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ABSTRACT Microsupercapacitors (MSCs), as one type of sig-
nificant power source or energy storage unit in microelectronic
devices, have attracted more and more attention. However, how
to reasonably design electrode structures and exploit the active
materials to endow the MSCs with excellent performances in a
limited surface area still remains a challenge. Here, a reduced
graphene oxide (RG0)/manganese dioxide (Mn0,)/silver nanowire
(AgNW) ternary hybrid film (RGMA ternary hybrid film) is success-

fully fabricated by a facile vacuum filtration and subsequent
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thermal reduction, and is used directly as a binder-free electrode for MSCs. Additionally, a flexible, transparent, all-solid state RMGA-MSC is also built,
and its electrochemical performance in an ionic liquid gel electrolyte are investigated in depth. Notably, the RGMA-MSCs display superior
electrochemical properties, including exceptionally high rate capability (up to 50000 mV-s "), high frequency response (very short corresponding time
constant 7, = 0.14 ms), and excellent cycle stability (90.3% of the initial capacitance after 6000 cycles in ionic liquid gel electrolyte). Importantly, the
electrochemical performance of RGMA-MSCs shows a strong dependence on the geometric parameters including the interspace between adjacent
fingers and the width of the finger of MSCs. These encouraging results may not only provide important references for the design and fabrication of
high-performance MSCs, but also make the RGMA ternary hybrid film promising for the next generation film lithium ion batteries and other energy
storage devices.
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he rapid development of wireless
Tsensor networks, portable electronic
devices, and other self-powered mi-
crosystems has significantly increased the
demand for microelectrochemical energy
storage devices.'~” Meanwhile, considering
the demand of miniaturization and reduc-
tion of the complexity of the whole system,
the design and fabrication of efficient, min-
iaturized energy-storage devices with long
lifetime, high rate capability, and high ener-
gy delivery is of great significance.
Microsupercapacitors (MSCs), a novel class
of micro/nanoscale power source, have at-
tracted considerable attention because of their
unique features, such as an ultrahigh power
density compared with that of batteries, large
rate capability, long cycling lifetime, and
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being environmental friendly.>~"" More-

over, MSCs can be directly coupled with
other energy storage units (microbatteries
and fuel cell), microsensors, and biomedical
implants to offer sufficient peak power."*
Therefore, a great deal of attention has been
focused on planar MSCs, for which a series
of nanostructured active materials have been
developed.”” ™32 Among them, graphene-
based materials, such as graphene,*® reduced
graphene oxide,”*'%'83% graphene quantum
dots*  graphene/CNTs** % graphene/
polyaniline®* and graphene/Mn0,,*° have
been exploited as active materials for planar
MSCs by taking advantage of the unique
properties of graphene and the synergistic
effect between graphene and the other com-
ponent. However, the relatively low electrical
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conductivities of graphene-based films derived from
graphite oxide limit their superior performances to
some extent,*’ because the electrical properties of
intrinsic graphene are difficult to completely recover
after reduction due to the presence of domain bound-
aries, defect, and residual oxygen-containing functional
groups for chemically exfoliated graphene sheets.’
Additionally, a larger number of contact resistances
between small-size graphene sheets also drastically
degrade their electrical transport properties. Thus, how
to reasonably design and prepare the highly conduc-
tive and flexible graphene-based films with low cost
and facile preparation processes is still a challenge for
the high-performance MSCs and other energy storage
devices.

To address the aforementioned problems, one
effective strategy is to design and build a novel
graphene-based nanostructured active material com-
bining two energy storage mechanisms (electrical
double layer capacitive and pseudocapacitive), highly
accessible electrochemically activated surface area,
high electrical conductivity, and superior interfacial
integrity of the main components. To this end, we
have designed and fabricated the reduced graphene
oxide/MnO,/silver nanowire (AgNW) ternary hybrid
film (RGMA ternary hybrid film) used as the electrode
material for MSCs based on the following reasons: (1)
graphene oxide (GO) provide fertile opportunities for
the construction of graphene-based nanocomposites
due to the abundant oxygen-containing functional
groups, and may also be a reliable material for the
flexible energy storage devices attributable to its bet-
ter mechanical strength and stiffness; (2) MnO, not
only significantly enhances the capacitive perfor-
mances due to the pseudocapacitive contribution,
but also prevents the restacking and aggregation of
the graphene nanosheets; (3) 1D AgNW plays a key role
as the conducting bridge between the graphene
sheets or/needle-like MnO, to enhance the electrical
conductivity and mechanical flexibility of the film, and
also acts as the “spacer” to prevent the aggregation
of graphene nanosheets. On the basis of so many
extraordinary properties mentioned above, it is ex-
pected that the RGMA ternary hybrid film will show
superior capacitive performance as the active material
for MSCs.

Additionally, it is well-known that the electrochemi-
cal performances of supercapacitors not only rely on
the exploitation of high-capacity active materials, but
also on the rational design of electrode architectures,
especially for MSCs with a limited surface area. On the
basis of this point, it is both necessary and important
to optimize the geometry of the current collectors
for a given electrode material and to consider the
performances of the MSCs normalized to its footprint
area. Furthermore, thorough understanding of the
effects of electrode structure on the electrochemical
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performances of MSCs is beneficial to better design
and fabricate the MSCs with superior performances.
However, compared to the work on electrode materials
of MSCs, little work has been done on the effects of
the electrode structure on the electrochemical perfor-
mances of MSCs.

In this work, the MSCs based on the novel RGMA
ternary hybrid film (RGMA-MSCs) are designed and
successfully fabricated. Interestingly, the electro-
chemical performances of RGMA-MSCs show a strong
dependence on the interspace between adjacent fin-
gers, and the width of the fingers of MSCs. Meanwhile,
aflexible, transparent, all-solid state RMGA-MSC is built
and its electrochemical performance in ionic liquid gel
electrolyte is also investigated in depth. Encouragingly,
the as-prepared RGMA-MSCs display excellent electro-
chemical properties, including excellent rate capability,
very short corresponding time constant, and long cycle
life. In addition, the strategy presented here can be
extended to prepare other ternary hybrid films, which
may be promising for the next generation of high-
performance MSCs, lithium ion batteries, and other
energy storage devices.

RESULTS AND DISCUSSION

The GO/MnO,/AgNW (GMA) ternary hybrid film is
prepared by a facile vacuum filtration of the resultant
complex dispersion of GO, MnO,, and AgNW suspen-
sion (Figure 1a). After the vacuum filtration, the cellu-
lose acetate membrane surface is uniformly and inti-
mately covered by the GMA ternary hybrid film, as
shown in the digital photograph (Figure 1b). Next, the
as-obtained GMA ternary hybrid film is used as the
active material to design and build the MSCs, as
presented in Figure 1c. Briefly, the cellulose acetate
membrane with captured GMA ternary hybrid film is
transferred onto an alumina substrate, and then the
cellulose acetate membrane is dissolved to leave
the GMA ternary hybrid film on the substrate. Subse-
quently, gold pattern with the designed device con-
figuration is thermally evaporated onto the GMA
ternary hybrid film through the homemade interdigital
finger mask. Afterward, the resulting patterned Au
layer acts as a protection mask to etch the exposed
graphene by O, plasma, and the residual MnO, and
AgNW are removed by HCl solution. Finally, a thermal-
reduction of the GMA ternary hybrid film is carried out
by annealing the device at 300 °C for 2 h under argon
atmosphere.

SEM images of pristine RGO, needle-like MnO,,
AgNW, and RGMA ternary hybrid film are shown in
Figure 2. Figure 2a represents the typical SEM image of
graphene sheets with richly wrinkled structure, which
is favorable for the diffusion of electrolyte into the
inner area of the RGMA3* As presented in Figure 2b,
MnO, exhibits needle-like morphology with diameters
from 20 to 50 nm and lengths from 200 to 500 nm.
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Figure 1. (a) Fabrication of the GMA ternary hybrid film through vacuum filtration of the mixture of GO, MnO,, and AgNW
suspension. (b) Digital photograph of the as-obtained GMA film supported on the cellulose acetate membrane after the
vacuum filtration. (c) Schematic illustration of the fabrication procedures for RGMA-MSCs on an alumina substrate.

Figure 2. Top-view SEM images of (a) graphene, (b) needle-like MnO,, (c) AGNW, and (d and e) RGMA ternary hybrid film.
(f) Cross-sectional SEM image of RGMA ternary hybrid film on silicon wafer.

The diameters of AgNW (Figure 2c) range from 40 to
90 nm, and the lengths vary from several tens to
hundreds of micrometers. Moreover, their correspond-
ing TEM characterizations (Supporting Information
Figure S1) further confirm the successful preparation
of graphene sheets, needle-like MnO,, and AgNW. As
displayed in Supporting Information Figure S2, the low
magnification SEM image of the top-view of the RGMA
ternary hybrid film exhibits the smooth and flat mor-
phology of in-plane structure. In this ternary hybrid
film, graphene sheets, needle-like MnO,, and AgNW
are uniformly incorporated to form sandwiched struc-
tures through physisorption, electrostatic binding, or
charge-transfer interactions.**** The high magnifica-
tion SEM images of the RGMA ternary hybrid film
(Figure 2 panels d and e) clearly show that the ran-
domly distributed 1D AgNWs are wrapped and sol-
dered by the wrinkles and folds of the graphene sheets
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and that the needle-like MnO, are dispersed between
the graphene sheets. In this unique structure, the
graphene sheets with high surface area and high
mechanical flexibility are beneficial to build a better
conductive network which could promote the electron
transfer. On the other hand, the needle-like MnO,
and 1D AgNW can act as the “spacers” to prevent the
restacking and aggregation of graphene nanosheets,
and as a result, more electrolyte-accessible surface areas
become available. Moreover, the inserted 1D AgNW can
also act as a conductive bridge between the graphene
sheets or/needle-like MnO, to provide effective elec-
tron-transport channels, further improving the conduc-
tivity of the hybrid film. As mentioned above, the RGMA
ternary hybrid film may be a promising material for
planar microsupercapacitors. Additionally, the layered
structure of the RGMA ternary hybrid film can be clearly
observed in the cross-sectional SEM image (Figure 2f)
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Figure 3. TEMimages of the RGMA ternary hybrid film: (a) low-magnification micrograph, (b and c¢) HR-TEM image of the open
square regions (green line) located in panel a, respectively. (d) HAADF-STEM image of the RGMA ternary hybrid film and the
corresponding HAADF-STEM-EDS elemental mapping analysis of (e) C element mapping, (f) O element mapping, (g) Mn
element mapping, and (h) Ag element mapping, respectively. (i) EDS spectrum of the RGMA ternary hybrid film.

with a thickness of about 60 nm (Supporting Informa-
tion Figure S3), indicating the thin thickness of the
ternary hybrid film.

More detailed structural information on the RGMA
ternary hybrid film is investigated by transmission
electron microscopy (TEM). Here, the TEM sample is
prepared by a sonication process in ethanol, followed
by casting them on the TEM copper grids. The typical
TEM image of the RGMA ternary hybrid film (Figure 3a)
reveals that the needle-like MnO, and the AgNW are
well anchored on the surface of graphene sheets. HR-
TEM images of the RGMA ternary hybrid film indicated
by the green dotted square frame (Inset in Figure 3a)
are shown in Figure 3 panels b and ¢, respectively. The
distance between the adjacent lattice fringes that run
parallel to the nanowire is around 0.30 nm (Figure 3b),
which agrees well with the interplanar distance of
the (001) plane of the a-MnO, structure.** As pre-
sented in Figure 3¢, the clear lattice fringes with the
measured interplanar spacing of 0.24 nm corresponds
to the (110) of AGNW,* suggesting that the AgNW is

LIU ET AL.

single-crystalline with the (110) growth direction.
Moreover, elemental mapping spectra show the pre-
sence and the distribution of the C, O, Mn, and Ag
elements, as presented in Figure 3 panels e, f, g, and h,
respectively, giving evidence to the successful prepara-
tion of a ternary hybrid film compounded from the
RGO, needle-like MnO,, and AgNW. Additionally, en-
ergy dispersive X-ray spectrometry (EDS) spectrum
(Figure 3i) exhibits only peaks of C, O, Mn, and Ag
except for the Cu signal originating from the copper
grid, also supporting the incorporation of RGO, needle-
like MnO,, and AgNW in this ternary hybrid film.

XPS spectra are used to analyze the functionalities
and the existence of covalent bonds in the RGMA
ternary hybrid film in depth. The survey spectrum
(Figure 4a) exhibits the presence of C, O, Mn, and Ag
elements, deriving from the RGO, MnO,, and AgNW in
RGMA ternary hybrid film. The high resolution C 1s XPS
spectrum (Figure 4b) of the RGMA ternary hybrid film
can be fitted into four components associated with
four different chemical environments of carbon atoms

VOL.9 = NO.2 = 1528-1542 = 2015 A@i@j

WL

Na

WWW.acsnano.org

1531



n w
(a) o) o (b)
—
. | -
= <
—_ O a —_
5| @ & (;' ) S
© c Q o
= = =3 o >
= <C ™ =
w (@)] UC)
I3 1 8
=9
N N e _
1 i 1 A 1 A L i L " L i A L i ] " Il i 1 i 1
1200 1000 800 600 400 _ 200 0 292 290 288 286 284 282
Binding Energy (eV) Binding Energy (eV)
Mn2pg, (d) Ag3ds,
Ag3daz
S S
S 8
2> >
£ z
3 5
= =

o50 645 640 6%
Binding Energy (eV)

i Il
660 655

L A 1 " L A 1 L i '} A 1 A
378 376 374 372 370 368 366 364
Binding Energy (eV)

Figure 4. XPS spectra of the RGMA ternary hybrid film: (a) survey spectrum, (b) high-resolution C 1s spectrum,
(c) high-resolution Mn 2p spectrum, and (d) high-resolution Ag 3d spectrum, respectively.

including nonoxygenated carbon (C—C/C=C, 284.8 eV),
C in C—0 bonds (285.9 eV), carbonyl carbon (C=0,
287.1 eV), and carboxylate carbon (O—C=0, 288.6 eV) *6*
Compared with the C 1s XPS spectrum of GO (Supporting
Information Figure S4), the significant intensity enhance-
ment of nonoxygenated carbon and the decrease of
oxygen-containing functionalities have demonstrated
the efficient reduction of graphene oxide. As shown in
Figure 4c, the appearance of two peaks centered at
642.3 and 654.4 eV can be assigned to Mn 2ps,, and
Mn 2p, ,, respectively, indicating that Mn mainly exists
in the form of Mn** in RGMA ternary hybrid film, which
correlates with previously reported data.*®*° Obvi-
ously, the typical Ag 3d spectrum (Figure 4d) with
two major peaks at 374.3 and 368.2 eV, corresponding
to Ag 3ds/, and Ag 3ds,,, respectively, reveals that the
AgNW is present in the metallic state in a RGMA ternary
hybrid film.***° In addition, the results obtained by
Raman and FT-IR spectroscopy (Supporting Informa-
tion Figure S5) also confirm that the RGMA ternary
hybrid film composed of RGO, MnO,, and AgNW are
successfully prepared by the facile vacuum filtration
and subsequent thermal-reduction.

To evaluate the effects of the width of the interspace
between the adjacent fingers on the electrochemical
performances of RGMA-MSCs, RGMA-MSCs with differ-
ent width of the interspace between the adjacent
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fingers (200 um, 400 um, and 800 um) are fabricated
on the same total surface of the cell (Figure 5),
and the corresponding RGMA-MSCs are denoted as
MSCs(WI200), MSCs(WI400), and MSCs(WI800), respec-
tively. Here, except for the width of the interspace
between the adjacent fingers, the other parameters
such as the width of finger, the length of the finger, and
the thickness of the RGMA ternary hybrid film are kept
constant (Supporting Information Figure S6). Cyclic
voltammetry (CV) measurements recorded at scan
rates from 10 to 50000 mV-s ™' are performed to reveal
the effect of the width of interspace between the
adjacent fingers on the electrochemical performances
of as-made RGMA-MSCs. All CV curves of the RGMA-
MSCs (Figure 6 panels a, b, and c) present the nearly
rectangular shape and rapid current response on
voltage reversal at each potential, confirming the
formation of an efficient electric double layer and fast
charge/discharge propagation within the RGMA tern-
ary hybrid film.'%*54%48 Even at an ultrahigh scan rate
of 50000 mV-s~', the CV curve still remains in a
rectangular shape, suggesting the high-power capabil-
ity of RGMA-MSCs.22*>4° Such high rate performance
of RGMA-MSCs is comparable to that of the high-power
MSCs based on other nanomaterial, including carbide-
derived carbon,?® onion-like carbon,’® reduced gra-
phene oxide,” %1834 graphene quantum dots,*’
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Figure 5. (a) Digital photography of RGMA-MSCs with different widths of the interspace between the adjacent fingers after
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the deposition of Au current collectors (top) and the subsequent treatment by O, plasma (bottom). Optical images of (b)
MSCs(WI200), (c) MSCs(WI1400), and (d) MSCs(WI800), respectively.
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Figure 6. CV curves of MSCs(WI200), MSCs(WI400), and MSCs(WI800) with different width of the interspace between the
adjacent fingers at different scan rates: (a) 1000 mV-s ', (b) 10000 mV-s ', (c) 50000 mV-s ', respectively. (d) Evolution of the
corresponding discharge current versus scan rate for MSCs(WI200), MSCs(WI1400), and MSCs(WI800), respectively. A linear
dependence is obtained up to at least 10000 mV-s~' (green dash dot line), indicating an ultrahigh power ability for the MSCs.

graphene/CNTs, >3 graphene/polyaniline,*® and

graphene/Mn0,.*° Here, the absence of redox peaks
on the CV curves indicates that RGMA-MSCs are
charged/discharged at a pseudoconstant rate over
the entire voltammetric cycles.>' Moreover, we plot
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the discharge current of RGMA-MSCs with a different
width of the interspace between the adjacent fingers
as a function of the scan rates from 10 to 50000 mV+s ™"
(Figure 6d). Obviously, the discharge current values of
RGMA-MSCs show a linear dependence on scan rates
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Figure 7. Electrochemical performances of MSCs(WI200), MSCs(WI400), and MSCs(WI800) with different width of the
interspace between the adjacent fingers: (a) Evolution of the stack capacitance versus scan rate, (b) galvanostatic charge/
discharge curves at a fixed current density of 85 mA-cm 2, (c) complex plane plot of the impedance spectrum (inset is a
magnified plot of the high-frequency region), and (d) impedance phase angle as a function of frequency ranging from 100 kHz
to 10 mHz. The frequency at the 45° phase angle reveals the power capability of the MSCs.

from 10 to 10000 mV-s~ ', but the current values slowly
deviate from the linear region when the scan rates
exceed 10000 mV-s~ ', probably owing to the limited
ion diffusion at ultrahigh scan rates.®”%2%3275¢ Nota-
bly, at a fixed scan rate, the narrower the width
of interspace is between the adjacent fingers in the
RGMA-MSCs, the larger are the discharge current
responses, because decreasing the width of interspace
between the adjacent fingers efficiently decreases the
average ionic diffusion pathway between the adjacent
fingers and consequently decreases the electrolyte
resistance.3%3

To better understand the effects of the width of
interspace between the adjacent fingers on the elec-
trochemical performances of RGMA-MSCs, the volu-
metric specific capacitance, the galvanostatic charge/
discharge curves, and electrochemical impedance
spectroscopy are shown in Figure 7. Recently, it was
reported that the volumetric capacitances give a more
accurate picture of the true performance of a super-
capacitor compared with gravimetric values,?*3%36>7
especially for the MSCs because of the small mass of
the active material. Therefore, the specific capacitance
of the MSCs is calculated based on the volume of the
stack, if not otherwise specified. Figure 7a plots
the volumetric specific capacitance (F-cm™3) of the
RGMA-MSCs as a function of scan rate ranging from
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10 to 50000 mV-s~'. Clearly, the volumetric specific
capacitances of the RGMA-MSCs decrease with the
increase of scan rates, which is attributed to the
insufficient time available for ion diffusion and adsorp-
tion in the inner of the electrode materials at a very
high scan rate.>****® Interestingly, the larger is the
width of the interspace between the adjacent fingers,
the smaller is the volumetric specific capacitance that
can be extracted from the RGMA-MSCs at various scan
rates, which is mainly attributed to the different path-
way for ion diffusion from the bulk solution to the
electrode surface. The greater width of the interspace
between the adjacent fingers results in the longer ionic
diffusion pathway between two microelectrodes.
Therefore, the highest specific capacitance of the
MSCs(WI200) is recorded to be 4.42 F-cm™2 at a scan
rate of 10 mV-s~". The present value is comparable
with the values of other reported materials for MSCs
such as onion-like carbon (1.10 F-cm~3),'® graphene/
CNTs (1.08 F-cm 3 laser reduction graphene
(3.10 F-cm3),"° active carbon (9.00 F-cm™3),"* and
reduced graphene film (17.5 F-cm™).° Here, the en-
hanced capacitance of RGMA-MSCs is mainly contrib-
uted by the RGMA ternary hybrid film due to its unique
structure and the synergistic effect of each component,
which can be strongly supported by the data in
Supporting Information Figure S7. As displayed in
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Figure 7b, all charge/discharge curves of RGMA-MSCs
show nearly ideal triangular shape and no obvious
voltage drop observed at the beginning of each dis-
charge, indicating ideal capacitor behavior and the
very low resistance for all of the RMGA-MSCs 2935482
Furthermore, the discharge time of the RMGA-MSCs
decreases as the width of interspace between the
adjacent fingers increases, suggesting that increasing
the width of interspace between the adjacent fingers
leads to the decrease of specific capacitance of the
RMGA-MSCs. The results from charge/discharge curves
are in good agreement with the CV results in terms of
specific capacitance of the RMGA-MSCs. Additionally,
the self-discharge behavior of the RGMA-MSCs is
also measured. As presented in Supporting Informa-
tion Figure S8, self-discharge curves of the RGMA-MSCs
reveal the relatively long self-discharge time (from V.,
0 '/3Vimax) #1932 indicating low self-discharge char-
acteristics, which endow them with high potential for
practical applications.

Electrochemical impedance spectra of the RMGA-
MSCs with different width of the interspace between
the adjacent fingers are presented in Figure 7c. Com-
plex plane plots of RMGA-MSCs exhibit the closed 90°
slope at a low frequency, which is another character-
istic of the ideal capacitive behavior of RMGA-
MSCs.>2'#548 The more vertical is the line, the more
closely the RGMA-MSCs behaves as an ideal capac-
itor.36°96% Moreover, all RMGA-MSCs show the near-
vertical line intersection with the real axis at high
frequency (inset in Figure 7c), indicative of the
small equivalent series resistance due to the fast ion
diffusion. In contrast, RGMA-MSCs(WI200) exhibits the
smallest equivalent series resistance, attributable to
the shortest ion diffusion pathway resulting from the
narrowest width of interspace between the adjacent
fingers. For a more informative analysis of EIS test, the
dependence of the phase angle on the frequency for
RMGA-MSCs with different width of the interspace
between the adjacent fingers is shown in Figure 7d.
For frequencies up to 10 Hz, all phase angles of the
RMGA-MSCs are close to 90°, which indicates that
these device functionalities are close to those of the
ideal capacitors,®'®>? coinciding with the RC (a serial
resistance R and capacitance C) equivalent circuit.>>*®
A better comparison of the frequency response of
the RMGA-MSCs can be made by comparing the
characteristic frequency (fy) at the phase angle of
4501335364854 1t i observed that the characteristic
frequency is 7142 Hz for RGMA-MSCs(WI200), much
higher than 3334 Hz for RGMA-MSCs(WI400), and 1587
Hz for RGMA-MSCs(WI800). Therefore, the correspond-
ing time constant 7, (tg = 1/fy), the minimum time
needed to discharge all the energy from the device
with an efficiency of more than 50%,1318:3536485254
is 0.14 ms for RGMA-MSCs(WI200), in contrast to
030 ms for RGMA-MSCs(WI400) and 0.63 ms for
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RGMA-MSCs(WI800). Importantly, the time constants
for the RGMA-MSCs are very promising compared with
previously reported values for MSCs such as activated
carbon (700 ms)," onion-like carbon (26 ms),'* laser
reduction graphene (19 ms),'® graphene/CNT compo-
site (3.4 ms),® and reduced graphene film (0.28 ms).°
The small time constants reveal the excellent power
response of the RGMA-MSCs. On the basis of the
above-mentioned results, it can be reasonably con-
cluded that for a given total area, the narrower is the
width of the interspace between the adjacent fingers,
the better is the rate capability, the faster is the power
response, and the higher is the energy the RGMA-
MSCs possess. Furthermore, these results also demon-
strate that the RGMA ternary hybrid film possesses
superior characteristics compared to the reported
materials and can be a very promising active material
for MSCs.

In addition to the width of interspace between the
adjacent fingers, the effects of the width of finger on
the electrochemical performances of RGMA-MSCs are
also investigated in this work in depth. RGMA-MSCs
with the different widths of finger (200 «m, 400 um,
and 800 um) are fabricated on the same total surface of
the cell (Figure 8), and the corresponding microsuper-
capacitors are denoted as MSCs(WF200), MSCs(WF400),
and MSCs(WF800). Herein, other parameters (including
the width of interspace between the adjacent fingers,
the length of the finger, and the thickness of the RGMA
ternary hybrid film) are kept constant except for the
width of finger (Supporting Information Figure S9). The
CV curves of RGMA-MSCs with the different width of
finger at different scan rates are shown in Figure 9
panels a, b, and ¢, respectively. Obviously, even at a
very high scan rate of 50000 mV-s ™', the CV curves only
slightly deviate from the rectangular shape, indicating
the nearly ideal capacitive behavior and the high power
output capability of RGMA-MSCs.'82935405253 Notably,
with the increase of the width of the finger, the area
surrounded by the CV curves of RGMA-MSCs decreases,
suggesting that the MSCs(WF200) has the largest cur-
rent response, and further revealing the influence of the
width of finger on the specific capacitance of RGMA-
MSCs. The in-depth study of the relationship between
the current response and the scan rate is presented in
Figure 9d. Remarkably, a linear dependence of the
discharge current on the scan rate is recognized at least
up to 10000 mV-s~", indicating the characteristic of a
high instantaneous power. Such rate performance is
better than or comparable to those of the high-power
MSCs previously reported.'®'32833-40 However, when
the scan rate further increases up to 50000 mV-s™,
the discharge current shows the nonlinear dependence
on the scan rate, revealing the diffusion-controlled
mechanism.>>>*

To highlight the effects of the width of finger on
the electrochemical performances of RGMA-MSCs, the
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Figure 8. (a) Digital photography of RGMA-MSCs with different widths of the fingers after the deposition of Au current
collectors (top) and the subsequent treatment by O, plasma (bottom). Optical images of (b) MSCs(WF200), (c) MSCs(WF400),

and (d) MSCs(WF800), respectively.
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Figure 9. CV curves of MSCs(WF200), MSCs(WF400), and MSCs(WF800) with different widths of fingers at different scan rates:
(a) 1000 mV-s~", (b) 10000 mV-s~', (c) 50000 mV-s~', respectively. (d) Evolution of the corresponding discharge current
versus scan rate for MSCs(WF200), MSCs(WF400), and MSCs(WF800), respectively. A linear dependence is obtained up to at
least 10000 mV-s~' (green dash dot line), indicating an ultrahigh power ability for the MSCs.

volumetric specific capacitance, the galvanostatic
charge/discharge curves, and electrochemical impedance
spectroscopy (EIS) are also performed. The volumetric
specific capacitances are plotted as a function of scan

LIU ET AL.

rates ranging from 10 to 50000 mV-s™', as displayed
in Figure 10a. It shows that the volumetric specific
capacitance decreases with the increase of scan rate
from 10 to 50000 mV-s~', which is attributed to the
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Figure 10. Electrochemical performances of MSCs(WF200), MSCs(WF400), and MSCs(WF800) with different widths of the
finger: (a) evolution of the stack capacitance versus scan rate, (b) charge/discharge curves at a fixed current density of
85 mA-cm 2, (c) complex plane plot of the impedance spectrum (inset is a magnified plot of the high-frequency region), and
(d) impedance phase angle as a function of frequency ranging from 100 kHz to 10 mHz. The frequency at the 45° phase angle

reveals the power capability of the MSCs.

diffusion effect causing some active surface areas to
be inaccessible for charge storage.>>**6" Importantly,
the volumetric specific capacitances of RGMA-MSCs
show a downward trend with the increase of the width
of finger, demonstrating that for a given total area, the
narrower is the width of the finger, the larger is the
volumetric specific capacitance of RGMA-MSCs. This is
because narrowing the finger width efficiently de-
creases the ionic diffusion pathway in the inner area
of the electrode materials, and consequently decreases
the resistance due to the ion transport limitations.”' %34
Moreover, the narrower finger maximizes the available
electrochemical surface area and results in the in-
creased capacitance observed with the RGMA-MSCs.
Here, these capacitances are comparable with those of
MSCs using other active materials.”'%'337 The effect of
the width of finger on the electrochemical perfor-
mances of the RGMA-MSCs is further revealed by the
galvanostatic charge/discharge curves (Figure 10b).
Notably, all the microdevices, regardless of the width
of the finger, show nearly ideal triangular charge/
discharge curves, but increasing the width of finger
results in the decrease of discharge time at a given
current density, which is consistent with the aforemen-
tioned results obtained from the CV curves.

As shown in Figure 10c, the Nyquist plot of the
RGMA-MSCs nearly parallels the imaginary axis at the

LIU ET AL.

low frequency region, indicating pure capacitive be-
havior related to the charge/discharge mechanism of
the RGMA ternary hybrid film. Also, the plot does not
show a semicircle at the high frequency region, imply-
ing the fast charge transfer in the RGMA ternary hybrid
film.>® Figure 10d presents the phase angles of these
RGMA-MSCs close to 90° at the frequency of 10 Hz,
revealing another typical characteristic of the ideal
capacitor behavior.>'8354852 Moreover, the RGMA-
MSCs show superior frequency response with an ex-
tremely small relaxation time. The RC time constant of
MSCs (WF200) is calculated to be 0.16 ms, in compar-
ison to 0.39 ms for the MSCs (WF400) and 0.75 ms for
the MSCs (WF800), indicating that the RC time constant
of RGMA-MSCs decrease with the increase of the width
of finger.

For application consideration, flexible and portable
electronics may require highly flexible power sources.
However, the fabrication of MSCs on a flexible sub-
strate with good durability such as bending or twisting
is still a challenge.5? Therefore, we further adapt our
fabrication method to construct flexible, transparent
all-solid state MSCs on a polyethylene terephthalate
(PET) substrate. Except for the substrate and the re-
duction method, the fabrication processes of RGMA-
MSCs on a PET substrate, including transfer, deposition
Au current collectors, and oxygen plasma etching, are
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Figure 11. (a) Digital photograph of the as-fabricated RGMA ternary hybrid film transferred onto the PET substrate. (b) The
resulting PET-supported RGMA-MSCs, showing the flexible and transparent characteristics of the as-prepared MSCs.
(c) Digital photograph of the as-prepared ionic liquid gel electrolyte used in the assembly of the PET-supported RGMA-MSCs.
(d) Optical images of PET-supported RGMA-MSCs bended with different angles. (e) CV curves of PET-supported RGMA-MSCs
bended with different angles at the scan rate of 5000 mV-s ™. (f) Galvanostatic charge/discharge curves of PET-supported
RGMA-MSCs at a current density of 85 mA-cm 3. (g) Specific capacitance of PET-supported RGMA-MSCs as a function of cycle

number in ionic liquid gel electrolyte at 5000 mV-s—'.

the same as for RGMA-MSCs on an aluminum substrate
(see details in Methods). A RGMA ternary hybrid film on
the bent PET substrate (Figure 11a) positioned above
shows the features of large-area uniformity, good
transparency, and mechanical flexibility. The optical
image of typical PET-supported RGMA-MSCs is shown
in Figure 11b.

Many efforts have been devoted to build the all-
solid-state MSCs using aqueous hydrogel-polymer
electrolytes, but the narrow operating voltage (no
more than 1.0 V) of the devices strongly limits their
applications due to the low decomposition voltage of
water. Fortunately, compared with the water-based
electrolytes, ionic liquids provide an attractive alter-
native to these conventional electrolytes owing to their
wide electrochemical window, high ionic conductivity,
and excellent electrochemical stability.'®'®®* There-
fore, it can be expected that the combination of ionic
liquids with a solid matrix not only retain the excellent

LIU ET AL.

properties of ionic liquids, but also allow easy shaping
of the device without having the intrinsic leakage
problems of liquid electrolyte. Herein, we prepare a
new ionic liquids-based gel (Figure 11c) by mixing
together fumed silica nanopowder with the 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide.’

The electrochemical performances of RGMA-MSCs in
ionic liquid gel electrolyte are shown in the Supporting
Information Figure S10. Note that the CV curves remain
nearly rectangular in shape even at an ultrahigh scan
rate of 10000 mV-s~ ', indicating good capacitor be-
havior and excellent rate capability. Importantly, com-
pared with the aqueous electrolyte, RGMA-MSCs
operate at a larger potential window ranging from 0
to 2.5 Vin an ionic liquid gel electrolyte, and thus are
beneficial to achieving higher energy densities. The
effect of curvature on the performances of the PET-
supported RGMA-MSCs is examined by CV curves with
the potential window ranging from 0 to 2.5V at a scan
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rate of 5000 mV-s~' under four different bending
angles (0°, 30°, 60°, and 90°), as shown in Figure 11d.
No apparent change of the CV curves of the PET-
supported RGMA-MSCs when tested under four bend-
ing states are observed (Figure 11e), suggesting that
the electrochemical performances of the PET-sup-
ported RGMA-MSCs are hardly affected by the bending
angles. The galvanostatic charge/discharge curve of
the flexible, transparent all-solid-state RGMA-MSCs is
presented in Figure 11f. Both the near linear and
symmetry profile of charge/discharge curves reveals
the good capacitive characteristics of the flexible,
transparent all-solid-state RGMA-MSCs in ionic liquid
gel electrolyte**? It shows a specific capacitance
of 2.72 F-cm™ at a current density of 85 mA-cm >,
In addition, the long-term cycling stability of the
flexible, transparent all-solid-state RGMA-MSCs is also
tested through a repetitive CV cycle at a scan rate of
5000 mV-s ™' (Figure 11g). Encouragingly, the flexible,
transparent all-solid-state RGMA-MSCs still remain
at 90.3% of the initial capacitance after 6000 cycles,
demonstrating its excellent long-term cycling stability
in an ionic liquid gel electrolyte.

To further demonstrate the performances of RGMA-
MSCs, a Ragone plot is shown in Supporting Informa-
tion Figure S11. Remarkably, the RGMA-MSCs deliver
the volumetric energy densities of 2.3 mWh-cm 3
(power density of 162.0 mW-cm~3) in an ionic liquid
gel electrolyte and 0.45 mWh-cm™3 (power density of
89.1 mW-cm~3) in a Na,SO, electrolyte, which are
comparable to or higher than those of recently
reported microsupercapacitors based on other mate-
rials, including laser-scribed graphene,'®'® reduced
graphene oxide and carbon nanotube composites,*®
3-dimensional graphene/carbon nanotube carpets,’
laser scribed graphene/carbon nanotubes,*® and photo-
resist derived porous carbon.®” Encouragingly, these

METHODS

Synthesis of Graphene Oxide (GO), AgNW and Needle-like Mn0,. GO
nanosheets were prepared from natural graphite (325 mesh) by
a modified Hummers method.®* AGQNW was synthesized by a
solvothermal process according to the reported method.®®
Needle-like MnO, was fabricated by a refluxing method as

described previously.*®
Preparation of GO/Mn0,/AgNW (GMA) Ternary Hybrid Film. A 0.5 mL

sample of aqueous suspension of GO nanosheets (0.1 mg-ml™"),
0.5 mL of aqueous suspension of MnO, (0.1 mg-ml~"), and
0.5 mL of aqueous suspension of AgNW (0.1 mg-ml”) were
mixed evenly, and then diluted with deionized water. Subse-
quently, the resulting suspensions were vacuum-filtrated using a
Millipore filter (50 mm in diameter and 0.45 um in pore size). Next,
the cellulose acetate filter membrane with captured GMA ternary
hybrid film was cut into the size of choice, and then transferred
onto an alumina substrate using isopropyl alcohol to remove the
trapped air between the hybrid film and the substrate. After that,
the cellulose filter membrane was dissolved using acetone to
leave a GMA ternary hybrid film on the alumina substrate. Finally,
the hybrid film was rinsed with deionized water and dried at
room temperature.

LIU ET AL.

energy density values are at least 2 orders of magnitude
higher than those of commercial electrolytic capacitors
(3 V/300 uF),"*'® and even comparable to those of the
thin-film lithium battery (4 V/500 uAh)."* The above
results demonstrate that the RGMA-MSCs have excel-
lent electrochemical performances with simultaneously
high energy density and power density. Therefore, it can
be expected that these superior energy and power
performances of the RGMA-MSCs presented here could
enable them to compete with microbatteries and elec-
trolytic capacitors in a variety of applications.

CONCLUSION

In summary, we have demonstrated a simple effi-
cient vacuum filtration method for constructing
large-area, ultrathin, uniform GO/MnO,/AgNW ternary
hybrid films, which may provide the opportunity to
incorporate metal or metal oxide nanostructures into
doped-graphene film with great potential for other
thin-film energy storage and conversion devices. More
importantly, the electrochemical performances of the
fabricated MSCs based on reduced graphene oxide/
MnO,/AgNW (RGMA) ternary hybrid film exhibit a
strong dependence on the width of the interspace
between the fingers and the width of finger, which
presents important references for the design and
fabrication of novel high-performance MSCs. Further-
more, the as-fabricated RGMA ternary hybrid film can
be easily transferred onto transparent and flexible
substrates to build the transparent, flexible, all-solid-
state MSCs which demonstrate excellent electrochem-
ical performance including high energy and power
densities, robust lifetime cycling performance, and
high flexibility. Therefore, the RGMA ternary hybrid
film holds promise for the fabrication of next-genera-
tion high performance transparent, flexible, energy
storage devices such as flexible lithium ion batteries.

Fabrication of RGMA-MSCs Devices. Gold with a thickness of
25 nm was thermally evaporated onto the GMA ternary hybrid
film through the homemade interdigital finger mask. The
patterns of GMA microelectrodes on alumina substrate were
then created by oxidative etching of the exposed graphene
oxide by O, plasma for 7 min. Thereafter, the device was put into
HCl solution (10%) at 75 °C for 10 s to remove the residual MnO,
and AgNW, and then rinsed with deionized water. Finally, a
thermal-reduction of GMA ternary hybrid film was carried out by
annealing the device at 300 °C for 2 h under an argon atmo-
sphere. In parallel, the flexible, transparent and solid-state
flexible MSCs were fabricated on PET substrate except for the
reduction of GO with hydrazine hydrate.

Morphology and Structural Characterization. A field emission
scanning electron microscope (FESEM, LEO 1550 GEMINI) was
employed to study the morphology of the as-prepared samples.
Transmission electron microscopy (TEM), high resolution TEM
(HRTEM), and energy-dispersive X-ray spectroscopy (EDX) map-
ping were carried out using a JEOL JEM-2100F. XPS experiments
were performed on a Kratos photoelectron spectroscopy sys-
tem equipped with an Al Ko monochromator X-ray source
operating at a power of 350 W. Raman spectra were obtained
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using a WITec CRM200 Raman system and the 532 nm line of an
argon ion laser was used as the excitation source in all the mea-
surements. Infrared spectra were recorded on an IRPrestige-21
by using pressed KBr pellets. The thickness of the hybrid film
was determined on a Bruker Dektak XT surface profiler.

Electrochemical Characterization. All electrochemical measure-
ments were carried out in a two-electrode system using an
Autolab workstation (PGSTAT302N) at room temperature. The
cyclic voltammetry (CV) tests were measured at different scan
rates varying from 10 to 50000 mV-s~' with the potential
window from 0 to 0.9 V for 0.5 M Na,SO, electrolyte and from
0 to 2.5 V for ionic liquid gel electrolyte, respectively. Galvano-
static charge/discharge tests were measured with the constant
current density of 85 mA-cm~> in 0.5 M Na,SO, electrolyte
(from 0 to 0.9 V) and ionic liquid gel electrolyte (from 0 to 2.0 V),
respectively. All electrochemical impedance spectroscopy (EIS)
plots were tested in the frequency ranging from 100 kHz to
0.01 Hz at open circuit potential with an AC perturbation of
5 mV. The capacitance values were calculated from the CV
curves by the equation:

1 Vi
Cdevice = ————~ I(v) dv 1
device V'(Vf *V|)‘/v‘ ( ) ( )
The specific capacitances were calculated based on the volume
of the device stack according to the following equation:

Cdevice

v )

Cstack =
where v was the scan rate (mV-s™"), V;and V; were the potential
limits of the voltammetric curve, /(V) was the voltammetric
discharge current (A), Cyevice Was the capacitance contribution
from hybrid film (F-cm™2), and Cyack Was the volumetric stack
capacitance of device (F-cm—3). The volumetric stack capaci-
tances were calculated by taking into account the whole
volume of the device, including the volume of hybrid film
electrodes, the interspaces between the electrodes, and Au
current collectors.

Additionally, the energy density (E) and power density (P)
are calculated by the following equations, respectively:

E— Cotack X AV? 3)
7200
~ Ex 3600

: (4)

where Cyack Was the volumetric stack capacitance (F-cm™3), AV
was the operating potential window (V), At was the discharge
time (s), £ was the energy density (Wh-cm™3), and P was the
power density (W- cm3).
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