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Abstract.

Supercapacitors are called to play aprominent role in the newly emerging markets
of electric vehicles, flexible displaysiand sensors, and wearable electronics. In order
to compete with current/battery. technology, supercapacitors have to be designed with
highly conductive current collectors exhibiting high surface area per unit volume and
uniformly coated with pseudocapacitive materials, which is crucial to boost the energy
density while maintaining a high power density. Here, we present a versatile technique
to prepare thicknessseontrolled thin-film micro graphene foams (uGFs) with pores in
the lower micrometer range grown by chemical vapor deposition which can be used as
highly conductive c%rent collectors in flexible supercapacitors. To fabricate the nGF,
we use porousinetallic catalytic substrates consisting of nickel /copper alloy synthesized
on nickel foil by electrodeposition in an electrolytic solution. Changing the duration
of the électrodeposition allows the control of the thickness of the metal foam, and thus
of the nGFjy ranging from a few micrometers to the millimeter scale. The resulting
nGF awithya thickness and pores in the micrometer regime exhibits high structural
quality whichileads to a very low intrinsic resistance of the devices. Transferred onto
fléxible substrates, we demonstrate a uniform coating of the pnGFs with manganese
oxide, a pseudocapacitively active material. Considering the porous structure and the
thickness of the nGF's, square wave potential pulses are used to ensure uniform coverage
by the /oxide material boosting the volumetric and areal capacitance to 14 F cm™3
and 0.16 Fcm~2. The pGF with a thickness and pores in the micrometer regime in
combination with a coating technique tuned to the porosity of the nGF is of great
relevance for the development of supercapacitors based on state-of-the-art graphene
foams.
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1. Introduction

The growing demand for energy and the push to use less contaminatingenergy sources
has boosted the exploration of environmentally friendly and clean energy sources. The
increasing involvement of renewable energy sources requires more efficient energy storage
systems since the energy supply from some of these energy sourcesy,e.gn. solar and
wind energy, can vary significantly over short periods of time and, therefore, cannot be
exploited evenly and consistently. Supercapacitors, energy storagesdevices with a much
higher power density than batteries[1], have attracted signifigant attention since they
can store and provide energy within very short times, outperforming bhatteries in many
electrical and thermal parameters as well as in safety and cost issues[2]. Whereas the
energy figure of merit is typically characterized by the capacitange, the power density
is generally limited by the equivalent series resistance/(ESR ) ofithe device. The ESR is
the internal resistance that appears in series with the capacitorand describes the Ohmic
losses during the operation of the capacitor. The ecapacitance of supercapacitors consists
of the electric double layer capacitance and the/pseudocap@citance[2]. The energy in an
electric double layer capacitor (EDLC) is stored by the separation of charge between
the electrode’s surface and the ions in the electrolyte, while the storage mechanism
in pseudocapacitors is based on fast reversible ehemical reactions at the electrodes’
surface[3]. In order to harness andmmaximize the advantages of supercapacitors, it
is necessary to develop porous materials yielding high capacitance values per unit
volume with a highly conductive current collector. Graphene foams, three-dimensional
interconnected structures consisting of graphene sheets, exhibit a high surface area per
unit mass in combination with a highielectrical conductivity, making them attractive
for electric double layer capacj{ors or for current collectors in asymmetric capacitors
based on electrodes with' pseudocapacitively active devices. There are many reports
on the fabrication of flexible foams based on carbon black[4], carbon nanotubes[5],
graphene hydrogel[6] or redueed graphene oxide (rGO)[7, 8, 9, 10, 11]. However,
the relatively low dntrinsicreléctrical conductivity[12, 13] of the resulting films based
on these materials leads to a high intrinsic resistance, strongly compromising the
performance ofsenergy storage devices based on these materials. Ying Tao et al.
report[14] on the fabrication of porous highly dense films based on a hydrothermal
treatment andiévaporation-induced drying of rGO with very high volumetric capacitance

values Up to 376 F cm™!.

However, its potential use in flexible electronics is not
discussed. In contrast to the fabrication requirements of pseudocapacitive foams with
large pores (2200 um)[15, 16], foams with pores in the lower micrometer range require
fine-tuned deposition techniques assuring a uniform coating of the current collector.
Chemical‘synthesis of manganese oxide[17] might clog small pores, diminishing the
accessibility to more interior pores; on the other hand, potentiostatic or galvanostatic|9]
electrodeposition can result in the depletion of manganese in pores far away from
the bulk of the electrolyte. Reports of coating techniques based on square wave

potentiostatic pulses[18, 19, 20] use planar substrates and can not be applied to three-
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dimensional structures with pores in the lower micrometer range. In fact, the/coating
of three-dimensional carbon structures with micrometer-sized pores (< 10yjm) using
these techniques has not been reported so far since the small pore voluime easily leads
to a depletion of the pseudocapacitive element in the electrolyte yieldingsa nen-uniform
coverage of the 3D structure. The published high quality graphene foams coated with
pseudocapacitive materials[15, 16, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30Jrare all based on
mm-thick commercially available metal substrates with pore sizes larger than 200 pm
and do not show pores in the lower micrometer range[31], whieh would complicate
a uniform coverage of the graphene foam current collector. Furtherﬁore, they suffer
from low volumetric capacitances and, thus, low energy densities, Since their large
pores do not contribute to the energy storage, strongly compromising their use in real
application. The large thickness of these coated graphene, foams limits their use in
flexible energy storage devices. Other works reporting the, coating of porous metallic
structures (without using graphene) are also baséd on commercially available metal
foams with pores larger than 200 pm [32, 33, 34, 85,86]. Eurther reports demonstrating
the fabrication of flexible supercapacitors consisting of rr?echanically stable graphene-
based electrodes such as rGO in combination with PANI[37], PPy[38], or Ni(OH)[39], or
graphene paper with MnO;[40] or NiCosOy[41],show high capacitance values. However,
a low long-term stability or a high intrinsic resistanee strongly limit their electrochemical
performance and their use in real application.

Here, we report a method for the fabrication of flexible thin-film micro graphene
foams (n1GFs) consisting of high. quality graphene grown by chemical vapor deposition
(CVD) uniformly coated with manganese oxide. The metal catalyst used as substrate for
graphene growth is created by potentiostatic electrodeposition of Ni and Cu on Ni foil,
yielding an interconnected«three-dimensional NiCu alloy characterized by pores in the
lower micrometer and sub-mi¢rometer range. After CVD growth of few layer graphene
using methane as carbon source and the removal of the metal in a wet-etching process,
a high quality thin-film pGF is obtained and transferred to a flexible polyester substrate
PEN. The thickness of this foam can be tuned by the duration of the electrodeposition
of the NiCu allgy.. The nGF is then coated with manganese oxide using square wave
potential pulses‘whose.duty cycle is tuned to the porous substrate structure, aiming
at preventing the depletion of manganese in pores with long paths to the electrolyte
bulk. The-as-obtained electrode is used as the cathode in an asymmetric supercapacitor
fabricated withsa second highly conductive bare graphene foam (GF) as the anode.

2./Results and discussion

The main fabrication steps of pGFs are illustrated in Fig. 1 (left) together with
scanning electron microscope (SEM) images (right). Ni foil (25pm thickness, Fig.
1b) is immersed in an electrolyte (Fig. la (left)) containing nickel sulfate and copper
sulfate. Under anodic potentiostatic conditions (see Methods for details), Ni and Cu
atoms are deposited on the Ni foil leading to a porous NiCu alloy network (Fig. 1c
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Figure 1. Tllustration of the fabrication (left) of the micro graphene foams (nGFs)
and scanning electron microscope images (right): a Nickel foil (b) is used as substrate
for the potentiostatic electrodeposition (a) of Ni and Cu yielding a three-dimensional
interconnected NiCu alloy (c, d). This scaffold serves as substrate for the growth of
graphene by chemical vapor deposition using methane as carbon precursor (e, f). After
etching the metal, a pGF is obtained (g, h). The scale bars in the SEM images are (b)

10pm and (d,f,h) 100 pm (left) and 5pm (right).
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and d) as reported elsewhere[42]. The estimated ratio between Ni and Cu in the
alloy is 3:2 (see Supporting Information (S.I.) for chemical element analysis). The
hydrogen bubbles that are created during the deposition process (applied potential
is well above the water splitting level) prevent the creation of a denge metal layer,
forming instead a porous NiCu alloy structure. The size of these potes is correlated
to the gas accumulated on and near the metal surface[43]. In addition to,the small
pores created in-between the dendrite structured metal deposits (Fig. 1d (left)), larger
pores (> 10 pm, Fig.1d (right)) are formed when gas bubbles mérge together[44]. The
porous metal substrate is then used for the growth of graphene by CVD using methane
as carbon source[45, 46, 47, 48] (Fig. le). After heating up, to 800°C at a pressure
P ~ 200 mbar under hydrogen flow to remove contamination[49] and metal oxides[46],
methane molecules are introduced into the reaction tube to,provide the carbon source
for the graphene formation. The methane molecules dehydregenate[49] on the catalyst’s
surface, leading to carbon atoms that either re-evaporate, diffuse on the surface, or
diffuse into the bulk of the metal substrate[49]. Theun-bulk diffusion strongly depends
on the carbon solubility of the metal catalyst[50, 51. In oilr case, the amount of carbon
dissolved in the NiCu alloy will be between the solubility of C in Cu (< 4.8 ppm at
800°C)[52]) and C in Ni (= 1000 ppm)[53]). During the cooling phase, a fraction of the
dissolved carbon atoms diffuses to the substrate’s surface due to its decreasing carbon
solubility and forms graphene layers, inraddition to the graphene film grown on the
surface during the growth step[54]. Aslit can be observed in Fig. 1f, apart from the
small metallic dendritic structure, the porousstructure of the three-dimensional network
does not vanish after the high temperature step. After wet-chemical etching of the NiCu
scaffold, a freestanding pGF is obtainedy(Fig. 1g and h).

Fig. 2a depicts a SEMrimage,of & cross-section of the metal/graphene foam on Ni
foil after graphene growth. The thickness of the metal/graphene foam depends on the
duration of the electrodeposition(Fig. 2b). The minimum time to obtain a metal foam
covering the whole surface of the Ni foil is one minute. Shorter deposition times do not
yield an interconneéeted foamstructure but rather isolated foam domains. Increasing the
electrodeposition time leads to an almost linear increase of the metal/graphene foam
thickness (Fige®2b). »Thus, by adjusting the electrodeposition time of the metal alloy,
an accurate control aver the graphene foam thickness can be obtained while the porous
structure.of,the metal foam remains unaffected (see Fig. S3).

Raman spectroscopy is commonly used to estimate the number of layers and to
assess_the graphene crystal quality[55, 56]. Fig. 2c shows a typical Raman spectrum
of ghe graphene layers covering the NiCu alloy substrate before metal etching. An
extensive statistical evaluation of confocal Raman measurements covering a volume of
10 pm*ispresented in the S.I.. The average full width of half maximum (FWHM) of the
2Dmpeak, which is indicative of the graphene film thickness, varies from 33 to 100 cm ™!
and suggests the presence of single and few layer graphene (FLG) in the prepared films.
This is confirmed by the G and 2D peak position of ~ 1586 cm™! and ~ 2713 cm™!,
respectively. The average D to G intensity ratio is correlated to the number of defects
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in the graphene layers; we obtain a value of 0.046 4+ 0.017, indicating a very good layer
quality. A good graphene quality is crucial to achieve a high electrical conduétivity[57]
and, in turn, a low internal resistance[58] of the pGF.

The electrochemical properties of a nGF (thickness &~ 140 pm) using our,method
are summarized in Fig. 3. The cyclic voltammetry (CV) curves (Fig.. 3a) show no
redox reaction within the explored potential window from —0.1V to 08V wvs,Ag/AgCl,
as expected for EDLCs|[2| and remain quasi-rectangular even at high scan rates up to
10 Vs~ indicating a very low ESR (see also S.I.). This is confirmed by, electrochemical
impedance spectroscopy (EIS) (Fig. 3b). A characteristic frequency h@ler than 200 Hz
separates the resistive regime (at higher frequencies) from'the capaditive regime (at
lower frequencies). The maximum phase shift close to —90° reveals.a quasi-ideal EDLC
behavior[59]. The ESR, which consists of the intrinsic resigtances of the foam and the
electrolyte and the resistances of the wiring, the multilayer graphene substrate (see
Methods), and the contact between foam and substrate[2], can be calculated from the
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Figure 2. (a) SEM micrograph showing a cross-section of a NiCu alloy foam on a Ni
foil (blue shaded) after graphene growth. The electrodeposition time of this metal foam
was 6 minutes and the scale bar is 100 pm. (b) Thickness of the metal foam, measured
using SEM images after graphene growth, as a function of the electrodeposition time.
(¢) Raman spectrum measured on a metal/graphene foam before Ni etching. (d)
Raman map showing the FWHM of the 2D band revealing the porous structure.
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Figure' 3. Electrochemical characterization of nGFs prepared using a metal foam

substrate electrodeposited for 5 minutes (thickness ~ 140 pm). (a) Cyclic voltammetry

(CV) curves for three different scan rate, measured in a 3M KCI aqueous electrolyte.

(b) Corresponding electrochemical impedance spectrum (EIS) showing the module
(black) and the phase (red) at a DC potential of 0.3V vs Ag/AgCl.
discharge curves for four different current densities. (d) Capacitance retention of a

(c) Charge-

nGF as a function of the cycle number measured in an unbent (black) and bent state
(red). (e) Evolution of the capacitance of a pGF undergoing 1000 bending cycles. In
all bending experiments, the bending radius is 6.5 mm.
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saturation value of the module of the impedance at high frequencies and is ~ 3.5 € cm?.
An investigation of its contributing components (see S.I. for more details) reveals a very
low intrinsic resistance of the nGF, below 1.0Qcm?.  Charge-discharge (CD) curves
(Fig. 3c) are characterized by a quasi-triangular shape, consistent with an almost ideal
EDLC behavior. From the CD measurements, a volumetric specifiércapacitance of
18 mF cm ™2 and an areal specific capacitance of 0.21 mF cm™2 can béobtained. Long-
term experiments (Fig. 3d) show no capacitance loss after 10,000 ¢ycles and reveal the
excellent long time stability of the pGF. In the bent state, the‘eapacitance decreases
only 4% after the same amount of CD cycles. The long-term me@hanical stability is
shown in Fig. 3e. After 1,000 bending cycles, where thefsample was bent from an
unbent state (0°) to a completely bent state (180°) with a bending radius of 6.5 mm,
the capacitance of the pGF still has & 90% of its initialieapacitance confirming the
elastic strength of graphene[60]. We have not found any dixect eorrelation between the
mechanical stability and the investigated thicknessés of the pfGFs (see Fig. 2b).
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Figure 4. (a) Measured current density (red) during 50 potentiostatic pulses (blue) as
a function of time in a 0.25 M manganese acetate electrolyte. (b) SEM images showing
the nGF uniformly coated with manganese oxide. The scale bars are 5um. (c) CV
curves of the MnOy coated pGF for two different scan rates in 1 M NasNOj3 and the
corresponding EIS diagram (d) at a DC potential of 0.3V vs Ag/AgCl.

The pGF's are then used as substrates for the electrodeposition of manganese oxide,
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a pseudocapacitively active material. In order to achieve a uniform coating of the
nGF current collector with manganese oxide, square wave potential pulses[6l] in an
electrolyte containing manganese acetate[62] have been used. Conventional reported
coating techniques such as potentiostatic or galvanostatic electrodeposition[32}.can not
be applied since they do not consider the porous structure of the pGFEg (see Fig.S10).
Fig. 4a shows the recorded current (red curve) during 50 potential pulses at, 0.85V vs
Ag/AgCl[63] (blue curve) for 2s each followed by a 60s period at 0.0V vs Ag/AgCl. The
resulting duty cycle of 1/30 has been tuned to the porous strueture and the thickness
of the graphene current collector. Higher duty cycles have been found to lead to an
incomplete deposition of manganese in the interior pores and.to clogging of the pores
near the electrolyte bulk (see S.I.). The optimum number of pulses was found to be 50
considering the gain in capacitance, mass loading, and the ESR. The current peaks at
the beginning of each potential pulse have contributigns from the capacitive charging of
the electrode, the deposition of manganese, and thefexidation of pre-deposited material.
The current evolution after the pulse results from the capacitive discharging of the
surface and the reduction of the electrochemically active ?naterial[64]. SEM is used to
investigate the structure of the MnO, coating (Fig..4b). A cross-section SEM image of
the manganese coated nGF (Fig. 4b (left)) reveals no irregularities in the manganese
deposition, i.e. both the top and bottom regions are covered with manganese oxide. As
a result of the deposition by square wavespotential pulses, the manganese oxide grows
with a microspherical morphology (hundreds of nm in diameter in a ~ 1 pm thick layer)
on the pnGF substrate, thus forming additional pores in the sub-micrometer regime and
increasing the surface area (see Fign.S9 for more SEM images). The additional gain in
capacitance can be observed in the CV @urves (Fig. 4c), where the current at 10mV s™*
at e.g. 0.5V vs Ag/AgCldincrgases from 1pA cm—2 before manganese deposition to
more than 1 mA cm~? after deposition. The CV curve shows the characteristic shape of
the pseudocapacitive MnO3[18] resulting from the combined effect of the adsorption
of sodium ions from the electrolyte on the MnO, surface and the intercalation of
sodium within the bulk, of MnO;[65]. Due to the very large increase in capacitance,
the characteristie frequencgy of the nGF now coated with MnOy decreases to ~ 0.1 Hz
(see Fig. 4d)«"The second peak observed in the phase angle at ~ 5kHz represents a
second time constant’ tentatively attributed to the MnOs-covered multilayer graphene
which serves as thessubstrate (see Methods). The capacitance values calculated from
CD curves (seesS.I.) are 14F cm ™ and 0.16 F cm ™2 and show a 103-fold increase with
respect to.the non-coated pGF.

The MnOs-coated pnGF can be used as the cathode in an asymmetric supercapacitor.
Since. MnQy can be irreversibly changed at negative potentials vs Ag/AgCl and in
order toextend the potential windows of the asymmetric supercapacitor, a non-coated
EDLG-based graphene foam (GF) is used as the anode. The GFs are grown by CVD
using metal powder as catalyst as reported previously[66] (see S.I. for electrochemical
characterization) and are much thicker (/= 5mm) than the pGFs. Thus, their electric
double layer capacitance is higher than that of a bare nGF and comparable with the
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Figure 5. (a)7Schematic/of the asymmetric supercapacitor consisting of a MnOq
coated pGF as anode (bottom) and a non-coated bare graphene foam (GF) as cathode
(top). (b) Cyeli¢ voltammetry curves of the asymmetric supercapacitor in polyvinyl
alcohol (PVA) and2M NaNOs. (c) the corresponding EIS spectrum for a DC potential
of 0.0V vs Ag/AgCl, and (d) charge-discharge (CD) curves. The electrochemical
meagurements were recorded in a bent state with a bending radius of 6.5 mm.

capacitance of a MnOs-coated pnGF. The method using copper powder as catalyst cannot
be used for the growth of nGFs as a slight variation in the distribution of particles
and a reugh surface of the combustion vessel typically leads to the breakage of the
copper foam after growth. Both electrodes are contacted with multilayer graphene
(MLG); areonductive and chemically inert substrate, transferred onto polyethylene
naphthalate (PEN) (Fig. 5a) assuring the flexibility of the asymmetric supercapacitor.
Polywinyl /alcohol (PVA) and NaNOj serve both as separator and as conductive
electrolyte, respectively. Fig. 5b-d show the electrochemical measurements of the
flexible supercapacitor recorded in a bent state with a bending radius of 6.5 mm. The
quasi-rectangular shape of the CV curves (Fig. 5b) without any peak due to a dominant
chemical reaction can still be observed within a greater potential window of 1.6 V. The
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ESR which is now the sum of the ESR of both electrodes and the resistancé of the
electrolyte between the electrodes is ~ 38Qcm? (Fig. 5c). Yet, the chatacteristic
frequency of the device is =~ 0.3 Hz and indicates the possibility of fast chargingrand
discharging of the supercapacitor. This is confirmed by CD experiments (Fig. 5d) where
the quasi-triangular shape is maintained even at high current densities (red eurve),
resulting in a charge time of ~ 5s, typical for a supercapacitor. ThedRrdrop,(potential
drop or rise at the beginning of each charging or discharging) remains nearly negligible

for both current densities. The total capacitance of the device®s 15mF.¢m—2, which

C1C9
C1+Co

EDLC-based cathode is about one fifth of the capacitance of the pseudocapacitive anode,

corresponds to the two capacitors in series (Cyppar = ).[ The ca\pacitance of the
assuring a very good long-term stability (Fig. S12) with a capaeitance loss of only 1%
after 10,000 CD cycles.

3. Conclusion

We have demonstrated the fabrication of highly cofiductiVe porous thin-film graphene
foams grown by CVD which can be used as current collector in flexible asymmetric
supercapacitors after being uniformly coated with manganese dioxide. The metal
catalyst used for the growth of graphene is\fabricated using the anodic deposition of
Ni and Cu on Ni foil, resulting in NiCwalloy foam with a thickness in the micrometer
range which can be controlled by the duration of the electrodeposition. After graphene
growth, the removal of the metal, and the tramsfer onto flexible PEN substrates, a highly
conductive flexible graphene foam with high structural quality consisting of few layer
graphene is obtained, exhibiting poresiin the micrometer and sub-micrometer range.
In contrast to other techniques.where reduced graphene oxide sheets are pressed to a
three-dimensional structure, the excellent electrical properties of the pGFs, resulting
from the high crystalline quality of the film produced by CVD, lead to very low intrinsic
resistances which can be,observed in the quasi-rectangular shape of the CV curves even
at very high scan ratesup tod0 Vs—! and in the outstanding long-term and mechanical
stability. The as-0btained nGFs can be used as current collector after coating them with
manganese diexide, a.pseudocapacitive material. A uniform coverage is achieved using
square wave voltammetry, with duty cycles optimized for the porous structure and the
thickness of the nGE. Following this approach, the capacitance of the electrode can be
increaséd by more than three orders of magnitude from 18 mF cm™3 to 14 F cm=3. This
electrodenis used as cathode in a flexible graphene-based asymmetric supercapacitor
using a bare graphene foam as anode showing an excellent long term performance
with, a capacitance loss of only 1% after 10,000 cycles. This work can be used as a
base forithe development of flexible supercapacitors using a highly conductive thin-film
micro. graphene network, with pores and thickness in the micrometer regime, as current
¢ollector. The presented preparation technique for MnQOs is of high relevance for coating
three-dimensional networks containing micrometer-sized pores with electrochemically
active materials. In contrast to previously reported supercapacitors[37, 38, 39, 40, 41],
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the electrodes fabricated using our method combine the most important requirendents for
real application such as lateral and vertical scalability, flexibility, high energy dénsity due
to a uniform coverage with a pseudocapacitive material, and a high power density owing
to the low intrinsic resistance of the electrode and especially of the current eollector.

4. Methods

Fabrication of micro graphene foams
~

The metal substrate used for the growth of the pnGFs serving as.cathode was prepared
by potentiostatic electrodeposition of Ni and Cu[42] on a Ni feil (thiekness 25 um, Alfa
Aesar) at 3.0V in an aqueous electrolyte consisting of,0.5M NiSO, - TH,O, 0.01 M
CuSOy, 1.5M H,SOy, and 1 M HCI, resulting in a cuzzent density of 1.1 Acm~2. The
concentrations were optimized to obtain the foam structure with smallest pores and, in
turn, highest surface area. The thickness of the as-produced NiCu alloy was controlled
by the duration of the electrodeposition. The typical sizegof the GF is 1 x 2cm?. For
the graphene growth, the metal substrates are placed into a horizontal tube furnace
and heated up to 800°C under a gas flowrof 400seem argon and 100sccm hydrogen
at 200 mbar within 20 minutes. Following thisiso-called annealing step, an additional
methane flow of 10 sccm is introduced to provide the carbon source for graphene growth.
After 30 minutes, the samples are removedifrom the oven and cooled down to room
temperature with a cooling rate of 6°C sk,

Fabrication of graphene foams

The metal substrate used forsthe growth of the graphene serving as anode was obtained
by filling copper powder [(Sigma Aldrich, particle size between 0.5 and 1.5pm) mixed
with MgCOj3 powder into aquartz Petri dish as discussed elsewhere [66]. The graphene
growth conditions werenas detailed above except for a higher growth temperature of
950°C, a lower grewthipressure of 50 mbar, and a longer annealing step (60 minutes).

Foam transfer

To remove the metal, both types of samples are put into an etching solution of 1 M FeCl;
and 2 MdHC] forias6 hours. The etchant can enter the metal template through defects
in the graphene layer(s) such as vacancies and grain boundaries. Etching residues are
removed initwo additional cleaning baths in 1 M HCI and deionized water.

FElectrode Fabrication

Polyethylene naphthalate (PEN, thickness 125um) and multilayer graphene sheets
(MLGs, typical size 2 x 3cm?) served as substrates for both electrodes (anode and
cathode). MLGs were grown by CVD on Ni foil at 900 °C similar to the growth of the
GFs and transferred onto PEN. Aluminum wires and silver paste were used to contact
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the MLGs. After the transfer of the GFs onto the substrate, the wiring was insulated
with silicone rubber to prevent contact with the electrolyte. The electrochemical
measurements of single electrodes were recorded by a Parstat 2263 (Princeton Applied
Technologies) using a three electrode system with a platinum mesh as counterelectrode
and a Ag/AgCl reference electrode.

Deposition of Manganese Dioxide

The pGFs were coated with manganese dioxide using potential pulses in an 0.5 M
manganese acetate solution (Sigma Aldrich). 50 potential pulsesiat 0.85V vs Ag/AgCl
were applied, each lasting two seconds followed by a 60 secondsibreak. Afterwards, the
samples were submerged in 0.05 M KMnO, for one hour and cleaned’in deionized water.

Raman spectroscopy

Raman maps were acquired using an excitation/wavelength of 532nm. Using a 100x
objective and measuring four spectra per micron allows % spatial resolution down to
250nm. The D, G, and 2D peaks were fitted with Lorentzian functions; the intensity
ratio is obtained from the fitted areas.

Supercapacitor Fabrication

The asymmetric capacitors (GF as anodésand a manganese dioxide coated pGF as
cathode) were covered and separated by an ionic gel consisting of polyvinyl alcohol and
2M NaNOgj. The electrochemical measurements were recorded by a Gamry Reference
600 potentiostat in a two electhe configuration.
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