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BEVICES AND METHODS FOR HIGH VOLTAGE AND SOLAR APPLICATIONS

CROSS-REFERENCE

{6001} This application claims the benefit of U.S. Provisional Application No. 62/312 408 filed
March 23, 2016, and U.S. Provisional Application No. 62/421,920 filed November 14, 2016, which

applications are incorporated herein in their entirety by reference.

BACKGROUND

16002} As aresult of the rapidly growing energy needs of modern life, the development of high
performance energy storage devices has gained significant attention.

{6003} Supercapacitors are promising energy storage devices with properties intermediate
between those of batteries and traditional capacitors, but they are being improved more rapidly than
either. Over the past couple of decades, supercapacitors have become key components of everyday
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 application 1n back-up power, cold starting, flash cameras, regenerative braking, and hybrid
electric vehicles. The future growth of this technology depends on further improvements in many

areas, including energy density, power density, calendar lite, cycle life, and production cost.

SUMMARY
{¢004] The instant inventors have recognized a need for improved design and integration of
hybrid materials into microsupercapacitors {e.g., due to complicated microfabrication technigues that
may involve building 3D microelectrodes with micrometer separations).
18005] The present disclosure provides a simple, yet versatile, technigue for the fabrication of
microdevices such as, for example, 3D hybrid microsupercapacitors. In some embodiments, such 3D
hybrid microsupercapacitors are based on interconnected corrugated carbon-based network (ICCN}
and MnQ;,. In some embodiments, the microdevices herein enable a capacitance per footprint (e.g.,
an ultrabigh capacitance per footprint) approaching about 400 mF/em”. In some embodiments,
microdevices herein provide an energy density of up to about 22 Wh/L (e.g., more than two times
that of lithium thin film batteries). These developments are promising, among other examples, for
microelectronic devices such as biomedical sensors and radio frequency identification (RFID) tags

{e.g., where hugh capacity per footprint 1s crucial).
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{0006} The present disclosure provides a method for the preparation and/or integration of
microdevices for high voltage applications. In some embodiments, the present disclosure provides a
method for the direct preparation and integration of asymmetric microsupercapacitors for high
voltage applications. The microsupercapacitors may comprise an array of separate electrochemical
cells. In some embodiments, the array of separate electrochemical cells can be directly fabricated in
the same plane and in one step. This configuration may provide very good control over the voltage
and current output. In some embodiments, the array can be integrated with solar cells for efficient
solar energy harvesting and storage. In some embodiments, the devices are integrated
microsupercapacitors for high voltage applications. In certain embodiments, the devices are
asymmetric microsupercapacitors for high voltage applications (high voltage asymmetric
microsupercapacitors). In some embodiments, the array comprises one or more electrochemical cells
with at least one ICCN/MnG; hybrid electrode.
{6007] An aspect of the present disclosure provides an approach for fabrication of hybrid laser-
scribed graphene (LSG)-MuO, 3D supercapacitors and microsupercapacitors. Tn some embodiments,
the supercapacitors and/or microsupercapacitors can be compact, reliable, energy dense, or any
combination thereof. In other ernbodiments, the supercapacitors and/or microsupercapacitors can
charge quickly, possess long lifetime, or any combination thereof. Given the use of Mn(, in alkaline
batteries (selling approximately 10 billion units per year) and the scalability of graphene-based
materials, graphene/Mn(; hybrid electrodes may offer promise for real world applications.
0008] An aspect of the present disclosure provides an electrochemical system comprising a
plurality of interconnected electrochemical cells, each electrochemical cell comprising a first
electrode and a second electrode, wherein at least one of the first electrode and the second electrode
comprises an interconnected corrugated carbon-based network (JCCN). In some embodiments, the
electrochemical system is capable of outputting a voltage of about 5 V to about 5060 V. In some
embodiments, the electrochemical system 1s capable of outputting a voltage of at least about 5 V. In
some embodiments, the electrochemical system is capable of outputting a voltage of at least about
100 V. In some embodiments, the electrochemical system 1s capable of outputting a voltage of about
5 Vtoabout 10V, about 5 V to about 50V, about 5 V to about 100 V, about 5 V to about 200 V,
about 5 V to about 300V, about 5 V to about 400 V, about 5 V to about 500 V, about 10 V to about
50 'V, about 10 V to about 100 V, about 10 V to about 200 V, about 10 V to about 300V, about 10V
to about 400 V, about 10 V to about 500 V, about 50 V to about 100 V, about 50 V to about 200 V,
about 50 V to about 300V, about 50 V to about 400 V, about S0 V to about 500 V, about 100 V to
about 200V, about 100 V to about 300 V, about 100 V to about 400 V, about 100 V to about 500 V,
2



(¥,

10

20

30

WO 2017/165548 PCT/US2017/023632

about 200 V to about 300 V, about 200 V to about 400 V, about 200 V to about 500 V, about 300 V
to about 400 V, about 300 V to about 500 V, or about 400 V to about 500 V.

{600Y] In some embodiments, the plurality of interconnected electrochemical cells comprises at
feast one hybrid supercapacitor cell. In some embodiments, the plurality of interconnected
electrochemical cells 1s an array of hybrid microsupercapacitors. In some embodiments, the plurality
of interconnected electrochemical cells is an array of microsupercapacitors fabricated by hight
scribing.

{6010] In some embodiments, the electrochemical system further comprises an electrolyte
disposed between the first electrode and the second electrode. In some embodiments, the electrolyte
is an aqueous electrolyte. In some embodiments, the system further comprises a solar cell in
electrical communication with the plurality of interconnected electrochemical cells. In some
embodiments, the solar cell is a copper indium gallium selenide (CIGS) cell or an organic
photovoltaic cell.

{6011} In some embodiments, the electrochemical system comprises a planar array of
interconnected electrochemical cells, wherein each electrochemical cell comprises at least two
electrodes, wherein each electrode comprises a carbonaceous material, wherein at least one electrode
further comprises a pseudocapacitive material. In some embodiments, the carbonaceous material
comprises an interconnected corrugated carbon-based network (ECCN), a laser scribed graphene
(L.8G) or any combination thereof. In some embodiments, each electrochemical cell comprises two
electrodes, and wherein each electrode comprises a carbonaceous material and a pseudocapacitive
material. In some embodiments, the pseudocapacitive material corprises MnQ,, RuG;, Co:04, N1O,
Fe; 05, Cu, MoGs, V205, Ni{OH ), or any combination thereof. In some embodiments, the array of
electrochemical cells 1s arranged 1n an interdigitated structure. In some embodiments, the
electrochemical system further comprises an electrolyte disposed between the first electrode and the
second electrode. In some embodiments, the electrochemical system further comprises a current
collector attached to an electrode. In some embodiments, at least one electrochemical cell ts capable
of outputting a voltage of at least about 5 volts. In some embodiments, the electrochemical system is
capable of outputting a voltage of at least 100 volts. In some embodiments, an electrochemical cell
has an energy density of at least about 22 watt-hours per liter (Wh/L}. In some embodiments, the
array of electrochemical cells has a capacitance per footprint of at least about 380 millifarads per
square centimeter (mF/cm?). In some embodiments, the array of electrochemical cells has a

volumetric capacitance of at least about 1,100 farads per cubic centimeter (F/cm?®).
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{0012} Another aspect of the present disclosure provides a supercapacitor comprising an array of
supercapacitor cells. In some embodiments, the array of supercapacitor cells comprises at least one
hybrid supercapacitor cell. In some embodiments, the array of supercapacitor cells is an array of
hybrid supercapacitor cells.
{6013} In some embodiments, the array of supercapacitor cells is capable of outputting a voltage
of about 5 V to about 100 V. In some embodiments, the array of supercapacitor cells is capable of
outputting a voltage of at least about 5 V. In some embodiments, the array of supercapacitor cells 13
capable of outputting a voltage of about 5 V to about 10V, about 5 V to about 20 V, about 5 V to
about 30V, about 5 V 1o about 40 V, about 3 V to about 50 V, about 5 Vic about 60V, about S V to
about 70V, about 5 V to about B0 V, about 5 V to about 90V, about 5 V to about 100 V, about 10V
to about 20 V, about 10 V o about 30 V, about 10 V to about 40 V, about 10 V o about 50 V, about
10 Vto about 60 V, about 10 V to about 70 V, about 10 V to about 80 'V, about 10V to about 90 V,
about 10 V to about 100 V, about 20 V to about 30 V, about 20 V to about 40 V, about 20 V to about
50V, about 20 V to about 60 V, about 20 V to about 70 V, about 20 V 1o about 80 V, about 20 V to
about 90 V, about 20 V to about 100 V, about 30 V to about 40 V, about 30 V to about 50V, about
30 Vio about 60 V, about 30 V to about 70V, about 30 V to about 80 'V, about 30 V to about 90 V,
about 30 V to about 100V, about 40 V to about 50 V, about 40 V to about 60 V, about 40 V to about
70V, about 40 V to about 80 V, about 40 V to about 90 V, about 40 V to about 100 V| about S0 Vto
about 60 V, about 50 V to about 70 V, about 50 V to about 80 V, about 50 V to about 90 V, about
50 V to about 100 V, about 60 V to about 70 V| about 60 V to about 80 V, about 60 V 10 about 90 V,
about 60 V to about 100V, about 70 V to about 80 V, about 70 V to about 90 V, about 70 V to about
100 'V, about 80 V to about 90 V, about 80 V to about 100 V, or about 90 V to about 100 V.
{0014} In some embodiments, the supercapacitor has an energy density of about 10 Wh/L to
about 80 Wh/L. In some embodiments, the supercapacitor has an energy density of at least about
10 Wh/L. In some embodiments, the supercapacitor has an energy density of about 10 Wh/L to about
20 WL, about 10 WH/L to about 30 Wh/L, about 10 Wh/L to about 40 Wh/L, about 10 Wh/L to
about 50 Wh/L, about 10 Wh/L to about 60 Wh/L, about 10 Wh/L 1o about 70 Wh/L, about 10 Wh/L
to about 80 Wh/L, about 20 Wh/L to about 30 Wh/L, about 20 Wh/L to about 40 Wh/L, about
20 Wh/L to about 50 Wh/L, about 20 Wh/L to about 60 Wh/L, about 20 Wh/L to about 70 Wh/L,
about 20 Wh/L to about 80 Wh/L, about 30 WH/L to about 40 Wh/L, about 30 Wh/L to about
50 Wh/L, about 30 Wh/L to about 60 Wh/L, about 30 Wh/L to about 70 Wh/L, about 30 Wh/L to
about 8¢ Wh/L, about 40 Wh/L to about 50 Wh/L, about 40 Wh/L to about 60 Wh/L, about 40 Wh/L
to about 70 Wh/L, about 40 Wh/L to about 80 Wh/L, about 50 Wh/L to about 60 Wh/L, about
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S0 Wh/L to about 70 Wh/L, about 50 Wh/L to about 80 Wh/L, about 60 Wh/L to about 70 Wh/L,
about 60 Wh/L to about 80 Wh/L, or about 70 Wh/L to about 80 Wh/L.

{6015] In some embodiments, the at least one supercapacitor cell has an energy density at least
about 6 times greater than an energy density of a carbon-based non-hybrid supercapacitor cell. In
some embodiments, the at least one hybrid supercapacitor cell comprises at feast one electrode
comprising (1} a carbonaceous material and (ii) a pseudocapacitive metal or metal oxide material. In
some embodiments, the at least one hybrid supercapacitor cell comprises at least one electrode
comprising an interconnected corrugated carbon-based network (ICCN) and MnQO,. In some
embodiments, the at least one hybrid supercapacitor cell comprises symmetric or asymmetric
electrodes.

{0016] In some embodiments, the array of supercapacitor cells is arranged in an interdigitated
structure. In some embodiments, the array of supercapacitors has a capacitance per footprint of about
250 mF/cm® to about 600 mF/cm? In some embodiments, the array of supercapacitors has a
capacitance per footprint of at least about 250 mF/cm? In some embodiments, the array of
supercapacitors has a capacitance per footprint of about 250 mF/em® to about 300 mF/em?, about
250 mF/em? to about 350 mF/cm?, about 250 mF/em? to about 400 mF/em?, about 250 mF/em? to
about 450 mF/cm?, about 250 mF/cm?® to about 500 mF/cm? about 250 mF/cm? to about

550 mF/cm?, about 250 mF/cm? to about 600 mF/cm?, about 300 mF/cm? to about 350 mF/em?,
about 300 mF/cm? to about 400 mF/cm?, about 300 mF/cm? to about 450 mF/em?, about 300 mF/cm?
to about 500 mF/cm?, about 300 mF/cm? to about 550 mF/cm?, about 300 mF/cm? to about

600 mF/em?, about 350 m¥F/cm? to about 400 mF/ecm?, about 350 mF/cm? to about 450 mF/em?,
about 350 mF/cm? to about 500 mF/cm? about 350 mF/cm? to about 550 mF/cm?, about 350 mF/cm?
to about 600 mF/cm?, about 400 mF/cm? to about 450 mF/cm?, about 400 mF/cm? to about

500 mF/cm?, about 400 mF/cm? to about 550 mF/cm?, about 400 m¥F/cm? to about 600 mF/cm?,
about 450 mF/cm? to about 500 mF/cm?, about 450 mF/cm? to about 550 mF/cm?, about 450 mF/cm?
to about 600 mF/cm?®, about 500 m¥F/em? to about 550 mF/cm?, about 500 mF/em? to about

600 mF/cm?, or about 550 mF/cm? to about 600 mF/cm?.

{6017} In some embodiments, the array of supercapacitors maintains the capacitance even at
high charge-discharge rates. In some embodiments, the array of supercapacitors maintains the
capacitance at a charge-discharge rate corresponding to a current density of about 5,000 mA/cné® to
about 20,000 mA/cm®. In some embodiments, the array of supercapacitors maintains the capacitance
at a charge-discharge rate corresponding to a current density of at least about 5,000 mA/cn®. In

some embodiments, the array of supercapacitors maintains the capacitance at a charge-discharge rate

~
A
-



(¥,

10

20

30

WO 2017/165548 PCT/US2017/023632

corresponding to a current density of about 5,000 mA/cm?® to about 7,500 mA/cm?, about
5,000 mA/em?® to about 10,000 mA/cm?, about 5,000 mA/cm? to about 12,500 mA/cm?, about
5,000 mA/cm?® to about 15,000 mA/cm?, about 5,000 mA/cm® to about 17,500 mA/om?®, about
5,000 mA/cn?® to about 20,000 mA/cm?, about 7,500 mA/cm?® to about 10,000 mA/cm?®, about
7,500 mA/cm? to about 12,500 mA/em?, about 7,500 mA/cm?® to about 15,000 mA/em3, about
7,500 mA/em? to about 17, 500 mA/cm?, about 7,500 mA/cm? to about 20,000 mA/cm?, about
10,000 mA/crm? to about 12,500 mA/cm?, about 10,000 mA/cm? to about 15,000 mA/cm?®, about
10,000 mA/cm?® to about 17 500 mA/cm?®, about 10,000 mA/cnm® to about 20,000 mA/cm?, about

2,500 mA/cm?® to about 15,000 mA/cm?®, about 12,500 mA/cm?® to about 17,500 mA/cm?®, about
12,500 mA/cm® to about 20,000 mA/cm®, about 15,000 mA/em® to about 17,500 mA/cm?, about
15,000 mA/cm? to about 20,000 mA/cm?, or about 17,500 mA/cm? to about 20,000 mA/en.
{¢0138] In some embodiments, the array of supercapacitors maintaing the capacitance at a charge-
discharge rate corresponding to a scan rate of about 5,000 mV/s to about 20,000 mV/s. In some
embodiments, the array of supercapacitors maintains the capacitance at a charge-discharge rate
corresponding to a scan rate of at least about 5,000 mV/s. In some embodiments, the array of
supercapacitors maintains the capacitance at a charge-discharge rate corresponding to a scan rate of
about 5,000 mV/s to about 6,250 mV/s, about 5,000 mV/s to about 7,500 mV/s, about 5,000 mV/s to
about 10,000 mV/s, about 5,000 mV/s to about 11,250 mV/s, about 5,000 mV/s to about
12,500 mV/s, about 5,000 mV/s to about 15,000 mV/s, about 5,000 mV/s to about 16,250 mV/s,
about 5,000 mV/s to about 17,500 mV/s, about 5,000 mV/s to about 20,000 mV/s, about 6,250 mV/s
to about 7,500 mV/s, about 6,250 mV/s to about 10,000 mV/s, about 6,250 mV/s to about
11,250 mV/s, about 6,250 mV/s to about 12,500 mV/s, about 6,250 mV/s to about 15,000 mV/s,
about 6,250 mV/s to about 16,250 mV/s, about 6,250 mV/s to about 17,500 mV/s, about 6,250 mV/s
to about 20,000 mV/s, about 7,500 mV/s to about 10,000 mV/s, about 7,500 mV/s to about
11,250 mV/s, about 7,500 mV/s to about 12,500 mV/s, about 7,500 mV/s to about 15,000 mV/s,
about 7,500 mV/s to about 16,230 mV/s, about 7,500 mV/s to about 17,500 mV/s, about 7,500 mV/s
to about 20,000 mV/s, about 10,000 mV/s to about 11,250 mV/s, about 10,000 mV/s to about
12,500 mV/s, about 10,000 mV/s to about 15,000 mV/s, about 10,000 mV/s to about 16,250 mV/s,
about 10,000 mV/s to about 17 500 mV/s, about 10,000 mV/s to about 20,000 mV/s, about
11,250 mV/s to about 12,500 mV/s, about 11,250 mV/s to about 15,000 mV/s, about 11,250 mV/s to
about 16,250 mV/s, about 11,250 mV/s to about 17,500 mV/s, about 11,250 mV/s to about
20,000 mV/s, about 12,500 mV/s to about 15,000 mV/s, about 12,500 mV/s to about 16,250 mV/s,
about 12,500 mV/s to about 17 500 mV/s, about 12,500 mV/s to about 20,000 mV/s, about
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15,000 mV/s to about 16,250 mV/s, about 15,000 mV/s to about 17,500 mV/s, about 15,000 mV/s to
about 20,000 mV/s, about 16,250 mV/s to about 17,500 mV/s, about 16,250 mV/s to about

20,000 mV/s, or about 17,500 mV/s to about 20,000 mV/s.

{6019] Some aspects provide a system comprising the supercapacitor, wherein the array of
supercapacitor cells 1s in electrical communication with at least one solar cell, and wherein the at
least one solar cell includes a copper indium gallium selenide (CIGS) cell, an organic photovoltaic
cell, or a combination thereof.

{0020] Another aspect of the present disclosure provides a method for fabricating a
supercapacitor comprising forming electrodes comprising laser scribing. In some embodiments, the
method comprises forming electrodes comprising LightScribe writing on a film, wherein at least one
of the electrodes is configured to store charge via one or more non-Faradaic processes, wherein at
feast one of the electrodes comprises a pseudocapacitive material configured to store charge via one
or more Faradaic processes.

{6021} In some embodiments, the supercapacitor is capable of cutputting a voltage of about 5V
to about 100 V. In some embodiments, the supercapacitor is capable of outputting a voltage of at
least about S V. In some embodiments, the supercapacitor is capable of outputting a voltage of about
5 Vitoabout 10V, about 5 V to about 20V, about 5 V to about 30 V, about 5 V to about 40 V, about
5V to about 50 V, about 5 V to about 60 V, about 5 V to about 70 V, about 5 V to about 80 V, about
5 Vitoabout 90V, about 5 V to about 100 V, about 10 V to about 20 V, about 10 V to about 30V,
about 10 V to about 40 V, about 10 V to about 50V, about 10 V to about 60 V, about 10 V to about
70V, about 10 V 1o about 80 V, about 10 V to about 90V, about 10 V to about 100 V, about 20 Vo
about 30 V, about 20 V to about 40 V| about 20 V to about 30 V, about 20 V to about 60 V, about

20 V to about 70 'V, about 20 V to about 80 'V, about 20 V to about 90 V, about 20 V to about 100V,
about 30 V to about 40 V, about 30 V to about 50 V, about 30 V to about 60 V| about 30 V to about
70V, about 30 V 1o about 80 V| about 30 V to about 90 V, about 30 V to about 100 V, about 40 V 1o
about 50 V, about 40 V to about 60 V, about 40 V to about 70 V, about 40 V to about B0 V, about
40 V to about 90 'V, about 40 V to about 100 V, about 50 V to about 60 V| about 50 V to about 70 V|
about 50 V to about 80 V, about 50 V to about 90 V, about 50 V to about 100V, about 60 V to about
70 'V, about 60 V to about 80 V, about 60 V to about 90 V, about 60 V to about 100 V, about 70 V 1o
about 80 V, about 70 V to about 90 V, about 70 V to about 100 V, about 80 V to about 90 V, about
&0 V to about 100 V, or about 90 V to about 100 V.

{6022} In some embodiments, the method further comprises selectively electrodepositing the
pseudocapacitive material on at least one of the electrodes. In some embodiments, the method

7
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further comprises forming the electrodes by laser scribing graphite oxide films. In some
embodiments, the method further comprises forming a porous interconnected corrugated carbon-
based network (JCCN), wherein the porous ICCN comprises a plurality of carbon layers that are
interconnected and expanded apart from one another to form a plurality of pores. In some
embodiments, the method further comprises electrodepositing metallic nanoparticles withio the
plurality of pores. In some embodiments, the method further comprises forming the electrodes in an
interdigitated pattern. In some erabodiments, the pseudocapacitive material comprises Mn(,
nanoflowers. In some embodiments, a supercapacitor cell comprises (1) a first electrode comprising
an ICCN and the pseudocapacitive material and (i) a second electrode comprising the ICCN,
thereby forming a supercapacitor cell with asymmetric electrodes. ln some embodiments, a
supercapacitor cell comprises (1) a tirst electrode comprising an ICCN and the pseudocapacitive
material and (it) a second electrode comprising the ICCN and the pseudocapacitive matenal, thereby
forming a supercapacitor cell with symmetric electrodes. In some embodiments, the method further
comprises directly fabricating an array of separate supercapacitor cells in the same plane and in one
step.
[0023] In some embodiments, a method for fabricating an electrochemical system, comprises:
forming a carbonaceous film; forming a carbonaceous framework from the carbonaceous film;
patterning the carbonaceous framework to form a planar array of two or more cells, wherein each
cell comprises at least two electrodes; and electrodepositing a pseudocapacitive material onto a
portion of the planar array. In some embodiments, the carbonaceous film comprises graphene oxide
(GO} Tn some embodiments, the carbonaceous film comprises a three dimensional carbon
framework comprising an interconnected corrugated carbon-based network (ICCN), a laser scribed
graphene (L.SG), or any combination thereof. In some embodiments, the forming of the
carbonaceous framework from the carbonaceous film comprises light scribing. In some
embodiments, the patterning the carbonaceous framework comprises light scribing. In some
embodiments, the patterning the carbonaceous framework forms two or more interdigitated
electrodes. In some embodiments, the array is a planar array. In some embodiments, the
pseudocapacitive material comprises MnQ;, RuG;, Co:Oy, Ni(0, Fe, (s, Cu(, Mol;, V304, Ni{OH),,
or any combination thereof. Some embodiments further comprise depositing an electrolyte on the
carbonaceous framework. Some embodiments further comprise connecting the two or more cells,
{0024] In some embodiments, the laser scribing is performed by a LightScribe DVD labeler
through direct writing. In some embodiments, the Hight scribing is performed by a light beam whose
frequency is about 1x10° MHz to about 18x10% MHz,

&
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{0025] In some embodiments, the light scribing is performed by a light beam whose wavelength
is about 350 nanometers {nm) to about 1,450 nanometers. In some embodiments, the light scribing is
performed by a light whose wavelength is at least about 350 nanometers. In some embodiments, the
light scribing is performed by a light whose wavelength is at most about 1,450 nanometers. In some
embodiments, the light scribing is performed by a light whose wavelength 1s about 350 nanometers
to about 450 nanometers, about 350 nanometers to about 550 nanometers, about 350 nanometers to
about 650 nanometers, about 350 nanometers to about 750 nanometers, about 350 nanometers 1o
about 850 nanometers, about 350 nanometers to about 950 nanometers, about 350 nanometers to
about 1,050 nanometers, about 350 nanometers to about 1,150 nanometers, about 350 nanometers to
about 1,250 nanometers, about 350 nanometers to about 1,350 nanometers, about 350 nanometers to
about 1,450 nanometers, about 450 nanometers to about 550 nanometers, about 450 nanometers to
about 650 nanometers, about 450 nanometers {0 about 750 nanometers, about 450 nanometers to
about 850 nanometers, about 450 nanometers to about 950 nanometers, about 450 nanometers to
about 1,050 nanometers, about 450 nanometers to about 1,150 nanometers, about 450 nanometers to
about 1,250 nanometers, about 450 nanometers to about 1,350 nanometers, about 450 nanometers to
about 1,450 nanometers, about S50 nanometers to about 650 nanometers, about 550 nanometers to
about 750 nanometers, about 550 nanometers {0 about 850 nanometers, about 550 nanometers to
about 950 nanometers, about 350 nanometers to about 1,050 nanometers, about 550 nanometers 1o
about 1,150 nanometers, about 350 nanometers to about 1,250 nanometers, about 550 nanometers to
about 1,350 nanometers, about 550 nanometers to about 1,450 nanometers, about 650 nanometers to
about 750 nanometers, about 650 nanometers to about 850 nanometers, about 650 nanometers 1o
about 950 nanometers, about 650 nanometers to about 1,050 nanometers, about 650 nanometers {o
about 1,150 nanometers, about 650 nanometers to about 1,250 nanometers, about 650 nanometers to
about 1,350 nanometers, about 650 nanometers to about 1,450 nanometers, about 750 nanometers to
about 850 nanometers, about 750 nanometers to about 950 nanometers, about 750 nanometers to
about 1,050 nanometers, about 750 nanometers to about 1,150 nanometers, about 750 nanometers to
about 1,250 nanometers, about 750 nanometers to about 1,350 nanometers, about 750 nanometers to
about 1,450 nanometers, about 850 nanometers to about 950 nanometers, about 850 nanometers 1o
about 1,050 nanometers, about 850 nanometers to about 1,150 nanometers, about 850 nanometers to
about 1,250 nanometers, about 850 nanometers to about 1,350 nanometers, about 850 nanometers to
about 1,450 nanometers, about 950 nanometers to about 1,050 nanometers, about 950 nanometers to
about 1,150 nanometers, about 950 nanometers to about 1,250 nanometers, about 950 nanometers to

about 1,350 nanometers, about 950 nanometers to about 1,450 nanometers, about 1,050 nanometers
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to about 1,150 nanometers, about 1,050 nanometers to about 1,250 nanometers, about

1,050 nanometers to about 1,350 nanometers, about 1,050 nanometers to about 1,450 nanometers,
about 1,150 nanometers to about 1,250 nanometers, about 1,150 nanometers to about

1,350 nanometers, about 1,150 nanometers to about 1,450 nanometers, about 1,250 nanometers to
about 1,350 nanometers, about 1,250 nanometers to about 1,450 nanometers, or about

1,350 nanometers to about 1,450 nanometers.

{0026] In some embodiments, the light scribing is performed by a light beam whose power 13
about 20 milltwatts (mW) to about 80 mW . In some embodiments, the light scribing is performed by
a light whose power is at least about 20 mW. In some embodiments, the light scribing is performed
by a light whose power ts at most about 80 mW. In some embodiments, the light scribing 1s
performed by a light whose power 1s about 20 mW to about 30 mW, about 20 mW to about 40 mW,
about 20 mW to about SO0 mW, about 20 mW to about 60 mW, about 20 mW to about 70 mW, about
20 mW to about 80 mW, about 30 mW to about 40 mW, about 30 mW to about 50 mW, about

30 mW to about 60 mW, about 30 mW to about 70 mW, about 30 mW to about 80 mW, about

40 mW to about 50 mW, about 40 mW to about 60 mW, about 40 mW to about 70 mW, about

40 mW to about 80 mW, about 30 mW to about 60 mW, about 50 mW to about 70 mW, about

50 mW to about 80 mW, about 60 mW to about 70 mW, about 60 mW to about 830 mW, or about
70 mW to about 80 mW.

6027} In some embodiments, the supercapacitor is a three-dimensional hybrid
microsupercapacitor. In some embodiments, the supercapacitor comprises three-dimensional
interdigitated microsupercapacitors. In some embodiments, the supercapacitor comprises asymmetric
microsupercapacitors. In some embodiments, the method further comprises forming a plurality of
interdigitated electrodes into an array of microsupercapacitors. In some embodiments, the method
further comprises integrating the array of microsupercapacitors with one or more solar cells.

0028] In some embodiments, the one or more solar cells include a copper indium gallium
selenide (CIGS) cell. In some embodiments, the one or more solar cells include an organic
photovoltaic cell. In some embodiments, the plurality of interdigitated electrodes is configured to
store charge via one or more non-Faradaic processes.

18029] In some embodiments, the supercapacitor has a capacitance per footprint that is at least
about 2 tirnes greater than a commercial carbon supercapacitor. In some embodiments, the
supercapacitor has a capacitance per footprint of about 0.3 F/em?® to about 0.8 F/ecm? In some
embodiments, the supercapacitor has a capacitance per footprint of at least about 0.3 F/em?2 In some
embodiments, the supercapacitor has a capacitance per footprint of about 0.3 ¥/em® to about
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0.4 F/em? about 0.3 F/em?® to about 0.5 F/em?, about 0.3 F/em? to about 0.6 F/em? about 0.3 F/em?
to about 0.7 F/em?, about 0.3 F/em? to about 0.8 F/em?, about 0.4 F/em? to about 0.5 F/ecm?, about
0.4 F/cm?® to about 0.6 F/em?, about 0.4 F/em® to about 0.7 F/em?, about 0.4 F/om? o about

0.8 F/em?, about 0.5 F/em? to about 0.6 F/em?, about 0.5 F/om? to about 0.7 F/em?, about 0.5 F/em?
to about 0.8 F/em?, about 0.6 F/em? to about 0.7 F/em?, about 0.6 F/em? to about 0.8 F/em?, or about
0.7 F/cm? to about 0.8 F/em.

[0030] In some embodiments, at least one of the electrodes is a hybrid electrode that comprises
the pseudocapacitive material and is configured to store charge via the one or more non-Faradaic
ProCcesses.

{0031} In some embodiments, the hybrid electrode has a volumetric capacitance of about

500 F/en® to about 2,000 F/em®. In some embodiments, the hybrid electrode has a volumetric
capacitance of at least about 500 F/em®. In some embodiments, the hybrid electrode has a volumetric
capacitance of about 500 F/cm?® to about 625 F/em?, about 500 F/em? to about 750 F/em?®, about

SO0 F/em? to about 1,000 F/em?®, about SO0 F/em?® to about 1,125 F/em?®, about SO0 F/em? to about
1,250 F/em?®, about 500 F/cm?® to about 1,500 F/em?®, about 500 F/em® to about 1,625 F/om®, about
500 F/em® to about 1,750 F/om?, about 500 F/em?® to about 2,000 F/em?, about 625 F/em® to about
750 F/em?®| about 625 F/om® to about 1,000 F/em?®, about 625 F/em® to about 1,125 F/om?®, about

625 F/em? to about 1,250 F/em?, about 625 F/em?® to about 1,500 F/em?®, about 625 F/em? to about

Y

625 Fiom®, about 625 F/om?® to about 1,750 F/em?®, about 625 F/em? to about 2,000 F/om®, about

2

50 F/en® to about 1,000 F/em?, about 750 F/em® to about 1,125 F/em?®, about 750 F/en® to about

3

1,250 F/em?, about 750 F/em® to about 1,500 F/om3, about 750 F/om?® to about 1,625 F/em?, about
750 F/em® to about 1,750 F/em?, about 750 F/em® to about 2,000 F/em?, about 1,000 F/em?® to about
1,125 F/em?®, about 1,000 F/em? to about 1,250 F/om?, about 1,000 F/em? to about 1,500 F/em?®, about
1,000 F/em?® to about 1,625 F/em?®, about 1,000 F/em?® to about 1,750 F/em?, about 1,000 F/em?® to
about 2,000 F/em?®, about 1,125 F/em® to about 1,250 F/em?®, about 1,125 F/em? to about 1,500 F/em?,

-

about 1,125 F/em® to about 1,625 F/em?®, about 1,125 F/em?® to about 1,750 F/em?, about 1,125 F/em?

to about 2,000 F/em®, about 1,250 F/emy® to about 1,500 F/em?, about 1,250 F/em?® to about

1,625 F/om?®, about 1,250 F/em® to about 1,750 F/em?®, about 1,250 F/em?® to about 2,000 F/emy’, about
1,500 F/em?® to about 1,625 F/em?, about 1,500 F/em?® to about 1,750 F/emy?, about 1,500 F/em?® to
about 2,000 F/em?®, about 1,625 F/om?® to about 1,750 F/em?, about 1,625 F/em? to about 2,000 F/om?,
or about 1,750 F/cm® to about 2,000 F/om?®.

{6032} In some embodiments, the supercapacitor is capable of outputting a voltage of about 50 V
to about 250 V. In some embodiments, the supercapacitor is capable of outputting a voltage of at
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least about 50 V. In some embodiments, the supercapacitor is capable of outputting a voltage of
about 50 V to about 75 V, about 50 V to about 100 V, about 50 V to about 125 V, about 50 V to
about 150 V, about 50 V to about 175 V, about 30 V to about 200 V, about 30 Vto about 225 V,
about 50 V to about 250 V, about 75 V to about 100 V, about 75 V to about 125V, about 75 V1o
about 150V, about 75 V to about 175 ¥V, about 75 V to about 200 V, about 75 Vto about 225V,
about 75 V to about 250 V, about 100 V to about 125 V, about 100 V to about 150 V, about 100 V to
about 175V, about 100 V to about 200 V, about 100 V to about 225 V, about 100 V to about 250V,
about 125 V to about 150 V, about 125 V to about 175 V, about 125 V to about 200 V, about 125 V
to about 225 V, about 125 V to about 250 V, about 150 V to about 175 V, about 150 V to about 200
YV, about 150 V to about 225 V, about 150 V to about 250 V, about 175 V to about 200 V, about 175
V 1o about 225 V, about 175 V 1o about 250 V, about 200 V to about 225 V, about 200 V to about
230V, or about 225 V to about 250 V.

{0033] Other goals and advantages of the invention will be further appreciated and understood
when considered in conjunction with the following description and accompanying drawings. While
the foliowing description may contain specific details describing particular embodiments of the
invention, this should not be construed as limitations to the scope of the invention but rather as an
exemplification of preferable embodiments. For each aspect of the invention, many variations are
possible as suggested herein that are known to those of ordinary skill in the art. A variety of changes
and modifications can be made within the scope of the tnvention without depasting from the spirit

thereof.

BRIEF BESCRIPTION OF DRAWINGS

[0034] The novel features of the invention are set forth with particularnity 1o the appended claims.
A better understanding of the features and advantages of the present invention will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which the
principles of the invention are utilized, and the accompanying drawings or figures {(also “FIG.” and
“FIGs.” herein), of which:

{(035] FIG. 1A shows an example of an electrode comprising a compact thick film of metal
oxide, in accordance with some embodiments.

{6036} FIG. 1B shows an example of an electrode comprising a nanostructured metal oxide
films, in accordance with some embodiments.

{0037] FIG. 1C shows an example of an electrode with conductive matenials added to the

nanostructured metal oxide, in accordance with some embodiments.
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{6038} FIG. 1D shows an example of an electrode comprising nanostructured metal oxide grown
on 3D interconnected corrugated carbon-based networks (ICCNs) with high surface area and high
electronic conductivity, tn accordance with some embodiments.

{6039] FIG. 2A 15 an exemplary schematic diagram of a fabrication procedure for laser-scribed
graphene (LSG)-MnO; electrodes, in accordance with sorue erabodiments.

1804¢] FIG. 2B provides exemplary digital photographs showing a GO film before and after
laser scribing, in accordance with some embodiments.

{6041} FIG. 2C shows an exemplary graph of mass loading of MnQ, versus deposition time, in
accordance with some embodiments.

{6042} FIG. 2D shows exemplary variation of resistance of an LSG-MnO; electrode as a
function of bending radius, in accordance with some embodiments.

16043} FIG. 2E shows exemplary changes in resistance of an LSG-MunQ; electrode under
repeated bending cycles for a concave bend radius of 5 mm, and an exemplary inset photograph
showing flexibility of an LSG-MnO, electrode, 1n accordance with some embodiments.

{8044} FIG. 3A shows an exemplary scanning electron microscopy (SEM) image of an LSG-
Mn(; electrode at low magnification, in accordance with some embodiments.

16045] FIG. 3B shows an exemplary SEM image of an LSG-Mn(»; electrode at high
magnification, in accordance with some embodiments.

{6046} FIG. 3C provides an exemplary SEM image that shows nanofiower morphology of
electrodeposited MnQO; in accordance with some embodiments.

[6047] FIG. 3D shows an exemplary cross-sectional SEM image of LSG-MuO,, in accordance
with some embodiments.

{0048} FIG. 3E shows an exemplary energy-dispersive X-ray spectroscopy (EDS) elemental
mapping of C (red}, Mn {(blue), and O (green), in accordance with some embodiments.

10049] FIG. 3F shows exemplary X-ray photoelectron spectroscopy (XPS}) spectra of Mn 2p
showing a doublet with a peak-to-peak separation of 11.6 eV, in accordance with some
embodiments.

{6050} FIG. 3G shows exemplary XPS spectra of Mn 3s, tn accordance with some embodiments.
18051] FIG. 4A shows an exemplary schematic of an LSG-Mn(, symmetric supercapacitor
device, in accordance with some embodiments.

{0052] FIG. 48 shows exemplary cyclic voltammetry (CV) profiles for an LSG-Mn(; (3 min)

supercapacitor at different scan rates, in accordance with some embodiments.

ot
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10053] FIG. 4C shows exemplary evolution of stack capacitance of LSG with various mass
loadings of Mn(O» as a function of scan rate, in accordance with some embodiments.
{0054] FIG. 4D shows exemplary specific capacitance due to Mn(}, only as a function of the

loadings measured at a scan rate of 1 mV/s, in accordance with some embodiments.

(¥,

{6055} FIG. 4E shows exemplary charge-discharge curves of an LSG-MnO; (3 min)
supercapacitor at different current densities, in accordance with some embodiments.
[0056] FIG. 4F shows exeroplary change of stack capacitance of an LSG-MnO; (120 min)
supercapacitor as a function of current density and data tor CCG-Mn0, (120 min) and Au-Mn(,
{120 min) supercapacitors are presented for comparison, in accordance with some embodiments.
10 {00587] FIG. 4G shows exemplary progression of real (') and imaginary {C”) parts of stack
capacitance of CCG as a function of frequency, in accordance with some embodiments.
{(058] FIG. 48 shows exemplary progression of real (C') and imaginary {(C7) parts of stack
capacitance of LSG as a function of frequency, in accordance with some embodiments.
{0059] FIG. 41 provides an exemplary comparison of an LS8G-MnO; (120 min} hybrid capacitor
13 with examples of an activated carbon supercapacitor (2.7 V/10 F), a pseudocapacitor (2.6 V/35 mF),
and a lithium-ion hybrid capacitor (2.3 V/220 F), in accordance with some embodiments.
16060} FIG. 5A s an exemplary schematic showing an example structure of an assembled
supercapacitor device based on graphene-Mn(O; as positive electrode and LSG as negative electrode
in 1.0 M NaxSOy electrolyte, in accordance with some embodiments.
20 (6061} FIGs. 5B shows exemplary CV curves of an asymmetric supercapacitor after increasing
the potential window fror 0.8 t0 2.0 V, in accordance with some embodiments.
{0062] FIG. 8C shows exemplary charge discharge curves of an asymmetric supercapacitor after
increasing the potential window from 0.8 to 2.0 V, in accordance with some embodiments.
18063] FIG. 81 shows exemplary change of the stack capacitance as a function of current
25 density, in accordance with some embodiments.
{0064] FIG. 5K shows exemplary electrochemical performance of the device under different
bending angles, in accordance with some embodiments.
{6065} FIG. SF shows exemplary cycling stability of the device tested over 10,000 cycles at a
scan rate of 1,000 mV/s, and change of equivalent series resistance (ESR) during cyeling, in
30 accordance with some embodiments.
{0066] FiGs. 6A-C tllustratively show an exemplary fabrication process for an asymmetric
microsupercapacitor device based on L3G-Mn(, as positive electrode and LSG as negative
electrode, in accordance with some embodiments.
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10067} FIG. 61 is an exemplary photograph showing the asymmetric microsupercapacitor, in
accordance with some embodiments.

160638} FIG. 6K is an exemplary optical microscope image showing the LSG-GO/LSG-Mn(,
interface, in accordance with some embodiments.

{06069] FIG. 6F 1s an exemplary SEM image of an interface between GO and LSG showing
selective electrodeposition of Mn(, on LSG only and the inset provides a magnified view of the GO
and L85G area, in accordance with some embodiments.

{6070] FIG. 6G provides an exemplary comparison of stack capacitance of the supercapacitor
between the sandwich structure and the planar interdigitated structure for an asymmetric, MnO,
deposition time 3 min device, in accordance with some embodiments.

10071} FIG. 6H provides the exemplary stack and areal capacitance of LSG-MnO,
supercapacitors with deposition times of 0 to 120 minutes.

{6072] FIG. 61 provides the exemplary stack and areal capacitance of LSG-MnQ;
supercapacitors with deposition times of 576 and 960 minutes.

18073] FIG. 7 shows an exemplary Ragone plot comparing energy and power density of LSG-
Mn(; supercapacitors with energy storage devices including a lead acid battery, a lithium thin-film
battery, an aluminum electrolytic capacitor, activated carbon supercapacitors of variable sizes, a
pseudocapacitor, and a lithium-ion hybrnid capacitor, in accordance with some embodiments.
Performance data for Au-Mn(, and CCG-MnQ; are also included which reveal the importance of
the microstructure of the electrodes, 1in accordance with some embodiments.

{B8074] FIG. 8A schematically tlustrates exemplary direct fabrication of an asymmetric
supercapacitor array consisting of 9 cells in a single step

{6075] FIG. 8B shows charge-discharge curves of asymmetric supercapacitor arrays connected
in series (3 cells in series, 35), in parallel (3 cells in parallel, 3P}, and in a combination of series and
parallel (3 series x 3 parallel, 35 x 3P), in accordance with some embodiments, and a single device
{1 cell) for comparison, in accordance with some embodiments.

{6076} FI1G. 8C schematically illustrates an exemplary integration of a supercapacitor array with
solar cells for efficient solar energy harvesting and storage, in accordance with some embodiments.
18077} FiG. 8D schematically illustrates an exemplary integration of a supercapacitor array with
solar cells in sun and at night, in accordance with some embodiments.

{6078] FIG. 9A schematically illustrates an exemplary converted graphene (CCG) film. and in

accordance with some embodiments.



(¥,

10

20

WO 2017/165548 PCT/US2017/023632

{6079} FIG. 98 illustrates the exemplary effect of the pore structure of a CCG on its
electrochemical performance, in accordance with some embodiments.

{6080} FIG. 9C schematically tlustrates an exemplary laser-scribed graphene (LSG} film, in
accordance with some embodiments.

{0081} FIG. 8D illustrates the exemplary effect of the pore structure of a LSG on its
electrochemical performance, in accordance with some embodiments.

[B082] FIG. 19 shows exemplary Nyqguist impedance plots of CCG/Mn(; and LSG-MuO, in
accordance with some embodiments.

{6083} FIG. 11 shows exemplary evolution of a surface of LSG-Mn(; in accordance with some
embodiments.

{0084} FIG. 12 15 an example of a light scribed writing LSG microsupercapacitor array, in
accordance with some embodiments.

{6085] FIG. 13 schematically illustrates exemplary fabrication of an array of 9 asymmetric cells
connected in series/parallel, in accordance with some embodiments,

0086] FIG. 14A shows an exemplary finished array of 9 asymmetric cells connected 3 in series
x 3 in paratlel, in accordance with some embodiments.

{6087} FIG. 14B shows an exemplary circuit tHustration of the full microsupercapacitor array in
accordance with some embodiments.

{0088} FIG. 18 schematically illustrates exemplary fabrication of an array of 9 symmetric
supercapacitors connected in series and/or parallel, in accordance with some embodiments.

{B089] FIG. 16 shows examples of supercapacitor arrays that are connected in series, paratlel
and in combinations of the two, in accordance with some embodiments.

{06090] FIG. 17 shows examples of electrochemical performance of asymmetric supercapacitor
arrays, in accordance with some embodiments.

{0091} FIG. 18A shows an exemplary image of a LSG microsupercapacitor array wherein
graphene is used to connect the supercapacitor cells, tn accordance with some embodiments.

16092} FIG. 188 shows an exemplary image of a flexed LSG nucrosupercapacitor array wherein

graphene is used to connect the supercapacitor cells, in accordance with some embodiments.

BETAILED DESCRIPTION

18093] Provided herein are devices comprising one or more cells, and methods for fabrication
thereof. The devices may be electrochemical devices. The devices may include three-dimensional

supercapacitors. The devices may be microdevices such as, for example, microsupercapacitors. In
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some embodiments, the devices are three-dimensional hybrid microsupercapacitors. The devices
may be configured for high voltage applications {e.g., microdevices for high voltage applications). In
some embodiments, the devices are high voltage microsupercapacitors. In certain embodiments, the
devices are high voltage asymmetric microsupercapacitors. In some embodiments, the devices are
integrated microsupercapactitors for high voltage applications.
18094] The present disclosure provides systems and methods for direct preparation of devices
{e.g., high-voltage devices) such as, for example, high-voltage supercapacitors. The high-voltage
supercapacitors may include microsupersupercapacitors. The high-voltage devices may be prepared
in a single step. The high-voltage devices may be prepared using one package. The high-voltage
devices may be prepared in a single step and using one package. One package may advantageously
be used instead of a plurality {e.g , instead of hundreds in the traditional modules).
{(095] A high-voitage device (e.g., a high-voltage supercapacitor) may have a voltage of greater
than or equal to about 5 volts (V), 10V, 15V, 20V, 30V, 40V, 50V, 60V, 70V, 80V, 90 V,
100V, 110V, 120V, 130V, 140 V. 150 V, 160 V, 170 V, 180 V, 190 V, 200 V, 210 V. 220 V,
230V, 240V 250V, 260V, 270V, 280V, 290V 300V, 310V 320V, 330V, 340V 350V,
360 'V, 370V, 380 V, 390 V, 400 V, 410 V, 420 V, 430 V, 440 V, 450 V, 460 V, 470 V, 480 V,
490V S00V, 510V, 520V, 330V, 540 V, 350 V, 560V, 570V, 380V, 590 V, 600 ¥V, 650 V,
700V, 750 V, 800 V. 850 V, 900 V, 950 V, 1.000 V, 1,050 V, 1,100 V, 1150V, 1,200 V, 1250 V,
1,300V, 1,350 V, 1,400 V, 1,450 V. or 1,500 V.
[0096] A high-voltage device (e.g., high-voltage supercapacitor) may have a voltage of less than
about 10V, 15V, 20V, 30V, 40V, 50V, 60V, 70V, 80 V, 90 V, 100 V. 110 V, 120 V, 130 V,
MGV, 150V, 160V, 170V, 180V, 190 V, 200 V, 210V, 220 V, 230 V, 240 V, 250 V, 200 V|
270V, 280V, 290 V, 300 V, 310 V. 320 V, 330 V, 340 V, 350 V, 360 V, 370 V, 380 V. 390 V,
400 V, 410V, 420V, 430V, 440V, 450 V, 460 V, 470 V, 480 V, 450 V, 500 V, 310V, 520 V,
330V, 540V 5350V, 560 V, 370V, 580V, 300V, 600V, 650V, 700V, 750V, 800V 850V,
900 V, 950 V, 1,000 V, 1,050V, 1,100V, 1,150 V, 1,200 V, 1,250 V, 1,300 V, 1,350 V, 1,400 V,
1,450 V, or 1,500 V.
{6097} In some embodiments, a high-voltage or supercapacitor may have a voltage of at least
about 100 V. In some embodiments, a high-voltage device or supercapacitor may have a voltage of
at least about 180 V. In some embodiments, a high-voltage device or supercapacitor roay have a
voltage of less than or equal to about 600 V, 550V, or 500 V. In some embodiments, a high-voltage
device or supercapacitor may have a voltage of from about 100 V t0 540 V, from 180 V 10 540 V,
from 100 V 10 200 V, from 100 V 10 300 V, from 180 V1o 300 ¥V, from 100 V to 400 V, from 180 V
17
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to 400V, from 100 V 10 SO0 V, from 180 V 10 500 V, from 100 V t0 600 ¥V, from 180 V to 600 V,
from 100 V 10 700 V, from 180 V to 700 V| from 150 V1o 1,000 V, or from 150 Vto 1,100 V.
(098] High-voltage devices of the disclosure may comprise interconnected cells. In some
embodiments, the cells can be electrochemical cells. In some embodiments, the cells can be
individual supercapacitor cells. The cells may be interconnected to achieve a high voltage and/or for
other purposes. Any aspects of the disclosure described in relation to a microsupercapacitor may
equally apply to a supercapacitor at least in some contigurations, and vice versa. In some
embodiments, the supercapacitor cells may be microsupercapacitor cells. A cell may comprise
symmetric or asymmetric electrodes.
10099] A plurality of cells may be interconnected to form supercapacitors and/or other devices.
In some embodiments, the devices can be batteries and/or various types of capacitors. In some
embodiments, at least about 2, 5, 10, 20, 30, 40, 50, 75, 100, 125, 150, 200, 250, 300, 350, 400, 500,
600, 700, 800, 900, 1000, 1500, 2000, or more cells may be interconnected. In some embodiments,
between about 50 and 300 cells may be tnterconnected. In some embodiment, the cells are connected
in series. In some embodiments, the cells are connected in parallel. In some embodiments, the celis
are connected in series and in parallel.
{60100] A supercapacitor may operate using one or more charge storage mechanisms. In some
embodiments, the supercapacitor may operate using pseudocapacitor charge storage mechanisms. In
some embodiments, the supercapacitor may operate using electric double-layer capacitor (EDLC)
charge storage mechanisms. In some embodiments, the supercapacitor may operate using a
combination of pseudocapacitor and electric double-layer capacitor (EDLC) charge storage
mechanisms. In some embodiments, charge may be stored with the aid of both Faradaic and non-
Faradaic processes. Such a supercapacitor may be referred to as a hybrid supercapacitor. In some
embodiments, hybrid charge storage mechanism(s) occur at a single electrode. In some
embodiments, hybrid charge storage mechanism(s) occur at a both electrodes. Hybrid
supercapacitors may comprise symmetric or asymmetric electrodes.
{00101] A cell may comprise an electrolyte. In some embodiments, the cell is a supercapacitor
cell. Electrolytes may include aqueous electrolytes, organic electrolytes, tonic hiquid-based
electrolytes, or any combination thereof. In some embodiments, the electrolyte may be liquid, solid,
and/or a gel. In some embodiments, an ionic hiquid may be hybridized with another solid component
to form a gel-like electrolyte {also “ionogel” herein). The solid component may be a polymer. The
solid component may be silica. In some embodiments, the solid component can be fumed silica. An
acueous electrolyte may be hybridized with a polymer to form a gel-like electrolyte {also “hydrogel”
i8
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and “hydrogel-polymer” herein). An organic electrolyte may be hybridized with a polymer to form a
gel-like electrolvte.

{001902] Electrolytes may comprise aqueous potassium hydroxide; hydrogel comprising
poly(vinyl alcohol) (PVA}-H,; 80,4 or PVA-H;PO,; aqueous electrolyte of phosphoric acid (H;POy);
tetraethyl ammonium tetrafluoroborate (TEABF ) dissolved in acetonitrile, 1-ethyl-3-
methylimidazoliumtetratiuoroborate (EMIMBEF,; ionogel comprising fumed silica (e.g., fumed silica
nano-powder) mixed with an ionic liquid {e.g., -butyl-3-methylimidazolium
bis(trifluoromethylsultonyimide (BMIMNTY,));, and the like. Such electrolytes may provide a
range of voltage windows, including atleast about 05V, 1V, 2V, 3V, 4 V, or more. In some
embodiments, the ionogel comprising fumed stlica nano-powder with the ionic liquid BMIMNTL:
may provide a voltage window of about 2.5 V. In some embodiments, hydrogel-polymer electrolytes
may provide a voltage window of about 1 V. In some embodiments, a cell comprises an aqueous
electrolyte.

{00103] The active material in the electrodes may comprise carbonaceous matenials, one or more
metal oxides, and/or other suitable materials. In some embodiments, the active material in the
electrodes can be carbon. In some embodiments, the carbon can comprise activated carbon,
graphene, interconnected corrugated carbon-based network (FCUN), or any combination thereof. The
active material in the electrodes may comprise a highly conductive and high surface area laser-
scribed graphene (LS(G) framework that is a form of interconnected corrugated carbon-based
network (ICCN). The ICCN may be produced from light scribing (e.g., laser scribing) of carbon-
based films such as graphite oxide (GO). Any aspects of the disclosure described in relation to
graphene (in the context of light scribed or three-dimensional materials) or LSG may equally apply
to ICCN at least in some configurations, and vice versa.

i80104] An ICCN may comprise a plurality of expanded and interconnected carbon layers. For
the purpose of this disclosure, in certain embodiments, the term “expanded,” referring to a plurality
of carbon lavers that are expanded apart from one another, means that a portion of adjacent ones of
the carbon layers are separated by at least about 2 nanometers (nm). In some embodiments, at least a
portion of adjacent carbon layers are separated by greater than or equal to about 2 nm, 3 nm, 4 nm,
S5am, 6nm, 7 nm, nm, Yam, 10 nm, 15 am, 20 am, 25 nm, 30 nm, 35 nm, 40 nm, 45 nm, 50 nm,
353 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm, 85 nm, 90 nm, 95 om, or 100 nm. In some
embodiments, at least a portion of adjacent carbon layers are separated by less than about 3 nm,
4nm, Snm, 6 nm, 7 nm, 8 nm 9 nm, 10 nm, 15 am, 20 nm, 25 nm, 30 om, 35 nm, 40 nm, 45 nm,

50 om, 55 nm, 60 om, 65 nm, 70 nm, 75 nm, 80 nm, &5 nm, 90 nm, 95 nm, or 100 sm. In some
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embodiments, at least a portion of adjacent carbon layers are separated by between about 2 nm and
10 nm, 2 nm and 25 nm, 2 nm and 50 nm, or 2 nm and 100 nm. In some embodiments, each of the
plurality of carbon layers is a two-dimensional material with only one carbon atom of thickness. In
some embodiments, each of the expanded and interconnected carbon layers may comprise at least
one, or a plurality of corrugated carbon sheets that are each one atom thick. In another embodiment,
each of the expanded and interconnected carbon layers comprises a plurality of corrugated carbon
sheets. The thickness of the ICCN, as measured from cross-sectional scanning electron microscopy
{SEM) and profilometry, can be found to be around about 7.6 micrometer in one embodiment. In
another embodiment, a range of thicknesses of the plurality of expanded and interconnected carbon
layers making up the ICCN is from about 7 micrometer to 8 micrometer.

{00105]  An ICCN may have a combination of properties that include, for example, high surface
area and high electrical conductivity in an expanded interconnected network of carbon layers. In
some embodiments, the plurality of expanded and interconnected carbon layers has a surface area of
greater than or equal to about 500 square meters per gram (m’/g), 1000 m’/g, 1400 m’/g, 1500 m’/g,
1520 m*/g, 1750 m’/g or 2000 m*/g. In some embodiments, the plurality of expanded and
interconnected carbon layers has a surface area of between about 100 m”/g and 1500 m%/g, 500 m*/g
and 2000 m™/g, 1000 m*/g and 2500 m*/g, or 1500 m’/g and 2000 m’/g. The plurality of expanded
and interconnected carbon layers may have such surface areas in combination with one or more
electrical conductivities {e.g., one or more electrical conductivities provided herein).

{00106] In some embodiments, the electrical conductivity of the plurality of expanded and
interconnected carbon layers is at least about 0.1 S/m, or at least about 0.5 S/m, or at least about

1 8/m, or at least about 5 S/m, or at least about 10 §/m, or at least about 15 S/m, or at least about

25 S/m, or at teast about 50 §/m, or at least about 100 S/m, or at least about 200 §/m, or at least
about 300 S/m, or at least about 400 S/m, or at least about 500 $/m, or at least about 600 8/m, or at
feast about 700 S/m, or at least about 800 S/m, or at least about 200 S8/m, or at least about 1,000 8/m,
or at least about 1,100 S/m, or at least about 1,200 $/m, or at least about 1,300 §/m, or at least about
1,400 S/m, or at least about 1,500 S/m, or at least about 1,600 S/m, or at least about 1,700 §/m. In
one embodiment, the plurality of expanded and interconnected carbon layers yields an electrical
conductivity that is at least about 1700 $/m and a surface area that is at least about 1500 m™/g. In
another embodiment, the plurality of expanded and 1nterconnected carbon layers yields an electrical

conductivity of about 1650 $/m and a surface area of about 1520 m*/g.
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{00107] An ICCN may possess a very low oxygen content of only about 3.5%, which contributes
to a relatively very high charging rate. In other embodiments, the oxygen content of the expanded
and interconnected carbon layvers ranges from about 1% to about 5%.

{00108] The active material in the electrodes may comprise a porous ICCN composite that
includes metallic nanoparticles disposed within the plurality of pores of the ICCN. In some
embodiments, the active material comprises graphene L8G/metal oxide nanocomposite). In some
embodiments, the metallic nanoparticles may be disposed within the plurality of pores through
electrodeposition or any other suitable technique. The metallic nanoparticies may have shapes that
include, but are not limited to, nanoflower shapes, tlake shapes, and combinations thereof. The
metallic nanoparticles may comprise one or more metals, metal oxides, metal hydroxides, or any
combination thereof. In some embodiments, the metallic nanoparticles may be metal particles, metal
oxide particles, or any combination thereot. In some embodiments, the metallic nanoparticles may
comprise an oxide or hydroxide of manganese, ruthenium, cobalt, nickel, iron, copper, molybdenum,
vanadium, nickel, or a combination of one or more thereof. In some embodiments, the metallic
nanoparticles may comprise {e.g., comprise {or be) particles of} platinum (Pt), palladium (Pd), silver
{Ag), gold (Au), or any combination thereof. In some embodiments, the metallic nanoparticles may
be metal particles that include, but are not limited to, Pt, Pd, Ag, Ay, and combinations thereof. In
some embodiments, the metallic nanoparticles comprise MnQO», RuQ,, Co;04, NiO, Fe; O3, Cu0,
Mo(;, V205, Ni{OH),, or any combination thereof.

{00109] In some embodiments, a porous ICCN composite may be produced by providing a film
comprising a mixture of a metallic precursor and a carbon-based oxide and exposing at least a
portion of the film to light to form a porous interconnected corrugated carbon-based network (ICCN)
composite. The porous ICCN composite may comprise a plurality of carbon layers that are
interconnected and expanded apart from one another to form a plurality of pores, and metallic
nanoparticles disposed within the plurality of pores. The light may convert the metallic precursor to
the metallic nanoparticles. Providing the filmy made of the mixture of the metallic precursor and the
carbon-based oxide may comprise providing a solution comprising a liquid, the metallic precursor,
and the carbon-based oxide; disposing the solution with the liquid, the metallic precursor, and the
carbon-based oxide onto a substrate; and evaporating the liquid from the solution to form the film.
The carbon-based oxide may be graphite oxide. The metallic nanoparticles may be, for example,
particles of RuG,, Cos Oy, N1, V105, Fe: G5, Cu(, Mo(O;, or any combination thereof.

{60110] In some embodiments, a porous ICCN composite may be produced wherein a percentage
of surface area coverage of the metallic nanoparticles onto the phurality of carbon lavers ranges from
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about 10% to about 95%. In some embodiments, the percentage of surface area coverage of the
metallic nanoparticles onto the plurality of carbon layers is at least about 15%, at least about 20%, at
feast about 25%, at least about 30%, at least about 35%, at least about 40%, at least about 45%, at
feast about 50%, at least about 60%, at least about 70%, at least about 80%, at least about 90%, or at
feast about 93%.

i80111] In some embodiments, a porous ICCN composite may be produced wherein the porous
ICCN composite provides an energy density that ranges from about 2 Watt-hour/liter to about

41 Watt-hour/liter. In certain embodiments, the porous ICCN composite provides an energy density
that 1s at least about 2 Watt-hour/liter, at least about S Watt-hour/liter, at least about 10 Wati-
hour/liter, at least about 15 Watt-hour/liter, at least about 20 Watt-hour/liter, at least about 25 Watt-
hour/liter, at least about 30 Watt-hour/liter, at least about 35 Watt-hour/liter, or at least about

40 Watt-hour/liter.

{00112] Methods of producing porous ICCN composite are provided herein. For example, in one
embodiment, the method comprises: providing a film comprising a mixture of a metallic precursor
and a carbon-based oxide; and exposing at least a portion of the film to light to form a porous
interconnected corrugated carbon-based network (ICCN) composite comprising: a plurality of
carbon fayers that are interconnected and expanded apart from one another to form a plurality of
pores; and metallic nanoparticles disposed within the plurality of pores, wherein the light converts
the metallic precursor to the metallic nanoparticles. In further or additional embodiments, a method
of producing porous ICCN composite is provided wherein providing the film made of the mixture of
the metallic precursor and the carbon-based oxide comprises: providing a solution comprising a
fiquid, the metallic precursor, and the carbon-based oxide; disposing the solution with the liquid, the
metallic precursor, and the carbon-based oxide onto a substrate; and evaporating the liquid from the
solution to form the film. In one embodiment, a method of producing porous interconnected
corrugated carbon-based network (ICCN) composite is provided comprising: forming a porous
ICCN comprising a plurality of carbon layers that are interconnected and expanded apart from one
another to form a plurality of pores; and electrodepositing metallic nanoparticles within the plurality
of pores. In another embodiment, the method comprises providing a film made of the mixture of the
metallic precursor and the carbon-based oxide that comprises: providing a solution comprising a
Hiquid, the metallic precursor, and the carbon-based oxade; disposing the solution with the liquid, the
metallic precursor, and the carbon-based oxide onto a substrate; and evaporating the liquid from the

solution to form the film. Tn certain applications, the carbon-based oxide is graphite oxide. The
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metallic nanoparticles may be particies of Mn(),, Ru(d,, Coa(dy, N3, V2Gs, FerGs, CuO, Mo(;,
Ni{OH);, or any combination thereof.

{60113] In another aspect, methods for electrodepositing the metallic nanoparticles within the
plurality of pores comprise: submerging the porous ICCN into an aqueous solution having a metal
precursor; and applying an electrical current through the porous ICCN to electrodeposit the metallic
nanoparticles into the plurality of pores. In some embodiments, the electrical current has a current
density of at least about 250 mA/em”. In some embodiments, the electrical current has a current
density of at least about 350 mA/cm’, at least about 450 mA/cm?, at least about 550 mA/cm’, at least
at least about 650 mA/cm?, at least about 750 mA/em”, or at least about 1,000 mA/cm”.

{00114] The porous ICCN or ICCN composite may be formed by exposing the carbon-based
oxide to hight from a hight source. The light source may comprise a laser, a flash lamp, or other
equally high 1ntensity sources of light capable of reducing the carbon-based oxide to the porous
ICCN. Any aspects of the disclosure described in relation to laser-scribed materials may equally
apply to light-scribed mwaterials at least in some counfigurations, and vice versa.

{80115] Devices herein, including supercapacitors and/or microsupercapactiors, may be
configured 1n different structures. In some embodiments, the devices may be configured in stacked
structures, planar structures, spirally wound structures, or any combination thereof. In some
embodiments, the devices may be configured to comprising stacked electrodes. In some
embodiments, the devices may be configured to comprise interdigitated electrodes. In some

embodiments, the devices may be configured in a sandwich structure or an interdigitated structure.

Supercapacitors

{00116]  Supercapacitors may be classified according to their charge storage mechanism as either
electric double-layer capacitors (EDLCs) or pseudocapacitors. In EDLCs, charge can be stored
through rapid adsorption-desorption of electrolyte ions on high-surface-area carbon ruaterials.
Pseudocapacitors can store charge via fast and reversible Faradaic reactions near the surface of metal
oxides or conducting polymers. In some embodiments, the supercapacitors comprise symmetric
EDLCs with activated carbon electrodes and organic electrolytes that can provide cell voltages as
high as 2.7 V. Although these EDLCs can exhibit high power density and excellent cycle life, they
can sufter from low energy density because of the limited capacitance of carbon-based electrodes.
Faradaic electrodes can have a specific pseudocapacitance (e.g., 300-1,000 F/g} that exceeds that of

carbon-based EDLCs; however, their performance can degrade quickly upon cycling

NI
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{00117] Hybrnid systems may be used as an alternative to EBLCs and pseudocapacitors. Using
both Faradaic and non-Faradaic processes to store charge, hybrid capacitors can achieve energy and
power densities greater than EDLCs without sacrificing cycling stability and affordability that limits
pseudocapacitors. Hybrid supercapacitors may comprise Ru0O,, Co:04, NiQ, V,05, Ni{OH);, MnO,,
or any combination thereot. Mn(Oh-based systems may be attractive, as MinO; 15 an earth-abundant
and environmentally friendly material with a theoretical specific capacitance (e.g, a high theoretical
specific capacitance) of 1,380 farads per gram (F/g); however, poor ionic (107 $/em) and electronic
(107°-107° 8/cm) conductivity of pristine Mn(, can limit its electrochemical performance.

{00118] Insome embodiments, ultrathin MnO; films that are a few tens of nanometers in
thickness may be used. However, thickness and area-normalized capacitance of these electrodes may
not be adequate for most applications.

{060119]  In some embodiments, nanostructured manganese dioxide (MnG;) may be incorporated
on highly conductive support materials with high surface areas such as nickel nanocones, Mn
nanotubes, activated carbon, carbon fabric, conducting polymers, carbon nanotubes or graphene.
Specific capacitances of 148-410 F/g may be achieved under slow charge-discharge rates but may
decrease rapidly as the discharge rate 1s increased. Further, these matenials may have low packing
denstty 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. The energy density
and power density on the device level may be very limited.

{00120] In some embodiments, hybrid electrodes based on 3D ICCN doped with MnG,
nanoflowers may be used. The structure of the ICCN substrate may be contfigured (e.g., rationally
designed) to achieve high conductivity, suitable porosity, and/or high specific surface area. Such
properties may result in not only a high gravimetric capacitance, but also improved volumetric
capacitance. Furthermore, the high surface area of nanostructured MnQ; can provide more active
sites for Faradaic reactions and shorten 1on diffusion pathways that are crucial for realizing its full
pseudocapacitance. Hybrid supercapacitors based on these materials can achieve energy densities of,
for example, up to about 42 Wh/L compared with about 7 Wh/L for state-of-the-art commercially
available carbon-based supercapacitors. These ICCN -Mn(; hybrid supercapacitors may use
aqueous electrolytes and may be assembled in air without the need for the expensive dry rooms
required for building today’s supercapacitors.

{060121] Reference will now be made to the figures. It will be appreciated that the figures and

features therein are not necessanily drawn to scale.
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Three-dimensional (3D) hybrid supercapacitors and microsupercapacitors

{00122] The present disclosure provides methods for engineering three-dimensional (3D} hybrid
supercapacitors and microsupercapacitors. Such devices may be configured (e.g., engineered) for
high-performance energy storage. In some embodiments, such devices are configured (e.g.,
engineered) for high-performance integrated energy storage. The 3D high-performance hybnd
supercapacitors and microsupercapacitors may be based, for example, on ICCN and MnQ;. The 3D
high-performance hybrid supercapacitors and microsupercapacitors may be configured by rationally
designing the electrode microstructure and combining active materials with electrolvtes that operate
at high voltages. In some exarmples, this results in hybrid electrodes with a volumetric capacitance
(e.g., an ultrahigh volumetric capacitance) of at least about 1,100 F/lem”, corresponding to a specific
capacitance of the constituent MnO; of about 1,145 F/g, which is close to the theoretical value of
1,380 F/g. Energy density of the full device can vary, for example, between about 22 Wh/L. and

42 Wh/L depending on the device configuration. In certain embodiments, such energy densities can
be superior to {e.g., higher than) those of commercially available double-layer supercapacitors,
pseudocapacitors, lithium-ion capacitors, and/or hybrid supercapacitors (e.g., commercially available
hybrid supercapacitors comprising NiQOH positive electrode and activated carbon negative
electrode, or PbO: positive electrode and activated carbon negative electrode) tested under the same
conditions and/or comparable to that of lead acid batteries. These hybrid supercapacitors may use
acqueous electrolytes and may be assembled in air without the need for expensive dry rooms required
for building today’s supercapacitors.

[00123] In some examples, specific capacitance of the constituent metal or metal oxide (e.g.,
MnQG,) may be at least about 50%, 60%, 70%, 75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%,
88%%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 999 of the theoretical
capacitance of the constituent metal or metal oxide (e.g., Mn(},). The electrode(s) may have such
specific capacitance at a given mass loading of the constituent metal or metal oxide (e.g., MnO;).
{60124] The electrode(s) may have a mass loading of the constituent metal or metal oxide {e.g,,
MnO») of at least about 5%, 10%, 13%, 15%, 20%, 25%. 30% . 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 95%, or 99%. The electrode{s) may have a mass loading of the
constituent metal or metal oxide (e.g., MnQ:) of less than or equal to about 5%, 10%, 13%, 15%,
20%, 25%, 30% , 35%, 40%, 45%, 50%, 55%, 60%, 65%, T0%, 75%, 80%, 85%, 90%, 95%, or
99%. The electrode(s) may have a mass loading of the constituent metal or metal oxide (e.g., Mn(;)
of about 10% to about 20%, from about 10% to about 50%, from about 10% to about 75%, or from

about 10% to about 90%.
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{00125] In some examples, a supercapacitor and/or microsupercapacitor herein can have a
capacitance per tootprint (also “areal capacitance” herein) of greater than or equal to about

03 Flem®, 0.4 Flem®, 0.5 F/lem®, 0.6 Flem®, 0.7 F/em?, or 0.8 F/em? {e.g., see TABLES 1-2). In some
examples, a supercapacitor and/or microsupercapacitor herein can have a capacitance per footprint
between about 0. 3 Flem” and 0.8 F/em®, 0.4 Flem” and 0.8 F/em”, 0.5 F/em” and 0.8 Fiem”,

0.6 F/em® and 0.8 F/em”, or 0.7 F/em” and 0.8 F/em™. In some examples, a supercapacitor and/or
microsupercapacitor herein can have a capacitance per footprint at least about 2,3, 4,5, 6,7, 8,9, or
10 times greater than a commercial carbon supercapacitor. In some examples, a hybrid electrode
herein can have a volumetric capacitance of greater than or equal to about 50 F/em®, 100 Flem’,

150 Fiem®, 200 F/em®, 400 F/em®, 600 F/em®, 800 Flem®, 1,000 F/em®, 1,100 Flem®, 1,200 Flem’,
1,300 F/em®, 1,400 F/em®, or 1,500 F/em’ (e.g., when calculated based on the volume of the active
material per electrode only).

{00126] In designing supercapacitor electrodes, special efforts can be made to ensure that they are
capable of providing high energy density and high power density. This may require optimization of
the preparation conditions to facilitate ionic and electronic transport within the electrodes as
iltustrated 1o FIGs. 1A-D. Rationally designing high-performance hybrid supercapacitors can include
rationally designing high-energy-high-power hybrid supercapacitor electrodes.

{00127] FiGs 1A-D schematically illustrate rational design of high-energy-high-power hybrid
supercapacitor electrodes. The method can include improving tonic current (IC) and electronic
current {EC) within the electrode (e.g., improving the IC and the EC can be key). To achieve high-
energy and high-power supercapacitors, both the tovic and electronic currents within the electrodes
may need to be facilitated. This can be very challenging (e.g., with metal oxide pseudocapacitors)
because of low electrical conductivity and long 1onic diffusion pathways of some metal oxide films.
i00128]  As illustrated in FIG. 1A, in a compact Mn(; thick film electrode 161, only the top layer
may be exposed to the electrolyte such that a limited amount of the active material is involved in
charge storage.

{60129] Electrochemical utilization of electrodes can be improved by using nanostructured Mn(Q,
such as nanoparticles, nanorods, nanowtres, and nanoflowers. As shown in FIG. 1B, the porous
structure of a porous electrode 102 can increase or maximize the area of active material that is
exposed to the electrolyte and thus available to discharge compared to a selid electrode surface.
Although this system can exhibit higher energy density than the system in FIG. 14, it can still suffer

from the inherently low electrical conductivity of Mn(, leading to low power output.
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{00138] Toimprove the electrical conductivity of Ma(Q; film, conductive materials such as carbon
powder, carbon nanotubes, and graphene can be introduced into nanostructured MnQ, electrodes
183, In such instances, the electronic charge carriers may need to move through small inter-particie

contact areas which exhibit additional resistance, resulting in poor electron transport from the

(¥,

electrode material to the current collector, as shown in FIG. 1C.

i80131] FIG. 1D shows an electrode obtained by growing Mn(; nanostructures onto a 3D

interconnected macroporous ICCN framework 104 with high electrical conductivity and high surface

area. In this structure, graphene or the conducting ICCN framework 184 can act as a 3D current
coliector to provide electron “superhighways” for charge storage and delivery, while the

10 nanostructured Mn(}; can enable fast, reversible Faradaic reactions with short ionic diffusion
pathways. Fach MnO; nanoparticle can be electrically connected to the current collector so that
substantially all of the nanoparticles can contribute to capacity with almost no “dead” mass.
{00132] FiGs. 2A-E show fabrication/synthesis and characterization of laser-scribed graphene
(L3GYMn(; electrodes 265 (e.g., 3D macroporous LSG-Mn(, electrodes, wherein a highly

15 conductive and high-surface-area 3D LSG framework was integrated with Mn(; as schematically
iltustrated 10 FIG. 2A. The 3D LSG framework (ICCN) 263 was produced from the laser scribing
202 of graphite oxide (GO) films 201 , upon which the color changed from golden brown to black.
The LSG tramework was subsequently coated in situ with MnQ, using an electrochemical
deposition technique 204 {e.g., as described elsewhere herein}.

20 J00133] FIG. 2B provides digital photographs showing an example of a GO film before and after
laser scribing. The LSG can then be loaded with MnO,, whose amount can be controlled by
adjusting the deposition time {(e.g., from about 3 minutes (min} to about 120 min). The ICCN
electrode in FIG. 2B turns darker in color after electrodeposition, a visual indication of the loading
of Mn(y,.

25 j80134] Conductivity and mass loading of the active materials can have a significant impact on
the electrochemical behavior of supercapacitor electrodes. The mass loading of Mn{}, can be
controlled by adjusting the deposition current and deposition time. FIG. 2 shows that the MnQ,
loading changes almost linearly with the deposition time at an applied current of 0.25 mA/em” and
an average deposition rate estimated to be about 6 micrograms per minute {pig/min).

30 j00135] The LSG-MnO; electrodes can be monolithic and demonstrate superb mechanical

integrity under farge mechanical deformation {e.g., in addition to interesting electrical properties).

FIG. 2D shows that an LSG-MnQ; electrode can be bent significantly without damage. The

foldability of LSG-MuO; electrodes was evaluated by measuring their electrical resistance under
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successive bending cycles. In this example, 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 s
positive (convex) or negative (concave). As shown in FIG. 2K, after 1,000 cycles of bending and
straightening at a concave bend radius of 5.0 mm, the resistance has increased by only about 2.8%.
{00136] FIGs 3A-G show examples of morphological and structural characterization of LSG-
MnO, electrodes. The evolution of morphology corresponding to different deposition times was
examined by scanning electron microscopy (SEM) (FIGs. 3A-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.
In this example, the electrodeposited MuQO: particles show a nanotlower-shaped hierarchical
architecture with a clear interface between MnO» and the ICCN substrate. Closer inspection of the
MnQ; nanoflowers in this example shows that they are made up of a plurality (e.g., hundreds) of
ultrathin nanofiakes that are about 10-20 nm thick (e.g, see also FIG. 11}, These nanoflakes are
interconnected together to form mesoporous MnQ; with a large accessible surface area (e.g., thus
offering numerous electroactive sites available to the electrolyte which promotes fast surface
Faradaic reactions). FIG. 3A shows an exerplary scanning electron microscopy (SEM) image of an
LSG-MnQ; electrode at low magnification, in accordance with some embodiments.

{00137] The 3D structure of LSG-MnQ; electrodes was further analyzed using cross-sectional
SEM (FIG. 3D). The 3D porous structure of LSG is preserved after the deposition of MoO; without
any agglomerations. The graphene surface has been uniformly coated with MnQ, over the entire
cross-section. Energy-dispersive X-ray spectroscopy (EDS), shown in FIG. 3E, provides elemental
maps of C, O, and Mn, confirming that a homogeneous coating of Mn(, throughout the 3D
macroporous framework has been created. X-ray photoelectron spectroscopy (XPS) data of Mn 2p
and Mn 3s are shown in F1Gs. 3F and 3G, respectively, further contirm the chemical composition of
the deposited oxide.

{60138] FIG. 11 shows an example of evolution of a surface of LSG-MnQO; 1181, In this example,
SEM analysis of the surface of LSG-MnO, electrodes shows a homogeneous coating of the surface

of graphene with Mn(), nanctlowers 1102

Symmetric supercapacitors
i80139] In some embodiments, symmetric supercapacitors are constructed {e.g., fabricated or
assembled) and their electrochemical performance is tested. FIGs. 4A-1 show examples of

symmetric LSG-MnQ; supercapacitors 401 and their electrochemical performance. To test the
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electrochemical performance of LSG-Mn(, macroporous frameworks 402, a supercapacitor pouch
cell was assembled from two symmetric electrodes separated by a Celgard M824 ion porous
separator and impregnated with 1.0 M Nap 50, electrolyte, as schematically shown in FIG. 4A.
{00140] Cells were tested by cyclic voltammetry {(CV) over a wide range of scan rates from 1 to
1,000 mV/s. FIG. 4B shows examples of CV profiles for an LSG-MnQ; sample with a deposition
time of 3 min. The supercapacitor shows nearly rectangular CV profiles up to a scan rate of about
1,000 raV/s {e.g., as high as 1,000 mV/s), indicating excellent charge storage characteristics and
ultrafast response time for the electrodes.
{00141] Capacitances of the devices made with different deposition times were calculated from
CV profiles and are presented in FIG. 4C. The capacitance in FIG. 4C was calculated using the total
volume of the cell stack (including the volume of the current collector, the active material, the
separator, and the electrolyte), rather than a single electrode.
{00142] The capacitance can depend strongly on the loading amount of the pseudocapacitive
component (e.g., pseudocapacitive MnOy). In FIG. 4C, the capacitance increases significantly with
deposition time from 0 to about 960 min. For example, a stack capacitance of up to about 203 Fiem’
can be achieved with the sample at a 960-minute deposition time. This stack capacitance translates to
a volumetric capacitance of 1,136.5 F/em® when calculated based on the volume of the active
material per electrode only. This value is much higher than the capacitance of, for example, activated
carbons (e.g., 60-80 F/em’), carbide-derived carbons {e.g., 180 F/em’), bare LSG (e.g., 12 F/em’),
activated microwave exfoliated graphite oxide (MEGQ) (e.g., 60 Flem?®), and liquid-mediated
chemically converted graphene (CCG) films (e.g., 263.3 F/em’), indicating that the volumetric
capacitance of carbon-based electrodes can be sigonificantly improved by incorporating
pseudocapacitive materials {e.g., see TABLE 1). Furthermore, this value is higher than for Mn(,-
based supercapacitors (e.g., 16.1 F/em’® for carbon nanotube-polypyrrole-MnO, sponge, 130 Flem®
for graphene-Mn(,-CNT, 246 Flem® for CNT-MnO,, 108 F/em” for mesoporous carbon/Mn(,, and
90 F/em” for ultraporous carbon-MnO;). Depending on the deposition time, areal capacitances (e.g.,
ultrahigh areal capacitances) of up to about 0.8 F/em” per footprint of the device can be achieved
(e.g., compared to, for example, areal capacitances of about 0.3 F/em” provided by commercial
carbon supercapacitors).
{00143] TABLE 1 provides examples of electrochemical performance of supercapacitors
comprising a variety of electrodes ruaterials such as carbons, polymers, MnO;, and their hybrid
materials. AN (rows 1, 2, 4 and 5) refers to acetonitrile. TEABF, (rows 1 and 2} refers to
tetraethylammonium tetrafluoroborate. EMIMBF, (rows 3 and S) refers to T-ethyl-3-
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methylimidazolium tetrafluoroborate. BMIMBY, (row 4) refers to 1-butyl-3-methyl-imidazolium

tetrafluoroborate. For the material in row 10, the capacitance per footprint area in 3 electrode

measurements is at least two times the areal capacitance for 2 electrode measurements. For the

electrode material in row 11, gravimetric capacitance is listed instead of volumetric capacitance. The

LSG-Mn(, electrode matenial (row 15) may be as described herein.

TABLE 1
Specific capacitance
Per
Electrode Material !(:eﬂ M ?Emge Electrolyte Footprint ¥ 0,1 u ,m‘*i“*“
Type  window area {F/em™)
(mF/em’)
i Activated carbons Fullcell 27V TEABFJ/AN ~300 60-80
2 Carbide derived carbon 3“ 23V TEABFJ/AN - 180
electrode
3 LSRG Fullcell 40V EMIMBE, 5.02 14.34
. A ; . SR BMIM-
4 Activated MEGO Full cell 35V BE,/AN - 60
5 Liguid mediated CCG  Full cell 35V EMIMBF/AN - 2633
6 CNET/PPy/Ma(, Fullcell 09V KCI - 16.1
7 Graphene/MnQ,/CNT  Full cell jIAY 1.0 M NaxSO, - 130
8 CNT/MnG; . 3“ 085V 0.1 MK,80, - 246
electrode
Meso-porous 3 . e
} / i EENL 2] - b
’ carbon/MnO, electrode 08% 1.0 M NazS0s 108
Ultra-porous 3 ; \ . A -
J ! 9, P 500 )
10 Carbon/MnGO; electrode 0.8 % 1.OM Na; S0, 150 20
3 N
M Is N X7 R ) ~ .7 v T
11 Graphene/Ru(; clectrode 1.OY 1.0 M H,80;4 (570 F/g)
iz CNT/ o304 . N 05V 2.0 M KOH 30.8 30.8
electrode
3 910 @5 pm
13  Titanium carbide clay ) 055V 1LOMH,S0;, - 534 @30 pm
¢ electrode , =
355 @75 pm
14 MXene/PVA ) 3 ) 06V LOMKOH - 528
electrode
. LSG-MnO; - . . - :
a e } / t ] T 4 ? 5
15 (15 pm thick film) Fullcell 09V 1.0 M Na;SO; 852 1136
{00144] The contribution of the Mn0, nanofiowers can be separated (e.g., separately

viewed/analyzed) from the average capacitance of the LSG-MnO,; electrodes. In an example, shown

in FIG. 4B, specific capacitance of Mn(, depends on the mass of the active material, reaching a

maximurn value of about 1145 F/g (about 83% of the theoretical capacitance) at a mass loading of

about 13% of Mn(,. The electrode microstructure can facilitate the transport of tons and electrons
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and provide abundant surfaces for charge-transfer reactions, ensuring a greater utilization of the
active materials.
{00145] FIG. 4K shows charge-discharge curves of an LSG-Mn(, (3 min) supercapacttor at

different current densities.

(¥,

{80146] MnO» was also electrodeposited on both CCG and gold substrates under the same

conditions as the LSG-MnQO; macroporous electrodes. FIG. 4F provides a comparison of their

electrochemical performance with LSG-MunQO;. The CCG-Mn(; electrode exhibits lower

capacitance, and its performance falls off very quickly at higher charge-discharge rates. This may be

attributed to the restacking of graphene sheets during the fabrication of the CCG electrodes, resulting

10 1n asignificant reduction tn the surface area and eventually closing off much of the porosity. The
Au-MnO; electrode shows extremely low capacitance because of the limited surface area and
structural properties (e.g., see FIG. 1A). The LSG-MnG; shows a stack capacitance of about 50
F/em’ that is more than four times higher than CCG-MnO; and about three orders of magnitude
higher than Au-MnQ;. The enhanced capacitance and rate capability of the LSG-MnO; can be

13 attributed, for example, to its improved {e.g., optimized) structure {e.g., which synergizes the effects
of both etfective 1on migration and high electroactive surface area, thus enabling high and reversible
capacitive behavior even at high charge-discharge rates). The improved (e.g., optimized) ionic
diffusion of the LSG network was also confirmed from electrochemical impedance spectroscopy
with a response time of about 23 milliseconds {ims) for LSG compared with about 5,952 ms for the

20 CCG electrode(s), as shown in FIGs. 4G-H) (e g, see also FIGs. 9B, 9D, and 19).
{00147] FIG. 41 shows an example comparing capacitance of an LSG-MnO; supercapacitor with
commercially available activated carbon supercapacitors, pseudocapacitors, and lithium-ion hybrid
capacitors. In this example, the LSG-MnO; supercapacitor shows improved (e.g., superior)
volumetric capacitance and rate capability compared with the commercially available activated

25 carbon supercapacitors, pseudocapacitors, and lithium-ion hybrid capacitors.
{60148] The microstructure of the host graphene in a graphene/metal oxide nanccomposite can
atfect its electrochemical performance. The pore structure of the graphene electrode can affect the
electrochemical performance of its compostites with metal oxides.
i80149] FIGs. 9B and 9D schematically illustrate the effect of pore structure of graphene on its

30 electrochersical performance for two forms of graphene of different pore structures: chemically
converted graphene (CCG) films and laser-scribed graphene (L8SG) films. Schematic illustrations
show structural differences between dense CCG films FIG. 9A and porous LSG films FIG 8C. Also
shown tn FIGs. 9B and 9D are graphs showing emergence of real (C') and imaginary (C") parts of

i
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volumetric stack capacitance versus frequency for CCG and LSG electrodes (bottom). The CCG
sheets can be well connected together in a layered structure to form the CCG electrodes. The
reduced porosity and limited accessibility to electrolyte ions can cause a slow frequency response of
about 5 seconds for CCG electrodes. LG electrodes can have a well-defined porous structure such
that the individual graphene sheets in the LSG network are accessible to the electrolyte, and thus
exhibit a rapid frequency response of 23 ms. This may cause the enhanced capacitance and rate
capability observed with the LSG-MnQ;. The improved (e g., optimized) structure of LSG electrodes
may synergize the effects of both effective ion migration and high electroactive surface area, thus
enabling, for example, high and reversible capacitive behavior for LSG-MnQ, even at high
charge/discharge rates.

{00156]  Further understanding of the capacitive behavior of the CCG/MnQ; and LSG-MnQ,
hybrid electrodes was obtained by conducting AC impedance measurements in the frequency range
1 MHz to 10 mHz. FIG. 16 shows examples of Nyquist impedance plots of CCG/Mn(O; and LSG-
Mn(,. The LSG-Mn(; shows better ion diffusion and smaller charge transfer resistance. The
experiments were carried out over a frequency range of | MHz to 10 mHz. For each of these cells,
Mn(; was electrodeposited for 120 min. The Nyquist plots consist of a spike at the low frequency
region and a semicircie at the high frequency region. Compared with CCG/Mn(;, the LSG-Mn(,
supercapacitor shows a much smaller diameter for the semicircle, suggesting a more efficient charge
transfer on the electrode surface. Furthermore, in the low frequency region, a more vertical stratght
line is observed for the porous LSG-MnQ; electrodes, indicating faster ion diffusion and almost
ideal capacitive behavior for these electrodes. The intercept of the Nyquist curve on the real axis is
about 1.5 €2, indicating a high conductivity for the electrolvte and low internal resistance of the
electrodes. These results show that the microstructure of the graphene electrodes can have a strong
impact on the electrochemical performance of their composites with metal oxides.

{00151] The porosity of the LSG-MnO, can provide good accessibility to the electrolyte during
charge and discharge processes while at the same fime still maintaining the high packing density of
the material. The high surface area of nanostructured MnQ, can provide more active sites for the
Faradaic reactions and shorten the ton diffusion pathways that are crucial for realizing its full
pseudocapacitance. In some examples, LSG-Mn(); electrodes can achieve both high gravimetric
capacitance and volumetric capacitance superior to MnQOy-based pseudocapacitors and hybrid

capacitors, as described in greater detatl in relation to TABLE 1.
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Asymmeiric supercapacifors

{00152] In some embodiments, asymmetric supercapacitors are constructed (e.g., fabricated or
assembled) and their electrochemical performance is tested.

{60133]  Asymmetric supercapacitors can use positive and negative electrode materials of different
types that can be charged/discharged in well-separated potential windows in the same electrolyte.
Asymmetric supercapacitors may offer high capacity via a Faradaic reaction at the positive electrode
and maintain fast charge/discharge due to the EDL mechanism at the negative electrode. The
asymimetric configuration may extend the operating voltage window of aqueocus electrolytes beyond
the thermodynamic limit of water (about 1.2 V) (e g, leading to significantly higher specific energy
than symmetric supercapacitors using aqueous electrolytes). In an example, asymmetric
supercapacitors can be based on carbon and NMiOOH electrodes with an aqueous electrolyte. While
this configuration can provide high capacitance, it can have a low cell voltage (<1.5 V) that can be
detrimental to its energy and power performance.

{00134] FIGs 3A-F show examples of an asymmetric supercapacitor based on ICCN-MnG; as
positive electrode and LSG as negative electrode and its electrochemical performance. Considering
the high pseudocapacitance of the LSG-Mn(; electrode and the fast charge-discharge of the double-
layer capacitance of the LSG elecirode, an asymmetric supercapacitor was assembled using L8G-
MnO, 501 as the positive and LSG 502 as the negative electrode, as schematically illustrated in

FiG. SA.

{00155]  In this example, a charge balance between the two electrodes was achieved by controlling
the deposition time of Mn(; at the positive electrode and the thickness of the ICCN film at the
negative electrode. FIGs. 3B-C show electrochemical performance of an example asymmetric cell
comprising a positive electrode comprising LSG-MnO; with 13% Mn(O, mass loading (3-min
deposition time}. The cell exhibits an ideal capacitive behavior with nearly rectangular CV profiles
and highly triangular charge/discharge curves. The CV profiles retain their rectangular shape without
apparent distortions with increasing scan rates up to a rate (e.g., an ultrahigh rate) of 10,000 mV/s
{e.g, indicating the high rate capability of this asymmetric supercapacitor). The asymmetric cell has
a wide and stable operating potential window up to about 2.0 V in aqueous electrolyie that may
afford high energy density.

[00156] FIG. 5D shows that as the MnOs deposition time 15 increased from about 3 min to about
960 min, stack capacitance increases significantly from about 3 F/em’ to about 76 Flem® (e.g.,
indicating that the stored energy and power can be greatly improved in the asymmetric structure).

These cells can also retain their high capacity at faster charge and discharge rates.

(a3
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{00157] The as-fabricated supercapacitor can be highly flexible and can be folded and twisted
without affecting the structural integrity of the device or its electrochemical performance (FIG. 5E).
Such a device may be a practical energy storage system for flexible electronics.

{00138] The asymmetric supercapacitor can have a long cycle life. The asymmetric
supercapacitor can be very stable. FIG. 8F shows that the asymmetric supercapacitor can maintain
greater than about 96% of its original capacity after 10,000 charge-discharge cycles tested ata (e.g.,
high) scan rate of 1,000 millivolts per second (mV/s). The equivalent series resistance (ESR) of the
supercapacitor was monitored during cycling using a Nyquist plot. A slight increase of the ESR in
the first 1,000 cycles was measured, with only subtle changes over the remaining cycles.

{00159] The present disclosure provides a simple technigue for the fabrication of supercapacitor
arrays (e.g., for high voltage applications). The arrays can comprise interdigitated electrodes. The

arrays can be integrated with solar cells for efficient energy harvesting and storage systems,

Three-dimensional interdigitated microsupercapacitors

{00168] Microsupercapacitors with high capacity per footprint area may enable miniaturization of
energy storage devices {e.g., for electronic applications). Greater areal capacities {e.g., than current
state-of-the-art systems with areal capacities of <11.6 mF/em” for carbons, <78 mF/em” for
conducting polymers, and <56.3 mF/em” for metal oxides) may be needed. Engineering of 3D
interdigitated microsupercapacitors with high energy density is described, for example, in relation to
FIGs. 6A-L

{00161] FliGs. 6A-C show an example of a hybrnd microsupercapacitor in which the positive and
negative electrodes are separated into a 3D interdigitated structure. This structure was achieved by
combining the techniques of “top down” LightScribe lithography with “bottom up” selective
electrodeposition. First, 3D interdigitated ICCN (e.g., L8G) microelectrodes are produced by the
direct writing of graphene patterns 681 on GO films 602 using a consumer grade LightScribe DVD
burner 683. Subsequently, MnQs nanoflowers 605 are selectively electrodeposited on one set of the
ICCN {e.g., L5G) microelectrodes using a cell setup as described elsewhere herein. The width of the
microelectrodes 1s adjusted to match the charge between the positive and negative poles of the
microdevice.

{60162] FIG. 6D shows a digital photograph of an asymmetric microsupercapacitor 605 that
consists of alternating positive and negative electrodes. The lighter microelectrodes correspond to
bare ICCN {(negative electrodes), whereas the other side turns darker in color after the

electrodeposition of Mn(; (positive electrodes).
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{00163] FIG. 6K is an optical microscope image that shows a well-defined pattern and sharp
boundaries between the microelectrodes. SEM further confirmed the conformal structure of this
asymimetric microsupercapacitor.

{60164] FIG. 6F provides a magnified view at the interface between GO and graphene showing
selective electrodeposition of Mn(O; on the graphene area only.

180165] FIG. 6G provides examples of electrochemical characterization results showing that the
asymmetric microsupercapacitor provides enhanced volumetric capacitance and rate capability
compared to a sandwich-type asymmetric supercapacitor. Symmetric hybrid microsupercapacitors
can show a similar behavior, as shown, for example, in FIGs. 6H-I, with the areal capacitance
approaching about 400 mF/ecm?”. In some examples, an interdigitated microsupercapacitor (e.g.,
comprising ICCN/MnO;) has an areal capacitance of greater than or equal to about 10 mF/em”,

50 mF/em”, 100 mF/em?, 150 mF/em?, 200 mF/em?, 250 mF/em?, 300 mF/em?’, 320 mF/em?,

340 mF/em’, 360 mF/em’, 380 mF/em’, 400 mF/em?, 420 mF/em’, 440 mF/em’, 460 mF/em’,

480 mF/cm’, 500 mF/em?’, 550 mF/em’, 600 mF/em’, 650 mF/em’, 700 mF/ern’, 750 mF/em’,

800 mF/em?, 850 mF/cm?, 900 mF/em”, 950 mF/em?, or 1,000 mF/cm”. In some examples, an
interdigitated microsupercapacitor {e.g., comprising ICCN/Mn(O,) has an areal capacitance of about
300 mF/em” to about 400 mF/cm?, about 350 mF/em? to about 450 mF/em’, about 380 mF/em” to
about 550 mF/em?, or about 600 mF/em” to about 1,000 mF/em”. The stack capacitance significantly
improves to about 250 F/om® (volumetric capacitance per electrode is about 1197 Flem’) which is
much higher than example values for EDLC, pseudo- and hybrid microsupercapacitors: e g.,

1.3 F/em’ for carbon onions, 2.35-3.05 F/em” for graphene, 1.08 F/em® for CNT, 3.1 F/em® for
graphene/CNT, 180 F/em’ (electrode) for carbide-derived carbon, 588 F/em” for polyaniline
nanofibers, 317 F/em’ (electrode) for vanadium disulfide nanosheets, and 178 Flem” for
molybdenum disulfide nanosheets (e.g., see TABLE 2}.

i00166] FIG. 14A shows the full microsupercapacitor array 1401 (e g, as fabricated by the
method of FIG. 13). FIG. 14B shows an exemplary circuit illustration of the full microsupercapacitor
array 1401,

{00167] FIG. 7 shows examples of energy and power density of LSG-Mn(,-based
supercapacitors. FIG. 7 also shows examples of energy and power density of a number of
commercially available carbon-based supercapacitors, pseudo-capacitors, hybrid supercapacitors,
and Li-ion hybrid capacitors. These devices were tested under the same dynamic conditions as LSG-
Mn(,. 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

(43
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LEG-Mn(), can vary, for example, between about 22 Wh/L and 42 Wh/L depending on the
configuration (symmetric, asymmetric and sandwich, interdigitated) and the mass loading of MnQ;.
In certain embodiments, the LSG-Mn(; hybrid supercapacitors can store at feast about 6 times the
capacity of state-of-the-art commercially available EDLC carbon super-capacitors. In certain
embodiments, LSG-Mn(O; hybrid supercapacitors can be superior to pseudocapacitors, hybrid
supercapacitors {e.g., commercially available hybrid supercapacitors comprising NiOOH positive
electrode and activated carbon negative electrode, or Pb(3; positive electrode and activated carbon
negative electrode; in such systems, the positive electrode may have very low electrical conductivity
and thus provide little to low power density and/or the negative electrode activated carbon may have
limited ton diffusion rates because of its tortuous micro-porous structure; such systems may only be
built in large size spirally wound structures and/or may not provide capability to build high-voltage
cells), and/or supercapacitor-lithium-ion battery hybrid (Li-ion capacitors). In certain embodiments,
the LSG-Mn(O, supercapacitors can provide power densities up to about 10 kW/i (e.g., about 100
times faster than high-power lead acid batteries and/or about 1,000 times faster than a lithium thin-
film battery).

[00168]  Supercapacitors, microsupercapacitors, and/or arrays of (micro) supercapacitors herein
may maintain their capacitance at high charge-discharge rates. For example, an array of
supercapacitors (e.g., an array of microsupercapacitors comprising ICCN/MnQ,) can maintain its
capacitance {¢.g., areal capaciiance) even at high charge-discharge rates. In some embodiments, a
supercapacitor, microsupercapacitor and/or array of (micro)supercapacitors herein may maintain its
capacitance {e.g., areal capacitance} at a charge-discharge rate corresponding to a given current
density and/or scan rate {(e.g., a high rate may correspond to a given current density and/or scan rate).
In some examples, a supercapacitor, microsupercapacitor and/or array of {(micro)supercapacitors
herein may maintain its capacitance (e.g., areal capacitance) at a current density of at least about
1,000 mA/em’, 5,000 mA/em’, or 10,000 mA/em” (e.g., see FIG. 4F). In some examples, a
supercapacitor, microsupercapacitor, and/or array of (micro)supercapacitors herein may maintain its
capacitance {e.g., areal capacitance) at a current density of up to about 1,000 mA/cm’,

5,000 mA/em®, or 10,000 mA/em” (e.g., see FIG. 4F). In some examples, a supercapacitor,
microsupercapacitor, and/or array of (micro) supercapacitors herein may maintain ifs capacitance
{e.g., areal capacitance) at a scan rate of at least about 1,000 mV/s, 5,000 mV/s, or 10,000 mV/s
{e.g., see FIGs. 6G-1 with a scan rate of, for example, up to about 10,000 mV/second; in certain
embodiments, this translates to a charge time of about 0.1 second and discharge time of about 0.1
second). In some examples, a supercapacitor, microsupercapacitor and/or array of (micro}
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supercapacitors herein may maintain its capacitance {e.g., areal capacitance) at a scan rate of up to
about 1,000 mV/s, 5,000 mV/s, or 10,000 mV/s {e.g, see FIGs. 6G-1 with a scan rate of, for
example, up to about 10,000 mV/second; in certain embodiments, this translates to a charge time of
about 0.1 second and discharge time of about 0.1 second). The supercapacitor, microsupercapacitor,
and/or array of {micro) supercapacitors may maintain its capacitance at such current densities in
combination with one or more such scan rates. In an example, an array of supercapacitors maintains
its capacitance per footprint {e.g., at least about 380 mF/em?) even at a charge-discharge rate
corresponding to (i) a current density of about 10,000 mA/cm’ and/or (ii) a scan rate of up to about
10,000 mV/s.

{00169] TABLE 2 provides examples of electrochemical performance of microsupercapacitors
(e.g., interdigitated microsupercapacitors). Microsupercapacitors may be, for example, interdigitated
or micro-fibers. The microsupercapacitors in table TABLE 2 can include or be interdigitated
microsupercapacitors. For example, the microsupercapacitors in TABLE 2 can all be interdigitated
ricrosupercapacitors. lonogel (row 3) refers to 1-butyl-3-methylimidazolium
bis{trifluoromethylsulfonyl yimide ionic liquid gelled with fumed silica nanopowder. The LSG-MnO,

electrode material (row 12) may be as described herein.

TABLE 2
Specific capacitance
Per
7- i p 2 4. .
Electrode Material ,.{:eﬂ v f}imge Electrolyte Footprint Vqﬂ}n'meia e
fype  window area {F/em™)
{(mF/c i)

. . . Full . — e -
1 Carben onions cell 30V TEABE,/PC 1.7 135
2 Graphene iiﬁ 10V PVA-H,S0, 232 3.05
3 Graphene i;}; 25V fonogel 1.78 2.35

. — Full - ; . o
4  Graphene-CNT carpet cell 10V 1.0 M Na,50;4 2.16 1.08
5 Graphene/CNT i:ﬁ 1oV 3.0MKC 5.1 3.1
6 Carbide-derived Full 53V TEABF./AN i 130

carbon cell
7 Polyaniline nanowires i:ﬁ 10V 1.OMH,SOy - 588
g8  Activated cabon-Mn(; i:ﬁ 10-15V 02MK-80;, 21.3-30 -
Full A

9 Mn(, cell 1OV 0.2 M K504 283 -
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Specific capacitance

Per
Flectrode Material Cell \ f)imge Elecirolvie Footprint ¥ algmeirnc
Type  window Y area (F/em”)
(mF/em’)
, Full ) PVA- )
7‘ 7 Y. ‘7 ’;,7
10 VS, nanosheets celi 36V BMIMBE. 4.76 31
i MeoS,; nanosheeis Full 05V - 3 178
cell
e Full . Ca o
i2 LSG/Mu(, cell 09V 1.0 M Nax 80, 384 1136.5

{80176] The present disclosure provides methods for direct fabrication of supercapacitor {(e.g.,
microsupercapacitor) arrays for high voliage applications and integrated energy storage {e.g., as
described in relation to FiGs. 8A-B).

{00171] FIG. 8A shows an array of separate electrochemical cells 801 directly fabricated in the
same plane and in one step (e.g., see also FIGs, 12-16). In some embodiments, all cells (e g, in the
array} may be fabricated simultaneously in one step. This configuration may show very good control
over the voltage and/or current output. In some embodiments, the array can be an asymmetric
supercapacitor array. FIG. 8B also shows charge-discharge curves of examples of asymmetric
supercapacitor arrays; a single device 18 shown for comparison. An enlarged image and additional
description of the charge-discharge data is provided in relation to FIG. 17. These arrays can offer the
flexibility of controlling the output voltage and current of the array. For example, compared with a
single device with an operating voltage of about 2 V, an array of 3 serial cells can extend the output
voltage to about 6 V, whereas the output capacity (runtime) can be increased by a factor of about 3
using an array of 3 cells connected in parallel (e.g., see FIG. 17). By using an array of 3 strings in
parallel and 3 strings in series, the output voltage and current can both be tripled.

[60172] FIG. 8C shows that this array can be (e g, in addition) integrated (or coupled) with one
or more solar cells for efficient solar energy harvesting and storage. The microsupercapacitor array
can store the energy produced by the solar cell during the day and release it later whenever needed.
Such a module may be applied in a variety of applications, such as, for example, for self-powered
street lighting. ICCN/ MnQO; (e.g., LSG-MnO;) hyvbrid supercapacitors can be integrated with solar
cells {e.g., in one unit) for efficient solar energy conversion and storage. Per FIG. 8D, solar energy
can be stored in an LSG-Mn@O; supercapacitor pack during the day, and charged supercapacitors can
provide power after sundown. Example applications can include off-gnid solar/supercapacitor power

systems.
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Direct fabrication of hybrid microsupercapaciior array for high voliage applications

{80173] Supercapacitors may be used in a variety of applications, including, for example, in
applications where a large amount of power is needed for a short period of time, where a very large
number of charge/discharge cycles is required and/or where a longer lifetime 1s required. Traditional
capacitors used for general electronics applications may range from a few volts to 1 kV. The
working voltage of supercapacitors may be lower (e.g., very low or <3 volts). To meet the high
voltage requirements, supercapacttors can be put into a bank of cells connected together in series.
This can result in bulky supercapacitor modules which can cause problems, for example, in
applications where the total size of the power source 1s critical. The present disclosure provides an
array of separate electrochemical cells directly fabricated in the same plane as shown, for example,
in F1Gs. 12-16 (e.g., to overcome these and/or other limitations).

{00174] In some embodiments, a method to fabricate the array of separate electrochemical cells
may include a first step of fabricating an ICCN and a second step of depositing MnG;.

{60173]  Circuits can be designed using appropriate computer software and can be directly
patterned on a graphite oxide film coated on a DVD disc. FIG. 12 shows a DVD 1261 after direct
writing of ICCN {e.g., LSG) patterns 1202 configured (e.g., designed) to achieve symmetric and
asymmetric microsupercapacitor arrays. The pattern can be designed, for example, with Microsoft
Paint software and then directly patterned on a GO-coated DVD disc. In an example, the device can
comprise {e.g., consist of), for example, 8 in-plane microelectrodes {4 positive and 4 negative)
separated by nearly or substantially insulating GO. The distance between the microelectrodes can be
suitably or sufficiently short {e.g., close enough) to keep the 1on-transport pathway short. In another
example, patterns may be designed to make a supercapacitor bank of series/paraliel combinations in
order to meet the voltage (series) and current (parallel) requirements of the systern on which they are
to be integrated {or to which they are to be coupled).

{00176] Deposition of MnQO; nanoflowers (e g , performed as a second step) may comprise a
deposition process that varies depending on whether a symmetric or an asymmetric array is being
fabricated. Examples of such processes are described in relation to FIGs. 13-14 (for an asymmetric
array) and FIG. 18 (for a symmetric array}.

i80177]) FIG. 13 schematically tllustrates fabrication of an array of 9 asymmetric celis 1301
connected in sertes/parallel. A plain ICCN array can be fabricated first {e.g., as explaived in relation
FIG. 12 In this example, the graphene pattern is designed to make an array of 9 cells 1301 (3 in
parallel x 3 in series). This can be followed by electrodeposition of MnO, 1393 in a three electrode
cell as schematically illustrated in FIG. 13, For an asymmetric supercapacitor, the deposition can be

9
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controtled to go on three sets of microelectrodes (e.g., the positive electrodes) while the other three
are kept intact {e.g., the negative electrodes). The deposition can be controlied such that, for
example, electrodeposition occurs only on the three electrodes that are electrically connected to the
power source 1302 while the other electrodes are not connected. The MnO, 1303 deposition can
occur on the 9 cells at the same time. The fabrication of the supercapacitor array may therefore take
approximately {e.g., almost) the same time as a single cell without the need for further processing. In
some examples, at least about 2, 3, 4, 5, 6. 7, 8, 9, 10, 15, 20, 25, 50, 75, 100, 150, 200, 250, 500,
750, 1,000, 2,000, 5,000, 10,000, 20,000, 50,000, 75,000, or 100,000 cells may be electrodeposited
or fabricated in substantially the same time as a single cell fabricated by a different method. After
the deposition is complete, the supercapacitor array may be thoroughly washed with de-ionized (D)
water and/or electrolyte may be added onto each of the cells.

{60178] FIG. 18 schematically tllustrates fabrication of an array of 9 symmetric supercapacitors
1501 connected in series and/or parallel. The fabrication method can be similar to that of FIG. 13
except that all six sets of microsupercapacitor electrodes act as the working electrode during the
deposition of MnQ; instead of the three shown in FIG. 13.

[00178] FIG. 16 shows a full set of symametric and asymmetric supercapacitor arrays {(e.g.,
microsupercapacitor arrays). The examples include a single asymmetric cell 1601, an array of 3
asymmetric cells in series 1602, an array of 3 asymmetric cells in parallel 1603 and an array of 3
series x 3 parallel asymmetric cells 1604 (from left to right, top), and a single symmetric cell 1685,
an array of 3 symmetric cells in series 1606, an array of 3 symmetric cells in parallel 1607 and an
array of 3 series x 3 parallel symmetric cells 1608 (from left to night, bottom). A gel electrolyte may
be used to prevent leakage into other cells in the array.

{B0186] FIG. 17 shows examples of electrochemical performance of asymmetric supercapacitor
arrays {e.g., the asymmetric supercapacitor arrays in FIG. 16 (top)). Galvanostatic charge/discharge
curves of asymmetric supercapacitor arrays connected in series (“3587) (e.g., 3 cells in series), in
paraltel (“3P} {(e.g., 3 cells in parallel}, and in a combination of series and parallel (“3S x 3P”) (e.g,,
3 series x 3 parallel cells) are shown. A single device (“1 cell”) 1s shown for comparison. Compared
with the single device with an operating voltage of about 2 V, the serial connection can extend the
output voltage to about 6 V (e.g., by a factor of about 3 at about the same cutput capacity (runtime})
and the parallel connection can increase the output capacity (runtime) by a factor of about 3 {e.g., at
about the same output voltage). By using a combination of series/parallel connections {e.g., 35 x 3P},

the output voltage and current can both be increased {e.g., each by a factor of about 3 (ripled)).
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{60181] The number of cells in a high-voltage supercapacitor array can be tncreased from, for
example, a string of 3 cells (e.g., 38 and/or 35S x 3P in FIG. 17) to reach an operating voltage of, for
example, at least about 100 V or other voliage(s) described elsewhere herein {e.g., in relation fo
high-voltage devices). For example, a high-voltage supercapacitor array {e.g., comprising
ICCON/Min(,) can have a voliage {(e.g., operating voltage) of greater than or equal to about 5V, 10V,
IS5V, 20V, 30V, 40V, 50V, 60V, 70V, 80V, 90V 100V, 110V, 120V, 130V, 140V, 150 V,
160V, 170V, 180V, 190 V, 200 V, 210 V, 220 V, 230 V, 240 V, 250 V, 260 V. 270 V, 280 V,
290V, 300V, 310V, 320V, 330V, 340V, 350 V, 360V, 370 V, 380 V, 390 V, 400 V, 410 V|
420V, 430 V, 440 V, 450 V, 460 V., 470 'V, 480 V, 490 V, 500 V, 510 V, 520 V, 530 V, 540 V,
S50V, 360V, 570V, 580 V,590V, 600V, 650V, 700V, 750V, 800V, 850V, 900V, 050 V,
1,000V, 1,050V, 1,100 V, 1,150 V, 1,200V, 1,250 V, 1,300 V, 1,350 V, 1,400 V, 1,450, or

1,500 V. Such voltages may be promising for a variety of applications. The voltage may be

advantageously adapted for a varniety of applications.

Integration with solar cells

{00182] Solar power (e.g, solar cells; implementation in more energy efficient buildings and/or
smart cities) may be combined (e.g., coupled or integrated} with an energy storage system. When
combined with an energy storage system for storing energy during the day, solar cells can be used to
make self-powered systems that are promising for streetlight, industrial wireless monitoring,
transportation, and/or consumer electronics applications. In some implementations, chemical
batteries can be used in such systems (e.g., due to their high energy density). In some
implementations, supercapacitors can be used in such system s (e.g., as alternatives to batteries
because they can capture energy more efficiently due to their short response time). Such modules
may benefit from or require energy densities that are higher than the energy density of existing
supercapacitors.

{00183] The present disclosure provides supercapacitors, microsupercapacitors, and/or other
devices that may be integrated with solar cells. For example, a microsupercapacitor array can be
integrated with solar cells {e.g., for stmultanecus solar energy harvesting and storage). In some
embodiments, such devices {e.g , arrays of microsupercapacitors) may achieve high voltages and/or
high currents. In some embodiments, such devices (e.g., hybrid supercapacitors or
microsupercapacitors) may provide higher energy density. In some embodiments, such devices {(e.g.,
hybnd microsupercapacitors) may provide any combination of high voltage, high current, higher

energy density, and other characteristics {e.g., as described elsewhere herein). For example, since
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ICCN-Mn(, (e.g., LEG-Mn(3,) hybrid supercapacitors can provide higher energy density and
because they can be fabricated in arrays with high voltage and current ratings, they can be integrated
with solar celis for highly efficient energy harvesting and storage. An example of an ICCN-Mn(},
microsupercapacitor array integrated with one or more solar cells may be as described in relation to
FiGs. 8A-B. In some embodiments, solar cells may be grouped (e.g., in modules, panels and/or
arrays). A solar cell array may comprise one or more groups of solar cells (e.g., modules and/or
panels). A solar cell or a group or array of solar cells (e.g., coraprising a plurality of solar cells) may
be integrated or coupled (e g, integrated in one unit, or integrated, interconnected or coupled as
separate units) with one or more supercapacitors, microsupercapacitors, and/or other devices
described herein.

{00184]  Supercapacitors, microsupercapacitors, and/or other devices herein may be in electrical
communication with one or more solar cells. The devices (e.g., microsupercapacitors) and/or the
solar cell(s} may be configured in a group or array. In some embodiments, an array of
microsupercapacitors {e.g., interdigitated microsupercapacitors comprising at least one electrode
comprising ICCN/MnQ;) may be in electrical communication with one or more solar cells {e.g, a
solar cell array). Individual solar cells {e.g., in a solar cell array) may have a given voltage. An array
or group of such solar cells may have a voltage that depends on the interconnection {(e.g., sertes
and/or parallel} of the solar cells. The voltage of the solar cell group or array may be matched to the
voltage of the microsupercapacitor {e.g., hybrid microsupercapacitor) array. Any aspects of the
disclosure described in relation to one or more solar cells may equally apply to a group (e.g., an
array, module, and/or pavel) of solar cells at least in some configurations, and vice versa. Tn certain
embodiments, a group of solar cells (e.g., a solar cell array} may have a voltage of greater than or
equal to about SV, 10V, 12V, 15V, 17V, 20V, 25 V. 50 V, 75 V, 100 V, 125 V, 150 V, 175 V,
200V, 250 V, 500 V, 750 V, 1,000 V, 1,050 V, 1,100 V, 1,150 V, 1,200 V, 1,250 V, 1,300 V,
1,350V, 1,400 V, 1,450, or 1,500 V. In certain embodiments, the group of solar cells {e.g , a solar
cell array) may comprise at least about 1, 2, 6, §, 10, 12, 14, 16, 18, 20, 25, 50, 75, 100, 150, 200,
250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1,000, 2,000, 3,000,
4,000, 5,000, 10,000, 15,000, or more solar celis.

i80185] A solar cell {e.g., one or more solar cells in a group or array of solar cells) may be of a
given type {e.g., polymer and/or transparent organic photovoltaic cells, perovskite cells, organic
cells, inorganic semiconductor cells, multi-junction or tandem solar cells, or any combination
thereof). Solar cell(s) may be of a single junction type (e.g., comprising a single layer of light-
absorbing material) or multi~punction type (e.g., comprising multiple physical configurations
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configured for various absorption and charge separation mechanisms). In some embodiments, solar
cell(s) can comprise {(e.g., wafer-based) crystalline silicon (e.g., polysilicon or monocrystalline
silicon}. In some embodiments, solar celi{s) can be thin film solar cells comprising, for example,
amorphous silicon, cadmium telluride (CdTe), copper indium gallium selenide (CIGS), silicon thin
film (e.g., amorphous stlicon), or gallium arsemide thin film (GaAs). In some embodiments, solar
cell{s) may comprise other thin films and/or use organic materials (e.g., organometallic compounds)
as well as inorganic substances. In certain embodiments, solar cell(s) may include, for example, one
or more of perovskite solar cells, liquid ink cells (e.¢., using kesterite and perovskite), cells capable
of upconversion and downconversion {e.g., comprising lanthanide-doped materials), dye-sensitized
solar cells, quantum dot solar cells, organic/polymer solar cells (e.g., organic solar cells and polymer
solar cells), and adaptive cells. In some embodiments, solar cell{s) may be multi-junction or tandem
cells. Further, in some embodiments, various combinations of the aforementioned solar cell types
may be implemented {e.g., in a given array).
{00186] In certain embodiments, examples of solar cells may include, but are not limited to, for
example, cells comprising conjugated polymers {e.g., polymers containing electron conjugated units
along main chain); semi-transparent, transparent, stacked or top-iliuminated organic photovoltaic
cells {e.g., combining a metal nanowire network with metal oxide nanoparticles to form silver-
nanowire-based composite transparent conductors that are solution-processed onto organic or
polymeric photovoltaic active layers under mild processing conditions); transparent organic solar
cells {e.g., visibly transparent organic photovoltaic cells); cells comprising perovskite hybrid (e g.,
organic-inorganic perovskite) materials (e.g., comprising organic-inorganic thin films fabricated
through a solution process followed by a vapor treatment), perovskite-based cells employing non-
doped small molecule hole transport materials {e.g , based on perovskite materials and using solution
processable polymer materials as the hole and electron transport layers), amorphous silicon and
polymer hybrid tandem photovoltaic cells (e.g., hybrid and/or hybrid tandem inorganic-organic solar
cells fabricated by, for example, roli-to-roll manufacturing techniques); perovskite solar cells with
all solution processed metal oxide transporting layers; organic solar cells; tandem solar cells;
transparent solar cells; single-junction or other cells comprising conjugated polymers with selenium
substituted diketopyrrolopyrrole unit (e g, comprising a low-bandgap polymer); organic tandem
photovoltaic devices connected by solution processed inorganic metal and metal oxide (e.g.,
comprising an interconnecting layer fabricated using a metal and metal oxide nanoparticle solution);
organic photovoltaic devices incorporating gold/silica core/shell nanorods into a device active layer
{e.g., devices fabricated through solution-based processing and enabling plasmonic light trapping);

4

43



i

[V
L

(]

(¥,

0

WO 2017/165548 PCT/US2017/023632

multiple donor/acceptor bulk hetercjunction solar cells; cells {e.g., metal chalcogenide cells, such as,
for example, CulnSe; cells} comprising a fransparent charge collection layer {e.g., a solution
processabie window layer comprising titanium oxide}, cells comprising electrodes comprising a
highly conductive Ag nanowire mesh composite film with suitable transparency and mechanical,
electrical, and optical properties (e g., formed by a solution-based method to 1mprove nanowires
connection); cells comprising solution-processed silver nanowtre-indium tin oxide nanoparticle films
as a transparent conductor; cells comprising solution processed silver nanowire composite as a
transparent conductor {e.g., a silver nanowire composite coating prepared using a sol-gel process as
a transparent contact); copper indium gallium (di)selenide (CIGS) cells (e g, CIGS solar cells
solution-deposited by spray-coating), polarizing organic photovoltatie-based cells (e.g., tandem solar
cells); cells comprising kesterite copper zinc tin chalcogenide films (e.g., fabricated through solution
synthesis and deposition); or any combination thereof,

{00187] In some embodiments, a solar cell {e.g., one or more solar cells in a group or array of
solar cells) and/or a group or array of solar cells may have an efficiency (e.g., energy or power
conversion efficiency} of at least about 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%,
16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%, or more. In
certain embodiments, the solar cell(s) may have an efficiency of at least about 7%, 10.5%, 13.3%, or

15%, or from about 5% to about 7%.
Materials and methods

Synthesis of ESG-MuO,. Au/MnO,, and CCG/MnQ, electrodes

{00188] In one example, the LSG framework was prepared by focusing a laser beam on a DVD
disc coated with graphite oxide. In an example, the laser beam is provided by a LightScribe DVD
burner (GHZ0L.S50) and has a frequency, and power of 40 railliwatts, and 730 nanometers,
respectively. First, the DVD disc 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 technigue and left to dry for 5 hours (h) under ambient conditions. A
computer-designed image is inscribed onto graphite oxide to make the appropriate LSG pattern. This
was followed by electrodeposition of Mn(, from 0.02 M Mn(NG; ) in 0.1 M NaNQG; 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, Indiana, USA), and a platinum foil {2 cm’,
Sigma-Aldrich) as the counter-electrode. The deposition was achieved by applying a constant

S . . , 2 .o . . )
current of 250 microamperes per square centimeter (pA/om’) for different time periods between
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3 and 900 min. After electrodeposition, the working electrode was thoroughly washed with DI water
to remove the excess electrolyte and dried in an oven at 60 °C for 1 h. The amount of MnO,
deposited on the L8G framework was determined from the difference in weight of the electrode
betore and after electrodeposition using a high precision microbalance with a readability of 1
microgram {(ug) (Metiler Toledo, MX5).

{00189] For comparison, Mn(, was electrodeposited on other substrates such as gold-coated
polyimide and graphene (CCG) paper. The gold-coated polyimide was obtained from Astral
Technology Unlimited, Inc. (Minnesota, USA} and used without further treatment. The graphene
paper was produced as described in Li D et al., “Processable agueous dispersions of graphene
nanosheets.” Nature Nanotechnology 3:101-105 (2008}, incorporated by reference herein with
respect to the relevant portions therein. The gold-coated polyimide and graphene paper are cut into
rectangular strips of 1 em” for further electrodeposition of Mn(}, under the same conditions as

described above.

Assembly of sandwich-type hvbrid supercapacitors

{80190] Hybnd supercapacitors with sandwich structure are assembled using electrodes prepared
in the previous section. Both symmetric and asymmetric supercapacitors are constructed. Symmetric
supercapacitors are assembled by sandwiching a Celgard M824 (Celgard, North Carolina, USA)
separator between two identical electrodes using 1.0 M NaySOy aquecus solution as the electrolyte.
In the asymmetric structure, LSG-Mn(O, was used as the positive electrode and L8G as the negative
electrode. For the LSG- and CCG-based supercapacitors, stainless steel (or copper) tape was
attached to the electrodes, using stlver paint, as the current collector. Before assembly, the electrodes
are soaked in the electrolyte for 1 b to ensure proper wetting. In another embodiment, per FIGs.

18A-B, the electrodes are attached using a graphene film.

Fabrication of interdigitated hvbrid microsupercapacitors

{60191]  An example of the fabrication process of a microsupercapacitor is illustrated in FIGs. 6A-
I and described below. First, L8G interdigttated microelectrodes are inscribed directly on a GO film
supported on a gold-coated polyvimide (or a polyethylene terephthalate) substrate using a consumer
grade DVD burner. Second, Mn(}; nanoflowers are grown on one set of the interdigitated electrodes
using the electrodeposition setup described above. The applied current was normalized to the active
L.SG deposition area at a current density of 250 uA/em” and the mass loading was controlled by
adjusting the deposition time. Likewise, symmetric microsupercapacitors based on LSG-Mn0O, as
both the positive and the negative electrodes are prepared as well. Here, the fabrication process is the
45
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same except that the two sides {instead of one side} of the bare interdigitated LSG electrodes are
connected together using copper tape and used as the working electrode during electrodeposition. In
another embodiment, per FIGs. 18A-B, the interdigitated L.SG electrodes 1801 are connected

together using a graphene film to form a flexible supercapacitor array.

Characterization and measurements

{60192] The morphology and microstructure of the different electrodes were investigated by
means of field emission scanning electron microscopy (JEOL 6700} equipped with energy dispersive
spectroscopy (EDS) and optical microscopy (Zeiss Axiotech 100). XPS analysis was performed
device were measured using cross-sectional scanning electron microscopy and a Dektak 6
profilometer. The electrochemical performances of the LSG-MSC supercapacitors were investigated
by cyclic voltammetry (CV), galvanostatic charge/discharge tests, and electrochemical impedance
spectroscopy (EES). CV testing was performed on a VersaSTAT3 electrochemical workstation
{Princeton Applied Research, USA). Charge/discharge and EIS measurements were recorded on a
VMP3 workstation (Bio-Logic Inc, Kuoxville, TN} equipped with a 10 A current booster. EIS
experiments were carried out over a frequency range of | megahertz (MHz) to 10 millihertz (mHz)

with an amplitude of 10 millivolts (mV) at open-circuit potential.

Calculations

{60193] The capacitances of the supercapacitors were calculated based on both cyclic
voltammetry (CV) profiles and galvanostatic charge/discharge curves (CC). For the CV technique,
the capacitance was calculated by integrating the discharge current {7) vs. potential (&) plots using
the following equation:

where v 1s the scan rate (V/s) and A 1s the operating potential window.

{060194] The capacitance was also calculated from the charge/discharge (CC) curves at difterent
current densities using the formula;

Lanp
Caevips = EA;;*"""E%; {2}
where i, 15 the current applied (in amps, A}, and &V/dr 1s the slope of the discharge curve (in volts
per second, V/s). Specific capacitances were calculated based on the area and the volume of the
device stack according to the following equations:
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Volumetric stack capacitane () = ——— {43

7

where A and V refer to the area (cm”) and the volume (cm’) of the device, respectively. The stack

capacitances (F/em’) were calculated taking into account the volume of the device stack. This

includes the active material, the current collector, and the separator with electrolyte.

{60195] The energy density of each device was obtained from the formula given in Equation (5}
1038

2 X 3600

where £/ 1s the energy deusity in WA/, O, is the volumetric stack capacitance obtained from

H

CLAKR {3}

galvanostatic charge/discharge curves using Equation (3) in F/em® and AF is the operating voltage
window in volts,
{80196] The power density of each device was calculated using the equation:

P=_ (6)

£

where /7 is the power density in W/L and ¢ is the discharge time in hours.
801971 Volumetric capacitance based on the volume of the active material only was calculated
using the following equations:

{60198] Volumetric capacitance of the device,

N sdewiog
éﬁ{ﬁﬁ‘ﬁi{?é{} Y {7}

where V 18 the volume of the active matenial on both electrodes;
[60199] Volumetric capacitance per electrode,

o

{“Afﬁ{:ﬁ:‘iﬁi.“-i‘.'?‘ﬂfii?} = 4 % {:zr{ dapioe} §3§
{80200] The specific capacitance contributed by Mn(); alone was calculated by subtracting the
charge of the bare LSG framework according to the equation U yaor={(Crsammo: —

Crso YAV =mvmaz ), where (0 1s the voltammetric charge, AV is the operating potential window and m
is the mass.

{60281] Asymmetric supercapacitors may be configured such that there is a charge balance
between the positive and negative electrodes (e g, to achieve optimal performance with asymmetric

supercapacitors). The charge stored by each electrode depends on its volumetric capacitance
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(Coretectroaes ), volume of the electrode (V), and the potential window tn which the material operates
GYY

g = Copstectragey XV X A (9)

{80202] Charge balance can be attained when the following conditions are satisfied:

G ™= H (16

Ve Loretectroger~ = 8E. .
4 - {efectirode} {11)

—
{:v{_eieci‘r{a GESES X aﬁ«:»

T
V.

{00203] The charge balance was achieved by adjusting the thickness of the positive and negative

elecirodes.

Coemparisen with commercial energy storage systems

{060204] The performance of a wide range of commercially available energy storage systems was
10 tested for comparison with LSG-MnO; hybrid supercapacitors and microsupercapacitors. The tested

energy storage systems include, for example, activated carbon (AC) supercapacitors, a

pseudocapacitor (2.6 V, 35 mF), a battery-supercapacitor hybrid (Iithium ton capacitor) (2.3 V,

220 ¥}, an aluminum electrolytic capacitor (3 V, 300 microfarads {uF)) and a lithium thin-film

battery (4 V/ 500 microampere-hours (uAh}). Activated carbon supercapacitors of varying sizes

were tested: small size (2.7 V, 0.05 F}, medium size (2.7 V, 10 F), and large size (2.7 V, 350 F). The

[
(¥,

activated carbon large cell (2.7 V, 350 F) was tested at a lower current density of 160 milliamps per
cubic centimeter (mA/cm’) due a 10 A maximum current limitation of measuring equipruent. The
devices were tested under the same dynamic conditions as the LSG-MnO; hybrid supercapacitors

and microsupercapacttors.

20 XPS analysis
{60205]  XPS was used to analyze the chemical composition and the oxidation state of Mn in
LSG-MnO, electrodes. The Mn 2p and Mn 3s spectra are presented in FIGs. 3F-G. The peaks of Mn
2pan and Mo 2pis are located at 642.1 electronvolts (eV) and 653 .9 eV, respectively, with a spin

energy separation of 11.6 eV. The peak separation of the Mn 3s doublet can be related to the

[V
L

oxidation state of Mn in manganese oxides {e.g., 5.79 eV for MnQ, 5.50 ¢V for Mn; 0y, 541 eV for
Mn,O5 and 4.78 eV for Mn(,). The as-prepared LSG-MnO, showed a separation energy of 48 eV
for the Mn 3s doublet (FIG. 3G), suggesting that the oxide is MnO,, which was further confirmed

from the O 1s spectrum.
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{80206] Systems, devices, and methods herein may be adapted to other active materials. Such
embodiments may enable, for example, fabrication of batteries comprising a plurality of
interconnected battery cells, or other devices (¢.g., photovoltaics, thermoelecirics or fuel cells)
comprising cells with asymmetric electrodes.

{80207] Systems, devices, and methods herein {e.g., supercapacitors) may be used in a variety of
applications, including but not limited to, for example, hybrid and electric vehicles, consumer
electronics, military and space applications, and/or portable applications (e.g., smartphones, tablets,
computers, etc.). Energy storage devices {e.g., high-voltage devices) herein can be compact, reliable,
energy dense, charge quickly, possess both long cycle life and calendar life, or any combination
thereof In some cases, supercapacitors may be used to replace or complement batteries. For
example, the hybrid supercapacitors herein may store as much charge as a lead acid battery, yet be
recharged in seconds compared with hours for conventional batteries.

{060208] While preferable embodiments of the present invention have been shown and described
herein, it will be obvious to those skilied in the art that such embodiments are provided by way of
example only. Numerous variations, changes, and substitutions will now occur to those skilled in the
art without departing from the invention. It should be understood that various alternatives to the
embodiments of the invention described herein may be employed in practicing the invention. It is
intended that the following claims define the scope of the invention and that methods and structures

within the scope of these claims and their equivalents be covered thereby.
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CLAIMS

WHATIS CLAIMED IS

I

o

~3

An electrochemical system, comprising a planar array of interconnected electrochemical
cells, wherein each electrochemical cell comprises at least two electrodes, wherein each
electrode comprises a carbonaceous material, wherein at least one electrode further

comprises a pseudocapacitive material.

The electrochernical systern of claim 1, wherein the carbonaceous material comprises an
interconnected corrugated carbon-based network (JCCN), a laser scribed graphene (LSG) or

any combination thereof.

The electrochemical system of claim 1, wherein each electrochemical cell comprises two
electrodes, and wherein each electrode comprises a carbonaceous material and a

pseudocapacitive material.

The electrochemical system of claim 1, wherein the pseudocapacitive material comprises

MnO,, RuO,, CosQy, NiO, Fey O3, CuO, MoOs, V205, Ni{OH),, or any combination thereof.

The electrochemical system of claim 1, wherein the planar array of interconnected

electrochemical cells ts arranged in an interdigitated structure.

The electrochemical systermn of claim 1, further comprising an electrolyte disposed between

the at least two elecirodes.

The electrochemical system of claim 1, further comprising a current collector attached to an

electrode.

The electrochemical system of claim 1, wherein at least one electrochemical cell is capable

of outputting a voltage of at least about 5 volts.

The electrochernical systern of claim 1, wherein the electrochemical system is capable of

outputting a voltage of at least 100 volis.
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The electrochemical systerm of claim 1, wherein an electrochemical cell has an energy

density of at least about 22 watt-hours per liter (Wh/L).

The electrochemical system of claim 1, wherein the planar array of interconnected
electrochemical cells has a capacitance per footprint of at least about 380 mullifarads per

square centimeter (mF/cm?),

The electrochemical system of claim 1, wherein the planar array of interconnected
electrochemical cells has a volumetric capacitance of at least about 1,100 farads per cubic

centimeter (F/om®).

A method for fabricating an electrochemical system, comprising:

forming a carbonaceous film;

forming a carbonaceous framework from the carbonaceous film;

patterning the carbonaceous framework to form an array of two or more cells, wherein each
cell comprises at least two electrodes; and

electrodepositing a pseudocapacitive material onto a portion of the array.

The method of claim 13, wherein the carbonaceous film comprises graphene oxide (GO).
The method of claim 13, wherein the carbonaceous film comprises a three dimensional
carbon framework coraprising an interconnected corrugated carbon-based network (ICCN), a

laser scribed graphene (LSG), or any combination thereof.

The method of claim 13, wherein the forming of the carbonaceous framework from the

carbonaceous film comprises light scribing.

The method of claim 13, wherein the patterning the carbonaceous framework comprises light

scribing.

The method of claim 13, wherein the patterning the carbonaceous framework forms two or

more interdigitated electrodes.



(¥,

10

19.

WO 2017/165548 PCT/US2017/023632

The method of claim 13, wherein the array is a planar array.

The method of claim 13, wherein the pseudocapacitive material comprises MnQO,, RuQ,,

Co304, NiO, Fey 05, Cu, Mo(s;, V205, Ni{OH),, or any combination thereof.

The method of claim 13, further comprising depositing an electrolyte on the carbonaceous

framework.

The method of claim 13, further comprising connecting two or more cells within the array.
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