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18 Abstract

20 Supercapacitors combine the advantages of electrochemical storage technologies like
22 high energy density batteries and high power density capacitors. At 5-10 Wh Kg™,' the energy
densities of current supercapacitors are still significantly lower than energy densities of lead acid
25 (20-35 Wh Kg™!),'"? Ni-metal hydride (40-100 Wh Kg')! and Li-ion (120-170 Wh Kg')’
27 batteries. Recently, graphene based supercapacitors have shown energy density of 40-80 Wh/kg.'
29 However, their performance is mainly limited due to the reversible agglomeration and restacking
of individual graphene layers caused by n-m interactions. The restacking of graphene layers leads
32 to significant decrease of ion-accessible surface area and the low capacitance of graphene based
34 supercapacitors. Here, we introduce a microstructure substrate based method to produce fully
delaminated and stable interconnected graphene structure using flash reduction of GO in a few
seconds. With this structure, we achieve the highest amount of volumetric capacitance obtained
39 so far by any type of pure carbon based material. The affordable and scalable production method
41 is capable of producing electrodes with energy density of 0.37 Wh c¢m™ and power density of
416.6 W cm™. This electrode maintained more than 91 % of its initial capacitance after 5000
44 cycles. Moreover, combining with ionic liquid, this solvent free graphene electrode material is
46 highly promising for on-chip electronics, micro supercapacitors as well as high power

48 applications.

50 Keywords: Interconnected graphene network; Energy storage; Supercapacitor; GO flash

52 reduction; Substrate patterning
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1. Introduction

Supercapacitors and batteries are known as two fundamental technologies for
electrochemical energy storage purposes. Although batteries provide considerably high energy
densities (100-243 Wh kg™),'? they suffer from extremely low power densities (10-100 W kg™)""
3 that result in several hour recharging times. On the other hand, supercapacitors offer fast
recharging times (minutes or even seconds), albeit lower energy densities compared to batteries.
However, coupling batteries with supercapacitors has been accomplished in practical
applications, such as electric automobiles, to benefit from the advantages of both products.*®
Therefore, creating a material for electrochemical energy storage devices that can handle a high
energy density as well as maintaining a high power density is contemplated revolutionary.” This
combination is not achievable, unless novel architectures are created in micro and nano scale to

manipulate the common properties of current materials.” 10-13

In practical applications, several
micro grams of active material per unit area of electrode is required to maintain stable
charge/discharge cycles and high reliability. Nevertheless, nano and micro scale engineered
materials cannot be simply scaled up to more than one micro gram per unit area due to the drastic
decline of charge storage and charge transfer in electrochemical configurations caused by
diffusion constraints.'*"> This limitation can be overcome by providing accessibility for
electrolyte throughout the active material which is ignored in the vast majority of studies and

16-18

publications. Being unable to wet the micro pores within active material by electrolyte,

decreases the probability of successful double layer formation in porous materials which results
in dramatic drop in double layer capacitance as well as the charge/discharge rate.”
Consequently, carbon based materials, such as activated carbon, nanotubes and graphene,
demonstrate much lower double layer capacitance compared to their theoretical values."” > ° In
addition to the unaffordable price of vertically grown carbon nanotubes, to use carbon nanotubes
in practical applications, further addition of conductive polymers is necessary for the formation
of a pseudocapacitance pair.>’?' Otherwise, the amount of capacitance achieved by CNT

3 Meanwhile, the formation of

supercapacitors is considerably low and ineffective.”
pseudocapacitance is unfavorable in many applications because of the high rate of capacitance

decay.g’ 2 On the contrary, highly porous structure of interconnected graphene network with

2
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distinguished electron transfer characteristics is capable of providing an ideal architecture for the
manufacturing of ultra-high electrical double layer capacitance due to prevailing diffusion limits

. 10-11, 23-25
of ubiquitous carbon based electrodes. ™

The presence of meso and micro porous
morphology through the interconnected graphene network increases the capability of charge
storage as well as maintaining high power density. Electrochemical capacitance for the
aforementioned structure can even exceed the value for single layer graphene (550 F g)* 2%
which has been known as the most ideal type of graphene for energy storage applications.
However, interconnected graphene network demonstrates its superior properties while the
graphene layers are delaminated and stabilized in this structure. Although the easy accessibility
of surfaces and edges on graphene sheets by electrolyte can be considered as the mechanism
behind the superiority of this structure over other types of common carbon based materials, the
extreme restacking propensity of graphene layers restricts their double layer capacitance.* > *!
Thus, taking advantage of the entire potential of this material for energy storage devices is
limited. The accessibility of graphene edge planes plays a significant role even in the
electrochemical capacitance of other types of graphitic materials like nanotubes. There is a direct
relation between the number of available graphene edge sites and double layer capacitance for all

types of graphitic nanomaterials.” **

The curved structure of graphene sheets provide a vast wettable surface for the electrolyte
that requires to be engineered and manipulated for practical energy storage capacitors.
Accordingly, the creation of single layer graphene by various chemical and mechanical methods
attracted a lot of interest for energy storage devices.'® 2* ?% **37 Meanwhile, the production of
single layer graphene with fairly good quality is extremely expensive and totally impractical for

.26, 32
mass production.”™

Therefore, many efforts have been put into creating delaminated
interconnected graphene morphologies. Graphene electrodes that were produced by exfoliation
of graphene oxide exhibited the specific capacitance of 100-117 F g in 1M H,SO; at the scan
rates of 0.01 - 1 V s'.7 The results of this study showed that the capacitance of multi layered
graphene can be superior to carbon nanotubes and onion-like carbon."* However, it is still lower
than carbide derived carbon, activated carbon and zeolite templated carbon.* ? Therefore,
endeavors to reduce the agglomeration of graphene layers to achieve higher capacitance, close to

the theoretical values, have been started in last few years.” Reduction of graphene oxide in

hydrazine gaseous media was among the first efforts that resulted in specific capacitance of 205

3
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F g in 0.3 KOH electrolyte that decreased dramatically after several cycles.” Another approach
was to positively charge the graphene surface during reduction procedure by means of p-
phenylenediamine (PPD).* ° However, these methods did not demonstrate favorable results in
energy storage applications.l’ ’ Preparation of stabilized graphene in aqueous environment is
another technique that benefits from aromatic interaction mechanisms and impressively
increased the suspension stability of graphene layers and formation of double layer capacitance
(~120 F g™).? Decreasing the size of graphene segments is another suggested method to reduce
the agglomeration of layers and resulted in increased electrochemical capacitance from 82 to 132
F ¢! in IM H,SO; electrolyte.” ** Curved mesoporous graphene has demonstrated promising
specific capacitance (100-250 F g') in ionic liquids, albeit, accompanied with poor stability and
reliability.'? Thermal exfoliation of graphene oxide has been reported to produce electrodes with
specific capacitance more than 200 F g, although with very poor stability.”® Several reports
studied the creation of mesoporous graphene like holey graphene,'? graphene oxide hydrogels,”
nitrogen doped carbon paper® and 3D porous graphene®' by use of functional groups that
demonstrates high pseudocapacitance which is detrimental for many applications mostly because

of the low volumetric capacitance.?*2!" 2% 447

Recently, laser and flash reduction of graphene oxide have been employed to prepare

16, 21-22, 47-53 )
However, in

carbon based electrodes for electrochemical energy storage applications.
these studies the importance of vital parameters like interlayer spacing and the effect of
supporting substrate topography on the capacitance were not explored. In the current study, we
present a novel method for production of highly delaminated graphene network that activates the
exceptional potentials of interconnected graphene structure for several energy applications.
Controlling the spacing between graphene layers as well as the topography of inactive substrate
are significant factors which are capable of exhibiting full potential of layered graphene structure

and have been mostly ignored in previous studies.
2. Experimental Section

Fabrication of substrate: High quality graphene oxide (GO) (Graphenea Inc., Cambridge,
MA) was dispersed in water with the monolayer content of >95% and concentration of 4 mg mL’
! In order to exfoliate agglomerated stacks of GO, the precursor was treated in ultrasonic bath

for 30 minutes. Transparent polyethylene terephthalate (PET) was used as substrate for
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producing the electrochemical electrodes. For creating nano and micro patterns on the plastic
substrate, replica molding process was used. Master molds were made by laser interference
lithography on quartz substrate and they were silanized for 30 min to become hydrophobic. 2 ml
of UV-curable polymer (NOA-61, Sigma Aldrich) were dropped on the surface of master mold
with a PET sheet on top of it. Afterwards, it was exposed to UV light with the power of 210 mW
cm™ for 1 min. Periodic patterns are formed on PET once the UV-curable polymer is fixed. The

plastic is then peeled off gently from the master mold (Fig. S1).

Fabrication process of laser and flash reduced graphene electrodes: For the production
of flash reduced graphene, 20 ml of GO were drop-cast on the surface of patterned and flat
plastic substrates and dried over night at room temperature. A xenon digital camera flash
(Neewer PRO i-TTL) was used in air and ambient conditions for reduction of GO to graphene.
The flash energy was approximately 0.1-2 J cm™ that was measured by Gentec QE25ELP-S-MB-
INT-DO light measurement system. After flashing, the golden-brown color of GO turns to black
which is an evidence for successful reduction of GO to graphene. In order to make laser reduced
samples, LG lightscribe DVD burner employed by means of a regular lightscribe software. Drop-
cast GO on PET substrate was glued to the top surface of a lightscribe DVD and burnt in DVD
optical drive. Although it takes around 20 min for each cycle, the process should be repeated for
at least six times to achieve an acceptable amount of graphene out of GO. Thus, all the laser
reduced samples in this study were burnt for eight times. After the preparation of electrodes,
three electrode configuration tests were performed in 0.5 M H,SO, electrolyte with Pt and
Hg/Hg" as working and reference electrodes, respectively. Fabricated electrodes were named LR
(laser reduced), FR (flash reduced on flat substrate), FRNS (flash reduced on nano-patterned
substrate) and FRMS (flash reduced on micro-patterned substrate).

Electrochemical Experiments: Sandwich type devices were also made out of LR, FR,
FRNS and FRMS electrodes by means of microporous membrane and 0.5M H,SOy electrolyte.
Electrochemical tests including cyclic voltammetry (CV) and galvanostatic charge/discharge
were performed by CHI 600E electrochemical workstation. Electrochemical Impedance
Spectroscopy (EIS) measurements were carried out with amplitude of 0.005 V AC in the range

of 0.01 Hz to 100 kHz. Volumetric capacitance was calculated using equation 1,42 where v, 1, AV
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and v are defined as scan rate (V s™), applied current (A), sweep potential window (V) and

volume of active material (cm®), respectively.

v.AV.v (1)

For calculating volumetric capacitance (F c¢cm™) from the charge/discharge diagrams,

equation 2** was used.

—idt

CV = vdVv (2)

Specific energy density E (Wh cm™) and power density P (W cm™) were calculated using

equation 3 and equation 4,** where t is the discharge time excluding IR drop.

_ Cyx(AV)?
T 3600 3)
EX3600
P = " 4)

Conductivity of laser and flash reduced GO was measured by performing cyclic
voltammetry (CV) tests in the potential window of -1 to 1 V and scan rate of 0.1 V s, The
electrical conductivity of GO surface was measured (Fig. S3) to be 6.38 x 10* S m™. After laser
and flash reduction, electrical conductivity increased to 1.40 x 10° Sm™ and 2.14 x 10° S m'l,

respectively.
General Characterizations:

Morphological, Energy-dispersive spectroscopy (EDS) and cross sectional studies were
performed by scanning electron microscopy (Quanta 3D DualBeam FEG FIB-SEM). X-ray
diffraction diagrams were performed by using Panalytical Empyrean multipurpose
diffractometer. In order to study the surface properties, ANASYS atomic force microscope
(AFM) has been employed. Renishaw inVia confocal Raman microscope was used to achieve the
Raman spectrum of samples. All the spectra were acquired by the excitation wavelength of 532
nm in the range of 500 to 3000 cm™. For X-ray photoelectron spectroscopy (XPS) analysis,
Scienta Omicron ESCA 2SR instrument was employed. It was equipped with a monochromatic
Al Ka X-ray source of 1486.7 eV. Altamira AMI-200 was employed for BET experiments. 1 mg

of samples were used for surface area measurements and further calculations.
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3. Results and discussions

Figure 1 schematically shows the formation of interconnected graphene layers on top of
flat, nano and micro-structure patterned substrates. A xenon digital camera flash was used to
produce the graphene from graphene oxide (GO) (see Fig. S1 for details). The fabricated
electrodes were named FR (flash reduced on flat substrate), FRNS (flash reduced on nano-
patterned substrate) and FRMS (flash reduced on micro-patterned substrate). In order to compare
the performance of the flash-reduced electrodes, GO was also reduced using lightscribe DVD
technique to produce graphene and named LR (laser reduced). Figures 2a and 2b show the cross-
sectional SEM images of LR and FR graphene structure, respectively. We analyzed the distance
between graphene layers at ten different places on each sample (Fig. S2). The LR sample shows
an average spacing of 0.25 pum and the FR sample shows an average spacing of 1.76 um.
Delamination of interconnected multi layered graphene structure benefits electrochemical
devices by providing a highly porous architecture that facilitates the wettability of active material
and results in rapid ion transfer and enabling more surface for the formation of double layer
capacitance. Color change from brown (for GO) to black (for LR and FR) can be considered as
the first evidence for the successful conversion of GO to graphene which is shown in figure 2c.
We also measured the electrical surface resistance of the device before and after the reduction
process. The electrical conductivity of GO surface was measured to be 6.38 x 10* S m™ and after
reduction (Fig. S3), the conductivity increased to 1.40 x 10 S m™ and 2.14 x 10° S m™ for LR
and FR process, respectively. Another parameter that affects the overall functionality of
graphene based supercapacitors is the amount of GO converted to graphene during the
conversion process when using GO as the starting material. Figure 2d shows the XRD results for
the LR and FR samples. A thin layer of Vaseline was used to adhere LR sample to sample holder
and keep it flat. The results were compared with the XRD of graphite, graphene, and GO. The
XRD pattern of FR shows two characteristic peaks. The broad peak at 260 = 26° with a d-spacing
of 3.42 A° is generally associated with the graphitic peak.”*® The other peak occurred at the
same position as that of LR sample’s characteristic peak. The XRD pattern of LR shows
characteristic peak of 260 = 10.09° which corresponds to a d-spacing of 8.76 A°. This peak is
generally associated with graphene oxide.”*>® The oxygen containing functional groups in GO
are responsible for the increased d-spacing seen in the XRD of LR samples.””™ Some conclusion

can be drawn from the intensity ratio of peak of 26 in the XRD results about which sample has
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higher oxygen containing functional groups. LR graphene XRD structure shows a considerable
amount of residual graphene oxide (Igo/lgraphene = 11.14, Igo: intensity of GO peak, IGraphene:
intensity of graphene peak) compared to FR graphene structure (Igo/IGraphene = 0.77). This
residual GO negatively influences the electrochemical properties of supercapacitors and reduces
the amount of capacitance achievable by the device to much lower values. Therefore, the amount
of GO conversion should be taken into consideration before using such material in an application
regardless of the chosen method for GO reduction. Raman spectrum of laser and flash reduced
samples are provided in figures 2¢ and 2f. First of all, the appearance of 2D peaks at ~ 2651 cm™
in the Raman spectra of LR and FR samples is another evidence of the conversion of GO to
graphene (2D peak is absent in the GO Raman spectrum) (Fig. 2e). The G-band and D-band
appears for all the samples. The G-band of LR (1572 cm™) and FR (1581 cm™) samples moved
to a lower frequency compared to G-band of GO (1585 cm™) sample. This indicates topological
disordering of two-dimensional graphene layers and formation of three-dimensional structures in
FR samples. Another indication of three-dimensional structure formation can be derived from the
change in Ip/Ig ratio. The Ip/lg intensity ratio of GO was 0.93 and increased to 1.07 for LR, and
further increased to 1.16 for the FR sample. It indicates reduction of the grain size of the sp2
domains while keeping the aromatic ring intact during the reduction of GO, and the elimination
of oxygen functional groups.”’ Similar observations were also reported for reduced GO in
previous literatures.®” The G-band represents in-plane stretching mode vibration of sp® sites
(double bond carbon atoms) and D-band represents breathing mode vibration of sp” sites. More
number of phonons participate in the vibration due to decrease in grain size and hence the
intensity of G-band decreases. Since the linewidth of D and G peaks are different in all the
samples, the 1% order Raman spectra were deconvoluted by three peaks: two of those peaks
appeared at D and G-band positions and the third peak is denoted as D*. The D* peak is
interpreted as the amorphous sp® content (for example, single bond carbon as C-OH).**** Figure
2f shows the positions of D* band: GO (1563.5 cm™, FWHM = 80.9 cm™), LR (1510.4 cm™,
FWHM = 99.8 cm'l), and FR (1498.7 cm’”, FWHM = 127.9 cm'l). According to Claramunt et
al,*™ with decrease in oxygen content, the D* peak moves toward lower frequencies
(wavenumbers). Compared to GO (1563.5 cm™), the D* peak moved to a lower frequency for the
FR samples (1498.7 cm™). It provides further confirmation that for FR sample, the oxygen

content is decreasing compare to both GO and LR samples.
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Further study were performed to understand the effect of supporting substrate on the
interlayer spacing and the performance of electrochemical device. Three differently patterned
plastic substrates were used to convert GO to graphene using flash reduction technique. For FR
specimen that was exposed to flash light on a non-patterned substrate, bottom graphene layers at
the interface of active material and substrate are found to be compressed (Fig. 3a). Delamination
of graphene layers occurred only for the top layers, about 2 um above the substrate. Meanwhile,
interconnected graphene structure were found to be highly delaminated right above the substrate
when GO was reduced on patterned substrates (nano and micro substrates) (Figs. 3b, 3c). The
results can be explained by the fact that nano and micro substrates provide extra space for the
expansion of layers and allow escape route for the oxygen gas generated during the GO
reduction process. It is noteworthy to mention that the delamination of graphene sheets is more
clearly visible when the size of patterns increases from hundreds of nanometers to few microns.
Our analysis shows that the average graphene interlayer distance increased from 0.8 um to 2.2
um while using micro patterned structure instead of non-patterned structure (figures 3a-c).
Figures 3d, 3e and 3f show the surface of drop-cast GO which was in contact with micro and
nano patterned substrates. Accordingly, the periodic structures are clearly visible by means of
SEM and AFM microscopes. The inset of Fig. 3d and Fig. 3e show the SEM of micro and nano
structure. The microstructure is inverse pyramid shaped with pitch of 2 um and depth of 1.2 pm.
The nanostructure is nanohole periodic structure with pitch of 350 nm, hole diameter of 180 nm

and hole depth of 500 nm.

Figure 4a illustrates the X-ray energy dispersive spectrum (EDS) analysis results
obtained for different type of samples inside the SEM to determine the amount of residual
oxygen which is directly correlated to residual GO (also see Fig. S4). For all the samples three
prominent peaks were observed. The peak at around 0.270 keV is assigned to C, the peak at
0.521 keV is assigned to O, and the peak at 2.06 keV is due to the Pt (used in SEM to reduce
charging effect during imaging). From the analysis, LR specimen showed the highest value of
residual oxygen (39.8 at.%) (Fig. 4c). The flash reduction of GO on micro patterned substrate
(FRMS) dramatically decreases the residual oxygen to 4.2 at.%. Thus, the presence of micro and
nano structure on substrate surface during GO reduction process, enhances oxygen depletion
which results in an expanded interconnected network of graphene. In order to provide further

evidence about the difference in the oxygen content, high-resolution XPS C 1s spectrum analysis

9
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has been performed for all the samples. By means of this technique, surface chemical properties
of carbon and oxygen atoms can be investigated. The XPS C 1s spectra for LR, FR, FRNS and
FRMS samples were shown in Fig. 4c (i)-(iv) respectively. All the spectrum were deconvoluted
into four distinct peaks (FRNS and FRMS showed only three peaks). Distinctive peak shapes and
identities clearly demonstrate different surface properties among LR, FR, FRNS and FRMS
samples. The XPS peak positions and the corresponding bond assignment are as follows: LR
sample has peak at 284.38 eV (C=C), 286.54 ¢V (C-OH, C-O-C), 287.35 eV (O-C=0), and
288.06 eV (C=0); FR sample has peak at 284.39 eV (C=C), 285.33 eV (C-C, sp3 C), 285.77 eV
(C-0), 288.96 eV (O-C=0); FRNS has peak at 284.6 eV (C=C), 285.54 ¢V (C-C), 288.47 eV (O-
C=0); FRMS has peak at 284.4 ¢V (C=C), 284.61 eV (C=C) and 285.18 eV (C-C, sp’ C). The
assignment of the bonds are in agreement with the literature values.* Yang et al. reported
previously that laser reduction method of graphene oxide is not capable of removing oxygen-
containing functional groups efficiently.”” Remarkably, FRMS process removed most of the
oxygen containing functional groups compared to other synthesis methods. From XPS analysis,
oxygen content of LR, FR, FRNS and FRMS samples were found to be 34.3, 29.9, 15.9 and 4.9
at.%, respectively, which are in close agreement with the values found from the EDS analysis
(Fig. 4c). The decrease in oxygen content in FRNS and FRMS samples demonstrate that
employing flash reduction technique on nano and micro structured substrates leads to enhanced

conversion of GO to graphene (also see Fig. S10).

In order to understand the effect of morphological changes of graphene layers on the
electrochemical behavior of electrodes, cyclic voltammetry (CV) tests were performed on the
samples. Figure 5 and Fig. 6 demonstrate the results obtained from electrochemical response of
LR, FR, FRNS and FRMS samples. The CV curves (Fig. 5) were reported for a scan rate of 100
mV s and normalized by the volume of the film (see Fig. S5 for volume measurement details).
The rectangular symmetric shape of the CV curve for FRMS indicates formation of electric
double layer (EDL) capacitor. The increase of specific current (current per unit volume) for
FRMS device with increase of scan rate from 10 mV s to 300 mV s (Fig. S6) indicates fast
charge propagation within the electrode. Further, LR sample showed a peak current density of 80
mA cm™. The FRMS sample showed two-order of magnitude higher current density (15,000 mA
cm™) compared to LR devices. The volumetric capacitance is estimated using two methods: (1)

from the integration of CV curves, and (2) from the galvanostatic charge/discharge curve. The
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volumetric capacitance of LR, FR, FRNS and FRMS electrodes were calculated using the

. 1.dv . . . .
relation* C, = \{AT , where C, = volumetric capacitance (F cm %), I = voltammetric

current (A), v = volume (cm’) of the device, AV= sweep potential window (V) and v= scan rate
(V s™). The volumetric capacitance of LR, FR, FRNS and FRMS electrodes were found to be 3.7
F cm™, 178.7 F cm™, 4415 F cm™ and 12052 F cm®, respectively. The galvanostatic
charge/discharge (GC) curves were performed at a constant current density of 100 mA cm™ and
shown in Figure 6a. The triangular shape of the GC curve indicates fast ion transport and
efficient EDL formation within the supercapacitor electrodes. The volumetric capacitance of the

different supercapacitor designs were calculated from the galvanostatic charge/discharge values

I

. .42 = —
using the equation™ C;, = v(-dv/dt)

. The volumetric capacitance obtained by charge/discharge

curves were estimated to be 3.8 F cm™ (LR), 180.7 F cm™ (FR), 450.1 F cm™ (FRNS) and
1224.4 F cm™ (FRMS). The volumetric capacitance values estimated by the two methods are in
agreement with each other. The IR drop (voltage drop at the start of each discharge curve) was
measured to be ~ 0.01 V at 100 mA cm indicating very low resistance for all the devices. The
corresponding results for three-electrode test were shown in Fig. S7. From both CV and
charge/discharge diagrams, order of magnitude differences in volumetric capacitance values
were observed for the FRMS devices, mainly due to the removal of residual oxygen containing
functional groups and the increase in the interlayer spacing originated from adopting different
synthesis method. Therefore, such major improvements can be obtained from exact same
precursors by solely manipulating and engineering the electrode materials. Figure 6a shows that
324x higher volumetric capacitance can be obtained from flash reduction of GO (FRMS devices)
compared to laser scribing (LR devices) by just manipulating the geometry of the supporting
substrate. Furthermore, reducing GO by laser scribe drive takes several hours for producing
acceptable amount of graphene, while much higher quality graphene structure can be produced in

less than a second by flash reduction technique.

Utilizing patterned substrates (FRNS and FRMS) instead of a flat surface (FR) also

provided high specific capacitance. The specific capacitance was calculated using the equation:

1

Cs = ——————, where m is the active mass within the device. The active mass was calculated
m(—dv/dt)

using two methods: (1) by weighing the sample after GO reduction and subtracting the weight of

11
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the substrate, (2) using SEM to calculate the volume and estimating the mass using the density of
graphene. The specific capacitance of FRMS was calculated to be 680.2 F ¢! at a current density
of 100 mA cm™, which is higher than the theoretical value of 552 F g reported for single layer
graphene (it should be noted that the theoretical value is calculated from the single-layer

graphene intrinsic capacitance’’ value of ~ 21 uF ecm™, and specific surface area of graphene™ "

36,6366 _ 2630 m* g'). Due to the use of reduced GO and existence of residual oxygen in the
samples, pseudocapacitance and double layer capacitance both contribute to the total capacitance
value."” As a result, the achieved capacitance for FRMS sample is higher than the theoretical
value. Correspondingly, interconnected graphene network produced by a low-cost material like
GO, provides quite higher specific capacitance than a single layer graphene which has been
presumed to possess the highest electrochemical capacitance among different types of graphene.
Further, micro structure patterned electrode (FRMS) demonstrated 172% higher volumetric
capacitance compared to the nano structured graphene electrode (FRNS). This can be explained
by the ~ 51% higher inter layer spacing of graphene sheets and ~ 14.5x greater conversion of GO
to graphene on FRMS samples compared to FRNS. BET results showed that FRMS sample has
specific surface area of 1262.3 m’ g'l, which is about four-fold higher ion accessible area
compared to 355.8 m? g found for GO samples (Fig. S8). A further confirmation of fast ion
transport in FRMS device is supported by the electrochemical impedance spectroscopy (EIS)
results shown in Fig. 6b. At low frequency the curve for FRMS showed large slope with sharp
(90°) rise, indicating high accessible surface area in the graphene film. At higher frequency, the
intercept of the Nyquist plot can be utilized to measure the internal and charge transfer
resistance. The FRMS device showed the least internal resistance among the different tested
designs and found to be 5.8 Q cm™ compared to 10340 Q cm™ measured for LR. In addition, the
FRMS showed quite small charge transport resistance with an almost invisible semicircle,
demonstrating the superiority of the device by retaining capacitive behavior even at higher
frequencies. Further, the angle of the lower frequency region with respect to the horizontal axis
signify the capacitive behavior of the electrode (higher the angle, more capacitive in nature). The
near vertical shape of the EIS curve for FRMS device indicates superior capacitive behavior
compared to other electrode design. Finally, the time constant, 7, (which is the time needed to
discharge all energy with > 50% efficiency®”*® is calculated from the impedance phase angle vs.

frequency curve to be 20.9 s (LR), 821.4 ms (FR), 615.6 ms (FRNS), and 1.75 ms (FRMS) (Fig.
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S9). This shows that the FRMS device is also suitable for deriving instantaneous power and the
relaxation time is lower than other reported values such as activated carbon (700 ms),*® onion-

like carbon (26 ms),** interdigital graphene/CNT electrodes (4.8 ms).”

Further, we investigated the volumetric capacitance of all the devices as a function of
current density and shown in Fig. 6¢c. The specific capacitance decreases with current density.
The FRMS device retains more than 50% of its capacitance when operated at an ultrahigh
current density of 4,900 mA cm™. The highest volumetric capacitance of the FRMS electrode
was 1224.4 F cm™, obtained at a current density of 100 mA cm™; the volumetric capacitance was
decreased to a value of 648.3 F cm™ when the current density was increased to 2346 mA cm”™.
The lowest volumetric capacitance for the FRMS was still much higher than the highest value
obtained from other samples (Fig. 6¢). The retention of capacitance as a function of scan rate is
shown in Fig. 6d. The volumetric capacitance for the laser reduced sample (LR) dropped
dramatically to 25 % of its initial capacitance value by increasing the scan rate from 10 to 50 mV
s (slope = -17.1% / mV s™). However, volumetric capacitance for flash reduced samples (FR,
FRNS and FRMS) decreased with a milder slope (= -4.4% / mV s™). Interestingly, specific
capacitance of FRMS sample retained more than 80 % of its initial capacitance value at higher
scan rate of 50 mV s™'. The higher diffusion rate of ions in FRMS sample which is caused due to
the high electrolyte wettability of electrodes, is most likely responsible for maintaining the high
volumetric capacitance at high scan rates. The capacitance retention of electrodes after being
subjected to 5000 charge/discharge cycles is shown in Fig. 6e. FRMS electrode was able to
retain 91 % of its initial capacitance after 5000 cycles. However, it is observed that the flash
reduced samples (FR, FRNS and FRMS) lose their initial capacitance slightly faster than laser
reduced electrode. This is mostly due to the decrease in interlayer spacing of graphene layers
after 5000 cycling that reduces the accessible surface area and affects the capacitance retention
of active material. However, it could be easily prevented for on-chip and practical energy storage

applications by utilizing appropriate designs and use of solid electrolytes.

In order to further evaluate the electrochemical performance of the supercapacitor
devices and bulk electrodes, the energy density (E) and power density (P) were calculated from
the charge discharge curve using the relationship: E = %C v:Cc=1/(—dv/dt),P =E/t ,

where ¢ = time. Figure 6f shows the Ragone plot for different types of interconnected graphene
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structures used in this study considering the volume of the active materials at the electrode
(calculated from the three electrode tests). It shows that increasing the spacing between graphene
layers and increasing the amount of GO to graphene conversion, improves both the energy
density and the power density of the electrodes. Moreover, the power density and energy density
achievable by FRMS electrodes are roughly three order of magnitude higher than that of LR
electrodes. By use of flash reduction instead of laser, energy density was increased from 2 mWh
cm™ (LR) to 370 mWh cm™ (FRMS). Similarly, the power density increased five order of
magnitudes for the FRMS device compared to the LR device from 0.09 W cm™ (LR) to 416.6 W
cm” (FRMS). In fact, as shown in Fig. 7c, most reported carbon-based supercapacitors shows
energy densities <50 mWh cm™. Figure 7a shows the Ragone plot comparing the different thin-
film based energy storage devices. The data includes result from our own devices, commercial
supercapacitors tested under the same dynamic conditions [Maxwell Technologies
Ultracapacitors (2.7 V/1 F), Cornell Dubilier EDL Supercapacitor (5.5 V/1 F)], and various
literature data for batteries [Li thin film battery (4 V/500 pAh),*® Panasonic Li-ion battery (4.1
V/780 mAh)” as well as supercapacitors [electrolytic (3 V/300 pF),'® graphene-based
sandwiched capacitor,44 graphene-based interdigitated capacitors.44 FRMS thin-film sandwich-
type device showed energy densities of up to 31 mWh/cm®, which is four times higher than Li
thin-film battery (8 mWh cm™), and four order of magnitude higher than the aluminum
electrolytic capacitors (0.0114 mWh cm™). Further, the energy density of FRMS device is
approximately 88 times higher than the state of the art graphene-based sandwich
supercapacitors.** However, these energy densities are still order of magnitude less than the
value obtained by the bulk electrodes (Panasonic Li battery, 403 mWh cm™). In addition, the
power density of the FRMS device (15.3 W cm™) is 41 times higher than the bulk Li-ion battery
(0.37 W cm™), three order of magnitude higher than the Li thin-film battery (0.005 W ¢m™), and
two times higher than the state of the art graphene-based sandwich supercapacitors (6.1 W cm™).
Although, the power density of FRMS sandwich-type device is lower than the power density of
interdigitated devices (141.8 W cm™), the device was discharged at much shorter time (1.75 ms)
compared to the interdigitated supercapacitor (19 ms). Further, the high power densities are
generally observed at lower energy densities. For example, the power density of 137 W cm™ for
the aluminum electrolytic capacitor was observed at 0.01 mWh cm™, and for the in-plane

graphene micro-supercapacitor,”® the power density of 495 W c¢cm™ was observed at an energy
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density of 0.14 mWh cm™. However, the power density of 15.3 W cm™ was observed the FRMS
devices even at a higher energy density of 1 mWh cm™. Finally, our devices outperformed most
of the existing bulky as well as thin film based micro-supercapacitors designs reported over the
past years (Fig. 7c). The combination of results provided in this paper with recently published
designs and studies open up new horizons for practical applications of graphene based structures

in countless energy applications and introduce a serious competition for Li-ion batteries.
4. Conclusion

In summary, a novel method for taking advantage of the full potential of graphene based
structures through substrate engineered interconnected layers in energy applications has been
successfully accomplished. Improved performance in the volumetric capacitance, energy density
and power density of graphene based electrodes has been achieved by adjusting the graphene
layer inter-spacing and improved diffusion of ions. Furthermore, it is presented that the GO
conversion value to graphene is an important consideration while using it as precursor, due to its
influence on the electrochemical characterization of electrodes. By controlling the value of GO
conversion and interlayer spacing of graphene network, high specific capacitance of 680.2 F g
was obtained. Likewise, on these electrodes extremely high energy density of 370 mWh cm™
was obtained along with a high power density of 416.6 W cm™. Above all, these modifications
are applied by means of flash reduction process of GO and patterning of transparent PET
substrate. Thus, the whole process is cost efficient, faster and amenable to scale-up for practical

electrochemical energy storage applications.
Supporting Information

Detailed procedure of sample preparation; electrical conductivity measurement; cross-sectional

SEM; BET surface area; FTIR-ATR measurement.
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38 Figure 1. Schematic illustration of substrate engineering effect on electrodes for energy
applications using flash reduction on flat and patterned substrates. (a) By means of substrate
41 engineering, interlayer spacing of graphene layers increases considerably. Therefore, the
43 diffusion of electrolyte into the interconnected graphene structure is facilitated. (b) Schematic
45 image of the device. (c) Image of the device made by FRMS electrodes. (d) Schematic image of

the three electrode configuration used in the electrochemical experiments.
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Figure 2. Comparison of (a, b) SEM images, (¢) bright-field images, (d) XRD analysis and
(e, f) Raman spectra of graphene produced by laser reduction and flash reduction methods.
(a) SEM image of laser reduced sample shows agglomerated compact layers of graphene sheets
with the average interlayer spacing of 0.25 pum. (b) SEM image of flash reduced sample
illustrates the delaminated layers of graphene sheets with the mean spacing of 1.76 um. (c)
Bright field images of laser and flash reduced samples apparently show the color change from
brown (in GO) to black (in LR and FR) after laser and flash reduction methods. (d) XRD results
show a considerable amount of residual GO (Igo/IGraphene = 11.14) after performing the laser
reduction (LR) technique. Meanwhile, the value of residual GO remarkably decreased by an
order of magnitude (Igo/IGraphene = 0.77) by using of flash reduction (FR) method. In order to
adhere LR sample to sample holder, a thin layer of Vaseline was used. (e, f) Comparison of the
Raman spectra of GO, LR, and FR samples. The D and G-band for each sample is deconvoluted

into three peaks.
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Figure 3. Comparison of cross sectional and top view SEM images of electrodes produced
using flash reduction method on flat, nano and micro structure substrates showing the
effect of substrate engineering. (a) SEM image of flash reduced on flat (FR) sample shows a
compact layer of graphene sheets. (b) SEM images of flash reduced on nano structure (FRNS)
electrode illustrate that the thickness of graphene compact layers considerably decreased, but the
bottom layers are not still as delaminated as top layers. (c) SEM images of flash reduced GO on
micro structure (FRMS) electrode show the uniformly delaminated layers of graphene from
bottom to top. (d) SEM image of GO on microstructured substrate before the reduction process.
The inset shows the geometry of the inverse pyramid structure of the substrate with pitch of 2
um, pit length of 1.5 um and pit depth of 2.1 um. (¢) SEM image of GO on nano substrate
before the reduction process. The inset shows the geometry of the periodic nanohole structure of
the substrate with pitch of 350 nm, hole diameter of 180 nm and hole depth of 0.5 pm. (f) AFM
analysis confirms the formation of a nanostructured pattern on GO before reduction on

nanostructured substrate.
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Figure 4. EDS analysis and XPS spectra of C 1s in LR, FR, FRNS and FRMS electrodes. (a)
EDS analysis shows a dramatic difference in the oxygen and carbon content of samples. (b) XPS
results for (i) LR, (ii) FR, (iii) FRNS and (iv) FRMS electrodes confirm the enhanced conversion
of GO to graphene while using flash reduction method on patterned substrates. Deconvolution of
the XPS peak in to four peaks showed the different oxygen containing functional groups. (¢) LR
electrode shows the highest amount of residual oxygen (39.8 %) and FRMS sample represents

the lowest value (4.2 %). The amount of residual oxygen decreases dramatically from LR to

FRMS sample.
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Figure 5. Cyclic voltammetry (CV) curves of (a) LR, (b) FR, (¢) FRNS and (d) FRMS
samples at scan rate of 100 mV s™'. The integrated area of each cycle is correlated with the
value of capacitance and increases from LR to FRMS electrode by orders of magnitude. FRMS

CV curve reveals a rectangular shape that confirms the swift current response by voltage change.
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Figure 6. Electrochemical performance of LR, FR, FRNS and FRMS electrodes. (a)
Galvanostatic charge/discharge curves at the current density of 100 mA c¢m™, shows a dramatic
difference in the discharge time of various electrodes. FRMS electrode illustrates the highest
double layer capacitance. (b) Nyquist plot shows the complex plane plot of impedance for four
different electrodes. Due to the lowest equivalent series resistance, FRMS electrode is the most
appropriate choice for on-chip applications. (c) Plot showing the volumetric capacitance
evolution as a function of the current density confirms the functionality of FRMS electrode at
high current densities. (d) Evolution of specific capacitance vs. scan rate shows the highest
diffusion rate in FRMS sample compared to FRNS, FR and LR electrodes. (¢) Reliability plot of
different electrodes shows the stability of substrate engineered electrodes for 5000 cycles. (f)
Ragone plot confirms that the FRMS electrode demonstrates the highest energy and power
densities compared to FRNS, FR and LR samples.
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Figure 7. Comparison of FRMS electrode properties with several commercial and
conventional energy storage devices. (a) FRMS electrode exhibits ultra-high energy and power
densities compared to Li thin-film batteries, graphene interdigitated thin film supercapacitor and
several other high-end energy storage devices. (b) FRMS electrode shows an ultra-high specific
areal capacitance that makes it suitable for flexible and wearable electronics. The value of areal
capacitance for FRMS electrode is approximately 5.6 times larger than Graphene/PANI
electrodes (c) FRMS electrode shows the highest value of energy density (370 mWh cm™),
among the carbon based electrodes. So far, the energy density obtained from carbon based
electrodes are limited to ~ 50 mWh cm™. Here, AC: Activated Carbon;m’ 3 OLC: Onion-like
Carbon;m] rGO: Reduced Graphene Oxide;[31’ 42. 431 CNT: Carbon Nanotube;[42] CDC: Carbide
Derived Carbon;*! PEDOT: Polyethylenedioxythiophene;*>) NW: Nanowire;** **! FRMS:

Flash Reduced Microstructure; PANI: Polyaniline.[*!
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