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ABSTRACT

One of the main problems faced by 2D materials used in supercapacitor applications when scaling up is restacking, such that their gravi-
metric capacitances become dramatically inferior to that of their monolayer forms. This study analyzes the Raman spectra of transferred
layers of CVD-graphene revealing decoupling and rotational stacking of layers, with the potential of retention of intrinsic monolayer
properties. Rotationally stacked layers have the potential to mitigate restacking and, thus, are capable of easing ion intercalation and
boosting their performance in supercapacitor applications. In this pursuit, binder-free supercapacitors are fabricated out of chemical
vapor deposited bilayer graphene, successively transferred to form rotationally stacked multilayers. Supercapacitors constructed with rota-
tionally stacked four-layer graphene have an incredible specific gravimetric capacitance of 316.1 Fg™" at 1 mV s™", with a corresponding
energy density of 28.1 Whkg ™' and ~100% capacitance retention at 10 000 cycles.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0084969

I. INTRODUCTION

Progress in technology has effected increasing energy consump-
tion, which, in turn, has given birth to greenhouse gas emissions
causing a considerable amount of research to be diverted toward sus-
tainable and environment friendly sources of energy.” The intermit-
tent nature of these energy sources has rendered them incapable of
meeting up with ever-increasing energy demands, thus creating the
need for energy storage systems such as lithium-ion batteries, super-
capacitors, fuel cells, etc.”™ Despite having high power density, super-
capacitors most often suffer from low energy storage capabilities.’
The design of electrode materials with efficient charge storage capa-
bilities is one of the multiple pathways taken to boost the capacity as
well as the power density of supercapacitors. The discovery of 2D
materials with extraordinary electrochemical properties has nonethe-
less fueled the drive to use them as supercapacitor electrode materials.
However, supercapacitors based on 2D materials generally perform
below expectations due to agglomeration problems incurred during
material and or device processing.”

One of the most crucial factors in supercapacitor optimiza-
tion and capacitance enhancement lies in materials micromachining,
where trade-offs must inevitably be made between high power,

8,9

energy density, and cycle stability.”” Being cheap and earth-
abundant, carbon is engineered for electrochemical double layer
capacitor (EDLC) applications with high active surface area
(3000m*g™" for activated carbon'’) and good conductivity.'
Activated carbon, carbide-derived-carbons, carbon nanotubes,
carbon nanofibers, etc., have demonstrated capacitances up to
300 Fg™' and remarkable cycle stabilities (up to 10000 charge-
discharge cycles) in EDLC applications.'' Pseudoactive materials,
on the other hand, are capable of higher capacitance as seen in :
transition metal oxides such as MnO,,'>"” RuO,,"* transition
metal sulfides, MnS,"” conducting polymers,'° and aerogels.'”
Unfortunately, these materials are usually less conductive and less
cycle stable.” Progress in nanomaterial and nanotechnology is
making it possible to design devices with improved performance,
scalability, and compatibility with contemporary technology.'® An
intense research attention is being dedicated to developing nano-
materials with a high capacity for housing many electrolyte ions."”
This has further been compounded with the discovery of two-
dimensional materials opening doors for a myriad of new possible
applications including sensing,””*' catalysis,”** optoelectronics,””
spintronics,z‘:”27 and energy storage,28 just to mention a few. 2D
materials being one or few atoms thick possess bare surface atoms,
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which provide increased surface area.” For example, a single layer of
graphene possesses an intrinsic specific capacitance of 21-28 uF cm™>
(about 551 Fg™" if all the area is utilized).””" The edges of 2D
materials contain dangling bonds making them more reactive.
Some 2D materials such as MXenes also have wide van der Waals
spacing that can easily intercalate electrolyte ions.”' Despite having
atomic thickness, 2D materials nonetheless have high mechanical
strength (for example, graphene has a Young’s modulus of
~1TPa™), which is desirable in flexible energy storage devices. The
research developments in 2D materials for supercapacitor applica-
tions are encapsulated by review articles such as those by Velasco
et al.”” and Kumar et al.”

2D materials can be synthesized via a myriad of methods. For
example, graphene can be prepared by mechanical exfoliation, which
is capable of producing the highest quality of graphene; however, it
has neither high throughput nor high yield”* Other methods
include PECVD, CVD,” chemical methods (e.g., liquid phase exfoli-
ation), thermal decomposition of SiC, unzipping of CNT, etc.”
Compared to other methods, CVD has a flush of merits such as
repeatability, control of grain size, and layer number as well as mass
production capabilities, as demonstrated by Bae et al.””

Even though there is much potential in 2D materials for appli-
cation in energy storage, they often suffer from one drawback, which
is the severe agglomeration occurring when they are synthesized into
multiple layers, thus greatly limiting their gravimetric capacitances.”
A handful of approaches have been suggested to mitigate this hurdle,
such as the use of spacers,””11 in situ transformation,*” fabrica-
tion of binder-free electrodes,*>** pre-electrolyte mediation,”’ etc.
However, the resulting capacitances are still not comparable to
those of their monolayer counterparts. Another attempt to over-
come this obstacle involves hybridization of the electrode materi-
als,” which, in addition to reducing agglomeration, produces a
synergy in the electrochemical properties of the materials used.
Functionalization of the active material with oxygen containing
compounds have also been shown to improve the performance of
carbon materials (e.g., graphene nanoribbons) by introducing
pseudo-capacitance.*® Tonic liquids as shown by Down and Banks"’
are conducive for high energy density supercapacitors due to their
wide voltage window. This also requires materials to have large
spore sizes due to macro-size ions.

Herein, Raman spectra analyses of rotationally stacked (RS)
n-layer graphene—obtained by successive transfer of bilayer gra-
phene—are carried out. These different layers of chemical vapor
deposition grown (CVD-grown) graphene are then used as superca-
pacitor electrode materials, and their performance is explored with
the aim to show that rotationally stacked graphene can help reduce
restacking in multilayer graphene structures.

II. RESULTS AND DISCUSSION
A. Material characterization

Graphene was synthesized on Cu substrates by CVD according
to Li et al.*® with a few modifications (such as the ratio of CH, and
H, gases, growth temperature, and duration) per our CVD system.
The transfer of the as-grown graphene on Cu substrates onto the
target substrates (Si/SiO, and Ti/Au) was done using two methods,
i.e, photoresist assisted (PRA), and Poly(methyl methacrylate)
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(PMMA)/Poly(dimethylsiloxane) (PDMS) assisted (PPA) method
reported by Suk et al.”’ Graphene samples obtained by the PRA
method were observed to be continuous with negligible or no
cracks as shown in Fig. 1(a) and Fig. S1(b) in the supplementary
material. A drawback of this method is that it takes more time, i.e.,
about 12-24h is required for the photoresist to solidify on the
samples; nonetheless, the resist can easily dissolve in acetone. Another
disadvantage is that the resist/graphene film is brittle and needs to be
handled with extra care. In addition, the Raman spectra obtained
from this sample [Fig. 1(b) and Fig. S1(b) in the supplementary
material] had a wide and high intensity D band, which is telling of
high defect density in the graphene sample. On the other hand,
Raman spectra of graphene samples obtained by the PPA method
[Fig. 1(c)] possessed a relatively small D band, indicating relatively
lower defect density.” Still, PPA transferred samples were seen to
have many cracks [Fig. S1(a) in the supplementary material]. This
is due to the PMMA/PDMS film not readily adhering to the target
substrate, necessitating the application of light pressure. The tech-
nique also requires the graphene to be grown on thicker Cu sub-
strates as thinner Cu will twist upon spin coating with PMMA.
Another issue with this method is the inability of PMMA to
completely dissolve in hot acetone and could only be removed by
annealing the sample at 350 °C for about 2 h.

Figures 1(b) and 1(c) shows the Raman spectra of graphene
transferred onto 300 nm SiO, on Si substrates with the disorder-
induced D peak identified at 1377 cm™", a G band at 1597 cm™’, a
D" at 2453 cm™!, and a 2D (G’) Raman mode at 2681 cm™' (mea-
sured with a 532 nm laser at 1 mW power), all in close agreement
with the literature.”’ The 2D/G peak intensity ratio (2D/G PIR) is
calculated as 1.31 and 1.01 for the PRA and PPA graphene, respec-
tively. These values being between 1 and 2 and with the 2D band
FWHM of 46.1 cm™" indicate bilayer graphene.

The AFM topographic image of the PRA transferred sample is ;

shown in Fig. 1(d). The thickness of the samples measured from the

line profiles drawn on the AFM images varied from 1.8 nm [Figs. S1

(c) and S1(d) in the supplementary material] to 6 nm with an average
thickness of 3.2 nm as shown in Fig. 1(e). This deviates from what is
reported in the literature (ie., 0.335 nm for monolayer and 0.81 nm
for bilayer graphene).”™” The 3D AFM image of the graphene is
shown in Fig. 1(f) with an average roughness of 1.8 nm, which
accounts for the increase in measured thickness. Studies have also
shown that AFM is not very reliable for determining the thickness of
graphene, especially for single-layer graphene with reported values

ranging from 0.4 to 1.7 nm, which differs markedly from the interlayer ¢

separation of graphite (0.335nm) reported in the literature. This is
especially true for CVD-grown graphene due to air bubbles or water
molecules that get trapped between the graphene and the substrate
during transfer, making it difficult to measure the correct thickness.”
The Raman spectra of different layers of graphene, stacked
together by repeated PRA transfer (chosen due to successful trans-
fer with no cracks), are illustrated in Fig. 2(a). Both the G and the
2D bands were observed to undergo blue shifts [Fig. 2(a) and
Table 1] as the number of layers increased. The 2D/G PIR increased
with the number of layers, as shown in Table I. This is contrary to
previously reported literature results, where the Raman 2D/G PIR
of multiple layer graphene fell as the number of layers waxed.”*
The 2D band underwent an upshift, explaining the increase in the
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FIG. 1. (a) Optical microscopic image of PRA graphene taken from the edge of the sample. (b) The Raman spectra of PRA graphene. Inset: Optical image of PRA gra-
phene, taken from the middle of the sample. (c) Raman spectra of PPA graphene. Inset: Optical image PPA graphene. (d) AFM image of the graphene sample transferred
onto Si/SiO, by PRA method. (e) Line profile of graphene showing measured thickness. (f) 3D AFM image of PRA graphene.

2D/G PIR with the increase in the number of layers. This upshift in
the 2D band is an indication of separation (decoupling) according
to previous studies."””® After intensity normalization and baseline
subtraction [Fig. 2(a) inset], the Raman spectra of the stacked layers
of graphene are almost identical, indicating that the increase in the

2D/G PIR is largely due to suspension. This increase in 2D/G PIR
of the decoupled layers of graphene is a consequence of the etalon
effect in the 300 nm SiO, cavity and decrease in doping due to the
decoupling of graphene from the substrate or the lower layer."’ This
only explains the upshift in the 2D mode; however, the fact that the
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FIG. 2. Raman analysis of stacked layers of graphene. (a) Average Raman spectra of 2- to 12-layer graphene. Inset: Intensity normalized Raman spectra of the stacked

graphene. (b) 2D/G PIR spatial map of six-layer graphene.

Raman spectra of the layer were identical [Fig. 2(a) inset] after base-
line correction can be explained by considering the crystallographic
stacking of graphene. Two orders of crystallographic stacking, AB
and ABC, are observed in graphite and have been shown to strongly
influence its electronic’’ " and vibrational>***" properties. A third
stacking order, rotational or the moiré pattern, is observed when
two graphene layers are placed on top of each other.”””°' Studies on
the Raman spectra of graphene and misoriented graphene show
that weak interaction between the twisted graphene layers alter the
phonon dispersion curve relative to graphene, while leaving the elec-
tronic band structure typically untouched.”” These studies suggest
the preservation of the intrinsic electronic properties of graphene in
twisted few-layer graphene with a rotational angle larger than 20°.>°
Raman spatial maps from three different samples were examined
to understand how this decoupling occurred among the graphene
layers. For this reason, the 2D/G PIR was then filtered from the
spatial maps as shown in Fig. 2(b) for six layers of graphene.
Similarly, the same procedure is applied to two layers and four

TABLE I. Raman modes for different layers of stacked graphene.

Position of Raman mode

Number 2D/G
oflayers D mode Gmode D”mode 2D mode  PIR
2 1377.0 1597.8 2454.7 2680.5 1.31
4 1370.6 1598.9 2457.6 2682.5 1.36
6 1374.3 1603.3 2461.5 2693.1 1.40
8 1380.5 1595.4 2456.5 2685.3 1.88
10 1388.5 1588.3 2458.5 2688.4 2.56
12 1374.7 1592.3 2462.3 2686.1 1.76

layers of graphene to confirm the same effect as shown in Fig. S2
in the supplementary material. Apart from the increase in the
2D/G PIR value with number of layers, there is no significant dif-
ference between the three images. The areas with the lowest
2D/G PIR are shaded in blue and correspond to multilayered
regions of the sample. These can be viewed as the regions where
the graphene layers interact with one another, which explains the
structure of the suspension of graphene layers. Our suggestion is
supported by the 3D AFM topographic results of bilayer gra-
phene, which is shown in Fig. 1(f) where nanopillars were
formed presumably due the photoresist residues. These nanopil-
lars can be regarded as the points where the bottom layers are
hinged to the top layers, leaving the area in between them sus-
pended or decoupled. This means that agglomeration of graphene
layers will be markedly reduced if these graphene samples are
used as the electrode material for supercapacitors, with the
potential of easing ion intercalation and as such boosting their
charge storage capability.

B. Supercapacitor application

The CVD-grown graphene samples were transferred two
layers at a time to obtain multiple layers of rotationally stacked gra-
phene (RS-graphene), which were then used to fabricate supercapa-
citors. Their performance was evaluated via cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and constant
current charge-discharge (CCCD) (Fig. 3). To determine the rate
stability of the supercapacitors, CV was performed at different scan
rates. Figures 3(a)-3(c) illustrate the CV of supercapacitors based
on two-, four-, and eight-layer RS-graphene at varied scan rates. As
seen from the CVGs, the fabricated devices exhibited electrochemi-
cal double layer capacitor (EDLC) behavior, with negligible or no
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FIG. 3. Electrochemical characterization of graphene supercapacitors: (a) Cyclic voltammograms (CVGs) of monolayer graphene at different scan rates; (b) CVGs of
bilayer graphene supercapacitor; (c) CVGs of supercapacitor with 4-layer graphene as active material. (d) Nyquist plot of the supercapacitor; (e) frequency response (Bode
plot) of the four-layer RS-graphene supercapacitor; (f) CCCD response of the supercapacitor constructed with four-layer RS-graphene.

J. Appl. Phys. 131, 164302 (2022); doi: 10.1063/5.0084969
Published under an exclusive license by AIP Publishing

131, 164302-5


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

a

ARTICLE scitation.org/journalljap

Furnace heating zones

V'

=

]

To exhaust Quartz plate

(b)

Drop-coating with resist

L~

Cu substrate

Chemical etching of Cu

ﬁ

Solidification of resist on

A graphene by heating

Graphene Photoresist

on Cu l
“ﬁ
Dry|ng

Cleaning to with N,
remove FeCl,

(c)

Au/Ti Metal Collector

T

Assembled Graphene

Attaching graphene-resist
film to target substrate by
heating

S —————
—»

Resist removal
in acetone

Glass substrate

\

Disassembled

Electrolyte soaked
separator

FIG. 4. (a) CVD growth setup for graphene. (b) Flow diagram of the PRA transfer method. (c) Supercapacitor device architecture before and after assembling.

pseudocapacitive effect, evident from the rectangular nature of
their CVGs, which is maintained even at high scan rates. This also
proves that there is no contribution from resist residues to the cal-
culated capacitance since photoresist is a non-conductive polymer
and will only possibly contribute pseudo-actively. Capacitances of a
single electrode at different scan rates were calculated from the area
enclosed by the CV using Eq. (S1) in the supplementary material,
similar to previous studies.””*” The bilayer graphene supercapacitor

was measured with a specific capacitance of 43.9 uF cm™2, corre-
sponding to a gravimetric capacitance of 239.3Fg™" (volumetric
capacitance of 542.4 F cm™) at a scan rate of 1 mV s™".

Figure 3(d) illustrates the variation of specific capacitance with
the logarithm of the scan rate—for better visibility—for different
active material thicknesses (two, four, and eight layers), which
increased from 43.9 to 160.2 uF cm™. The gravimetric capaci-
tance decreased with the scan rate, i.e., from 239.3»Fg_1 at
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I1mVs™' to 21.4Fg™" at 500mV s~ with a rate capability of
only 8.9%. The highest gravimetric capacitance, 316.1 Fg™" at
1mVs !and 141.8F g_1 at 2mV s}, was obtained from four layers
of RS-graphene. A possible reason for increase in capacitance of
four-layer RS-graphene relative to two-layer RS-graphene is due to
no-restacking and the availability of three intercalation sites instead
of only one in the two-layer graphene. Eight layers of RS-graphene
demonstrated a rather inferior capacitance of 193.0 and 104.6 Fg™"
at scan rates of 1 and 2mV s~", respectively. Specific energy densities
of 16.3, 28.1, and 16.8 Wh kg_l were calculated for two, four, and
eight layers of RS-graphene, respectively.

Figure 3(e) shows the impedance response of the two, four, and
six-layer graphene supercapacitors, which can be used to estimate
the equivalent series resistance (ESR) as explained in previous
studies.”*®” The internal resistance®*®” (i.e., the sum of the bulk elec-
trolyte resistance and the charge transfer resistance) values for two-,
four-, and eight-layer RS-graphene were calculated as 427.2, 697.5,
and 685.8Q, respectively. The values of the ESR could not be
extracted due to frequency limitations of our device. The bode plot
[Fig. 3(f)] illustrates the phase angle approaching zero at high fre-
quencies, indicating the influence of the ESR. Figure 3(g) shows the
percentage capacitance retention of the four-layer RS-graphene
supercapacitor obtained after 10 000 charge-discharge cycles (plotted
as the average after every 100 points for better visualization). The
charge capacity remains constant after 10000 cycles indicating a
100% charge retention capability at a current density of 10 A g™".

Compared with previously reported graphene supercapacitors,
RS-graphene supercapacitors have superior gravimetric capacitance
at a scan rate of 1 mV s™' (Table S1 in the supplementary material).
As mentioned above, such excellent electrochemical performance is
attributed to increased electrolyte ion intercalation.

11l. CONCLUSION

A continuous film of bilayer graphene synthesized by CVD is
transferred repeatedly using the PRA method to form multiple
layers of RS-graphene. uRaman spectral analyses of the samples
revealed that the layers were suspended from each other unlike in
the in situ grown multilayer graphene. Repeated transfer of gra-
phene can greatly reduce the problem of agglomeration faced by
bulk graphene (graphite) and other two-dimensional materials,
making it possible for the effective intercalation of electrolytes
ions. This was supported by the incredible performance of four-
layer RS-graphene reaching 316 Fg™', which is remarkable for
carbon-based materials. One of the problems faced while working
with graphene is that it loses its intrinsic properties as the number
of layers increases. Repeated transfer suggests that these intrinsic
properties could be preserved even in multilayer RS-graphene,
which can be exploited for many other applications in optoelec-
tronics, sensing, and so forth.

IV. EXPERIMENTAL SECTION

The electrode materials were grown as described by Li et al.**

in a custom-made CVD system using a setup illustrated in
Fig. 4(a). To grow the graphene, the Cu substrates were first
cleaned in acetone, IPA, and de-ionized (DI) water and dried with
N,. The experimental setup was as shown in Fig. 4(a), in which the
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reactor was heated to 1035 °C under the flow of H,, after which
CH, was then introduced for the duration of the experiment, and
the furnace was allowed to cool down naturally.

The samples grown on Cu substrates were transferred to target
substrates (Au/Ti) using a photoresist assisted transfer technique
shown in Fig. 4(b). First, these samples were cut into desired
pieces, drop coated with a photoresist, and baked in a drying oven
at 70°C for a minimum of 12h to allow the resist to solidify.
Afterward, the Cu substrate was etched away using a 1M FeCl; sol-
ution, and a graphene-resist film remained afloat the solution. This
was then removed, cleaned in DI water, dried with N,, and placed
onto the target substrates (SiO, or Au/Ti). The new substrate with
the resist film was baked on a hotplate at 70°C for 15min to
enable the resist/graphene film to stick, then removed, and finally
the photoresist was dissolved in a bath of acetone.

Figure 4(c) shows the schematics of the supercapacitors used
in this study. This was fabricated on cleaned glass substrates by
first coating the substrates with 10 nm Ti, followed by 90 nm of Au,
which served as the current collectors. The active material (gra-
phene) was then transferred onto the Au/Ti current collectors,
leaving the contacts uncovered. Finally, the electrolyte (1M
Na,SO,) soaked separator was placed between two electrodes and
arranged as shown in the figure. The devices were encapsulated
with Polyethylene terephthalate (PET) to avoid evaporation of the
electrolyte during testing which was done using a Gamry
Potentiostat.

The optical images were taken using Nikon Eclipse LV1I00NDA
optical microscope while the Raman characterization of the samples
was done using the WITec alpha-300R Raman system. The AFM
results were obtained using NonoMagnetics-ezAFM™.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional information
on the transferred samples, AFM results, Raman spatial map of
two- and four-layer graphene, and comparison of the performance
of our supercapacitor with the state of the art.
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NOMENCLATURE
AFM Atomic force microscopy
CCCD Constant current charge discharge

cv Cyclic voltammetry

CVD Chemical vapor deposition

EDLC Electrochemical double layer capacitor

EIS Electrochemical impedance
spectroscopy

ESR Equivalent series resistance

PIR Peak intensity ratio
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PPA PMMA/PDMS assisted

PPA and PRA graphene  Graphene transferred using PPA and
PRA methods, respectively

PRA Photoresist assisted
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