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Supercapacitors now play an important role in the progress of
hybrid and electric vehicles, consumer electronics, and military and
space applications. There is a growing demand in developing
hybrid supercapacitor systems to overcome the energy density
limitations of the current generation of carbon-based supercapa-
citors. Here, we demonstrate 3D high-performance hybrid super-
capacitors and microsupercapacitors based on graphene and MnO,
by rationally designing the electrode microstructure and combin-
ing active materials with electrolytes that operate at high vol-
tages. This results in hybrid electrodes with ultrahigh volumetric
capacitance of over 1,100 F/cm>. This corresponds to a specific ca-
pacitance of the constituent MnO, of 1,145 F/g, which is close to
the theoretical value of 1,380 F/g. The energy density of the full
device varies between 22 and 42 Wh/I depending on the device
configuration, which is superior to those of commercially available
double-layer supercapacitors, pseudocapacitors, lithium-ion capaci-
tors, and hybrid supercapacitors tested under the same conditions
and is comparable to that of lead acid batteries. These hybrid
supercapacitors use aqueous electrolytes and are assembled in air
without the need for expensive “dry rooms” required for building
today’s supercapacitors. Furthermore, we demonstrate a simple
technique for the fabrication of supercapacitor arrays for high-volt-
age applications. These arrays can be integrated with solar cells for
efficient energy harvesting and storage systems.

supercapacitor | microsupercapacitor | graphene | metal oxide

As a result of the rapidly growing energy needs of modern life,
the development of high-performance energy storage devi-
ces has gained significant attention. Supercapacitors are promising
energy storage devices with properties intermediate between those
of batteries and traditional capacitors, but they are being im-
proved more rapidly than either (1). Over the past couple of
decades, supercapacitors have become key components of every-
day products by replacing batteries and capacitors in an increasing
number of applications. Their high power density and excellent
low-temperature performance have made them the technology of
choice for backup power, cold starting, flash cameras, regenerative
braking, and hybrid electric vehicles (2, 3). The future growth of
this technology depends on further improvements in energy den-
sity, power density, calendar and cycle life, and production cost.
According to their charge storage mechanism, supercapacitors
are classified as either electric double-layer capacitors (EDLCs)
or pseudocapacitors (2). In EDLCs, charge is stored through
rapid adsorption—desorption of electrolyte ions on high-surface-
area carbon materials, whereas pseudocapacitors store charge
via fast and reversible Faradaic reactions near the surface of metal
oxides or conducting polymers. The majority of supercapacitors
currently available in the market are symmetric EDLCs featuring
activated carbon electrodes and organic electrolytes that provide
cell voltages as high as 2.7 V. Although these EDLCs exhibit high
power density and excellent cycle life, they suffer from low energy
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density because of the limited capacitance of carbon-based elec-
trodes. The specific pseudocapacitance of Faradaic electrodes
(typically 300-1,000 F/g) exceeds that of carbon-based EDLCs;
however, their performance tends to degrade quickly upon cycling.

Studies during the past few years have demonstrated an at-
tractive alternative to conventional EDLCs and pseudocapaci-
tors by using hybrid systems. Using both Faradaic and non-
Faradaic processes to store charge, hybrid capacitors can achieve
energy and power densities greater than EDLCs without sacri-
ficing the cycling stability and affordability that have so far lim-
ited the success of pseudocapacitors (4). Several combinations
of materials, such as RuO; (5), Co;04 (6), NiO (7), V,0s (8),
Ni(OH); (9), and MnO, (10), have been studied for preparing
hybrid supercapacitors. Among these, MnO,-based systems are
particularly attractive as MnQO, is an earth-abundant and envi-
ronmentally friendly material with a high theoretical specific ca-
pacitance of 1,380 F/g (11). However, the poor ionic (10~ S/cm)
and electronic (107°~107° S/cm) conductivity of pristine MnO,
often limits its electrochemical performance. Recent reports
show that some high-performance results can be achieved only
from ultrathin MnO, films that are a few tens of nanometers in
thickness (12). Nevertheless, the thickness and the area-nor-
malized capacitance of these electrodes are not adequate for
most applications. A promising approach to realize practical
applications of MnQO; is to incorporate nanostructured MnO, on
highly conductive support materials with high surface areas such
as nickel nanocones (13), Mn nanotubes (14), activated carbon
(15), carbon fabric (16), conducting polymers (17), carbon
nanotubes (18, 19), and graphene (20-24). Although promising
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Batteries run just about everything portable in our lives such
as smartphones, tablets, computers, etc. Although we have
become accustomed to the rapid improvement of portable
electronics, the slow development of batteries is holding back
technological progress. Thus, it is imperative to develop new
energy storage devices that are compact, reliable, and energy
dense, charge quickly, and possess both long cycle life and
calendar life. Here, we developed hybrid supercapacitors that
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tional batteries.
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Fig. 1. Rational design of high-energy-high-power hybrid supercapacitor
electrodes. Improving the ionic current (IC) and electronic current (EC) within
the electrode is a key. Different approaches have been explored including
(A) compact thick films of metal oxide (here, MnO,); (B) nanostructured
metal oxide films; (C) addition of conductive materials to the nanostructured
metal oxide; and (D) our approach is growing nanostructured metal oxide
on 3D interconnected graphene networks with high surface area and high
electronic conductivity.

specific capacitances of 148-410 F/g have been achieved, such
values were obtained only under slow charge—discharge rates and
they were found to decrease rapidly as the discharge rate was
increased. Moreover, many of these materials have low packing
density with large pore volume, meaning that a huge amount of
electrolyte is needed to build the device, which adds to the mass
of the device without adding any capacitance (25). Accordingly,
the energy density and power density of these systems are very
limited on the device level. To solve these critical problems,
we have developed promising hybrid electrodes based on 3D
graphene doped with MnO, nanoflowers. By rationally designing
the structure of the graphene substrate to achieve high conduc-
tivity, suitable porosity, and high specific surface area, one may
expect to not only achieve a high gravimetric capacitance, but
also to improve the volumetric capacitance (23). Furthermore,
the high surface area of nanostructured MnO, provides more
active sites for the Faradaic reactions and shortens the ion dif-
fusion pathways that are crucial for realizing its full pseudoca-
pacitance. We show that hybrid supercapacitors based on these
materials can achieve energy densities of up to 42 Wh/l com-
pared with 7 Wh/l for state-of-the-art commercially available
carbon-based supercapacitors. Interestingly, these graphene—
MnO, hybrid supercapacitors use aqueous electrolytes and are
assembled in air without the need for the expensive dry rooms
required for building today’s supercapacitors.

Whereas great efforts have been made for the fabrication
of macroscale hybrid supercapacitors, there are only a few
studies on the design and integration of hybrid materials into
microsupercapacitors (26). This is likely due to complicated
microfabrication techniques that often involve building 3D
microelectrodes with micrometer separations. Here, we present
a simple, yet versatile technique for the fabrication of 3D hybrid
microsupercapacitors based on graphene and MnO,. These mi-
crodevices enable an ultrahigh capacitance per footprint approach-
ing 400 mF/cm?, which is among the highest values achieved for
any microsupercapacitor (26). They can also provide an energy
density of up to 22 Wh/l, more than two times that of lithium thin-
film batteries. These developments are promising for micro-
electronic devices such as biomedical sensors and radiofrequency
identification tags where high capacity per footprint is crucial.

Results

In designing supercapacitor electrodes, special efforts are made
to ensure that they are capable of providing high energy density
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and high power density. This requires optimization of the
preparation conditions to facilitate ionic and electronic trans-
port within the electrodes (27) as illustrated in Fig. 1 (see also
SI Appendix, section 1).

Synthesis and Characterization of 3D Macroporous Laser-Scribed-
Graphene-MnO, Electrodes. To experimentally realize energy-dense
and high-power supercapacitor electrodes, we integrated a highly
conductive and high-surface-area 3D laser-scribed graphene (LSG)
framework with MnO, as schematically illustrated in Fig. 24. The
3D LSG framework was produced from the laser scribing of GO
films following our previously reported method (27), upon which
the color changes from golden brown to black. The LSG frame-
work was subsequently coated in situ with MnO, using an elec-
trochemical deposition technique as described in Materials and
Methods; Fig. 2B. Note in Fig. 2B that the graphene electrode turns
darker in color after electrodeposition, a visual indication of the
loading of MnO,. It is well accepted that the conductivity and mass
loading of the active materials have a significant impact on the
electrochemical behavior of supercapacitor electrodes. Here, the
mass loading of MnQO; is controlled by adjusting the deposition
current and deposition time. Fig. 2C shows that the MnO,
loading changes almost llnearly with the deposition time at an
applied current of 0.25 mA/cm? and an average deposition rate
estimated to be ~6 pg/min.

In addition to interesting electrical properties, the LSG-MnO,
electrodes are monolithic and demonstrate superb mechanical
integrity under large mechanical deformation. Fig. 2D shows
that an LSG-MnO, electrode can be bent significantly without
damage. We evaluated the foldability of LSG-MnO, electrodes
by measuring their electrical resistance under successive bending
cycles. The resistance varies only slightly up to a bending radius
of 5.0 mm and can be completely recovered after straightening
no matter whether the bending is positive (convex) or negative
(concave). Notably, after 1,000 cycles of bending and straight-
ening at a concave bend radius of 5.0 mm, the resistance has
increased by only about 2.8%; Fig. 2E.
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Fig. 2. Fabrication and characterization of LSG/MnO, electrodes. (A) Sche-
matic diagram presents the fabrication procedure for the LSG-MnO, elec-
trodes. (B) Digital photographs show a GO film before and after laser
scribing. The LSG is then loaded with MnO,, whose amount can be con-
trolled by adjusting the deposition time from 3 to 120 min. (C) Mass loading
of MnO, versus deposition time. (D) Variation of the resistance of an LSG-
MnO, electrode as a function of bending radius. (E) Resistance change of an
LSG-MnO, electrode under repeated bending cycles for a concave bend
radius of 5 mm. (Inset) Photograph showing the flexibility of an LSG-MnO,
electrode.
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Fig. 3. Morphological and structural characterization of LSG-MnO, elec-
trodes. (A and B) SEM images of an LSG-MnO, electrode at low and high
magnification. (C) SEM image shows the nanoflower morphology of elec-
trodeposited MnO,. (D) Cross-sectional SEM image of an LSG-MnO.. (E) EDS
elemental mapping of C (red), Mn (blue), and O (green). (F) XPS spectra of
Mn 2p showing a doublet with a peak-to-peak separation of 11.6 eV. (G) XPS
spectra of Mn 3s.

The evolution of morphology corresponding to different de-
position times was examined by scanning electron microscopy
(SEM); Fig. 3 A-D. The SEM micrographs show the general
morphology and detailed microstructure of a typical sample
prepared by 120 min of deposition. MnO, has been uniformly
coated onto the surface of graphene throughout the entire film.
Moreover, the electrodeposited MnO, particles show a nano-
flower-shaped hierarchical architecture with a clear interface be-
tween MnO, and the graphene substrate which is consistent with
previous studies (20). Closer inspection of the MnO, nanoflowers
shows that they are made up of hundreds of ultrathin nanoflakes
that are 10-20 nm thick (see also SI Appendix, Fig. S3). These
nanoflakes are interconnected together to form mesoporous
MnO, with a large accessible surface area, thus offering numer-
ous electroactive sites available to the electrolyte which promotes
fast surface Faradaic reactions.

The 3D structure of LSG-MnO, electrodes was further ana-
lyzed using cross-sectional SEM; Fig. 3D. The 3D porous structure
of LSG is preserved after the deposition of MnO, without any
agglomerations. The graphene surface has been uniformly coated
with MnO, over the entire cross-section. In addition, energy-
dispersive X-ray spectroscopy (EDS) provides elemental maps of

C, O, and Mn, which confirms that a homogeneous coating of
MnO, throughout the 3D macroporous framework has been cre-
ated. The X-ray photoelectron spectroscopy (XPS) data shown
in Fig. 3 F and G further confirm the chemical composition of
the deposited oxide; see SI Appendix for details.

Assembly and Electrochemical Performance of Symmetric LSG-MnO,
Supercapacitors. To test the electrochemical performance of LSG—
MnO, macroporous frameworks, a supercapacitor pouch cell was
assembled from two symmetric electrodes separated by a Cel-
gard M824 ion porous separator and impregnated with 1.0 M
Na,SO, electrolyte; Fig. 44. The cells were tested by cyclic
voltammetry (CV) over a wide range of scan rates from 1 to
1,000 mV/s. As an example, consider the LSG-MnO, sample with
a deposition time of 3 min: the supercapacitor shows nearly rect-
angular CV profiles up to a scan rate as high as 1,000 mV/s, in-
dicating excellent charge storage characteristics and ultrafast re-
sponse time for the electrodes; Fig. 4B. The capacitances of the
devices made with different deposition times were calculated from
CV profiles and are presented in Fig. 4C. Note that the ca-
pacitance was calculated using the total volume of the cell
stack, rather than a single electrode. This includes the volume
of the current collector, the active material, the separator, and
the electrolyte.

We observe that the capacitance depends strongly on the
loading amount of the pseudocapacitive MnO, and increases
significantly with deposition time from 0 to 960 min. For ex-
ample, a stack capacitance of up to ~203 F/cm® can be achieved
with the sample at a 960-min deposmon time. This translates to
a volumetric capacitance of 1,136.5 F/cm® when calculated based
on the volume of the active material per electrode only. This
value is much hlgher than the capacitance of actlvated car-
bons (60-80 F/cm ), carbide-derived carbons (180 F/cm?), bare
LSG (12 F/cm ), activated microwave exfoliated graphite oxide
(60 F/cm?), and liquid-mediated chemically converted graphene
(CCG) films (263.3 F/cm®), indicating that the volumetric capaci-
tance of carbon-based electrodes can be significantly improved by
incorporating pseudocapacitive materials (SI Appendix, Table S1).
Furthermore, this value is higher than some of the best values
reported previously for MnO,-based supercapacitors: 16.1 F/cm
for carbon nanotube-polypyrrole-MnO, sponge, 130 F/em® for
graphene-MnO,-CNT, 246 F/em® for CNT-MnO,, 108 F/cm® for
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mesoporous carbon/MnO,, and 90 F/cm? for ultraporous carbon—
MnOs,. In addition, depending on the deposition time, ultrahigh
areal capacitances of up to ~0.8 F/cm? per footprint of the device
can be achieved. This compares favorably with commercial carbon
supercapacitors that typically provide ~0.3 F/em®

A B
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electrode

W fféfn

This unprecedented performance can be understood by sep-
arating the contribution of the MnO, nanoflowers from the av-
erage capacitance of the LSG-MnQO, electrodes. The specific
capacitance of MnO, depends on the mass of the active material
reaching a maximum value of 1145 F/g, which is about 83% of
the theoretical capacitance at a mass loading of 13% of MnOy;
Fig. 4D. This remarkable performance can be attributed to the
electrode microstructure that facilitates the transport of ions and
electrons and provides abundant surfaces for charge—transfer
reactions, ensuring a greater utilization of the active materials.

To demonstrate the superior properties of LSG-MnO, mac-
roporous electrodes, MnO, was also electrodeposited on both
CCG and gold substrates under the same conditions and their
electrochemical performance is presented in Fig. 4F. Not only
does the CCG-MnO, exhibit lower capacitance, but its perfor-
mance falls off very quickly at higher charge-discharge rates.
This can be attributed to the restacking of graphene sheets
during the fabrication of the CCG electrodes, resulting in a sig-
nificant reduction in the surface area and eventually closing off
much of the porosity (28). In addition, the Au—-MnO, super-
capacitor shows extremely low capacitance because of the limited
surface area and structural properties as can be seen in Fig. 14.
LSG-MnO,, on the other hand, shows a stack capacitance of
~50 F/cm? that is more than four times higher than CCG-MnO,
and about three orders of magnitude higher than Au-MnO,. The
enhanced capacitance and rate capability of the LSG-MnO,
further confirms its optimized structure, which synergizes the
effects of both effective ion migration and high electroactive
surface area, thus enabling high and reversible capacitive be-
havior even at high charge—discharge rates. The optimized ionic
diffusion of the LSG network was also confirmed from electro-
chemical impedance spectroscopy with a response time of 23 ms
for LSG compared with 5,952 ms for the CCG electrodes; Fig. 4
G and H) (see also SI Appendix, section 2 and Figs. S1 and S2).
In fact, the LSG-MnO, supercapacitor shows superior volumetric
capacitance and rate capability compared with commercially
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Engineering of 3D interdigitated microsupercapacitors with high energy density. (A-C) Illustration of the fabrication process for an asymmetric

microsupercapacitor based on LSG-MnO, as the positive electrode and LSG as the negative electrode. (D) Photograph showing the asymmetric micro-
supercapacitor. (E) Optical microscope image showing the LSG-GO-LSG-MnO, interface. (F) SEM image of the interface between GO and LSG shows the
selective electrodeposition of MnO, on LSG only. (Inset) Magnified view of the GO and LSG area. (G-/) Comparison of the stack capacitance of the supercapacitor
between the sandwich structure and the planar interdigitated structure for (G) asymmetric, MnO, deposition time 3 min and (H and /) symmetric devices.
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Fig. 7. Ragone plot comparing the energy and power density of LSG-MnO,
supercapacitors with a number of commercially available energy storage
devices: a lead acid battery, a lithium thin-film battery, an aluminum elec-
trolytic capacitor, activated carbon supercapacitors of variable sizes, a pseu-
docapacitor, and a lithium-ion hybrid capacitor. Performance data for Au-
MnO, and CCG-MnO, are also included to demonstrate the importance of
the microstructure of the electrodes.

available activated carbon supercapacitors, pseudocapacitors, and
lithium-ion hybrid capacitors as can be seen from Fig. 4.

Construction of Asymmetric Supercapacitors. Considering the high
pseudocapacitance of the LSG-MnO, electrode and the fast
charge—discharge of the double-layer capacitance of the LSG
electrode, an asymmetric supercapacitor was assembled using
LSG-MnO,; as the positive and LSG as the negative electrode, as
schematically illustrated in Fig. 54 (see also SI Appendix, section
3). Here, a charge balance between the two electrodes was
achieved by controlling the deposition time of MnO, at the
positive electrode and the thickness of the graphene film at the
negative electrode. The electrochemical performance of an asym-
metric cell that uses LSG-MnO, with 13% MnO, mass loading
(3-min deposition time) for the positive electrode is shown in Fig.
5 B and C. The cell exhibits an ideal capacitive behavior with nearly
rectangular CV profiles and highly triangular charge/discharge
curves; Fig. 5 B and C. The CV profiles retain their rectangular
shape without apparent distortions with increasing scan rates up
to an ultrahigh rate of 10,000 mV/s, indicating the high rate
capability of this asymmetric supercapacitor. Interestingly, the
asymmetric cell presents a wide and stable operating potential
window up to 2.0 V in aqueous electrolyte that should afford
high energy density. Furthermore, as the MnO, deposition time is
increased from 3 to 960 min, the stack capamtance increases sig-
nificantly from around 3 to 76 F/em?, meamng that the stored
energy and power can be greatly 1mproved in the asymmetric
structure; Fig. 5D. These cells can also retain their high capacity
when faster charge and discharge rates are needed. In addition, the
as-fabricated supercapacitor is highly flexible and can be folded
and twisted without affecting the structural integrity of the
device or its electrochemical performance, holding promise as
a practical energy storage system for flexible electronics; Fig. SE.

Long cycle life is another important feature for commercially
viable supercapacitors. Indeed, the asymmetric supercapacitor is
very stable as it maintains over 96% of its original capacity after
10,000 charge—discharge cycles tested at a high scan rate of 1,000
mV/s; Fig. 5F. The equivalent series resistance (ESR) of the
supercapacitor was monitored during cycling using a Nyquist plot.
The device demonstrates a slight increase of ESR in the first 1,000
cycles with only subtle changes over the remaining cycles.

Three-Dimensional Interdigitated Microsupercapacitors. The de-
velopment of microsupercapacitors with high capacity per footprint
area is crucial for the miniaturization of energy storage devices for
modern electronic applications (26). Unfortunately, current state-
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of-the-art systems still suffer from low areal capacity (26): <11.6
mF/cm? for carbons (29, 30), <78 mF/cm? for conducting polymers
(31), and <56.3 for metal oxides (32). We designed new hybrid
microsupercapacitors as illustrated in Fig. 6 A-C, in which the
positive and negative electrodes are separated into a 3D inter-
digitated structure. This structure was achieved by combining the
techniques of “top-down” LightScribe lithography with “bottom-
up” selective electrodeposition. First, 3D interdigitated LSG
microelectrodes were produced by the direct writing of graphene
patterns on GO films using a consumer-grade LightScribe DVD
burner. Subsequently, MnO, nanoflowers were selectively electro-
deposited on one set of the LSG microelectrodes using the cell
setup described in the schematic diagram (Materials and Methods).
The width of the microelectrodes is adjusted to match the charge
between the positive and negative poles of the microdevice. Fig. 6D
shows a digital photograph of an asymmetric microsupercapacitor
that consists of alternating positive and negative electrodes. The
lighter microelectrodes correspond to bare graphene (negative
electrodes), whereas the other side turns darker in color after
the electrodeposition of MnO, (positive electrodes). The op-
tical microscope image shows a well-defined pattern and sharp
boundaries between the microelectrodes; Fig. 6E. SEM further
confirmed the conformal structure of this asymmetric micro-
supercapacitor. A magnified view at the interface between GO
and graphene shows the selective electrodeposition of MnO,
on the graphene area only; Fig. 6F.

Electrochemical characterization shows that the asymmetric
microsupercapacitor provides enhanced volumetric capacitance
and rate capability compared with a conventional sandwich-type
asymmetric supercapacitor; Fig. 6G. Symmetric hybrid micro-
supercapacitors show a similar behavior (Fig. 6 H and I), with
the areal capacnance approaching 400 mF/cm?. To the best of
our knowledge, this is the highest areal capacitance achieved so
far in an 1nterd1g1tated mlcrosupercapa01tor The stack capam-
tance significantly i improves to ~250 F/cm® (volumetric capaci-
tance per electrode is 1,197 F/em® ), which is much higher than
values previously reported for EDLC, pseudo- and hybrid mi-
crosupercapacitors: 1.3 F/cm for carbon onions, 2.35-3.05 F/cm®
for graphene, 1.08 F/cm® for CNT, 3.1 F/cm® for graphene—
CNT, 180 F/cm’ (electrode) for carbide-derived carbon, 588 F/cm®
for polyaniline nanofibers, 317 F/cm® (electrode) for vanadium
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Fig. 8. Direct fabrication of supercapacitor arrays for high-voltage appli-
cations and integrated energy storage. (A) Direct fabrication of an asym-
metric supercapacitor array consisting of 9 cells in a single step. Charge-
discharge curves of asymmetric supercapacitor arrays connected in series
(3 cells in series, 3S), in parallel (3 cells in parallel, 3P), and in a combination of
series and parallel (3 series x 3 parallel, 3S x 3P). A single device is shown for
comparison. (B) Integration of a supercapacitor array with solar cells for ef-
ficient solar energy harvesting and storage.
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disulfide nanosheets, and 178 F/cm® for molybdenum disulfide
nanosheets (S Appendix, Table S2).

Discussion

The energy and power density of the LSG-MnO,-based super-
capacitors are presented in Fig. 7. To put these results in per-
spective with current technology, we characterized a number of
commercially available carbon-based supercapacitors, pseudo-
capacitors, hybrid supercapacitors, and Li-ion hybrid capacitors
and the results are presented in the same plot. These devices
were tested under the same dynamic conditions as LSG-MnO,.
For all devices, the calculations were made based on the volume
of the full cell that includes the current collector, active material,
separator, and electrolyte. The energy density of the hybrid
LSG-MnO, varies between 22 and 42 Wh/l depending on the
configuration (symmetric, asymmetric and sandwich, interdigi-
tated) and the mass loading of MnO,. By comparison, the LSG—
MnO, hybrid supercapacitors store about 6 times the capacity
of state-of-the-art commercially available EDLC carbon super-
capacitors. They are also superior to pseudocapacitors, hybrid
supercapacitors, and supercapacitor—lithium-ion battery hybrid
(Li-ion capacitors). Furthermore, LSG-MnO, supercapacitors
can provide power densities up to ~10 kWy/l, which is 100 times
faster than high-power lead acid batteries and 1,000 times faster
than a lithium thin-film battery.

To meet the high voltage requirements, supercapacitors are
often put into a bank of cells connected together in series. This
results in bulky supercapacitor modules, which are appropriate
in some cases but often cause problems in applications where the
total size of the power source is critical. Here, we propose
a different design in which an array of separate electrochemical
cells is directly fabricated in the same plane and in one step as
shown in Fig. 84 (see also SI Appendix, sections 4, 5 and Figs.
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S4-S8). This configuration shows very good control over the
voltage and current output. In addition, this array can be in-
tegrated with solar cells for efficient solar energy harvesting and
storage, as shown in Fig. 8B and SI Appendix, Movie S1.

In summary, we have developed a simple and scalable approach
for the fabrication of hybrid LSG-MnO, 3D supercapacitors and
microsupercapacitors that are compact, reliable, and energy
dense, charge quickly, and possess long lifetime. Given that MnO,
is widely used in alkaline batteries [selling ~10 billion units per
year (33)] and the scalability of graphene-based materials, we
believe that graphene-MnO, hybrid electrodes offer promise for
real-world applications.

Materials and Methods

Synthesis of LSG-Mn0O,, Au-MnO,, and CCG-MnO, Electrodes. The LSG
framework was prepared by focusing a laser beam from a LightScribe DVD
burner on a DVD disk coated with graphite oxide. First, the DVD disk is
covered by a film of gold-coated polyimide (Astral Technology Unlimited,
Inc.) or a sheet of polyethylene terephthalate. This was coated with a 2% GO
dispersion in water using the doctor blade technique and left for drying for
5 h under ambient conditions. A computer-designed image is printed onto
graphite oxide to make the appropriate LSG pattern (27). This was followed
by the electrodeposition of MnO, from 0.02 M Mn(NOs), in 0.1 M NaNO3
aqueous solution using a standard three-electrode setup, where a piece of
LSG (1 cm?) is used as the working electrode, Ag-AgCl as the reference
electrode (BASi), and a platinum foil (2 cm?, Sigma-Aldrich) as the counter-
electrode. The deposition was achieved by applying a constant current of
250 pA/cm? for different time periods between 3 and 960 min. For more
information on the assembly of supercapacitors, microsupercapacitors, and
characterization methods, please see S/ Appendix, Materials and Methods.
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