~8 Q indicates the good equivalent series resistance, which
is attributed to the intimate contacts between the VG scaffold
and active materials. The Rer (~2 Q) illustrating that the ion
transfer resistance suggests the superior interactions between
electrodes and electrolytes. Furthermore, the slope angle with
45 °C at the middle-frequency region, which shows the
diffusion-controlled process, is ascribed by the longer deposi-
tion time producing thicker MnO, layer and the porous struc-
tures of MnO,.**®® The nearly vertical line at the low-frequency
area, representing the ideal capacitive behavior, shows excel-
lent pseudocapacitive performance. The durability test of the
supercapacitor device is conducted to show the relatively high

5414 | Mater. Adv., 2022, 3, 5406-5417

capacitance retention of 77.32% over 2000 cycles. The asym-
metric supercapacitor is able to power a red LED as demon-
strated in the inset of Fig. §(e).

4. Conclusions

In summary, tunable densities of vertical graphene nanowalls
deposited on silicon wafer substrates via PECVD have been
achieved, which breaks the limits that the traditional fabrica-
tion methods have difficulties controlling the gap distances
between graphene nanowalls. The improvement of MnO, elec-
trochemical deposition, distributed on the surface of nanowalls
uniformly by using a mixture of ethanol and distilled water as
the solvent, provides access to reveal the density effects of
scaffolds on the electrochemical performance of supercapacitor
electrodes. The vertical graphene scaffolds with different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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densities are controlled by varying the flow ratios of precursor
gaseous materials to be 1:1, 1:2.5, and 1:5 for CH,:H,,
followed by the electrochemical deposition of MnO, under a
constant condition. We have found that the electrode of MnO,/
VG;,5 with the medium density of VG scaffold shows
the maximum area-normalized specific capacitance of
166 mF cm > among the three electrodes. The electrode of
MnO,/VG;., 5 exhibits excellent rate capacitance with the reten-
tion of 86% when the charge-discharge rate increases from
0.5 mA cm 2 to 5 mA cm . To investigate the applicable
potentials, the asymmetric supercapacitor device with MnO,/
VG/Si as the positive electrode and carbon black as the negative
electrode has been assembled. The supercapacitor device
demonstrates an excellent area-normalized specific capacitance
of 230.9 mF cm > with a maximum energy density of
103.9 pW h ecm™? and power density of 4.5 mW cm 2. The
relatively high cycling stability with the capacitance retention of
77.3% under consecutive 2000 cycles is achieved. This
approach represents the fundamental understanding of the
density effects of scaffolds on the pseudocapacitive supercapa-
citor electrodes. Meanwhile, the superior electrochemical per-
formance of the asymmetric supercapacitor device demo-
nstrates the promising potentials to fabricate energy-storage
electronics by using the electrodes based on vertical graphene
and pseudocapacitive materials.
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