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ABSTRACT Graphene has attracted a lot of attention for
ultracapacitor electrodes because of its high electrical conductivity,

high surface area, and superb chemical stability. However, poor
volumetric capacitive performance of typical graphene-based elec-
trodes has hindered their practical applications because of the
extremely low density. Herein we report a scalable synthesis method
of holey graphene (h-Graphene) in a single step without using any
catalysts or special chemicals. The film made of the as-synthesized

Migration through hole

h-Graphene exhibited relatively strong mechanical strength, 2D hole
morphology, high density, and facile processability. This scalable one-step synthesis method for h-Graphene is time-efficient, cost-efficient,
environmentally friendly, and generally applicable to other two-dimensional materials. The ultracapacitor electrodes based on the h-Graphene show a
remarkably improved volumetric capacitance with about 700% increase compared to that of regular graphene electrodes. Modeling on individual

h-Graphene was carried out to understand the excellent processability and improved ultracapacitor performance.
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volumetric capacitance

raphene is one of the most promis-
G ing ultracapacitor materials for high-

power and high-energy density due
to its chemical stability, electric properties,
and high theoretical surface area.' 3 How-
ever, two-dimensional (2D) sheets such as
graphene tend to aggregate and restack
due to van der Waals attraction during the
electrode fabrication process, leading to
reduced ionic access to the surfaces and
thus a low capacitance in practice. To over-
come the restacking problem, a great deal
of research is presently being conducted to
design high-porosity graphene electrodes.
These include (1) the manipulation of indi-
vidual graphene sheet morphology, such
as making “crumpled” or “curved” shapes
so that artificial porosity is created around
each layer;* (2) the employment of spacers
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such as carbon nanotubes in graphene
films to control the graphene—graphene
layer distance;>® and (3) the preparation of
three-dimensional (3D) porous structures,
such as graphene foam and aerogel made
of reduced graphene oxide,”~'° activated
graphene-based carbons,’~'®* macropor-
ous graphene frameworks,® sponge-like
graphene,'* etc. All the methods above can
lead to improved accessibility of electrolytes
and ions to the graphene surface, which
results in a very high capacitance per weight
(Cweight in F/g). However, these porous elec-
trodes have a low mass density (o in g/L),
leading to a low capacitance per volume
(Cvolume in F/L) which can be calculated from
Cuolume = Cweight X p at the electrode level.
In fact, a good volumetric performance of
graphene electrodes, C,oume IS arguably
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more essential than gravimetric performance, Cyeight
for practical applications.

It has been demonstrated that pristine graphene
is not permeable to gas species and metal ions.'>'®
Therefore, the tortuosity for ion transport across the
graphene plane is infinite, which greatly hinders the
ion accessibility for high-performance ultracapacitors.
Holey graphenes have been demonstrated before by a
few groups, including us."” It refers to graphene sheets
with plenty of 2D nanoholes distributed on it."’ 2
These holey graphenes could lead to excellent ion
transport across the graphene plane and ultimately
access to the inner electrode surfaces. Previous meth-
ods, however, either are not scalable or involve the use
of toxic or hazardous chemicals. Herein, we describe
a scalable, single-step synthetic method for holey
graphene (denoted as h-Graphene hereinafter) with-
out any catalysts or chemicals (except for air as the
oxidant), using commercially available graphene
(Vorbeck, by thermally exfoliation method)?® as the
sole starting material. The as-synthesized h-Graphene
was found to be much easier to process into a much
denser and stronger film than the commercial gra-
phene (denoted as graphene in this work) which forms
a brittle film under the same processing conditions.
High-density electrodes are a prerequisite for the
improvement of volumetric performance in an ultra-
capacitor with all-graphene electrodes. As shown in
this work, the unique properties of h-Graphene elec-
trodes enable notably larger volumetric capacitance
than the graphene electrodes.

RESULTS AND DISCUSSION

The h-Graphene sheets were synthesized by con-
trolled heating of the graphene powder in air. Figure 1a
illustrates the scalable one-step synthesis process.
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The noncrystalline spots (point or vacancy defects)?*

on the starting graphene basal planes react with
oxygen in hot air (typically <500 °C), leaving holes on
the sheets. From thermogravimetric analysis (TGA,
Figure S1 in Supporting Information), the highlighted
temperature region (430—480 °C) was the threshold
of graphene weight loss and thus was selected for
h-Graphene synthesis. This synthesis is robust and can
be scaled up easily without any special chemicals or
catalysts. The digital photo in Figure 1b shows the
h-Graphene products in bulk quantities. The scale-up
of the reaction is only limited by the available amount
of starting graphene material and the size of the
heating unit (e.g., open-ended tube furnaces or air
ovens).

Surprisingly, the Raman spectra of the as-synthesized
h-Graphene samples suggested their comparable or
even improved graphitic crystallinity, relative to the
starting graphene. As shown in Figure 1¢, the Raman
spectrum profile of h-Graphene obtained by heating at
480 °C for 3 h in air (denoted as 480 °C/3 h) is nearly
identical to that of the starting graphene, but the D-to-G
ratio (disorder/graphene, ratio of D band centered at
1333 cm ™' to G peak at 1593 cm™') somewhat de-
creased. This was mainly due to the moderate oxidation
temperatures that were used for holey graphene syn-
thesis in this study. In the selected temperature range,
sp? carbons (contributing to the G peak) in the graphitic
region on the graphene sheets remained stable,
while the sp® carbons (contributing to the D band) in
the defective region were susceptible to oxidative
removal (ie., gasification).?>?® Meanwhile, we used
micro-Raman with a laser beam size of 2 um for the
measurement. As a result, it is possible to observe
an increased fraction of sp? carbons locally and thus a
decreased D-to-G ratio from the measurement.

1.0 —graphene
— h-Graphene

1000 1500 2000 2500
Raman shift (cm™)

Figure 1. (a) Schematic of the scalable synthesis of the h-Graphene sheets, (b) digital photo of the as-synthesized h-Graphene
powder in bulk, and (c) Raman spectra comparison for h-Graphene obtained from 480 °C/3 h and the starting graphene.
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Figure 2. Typical SEM (a,d,g) and TEM (b,e,h) images and the corresponding hole diameter distribution statistics (c,f,i, from
multiple SEM images) for the h-Graphene samples prepared under different experimental conditions: (a—c) 430 °C/3 h, (d—f)

430 °C/10 h, and (g—i) 480 °C/3 h.

The key to the one-step reaction is to control the
extent of partial air oxidation of the graphene sheets.
The size, morphology, and density of the holes in the
h-Graphene were dependent upon the reaction con-
ditions including heating rate, temperature, and hold
time. For the convenience of concept demonstration,
the samples reported here are all from a moderate
heating rate of ~10 °C/min with holding at a set
temperature for a certain period of time. To directly
observe the holes, a high-resolution scanning electron
microscope (Hitachi S-5200 field-emission SEM at 30 kV)
and high-resolution transmission electron microscope
(JEOL 2100 TEM at 200 kV) were applied. In Figure 2 are
shown SEM (left column) and TEM images. Obviously,
the h-Graphene samples exhibited a large amount
of holes that penetrated through the thicknesses of
the graphene layers, while the surfaces of the starting
graphene sheets were found to be typically intact
(Figure S2 in Supporting Information).!” Statistical anal-
ysis of multiple SEM images acquired at different loca-
tions of the h-Graphene specimen of 430 °C/3 h
indicated that the average hole diameter was 5.2 nm
with a hole surface density of 1.78 x 10° um™2
(Figure 2c). In comparison, the use of higher reaction
temperature or longer hold time yielded h-Graphene
sheets with larger holes and reduced hole surface
density. For example, the average hole diameters for
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the h-Graphene obtained from 430 °C/10 h and 480 °C/
3 h were 8.0 and 9.2 nm, with hole surface densities of
0.63 x 10*and 0.45 x 10° um™~2, respectively (Figure 2f,i).
The pore sizes of the starting graphene and h-Graphene
samples were characterized via the Brunauer—Emmett—
Teller and Barret—Joyner—Halenda (BET/BJH) method,
respectively, and the pore sizes of h-Graphene thus
calculated are unambiguously larger than that of the
starting graphene (Figure S3 in Supporting Information).
Due to the moderate hole size and distribution
(Figure 2f), the h-Graphene samples treated at 430 °C/
10 h were selected for more extensive evaluation in
ultracapacitor electrode tests presented in the following
sections.

Although some holes in the lower-magnification
SEM images appeared to be irregularly shaped,
HR-TEM images revealed that the 2D nanohole edges
were in fact quite smoothe locally, likely due to the
slow oxidation processes. The irregular shapes
might be directly related to the shapes of the intrinsic
oxidation-vulnerable regions on the starting graphene
sheets. Consistent with the partial oxidation, the
oxygen content obtained from X-ray photoelectron
spectra (XPS) of the h-Graphene samples gradually
increased with the increase of hold temperature and
duration (Figure S4 in Supporting Information). From
the fitted XPS curves for C 1s, it seems possible that the
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newly created edges in the holes were enriched with
oxygen functional groups, such as —COO—, —C—0—,
and —C=0 (Figure S5 and Table S1 in Supporting
Information), which was further supported by FT-IR
results (Figure S6 in Supporting Information). The
increased oxygen-containing groups improved the
wettability of polar solvents on h-Graphene films,
which was confirmed through contact angle measure-
ment (Figure S7 in Supporting Information). Both
N-methyl-2-pyrrolidone (NMP) and the ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoroethylsulfonyl)-
imide (EMITFSI) totally wetted the h-Graphene
film surface (contact angles <5°), while the starting
graphene film exhibited contact angles of 5—10°
for the same liquids (movies M1—M4 in Supporting
Information).

In our previously reported Ag-catalyzed partial gra-
phene oxidation for holey graphene preparation,'”
the hole size was strongly related to the size of the
Ag nanoparticles that were in direct contact with the
graphitic surface and catalyzed the carbon gasification.
Therefore, the distribution of hole sizes in those sheets
spanned a much broader range (from a few nm to over
100 nm). For the catalyst-free method reported here,
the range of hole sizes was typically in a narrower
domain (~5—20 nm for the samples reported here).
The above characterization results strongly suggest
that the holes first originated from the oxidation/
gasification of the most vulnerable carbons on the
graphene surface, which should be point or vacancy
surface defects. The propagation of the holes from the
defect sites depended on the surrounding local carbon
network. Further reaction with higher temperature or
longer duration resulted in holes of larger sizes due to
the continued oxidation of the existing hole edges.

“Pitch formation” on the surface of highly oriented
pyrolytic graphite (HOPG) by direct air oxidation was
first reported in the 1980s%” and extensively studied via
scanning tunneling microscopy (STM) in the 1990s.2% 3¢
Oxidation of mechanically exfoliated graphene was also
studied in detail>' The graphene layers in HOPG and
those from mechanical exfoliation were typically of
much higher crystallinity than the graphene sheets
used here and therefore exhibited much more regular
pitch shapes (spherical or hexagonal). It can thus be
envisioned that graphene sheets from different pre-
paration methods will have different crystallinity and
yield h-Graphene sheets with various hole sizes and
shapes. Such partial graphene oxidation can potentially
be optimized by choosing a starting graphene that
produces h-Graphene with the best combination of
properties. The method reported herein is highly ver-
satile and noninvasive. Other than the powdery sam-
ples reported here, this procedure should be generally
applicable to various forms of graphene, including films
(“paper”), vertical arrays, substrate-supported graphene
(e.g., mechanical exfoliation, chemical vapor deposition,
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solution-casting, varied printing graphene, etc.), and
even graphene oxide and other 2D materials.

h-Graphene exhibited excellent processing advan-
tages for making dense films which is critical for
many applications. In our experiment, a procedure of
vacuum filtration, predrying, pressing, and drying
was applied to make film electrodes for ultracapacitors
(see the Methods section). In brief, the as-obtained
h-Graphene powder was first dispersed in NMP solvent
by bath sonication for 3 h. As a control, regular
graphene electrodes were also made using the starting
graphene powder with the same procedure. NMP is a
well-known solvent for solution-based exfoliation of
graphite. 333 Here, NMP is used to disperse graphene
and h-Graphene. Interestingly, during the sonication,
the h-Graphene powder was found to disperse much
more quickly than graphene, which is likely due to both
the easier access of solvent molecules to h-Graphene
powder through the 2D nanoholes and thorough
wettability of NMP on h-Graphene (Figure S7 and
movie M2 in Supporting Information).

Furthermore, the h-Graphene suspension readily
formed a relatively strong film, while the starting
graphene sample formed a fragile film. Figure 3a shows
the digital photos of both the h-Graphene and gra-
phene filtration films peeled off from the anodized
aluminum oxide (AAO) filters after experiencing
identical predrying conditions. The h-Graphene film
appeared dark gray and unbroken (left). In contrast, the
graphene film was black and cracked into several strips
during the evaporation process, indicating a better film
formation property of the h-Graphene suspension.
Good mechanical strength is an important attribute
for film electrode processing. In order to improve the
mechanical strength further, the films were subjected
to an applied pressure of 7.6 x 10% psi for 1 min
followed by drying at 110 °C for 6 h. To quantify the
mechanical strength, tensile tests were performed.
As shown in Figure 3b, the h-Graphene film did not
fracture until the stress gets to 7.8 MPa/(g/cm?) corre-
sponding to ~1.6% strain. The Young's modulus for
the h-Graphene film was calculated to be about
693 MPa/(g/cm?®). In sharp contrast, it was not possible
to perform the tensile test on the graphene films
because they would break during specimen loading.
Clearly, the mechanical strength of h-Graphene film
was much better than that of the graphene film, further
indicating the attractive features of h-Graphene for
application as an electrode.

Figure 3c shows the cross-sectional SEM images for
the h-Graphene and graphene films. The thicknesses of
the two films were strikingly different, but impressively,
the mass areal densities of the two films were kept
about the same (~0.31 mg/cm?) by design via control-
ling the solution volume and concentration for
filtration. The h-Graphene film displays a thickness
of 2.6 um, about 80% thinner than the graphene film
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Figure 3. (a) Digital photos of h-Graphene and graphene filtration films. The graphene film is cracked during the drying
process. (b) Mechanical tensile test result for the h-Graphene film. (c) Cross-sectional SEM images for h-Graphene (left) and
graphene films (right) at equivalent areal mass densities of 0.31 mg/cm?. (d,e) Cross-sectional SEM images with identical

magnification for h-Graphene (d) and graphene films (e).

(14.1 um), meaning the density of h-Graphene film
(1.2 g/cm?) was about 6 times that of the graphene
film (0.2 g/cm®). Figure 3d,e compares the cross-
section morphology for the two different films. In the
h-Graphene film, the individual sheets were basically
arranged layer-by-layer with small wrinkles, forming a
densely piled structure with small voids (~50 nm). In
the graphene film, the sheets were arranged randomly,
forming a great deal of loose and large pocket-
like cavities (~1 um). Thus, the dense arrangement
morphology in the h-Graphene film accounts for its
better film formation properties, superior mechanical
strength, and higher density (mass per volume), com-
pared to the graphene film.

The morphology formation within the h-Graphene
filtration film can be correlated to the 2D nanoholes via
a trap-and-escape mechanism. As shown schematically
in Figure 4a,b, during the vacuum filtration, the gra-
phene sheets rapidly migrated to the AAO filter with the
fast flowing solvent and inevitably formed many com-
partments with solvent trapped inside. In the case of
intact graphene (Figure 4a), the trapped solvent could
not be released quickly and only slowly evaporated
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through the limited gaps between sheets in the
subsequent predrying/pressing/drying processes. Con-
sequently, large spaces were left in the final film, as
shown in Figure 3e. In stark contrast, the 2D nanoholes
in h-Graphene sheets facilitated the escape of trapped
residual solvent during the processes, forming a tightly
packed h-Graphene film (Figure 4b). Just like vacuum
filtration, the hydraulic pressing could accelerate the
trapped solvent escaping from the graphene holes with
the collapse of the graphene compartments leading to
a dense film. It can be concluded that the introduction
of holes in graphene sheets enabled a densely layered
morphology by allowing pathways for solvent mol-
ecules to escape, resulting in excellent processability
and a high-density film.

It is interesting to determine the minimum hole
size on h-Graphene through which migrations of the
molecular species are allowed. It can be then evaluated
whether the hole size distribution obtained in the
experiment would allow the trap-and-escape mechan-
ism, even in the presence of chemical terminations at
the hole edges. Thus, we performed QM/MM simula-
tions using the ONIOM method (see computational
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Figure 4. (a,b) Schematic illustration of the fabrication of graphene (a) and h-Graphene (b) films by vacuum filtration and
drying processes. Due to the escape of solvent through the holes, the h-Graphene filtration film achieves a higher density than
that of the graphene filtration film. (c) Scheme of the NMP solvent migrating through holes used in the QW/MM simulations of
solvent filtration and evaporation in h-Graphene. (d) Energy barriers obtained from the calculations for the NMP molecule
migration through holes of different sizes; d denotes the diameter of the hole, and OH indicates that the holes are partially

terminated by OH groups.

details in the Methods section) of NMP molecules
migrating rigidly through holes of different sizes and
chemical terminations as shown in Figure 4c. While
holes smaller than 0.9 nm present a significant barrier,
our simulations, as shown in Figure 4d, demonstrated
that NMP solvent molecules can migrate through holes
of sizes as small as 1.1 nm. When these holes are
partially terminated with oxygen-containing groups,
there is a small attractive interaction with NMP which
diminishes as the holes become larger. The calcula-
tions showed that, based on the size distribution of the
holes in our h-Graphene (as shown in Figure 2d—f),
NMP molecules are able to easily pass through, thus
producing a denser film compared to graphene film
where NMP cannot easily escape. These calculations
confirmed the relationship between the 2D graphene
nanoholes and the combination of properties exhib-
ited by the h-Graphene film and also validated the
main mechanism for the trap-and-escape model to
allow NMP transport through the holes during the
drying process. During drying, the NMP solvent is
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evaporated and the gas molecules find an escape
mechanism not present in the pristine graphene
sample.

These new features of the h-Graphene film, espe-
cially the high density, are favorable for ultracapacitors
in terms of volumetric performance. To test ultracapa-
citor properties of the h-Graphene film, a symmetric
two-electrode system using coin cells were employed
with an ionic liquid EMI:TFSI as the electrolyte. EMITFSI
has been used as ultracapacitor electrolyte before.3*~3¢
Different from organic electrolytes containing a solu-
tion of a conductive salt dissolved in a solvent, EMI:TFSI
self-ionizes and thus no solvation happens, which
makes it more straightforward to build up the simula-
tion, though EMI:TFSI may decrease the cell capacitance
due to the relative large ion sizes of EMI™ and TFSI~ 37

Figure 5a shows the cyclic voltammograms (CV) of
the h-Graphene ultracapacitor cycled between 0 and
2.5 V at various scan rates. The cell nearly maintained
the typical rectangular shape of CVs with a slight
distortion possibly due to the oxygen-containing
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Figure 5. Electrochemical properties of h-Graphene film electrodes in a symmetric ultracapacitor. (a) Cyclic voltammogram at
various voltage scan rates, (b) galvanostatic charge/discharge curves at a current density of 3 A/g, and (c) cycling performance
with Coulombic efficiency. The corresponding results of the graphene film electrode are also shown in (c) in black. (d)
Comparison of gravimetric and volumetric capacitance, as well as mass density for the h-Graphene and graphene electrodes.
The inset in (c) is a digital photo showing a lighted LED powered by an h-Graphene ultracapacitor assembled in a coin cell.

groups located on the hole edges.® These results
suggested ideal capacitive behavior of h-Graphene.
Figure 5b reveals the linear voltage—time correlation
of the galvanostatic charge/discharge curve even after
continuous operation for 6 days, characteristic of an
electric double-layer capacitance. The specific capaci-
tance per weight and per volume (C;,, Cy) of the
full cell can be calculated from galvanostatic charge/
discharge curves according to the following equations:
I x At Q[mA-h] x 3.6

CvIF/em®] = G lF/gl x plg/cm’] 2

where | is the constant current, At the charge or
discharge time, AV the potential range for galvano-
static charge/discharge, p the density of the graphene
film electrode, m the total mass of electrode films in
both positive and negative electrodes, and Q the
corresponding charge or discharge capacity. The spe-
cific capacitance per volume for the h-Graphene elec-
trode reached 54 F/cm® at a current density of 3 A/g.
The h-Graphene symmetric ultracapacitor also ex-
hibited excellent cycling stability at a current density of
3 A/g (Figure 5c). After 10 000 cycles, it retained a high-
capacitance density of 53 F/cm?®, which is about 98%
of its initial capacitance with a Coulombic efficiency of

HAN ET AL.

99%. Longer cycling tests show a capacitance retention
of 96% after 100000 cycles (Figure S8 in Supporting
Information). The inset in Figure 5c¢ is a digital photo
of a LED powered by an h-Graphene ultracapacitor.
In stark contrast to the h-Graphene electrodes, the
graphene electrodes show an average capacitance of
8 F/cm?, only 15% of the h-Graphene's capacitance.
The highly increased volumetric capacitance of
h-Graphene electrodes over graphene electrodes is
mainly ascribed to the ability to fabricate high-density
electrodes without sacrificing ion accessibility to
h-Graphene surfaces.

To further demonstrate the dense holey graphene
film toward ultracapacitors, thicker h-Graphene film
electrodes were made through the same processes.
They were measured about 9 #m in thickness, 3—4 times
thicker than the h-Graphene electrodes discussed above
(~2 um). Note that the density of the thick film was
almost identical to the thin ones (1.2 g/cm?). Similarly,
the thick h-Graphene electrodes also exhibited rectan-
gular CV curves, straight time-dependent voltage pro-
files, and a good cycling stability with high Coulombic
efficiency of 99.7%, indicating an excellent capacitive
behavior (Figures S9—S11 in Supporting Information).
The specific capacitance of the thicker h-Graphene
electrodes, however, decreased about 25% from 54 to
41 F/cm?. This is expected as there were reports on a
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Figure 6. (a) Schematic representation of the mechanism of ion migration in graphene and (b) h-Graphene. (c) Model system
of h-Graphene utilized for the QM/MM calculations; d represents the average diameter of the hole and is varied between
0.9 and 1.7 nm. OH in (c) indicates the partial termination of C atoms at the hole edges with OH groups; otherwise, the edges
were terminated with H atoms. (d) Relative energies with respect to the molecule at a large distance (10 A) from the
h-Graphene plane for the EMI* rigidly migrating through the hole. (e) Relative energies with respect to the molecule at a large
distance (10 A) from the h-Graphene plane for the TFSI™ rigidly migrating through the hole.

drop in the capacitance by a factor of 2 to 3 when
the thickness of the nanoporous carbon electrode
increases 3”3?

Figure 5d shows a comparison of the volumetric and
gravimetric capacitance for the two kinds of electrodes
with the same mass loading. They both exhibit an
almost equivalent specific capacitance (capacitance
per weight) under the current conditions (Figure 5d,
left), but due to the high density of the h-Graphene film,
the volumetric capacitances are dramatically different
(Figure 5d, middle). According to eq 2, this effect is
mainly explained by the distinct difference in density for
the two electrodes (Figure 5d, right). In addition, from
the comparison, it can be inferred that the graphene
layers in the dense h-Graphene film did not restack
significantly as the h-Graphene and graphene electro-
des deliver comparable gravimetric capacitances (with
the h-Graphene electrode slightly higher). The func-
tional groups distributed on the h-Graphene sheets
are likely to reduce the restacking due to the steric
repulsion between graphene layers. In electrochemical
impedance spectroscopy of h-Graphene electrodes, the
diffusion of electrolyte ions was observed between
resistance capacitor semicircle and the straight line of
whole capacitance region (176 to 6.7 Hz in Figure S12in
Supporting Information). Clearly, the high density of
h-Graphene electrodes did not impede ion diffusion.
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h-Graphene (here, 430 °C/10 h) showed a some-
what increased BET surface area (658 mz/g) from the
starting graphene (471 m%/g), likely due to the creation
of porosity in the bulk sample from the loss of less
graphitized carbons, which also contributed to the
slight increase of the gravimetric capacitance for
the h-Graphene electrodes compared to the graphene
electrodes (45 vs 40 F/g) under the experimental
conditions.

It is noticed that the value of volumetric capacitance
reported here is lower than the ones reported
recently.384° A possible reason for the discrepancy with
theoretical value of graphene (550 F/g)*" is the relatively
low BET surface area of the starting graphene used in
our study (typically 5—15 graphene layers; Figure S13 in
Supporting Information). The surface area of a single
graphene sheet is 2630 m?/g.? Thus, the specific capa-
citance could have been intrinsically limited in both the
starting graphene and the h-Graphene electrodes in this
work. It is expected that h-Graphene from graphene
materials with more exfoliated structures would provide
much higher capacitance values.

In addition to the increase of volumetric capaci-
tance, the maximal volumetric energy densities of
h-Graphene were about 12 Wh/L at 3 A/g, 6 times that
of the starting graphene (~2 Wh/L). With the optimiza-
tion of the processes (filtration, drying, and pressing)
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and the selection of starting graphene, the volumetric
performance for h-Graphene can be improved further.

Although the mass density of the h-Graphene film is
5—6 times that of pristine graphene, the ion accessi-
bility is almost as good as that in the pristine one,
as shown by the specific capacitance measurement.
We additionally set out to investigate the possibility of
ionic transport through the holes. Our calculations
employed a QM/MM model within the ONIOM scheme
similar to that used for the NMP solvent molecules, but
in this case, the bulkier EMI™ and TFSI~ ions are each
allowed to rigidly migrate to the center of the holes.
For this migration scheme, and due to the asymmetric
nature of the ions involved, we choose the least
favorable rigid configuration which will produce the
highest barriers due to steric repulsion. In this manner,
we ensure that the minimum hole size for easy pene-
tration of both EMI™ and TFSI~ ions is found. In
Figure 6a,b, a scheme of the ion migration in graphene
and h-Graphene is presented, graphically showing the
likelihood of ion migration through holes for improved
ion diffusion. Figure 6¢ shows the scheme employed in
the QM/MM calculations where the diameter, d, as well
as the groups terminating the hole edges were varied.
The results of these calculations are shown in Figure 6d
for EMIT and 6e for TFSI™. The energy barriers for
the EMI™ can be as large as 5.5 eV for a diameter of
0.9 nm. OH-terminated holes with an average diameter
of 1.1 nm present a significantly lower barrier. Such
a large energy barrier will make the penetration of
ions impossible in practice. However, holes larger than
1.3 nm in diameter allow the rigid migration of EMI™
without a significant energy barrier.

Similarly, TFSI™ presents an enormous barrier for
holes of 0.9 nm or less caused by steric repulsion. In
this case, the chemical nature of the edge termination
plays a more important role in stabilizing the struc-
tures. For TFSI™ and partial OH terminations, there is an
attractive interaction between h-Graphene and TFSI™
toward the hole even at hole sizes of 1.1 nm, indicating
the possibility of a chemical bond formation. Although

METHODS

Synthesis of h-Graphene. In a typical reaction, the starting
graphene material (200 mg; Vor-X from Vorbeck Materials; grade,
reduced 070; lot, BK-77x) was placed in an alumina crucible and
heated in air with an open-ended tube furnace (Thermolyne
21100; temperature reported are after calibration) with a ramp
rate of ~10 °C/min and held isothermally at the set temperature
(typically less than 500 °C) for a given period of time. h-Graphene
product was directly obtained upon cooling the reaction.

Fabrication of h-Graphene Film. The h-Graphene film was fabri-
cated by vacuum filtration with subsequent drying and pressing.
Briefly, the as-synthesized h-Graphene powder (50 mg) was
dispersed in NMP (100 mL) with bath sonication for 3 h to
prepare the h-Graphene dispersion. The dispersion (10 mL) was
vacuum filtered using an AAO filter (Millipore Anodisc 47; 0.2 um
of pore diameter and 47 mm of filter diameter). The obtained
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full relaxation of the structures might be needed for
finding detailed specific interactions, such as chemical
bonds between edge sites and the ions or solvent
molecules, our calculations provide an estimation of
the minimum hole size that would permit the molec-
ular migration. Consistently, our calculations indicated
that holes sizes larger than 1.3 nm will allow penetra-
tion of the two ions studied here, and we therefore
expect that EMI™ and TFSI~ would easily migrate
through the holes in the h-Graphene films obtained
in our experiments which have significantly larger sizes
than 1.3 nm.

CONCLUSIONS

In summary, we have demonstrated a scalable one-
step synthesis of h-Graphene using commercially avail-
able graphene with a catalyst-free and chemical-free
procedure. The through-thickness nanohole size and
distribution could be tuned in the graphene sheets
by controlling the heating temperature and exposure
duration in air. Importantly, from Raman results, the
as-synthesized h-Graphene is observed to maintain or
even improve its graphitic crystallinity. As a result of the
2D nanoholes, an h-Graphene film was readily obtained
with enhanced mechanical strength, denser microscopic
structure, and much higher mass density, in contrast to
the film made of graphene without holes. The obtained
h-Graphene film demonstrated a remarkably increased
volumetric performance and superior cycling stability as
ultracapacitor electrodes. A trap-and-escape mechanism
and QM/MM calculations elucidated and confirmed the
contribution of the 2D nanoholes to enable facile proces-
sing and volumetric capacitance improvement for the
h-Graphene electrodes. The 2D nanoholes (>1.3 nm)
were found to be viable pathways for the access and
penetration of solvent NMP molecules as well as electro-
lyte ions of EMITFSI. The scalable and robust synthesis
method and the novel properties of h-Graphene pre-
sented here greatly advance the practicality of using it
as electrodes in ultracapacitors as well as other energy
storage technologies.

filtration film on the AAO filter was allowed to stand overnight.
Usually, the graphene film detached from the AAO filter
naturally. Otherwise, the free-standing graphene film could be
obtained by carefully scratching the graphene film edge on the
AAO filter with fine tips. The free-standing graphene films were
punched into disks (3/8 in. diameter) followed by pressing at
7.6 x 10* psi for 1 min and drying in oven at 110 °C for 6 h, and
then they were transferred to a high-purity Ar-filled glovebox for
the coin cell assembly after weighing with a microbalance. The
regular graphene films were obtained using the same procedure.

Material Characterizations. Micro-Raman analysis was performed
using a Horiba Yvon LabRam ARAMIS confocal Raman microscope
with a helium neon 10 mW laser excitation source (632.8 nm).
The power of the laser beam was adjusted to 0.1 mW with neutral
filters for varous optical densities. The other parameters for the
spectra collection applied on the sample are 2 um laser beam spot
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size, 2 times of acquisition, and 10 s of expose time. By applying
these parameters, both the graphene and h-Graphene were
not be damaged during the measurement. FT-IR spectra were
acquired on a Thermo-Nicolet FT-IR 300 spectrometer equipped
with a Thunderdome Swap-Top single reflection attenuated total
reflectance module. A Hitachi SU-70 analytical scanning electron
microscope was used for the cross-section observation. SEM
images were also acquired on a Hitachi S-5200 field-emission
SEM system at a typical acceleration voltage of 30 kV. TEM images
were obtained using a JEOL 2100 field-emission TEM system at
an acceleration voltage of 200 kV. XPS data were collected on a
Kratos Axis 165 X-ray photoelectron spectrometer operating in
hybrid mode using monochromatic Al Ko X-rays (1486.7 eV).
Charge neutralization was required to minimize surface charging.
BET surface area values were obtained from nitrogen adsorption—
desorption isotherms collected using a Quantachrome Nova
2200e surface area and pore size analyzer system. Tensile strength
tests were performed using a dynamic mechanical analysis
machine (Q800) in tension film mode. Before testing, each sample
was cut into a strip of 3 mm x 20 mm and conditioned for 24 h at
50% humidity at room temperature.

Cell Assembly and Electrochemical Tests. Two of the punched
h-Graphene or graphene disks (3/8 in. diameter) with identical
weight were used as symmetric electrodes without any binder
or any extra conductive materials. Typically, the mass of each
disk was 0.1 to 0.3 mg. lonic liquid EMITFSI (lolitec, 99.5%) was
utilized as the electrolyte. The ultracapacitors were assembled
with two symmetric electrodes in CR2025-type coin cells in an
argon-filled glovebox (oxygen content <0.01 ppm, water con-
tent <0.05 ppm). The electrochemical behavior of the ultra-
capacitor coin cells was characterized by cyclic voltammetry
and galvanometric charge/discharge using a Biologic battery
tester (SAS, model 1:VMP3).

Computational Details. QM/MM ONIOM calculations were
conducted on h-Graphene model systems using the Gaussian
09 package of programs.**** For the high level region (QM), we
utilized density functional theory calculations at the B3LYP/
6-31G* level of theory,** while the low level region (MM) was
modeled using the force field, UFF.** Within this approach,
the NMP solvent molecule and the electrolyte ions (ie, EMI™
and TFSI™) were each allowed to rigidly migrate through the
center of holes of different sizes and different terminations,
including H and OH groups. The sizes of the high-level and low-
level regions considered in the calculations are shown in Support-
ing Information (Figure S14). Energy barriers are obtained as the
energy difference between the system with the molecular species
ata distance h from the graphene plane (with —4 A <h <4 A) and
the energy of the system with h = 10 A.
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