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INTRODUCTION

Recently, there has been an intensive
effort to investigate the use of graphene
sheet stacks as electrical energy storage
materials.' > These studies include control
of their architecture via surfactant assisted
assembly,® coupling with nanofibres to
form three-dimensional battery electrodes,”
and composite formation with oxides or
polymers for supercapacitor electrodes
applications.2~ " Modification by doping with
boron or nitrogen'*"? or functionalization'*
in order to enhance the storage capacity has
also been attempted. The accelerated pace
of research activities is prompted by the
recognition that graphene possesses dis-
tinct properties as electrical energy storage
material. The extremely high in-plane elec-
trical conductivities''® and the excellent
tensile modulus and mechanical durability’”
of self-supporting graphene papers could
eliminate the requirement of traditional in-
active additives and metal foil current col-
lectors, which in turn permits flexibility in
novel geometric designs.'® Their elastic nature
also permits accommodation of large vo-
lume variations that occur during charge/
discharge cycling of embedded high-capa-
city metallic or redox materials, thereby
minimizing electrode destruction from the
associated strain.'?~%2

However, the extremely large aspect ratio
of graphene sheets places constraint on the
practical capacity of graphene-based elec-
trodes at high charge/discharge rates.?***
During drying of randomly stacked graphene
sheets, the surface tension of the retreating
liquid meniscus collapses the spacing be-
tween sheets and leads to intimate van der
Waals contact between them, hence reducing
open porosity. Thermally annealed graphene
stacks show severe intersheet aggregation
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ABSTRACT The unique combination of high surface area, high electrical conductivity and robust
mechanical integrity has attracted great interest in the use of graphene sheets for future electronics
applications. Their potential applications for high-power energy storage devices, however, are
restricted by the accessible volume, which may be only a fraction of the physical volume, a
consequence of the compact geometry of the stack and the ion mobility. Here we demonstrated that
remarkably enhanced power delivery can be realized in graphene papers for the use in Li-ion
batteries by controlled generation of in-plane porosity via a mechanical cavitation-chemical
oxidation approach. These flexible, holey graphene papers, created via facile microscopic
engineering, possess abundant ion binding sites, enhanced ion diffusion kinetics, and excellent
high-rate lithium-ion storage capabilities, and are suitable for high-performance energy storage

devices.
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that limits permeation of electrolyte be-
tween the layers. Thus, in spite of a high in-
plane Li diffusion coefficient of ~108 cm?%/
s> cross-plane diffusivity is low, and Li
migration into and out of a graphene stack
is restricted to stack edges.? 2% To address
the inferior power delivery of graphene
electrodes, vertically oriented design of gra-
phene stacks with a preponderance of ex-
posed edge planes and enlarged interlayer
spacing was constructed and examined.?* >’
However, these submicrometer-thick, fra-
gile electrodes cannot achieve sufficient
long-term reliability or high overall charge-
storage capacity due to a low mass loading
of the active components. The labor-inten-
sive fabrication involved also poses a chal-

lenge for cost-effective production of the  *Address correspondence to

electrodes.

We report here a conceptually different
approach to enhance the power capability
of graphene-based electrodes, by introdu-
cing in-plane carbon vacancy defects (pores)
into graphene sheets using a facile solution
method that affords a broad, tunable range

VOL.5 = NO. 11

= 8739-8749 =

hkung@northwestern.edu.

Received for review July 18, 2011
and accepted October 8, 2011.

Published online October 08, 2011
10.1021/nn202710s

©2011 American Chemical Society

WWwWw.acsnano.org

8739



AT

L
HNO, sonication % : #
——— °

Washing

L

HGO
Filtration| Air drying

Li*
F = - =
]
Thermal reduction m
Aorfiar  AEIbeay
Ar or H,/Ar

HGO paper

Figure 1. Schematic drawing (not to scale) of the introduction of in-plane pores into chemically exfoliated graphene oxide
(GO) and the subsequent filtration into a holey graphene oxide paper (HGO). The thermal reduction of graphene oxide sheets
with in-plane porosity and removal of water molecules (blue spheres) from the interlayers result in a 3-D network with
interconnecting graphitic domains that retain high electrical conductivity and structural integrity and disordered porous
graphene regions that provide interplane diffusion channels (rHGO). Li ions (green spheres) can diffuse throughout the
structure rapidly through the in-plane pores and interplane channels. The interlayer spacing between graphene sheets is
greatly exaggerated. The digital image shows a coin cell-size Ar-rHGO-IIl paper.

of defect dimensions. These in-plane pores provide a
high density of new, cross-plane ion diffusion channels
that facilitate charge transport and storage at high
rates. Combining this with a 3-D graphitic architecture
that maintains superior electrical conductivity and
structural integrity, a novel form of graphene electrode
is generated, which is capable of ultrahigh power
delivery. The method can be extended to rational
design of holey graphene and its hybrids with new
functionalities.

RESULTS AND DISCUSSION

In-plane porosity was introduced into the basal
planes of graphene oxide (GO) via a wet chemical
method that combined ultrasonic vibration and mild
acid oxidation, as shown in Figure 1. It has been
reported that a combination of ultrasonic vibration
and concentrated acid generated defects on CNT side-
walls and cut CNTs into shorter fullerene pipes.32—3*
Sonication of GO in hot HNOjs also led to scissoring of
GO into soluble polyaromatic hydrocarbons.>> We
employed a milder condition by reducing the acid
concentration and shortening the sonication period,
so as to obtain a better control of the defect generation
process. Chemically exfoliated GO prepared via a mod-
ified Hummers method®® was suspended in water
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(0.1% w/w), and mixed with a desired amount of 70%
concentrated HNO3 under stirring. The mixtures were
then subjected to continuous bath sonication at room
temperature for 1 h. The ultrasound at sufficient acoustic
pressures creates high strain rates and frictional forces
in cavitation bubbles that attack the carbonaceous
surface and break the framework.>**”73° The HNO;
then reacts with the coordinatively unsaturated carbon
atoms at the damage sites and existing edge sites of
the GO, resulting in partial detachment and removal of
carbon atoms from the GO sheet. Four solutions of
increasing acid concentrations were tested, corre-
sponding to a GO suspension/70% HNOs volume ratio
of 1:5, 1:7.5, 1:10, and 1:12.5. The resulting holey
graphene oxide (HGO) are labeled HGO-I, Ii, lll, and 1V,
respectively.

The aqueous suspensions of washed HGO were
dropped onto Si wafers for SEM characterization. The
stacked layers of HGO-l appeared to be continuous,
similar to GO. The pores were probably too small and/
or the contrast too weak to be observable at these
conditions. With increasing degree of oxidation, large
holes of increasing sizes, easily observable with SEM,
became noticeable on HGO-Il to -IV (Figure 2). Smaller
holes, observable with TEM but not SEM used here, also
increased in density (Figure 3). Clearly, the oxidation
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Figure 2. SEM images of holey graphene oxide sheets deposited on Si wafers: (A) HGO-, (B) HGO-II, (C) HGO-III, and (D) HGO-

IV. Scale bar is 20 um.

procedure generated holey defects of a wide size
distribution. The XPS Cl1s and O1s spectra of GO,
published previously,*® could be deconvoluted into
various components corresponding to carbon and oxy-
gen atoms in different functional groups,*'*? consis-
tent with considerable degrees of oxidation. The sum
of the intensities of all C1s peaks assigned to oxygen
functional groups,*>** in particular the epoxy/alkoxy
carbon (C—0) and the carbonyl carbon (C=0) groups,
increased dramatically for samples treated with higher
concentrations of acid. Simultaneously, the peak in-
tensity of aromatic C—C bonds decreased. From the
areas of the four C1s components, it was estimated that
~65% of all carbon atoms in GO were sp? carbon, while
this fraction decreased to ~61% for HGO-I and ~46%
for HGO-IV. The characteristic peak assigned to C—O in
the OTs spectrum became visibly less intense after
the acid treatment, while the peak intensities of the
O—C=0 and C=0 components became much more
prominent in HGO than in GO papers. These results
suggested enrichment of carbonyl and carboxylate
groups in HGO.*

In an attempt to gain more structural information of
these pores by visualization, we made use of the
interaction of Pd ions with surface functional groups,
especially carboxylate groups, which are expected to
be localized heavily at the defects and edges of GO
sheets. Thus, GO and HGO suspensions were mixed
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with diluted Pd(OAc), aqueous solutions, and the sus-
pension was allowed to settle overnight. Afterward, the
solid was separated by centrifugation and then exam-
ined by TEM, when the Pd ions were reduced by the
electron beam to form Pd nanosize aggregates. On GO,
Pd particles were found to assemble preferentially along
the edges, although some were randomly distributed
on the basal planes (Figure 3A). For the HGO samples,
the density of Pd particles on the basal plane in-
creased with increasing severity of acid treatment
(Figure 3B—H). This is consistent with conclusions from
the XPS measurements. For HGO-Ill and -IV, rings of
crystalline Pd particles, ~2 nm in diameter, were
detected on the basal planes (Figure 3E and F). We
reasoned that these rings identified the locations of the
in-plane defects, since the edges of the pores were
populated with carboxylate groups where the Pd ions
were bound to. The successful binding of Pd ions also
illustrates that the HGO can act as a substrate for growing
and anchoring other nanostructured materials.

Thermal reduction of a free-standing, air-dried GO or
HGO paper at 700 °Cin a flow of either Ar or a H, (10%)/
Ar (90%) mixture produced an electrically conducting
3-D scaffold with retention of the paper form. The
scaffold consisted of three-dimensionally connected
graphitic domains reconstituted from partial overlap
and coalescing of graphene sheets, and pockets formed
from rapid evaporation of water trapped between sheets
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Figure 3. TEM images of Pd-stained graphene oxide sheets: (A) Z-contrast image of GO. Circled region shows Pd particles
deposited along the sheet edges, (B) HGO-I, (C) HGO-II, (D) HGO-III, (E) a high-magnification image of the highlighted region in
(D) showing Pd particles in ring-shape arrangements, a result of the Pd ion binding to carboxylate at pore perimeters,*® (F) a
high-magnification image of Pd clusters in a single ring arrangement surrounding a pore in the center. Arrows indicate the
crystalline regions of HGO, (G) HGO-IV, (H) HGO-IV at higher magnification, showing the highly porous HGO structure, (I) a
high-magnification image of crystalline, 2—3 nm Pd particles on a basal plane.

during heating. The in-plane porosity of HGO was
retained after thermal reduction (Figure 4). Removal
of most oxygen functional groups by reduction was
verified by XPS in reduced HGO (rHGO) papers (Figure 5),
and both C1s and O1s spectra showed that the Ar-
reduced HGO (Ar-rHGO) papers possessed higher con-
tents of C=0 groups than the H,-reduced (H-rHGO)
counterparts. It is reasonable to expect that reduction
in H, is more effective than in Ar, thus resulting in more
extensive removal of oxygenated groups.

From the SEM images, there was a general observa-
tion that the size of the visible pores in a rHGO sample
increased with the severity of acid treatment. The
largest pores in the Ar-rHGO samples were estimated
to be roughly 7, 20, 80, and 600 nm for samples |, 11, 1ll,
and IV, respectively. In general, it was easier to locate
larger pores in samples reduced in Ar than those reduced
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in H,. For example, 500—600 nm pores were found
readily in Ar-rHGO-IV (Figure 4H), whereas most of the
pores found in H-rHGO-IV showed mostly 200—300 nm
pores (Figure 4l). One contribution to the difference in
pore size between Ar- and H,-reduced samples is as
follows. Reduction in Ar was accomplished by decom-
position of epoxy and carboxylate groups and release
of CO, and/or CO molecules. Consequently, significant
loss of carbon and atomic rearrangement took place
when reduced in Arand would be the most severe for a
sample of the highest initial oxygen content.** For
reduction in H,, however, there was the competing
reaction of hydrogenation of these groups to remove the
oxygen atoms as water and return the carbon atoms to
the graphene sheet,*’** which could reduce the in-
plane pores size. Thus, the Ar-rHGO papers show larger
pores and more apparent topological deformation**
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Figure 4. SEM images of the top surface of reduced graphene oxide papers: (A) Ar-rGO, (B) H-rGO, (C) Ar-rHGO-I, (D) Ar-rHGO-
I, (E) Ar-rHGO-IlI, (F) H-rHGO-IlI, (G) Ar-rHGO-IV, (H) Ar-rHGO-IV at low magnification, (I) H-rHGO-IV.

than the H-rHGO papers. HRTEM of a crushed rHGO
paper showed visible porosity in the thin (few-layer
thick) regions close to the edge of a reconstituted stack
(Figure 6A).

All rtHGO papers displayed a (002) X-ray diffraction
peak at ~26° 26 on top of a broad hump, suggesting
the presence of both crystalline graphitic and disor-
dered graphene phases (Figure 6B). The peak was more
distinct for the H-rHGO than the Ar-rHGO samples,
indicating larger graphitic domains. For Ar-rHGO-IV,
there might be a slight shift to a lower angle, corre-
sponding to an expansion of the (002) interlayer spa-
cing from 3.35 to 3.56 A. This could indicate, on the
average, a reduced van der Waals attraction between
the highly porous rHGO layers. Importantly, the rHGO
papers exhibited insignificant deterioration in electri-
cal conductivity compared to rGO (Table 1).

The surface areas and pore volume of Ar-rHGO-III,
the sample that demonstrated the best electrochemi-
cal performance (see below), were compared with
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Ar-rGO. The BET surface areas were 15 and 25 m?/g for
Ar-rHGO-IIl and Ar-rGO, respectively, and the BJH pore
volumes were 0.393 and 0.058 cm?>/g. For both samples,
there was substantial pore volume in the 30—50 nm
region, although the large majority of the pore volume
was due to macropores larger than 50 nm. The much
larger pore volume in rHGO is consistent with the
notion that the presence of in-plane porous defects
facilitates access to the internal volumes of the re-
duced graphene paper.

The electrochemical performance of rHGO papers
with a thickness of ~5 um was examined using galva-
nostatic charge/discharge measurements in the vol-
tage range of 0.02—1.5 V at various current densities
from 50 mA/g (C/7.4 based on a theoretical capacity of
372 mAh/g) to 2000 mA/g (5.4C) (Figure 7 and Table 2).
None of the rHGO papers or rGO displayed distinct
voltage plateaus, indicating hard carbon with electro-
nically and geometrically nonequivalent sites,*” and the
rHGO papers exhibited less polarization (Figure 7A and B).
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Figure 5. Deconvoluted C1s and O1s XPS spectra of (A) Ar-
rHGO-IV and (B) H-rHGO-IV papers. The oxygen content was
~13 and 15 wt % for Ar- and H,-reduced HGO-IV, respec-
tively. (C) Atomic concentrations of C and O obtained by
calculating the ratio of the total area of C1s and O1s XPS
components. The oxygen content was ~12 wt % for Ar-rGO
to Ar-rHGO-IIl and 8—10 wt % for H-rGO to H-rHGO-III. (D)
Atomic concentrations of various forms of C in various GO,
HGO, rGO, and rHGO papers, obtained by integrating the
C1s XPS peak areas corresponding to the sp? carbon, C—0,
C=0, and O—C=0 bonded carbon.

The Ar-rHGO and H-rHGO papers displayed a ~60%
and 30% increase in the irreversible capacity in the first
cycle compared with Ar-rGO and H-rGO, respectively.
This can be ascribed to two factors. First, the larger
densities of residual surface functional groups in rHGO
led to more extensive side reactions of Li ions with
these oxygen- and hydrogen-containing groups.*>~*°
Second, the highly active carbon radicals at the defect
sites®® promoted initial electrolyte decomposition at
the electrode/electrolyte interface and the formation
of solid electrolyte interphase (SEI) film.>' The more
accessible surface of rHGO facilitated by the in-plane
pores would lead to a higher irreversible capacity due

ZHAO ET AL.
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Figure 6. (A) HRTEM image of crushed Ar-rHGO-IIl showing
the porous structure on the thin (few-layer thick) region
near the edges of the sheet. Inset shows the basal planes of
the graphitic domain at a higher magnification. (B) X-ray
diffraction patterns of rGO and rHGO-IV papers.

to more extensive formation of a passivation surface
film. The irreversible capacity of Ar-rHGO was slightly
higher than that of the H-rHGO counterparts due to its
higher oxygen content and larger pores.

Beyond the first cycle, the rHGO papers displayed
higher delithiation capacities than rGO in the entire
rate test (Table 2). The marked increase in Li storage
capacity with increasing severity of acid treatment was
evident when the rate was higher than 1C. Beyond the
first 20 cycles, the Coulombic efficiencies were 99.8 +
0.2%. The best capacity retention at high rates was
achieved in Ar-rHGO-lIl among the Ar-reduced sam-
ples, with a reversible capacity of 180 mAh/g, two times
higher than that of Ar-rGO at 5.4C. On the other hand,
H-rHGO-Il showed the highest capacity among the H,-
reduced series, with 4 times higher reversible capacity
at 5.4C than H-rGO. The capacity of all the electrodes
showed little degradation upon prolonged cycling after
the first couple of cycles (Figure 7C). For Ar-rHGO-II,
tests at 13.3C and 26.6C revealed no capacity loss up
to 1000 cycles (Figure 8D). A performance comparison
of rGO and rHGO cells with various energy storage
techniques®® is highlighted in the Ragone plot in
Figure 8. The specific power of Ar-rHGO-II, calculated
by integrating the charge curves, was more than
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TABLE 1. Sheet Resistance and Electrical Conductivity of rGO and rHGO Papers

reduction atmosphere sample sheet resistance (ohm/square) resistivity (ohm cm) conductivity (S/cm)
Ar 1G0 10 50 x 1073 20 x 10°
rHGO-I 7.2 36 %1073 28 x 102
I 18 90 x 1073 1.1 % 10%
-l 20 98 % 1073 1.0 x 10%
-V 26 13 x 1072 7.7 x 10"
Hy/Ar 160 10 50 %1073 2.0 x 102
tHGO-I 1 56 % 1073 1.8 x 10%
I 16 78 % 1073 13 x 10%
-l 15 74 %1073 14 % 10?
v 16 78 %1073 13 x 10°
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Figure 7. Electrochemical characterization of ~5 um thick rGO and rHGO paper electrodes: comparison of fifth-cycle charge/
discharge curves of (A) Ar-rGO and (B) Ar-rHGO-IIl between 0.02 and 1.5 V at current densities of 50, 100, 200, 500, 1000, 1500,
and 2000 mA/g (C/7.4, C/3.7, C/1.5, 1.3C, 2.7C, 4C, and 5.4C based on a theoretical capacity of 372 mAh/g of graphitic
materials); (C) extended cycling tests of rGO, Ar-rHGO-II, and H-rHGO-Il at C/1.5 after the tests in Table 2; (D) extended cycling

tests of Ar-rHGO-lIl at 5 A/g (13.3C) and 10 A/g (26.6C).

1 order of magnitude higher than that of Ar-rGO and
comparable to that of supercapacitors while having
orders of magnitude larger energy density.

From the characterization results, the major differ-
ence between rGO and the rHGO samples was the
porosity. Therefore, the significantly improved Li-ion
storage capacity and rate capability of the latter can be
attributed to the introduction of in-plane pores that
provided much more accessible interior volumes and
enhanced Li-ion diffusion. The Ar-rHGO papers exhib-
ited higher capacity than the H-rHGO counterparts,
probably due to their larger pore sizes. They also pos-
sessed a larger abundance of oxygen groups, which are
likely electrochemically active and could contribute
to reversible storage capacity and initial irreversible
losses.**>3 The fact that there was an optimal acid
treatment and resulting pore size is interesting. The
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maximum specific capacity of over 400 mAh/g and
capacity retention of >30% at 5.4C were observed in
Ar-rHGO-IIl and H-rHGO-II, which reveal an optimal in-
plane pore size of 20—70 nm. Beyond the optimum,
further increase of the pore size lowered the storage
capacity, especially at high rates. It is likely a conse-
quence of a combination of factors, which include the
different nature of SEl layers, in-plane porosity, and
interlayer voids for Li-ion diffusion and storage, as
well as binding of Li at defect and edge sites. More
studies are now underway to fully understand this
phenomenon.

Electrochemical impedance spectroscopy (EIS) con-
firmed a remarkably improved charge-transfer and
Li-ion diffusion kinetics in the rHGO than the rGO papers.
Nyquist plots of all the rHGO papers showed a broad
depressed semicircle at frequencies above 10 Hz for
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TABLE 2. Delithiation Capacity of rGO and rHGO Paper
Electrodes: Irreversible Capacity of the First Cycle, C,,, at
C/7.4 and Reversible Capacity of the Second Cycle, Cg,, at
Various Current Densities”

rate

Gy (MAN/g) Cge (MAh/g)

reduction

atmosphere sample 1.4 74 3.7 (15 13C 2.7C 4C 5.4C

Ar 1G0 504 336 232 201 147 100 82 66
rHGO-| 891 459 280 238 193 147 136 1M1
-l 43 400 272 241 206 169 148 135
-l 819 403 287 261 230 203 187 178
-V 908 408 258 230 197 158 130 112
Hy/Ar GO 535 3132221 186 136 76 32 26
rHGO-| 562 399 283 242 185 128 95 77
-l 684 437 286 248 210 165 138 123
-l 681 454 301 257 198 141 116 97
-V 569 429 297 242 174 115 B84 66

? Data collected starting with (/7.4, then increasing C rate stepwise, collecting data
for 10 cycles at each rate. Except for the first 20 cycles at (/7.4 and (/3.7, the
capacity was constant and the Coulombic efficiency was 99.8 = 0.2%. After 5.4C,
the rate was reduced to (/1.5, and the capacity was identical to the earlier value
within £5%. Data extracted from ref 40.

g —— Ar-rHGO-_III/Li
E 1 04 g —O— Ar-rGO/Li
2 1&g
g 10° 452
@ g2
o o g
[ =2
o 10248
2 I
S ]
10 102 10°
Energy Density (Wh/kg)

Figure 8. Ragone plot of power density versus energy density
for Ar-rGO and Ar-rHGO-III electrodes versus Li metal foil,
together with other energy storage technologies, replotted
from ref 52. The specific power and energy density were
calculated by integrating the charge curves in parts A and B
of Figure 7, based on the masses of rGO and rHGO
electrodes.

the charge-transfer kinetic-controlled region and a
straight line at frequencies below 10 Hz for the mass-
transfer-controlled Warburg region (Figure 9).>* The
semicircles at high frequency before and after cycling
shrunk gradually from rGO to rHGO-IV, indicating a
substantial decrease of charge-transfer resistance with
increasing pore size and/or density. The phase angle of
the Warburg region showed no obvious trend before
cycling, possibility due to different degrees of wetting
(Figure 9A). After cycling, rHGOs displayed larger phase
angles, suggesting lower ion diffusion resistance com-
pared with rGO (Figure 9B). These data were quantified
by fitting to a typical equivalent circuit for battery

600

A Rs Ret
—~ 1200 cPE
_g —e— Ar-rGO
—e— Ar-rHGO-lIl
9’ 800 —v— H-rGO
£ & H-rHGO-Il
N 400
0
0 400 800 1200 1600
Z.. (Ohm)
B 1600
—~ 1200 —e— Ar-rGO
£ —o— Ar-rHGO-IIl
< —v— H-rGO
O 800 & H-rHGO-II
£
N 400
0

0 400 800 1200 1600
Z.. (Ohm)

Figure 9. Nyquist plots of rGO and optimal rHGO paper
electrodes (A) before and (B) after 10 cycles at 1000 mA/g.
Inset in (A) shows the equivalent circuit for the electrodes. R,
is equivalent circuit resistance, R is charge-transfer resis-
tance, CPE is constant phase element referring to an electric
double-layer capacitance of nonhomogeneous systems,
and W is the Warburg element, referring to a one-dimen-
sional diffusion resistance.

electrodes (inset in Figure 9A), and the resulting
charge-transfer resistance, constant phase element, and
Warburg coefficient are shown in Table 3.

The low-rate reversible capacities of our rHGO pa-
pers were slightly higher than that of the natural graphite®
and approximately that of the recently reported ther-
mally/chemically reduced GO”?%?”5%” and GO nano-
ribbons,*® while larger reversible capacities of 600—1200
mAh/g have been reported in curled and disordered
graphene.”®%° At least 100 mAh/g, and likely more, of
the difference could be attributed to the narrower
voltage range used in our testing, 0.02—1.5 V, versus
0.005—0.010 to 3.0—3.5 V used in the literature. It is
also known that the electrochemical performance of
graphene is strongly dependent on the processing
procedure, which affects the specific surface area,
interlayer spacing, layer stacking, distribution, etc, of
graphene?®?%%8" Thys the relatively low content of sur-
face groups and/or low degree of stacking fault could be
responsible for the lower capacities in our case. Never-
theless, the ability of our holey graphene paper electrodes
to retain the storage capacity at high rates should be
noted. Over one-third of the storage capacity was retained
for a 10-fold increase in rate, outperforming many other
carbon-based flexible electrodes.>*"%>%* Furthermore, the
protocol we developed here could be readily applied to
other forms of highly capacitive graphene, and a more
pronounced improvement of reversible capacity could
be expected by further maximizing the availability of
graphene edges and incorporating other high-capa-
city active species into the graphene matrix.

ZHAO ETAL. VOL.5 = NO.11 = 8739-8749 = 2011 ACINJANI() | 8746

N\
Www.acsnano.org



TABLE3. Calculated Charge-Transfer Resistance, Constant Phase Element, and Warburg Coefficient (at f=0.16 Hz) of rGO

and rHGO Paper Electrodes

before cyding

charge-transfer constant phase

reduction atmosphere sample resistance (ohm) element (farad)
Ar 1G0 551 86 % 107°
THGO-! 540 17 x107°
I 535 11x107°
-l 516 25 % 107°
-V 460 41%x107°
H,/Ar 160 770 53 % 107°
rHGO-I 582 19 % 107°
I 548 11x107°
-l 430 15 % 107°
v 430 21%x107°

CONCLUSIONS

A wet chemistry approach has been applied to
generate porosity on the basal planes of graphene in
a controlled manner. Highly conducting, self-support-
ing paper electrodes, composed of a 3-D continuous
graphene phase and graphitic domains reconstituted
from these holey graphene sheets, exhibit much en-
hanced Li-ion storage capacity and transport proper-
ties than without the holey defects, while not adversely
affecting the electrical conductivity or ductility. The

EXPERIMENTAL SECTION

Synthesis of Graphene Oxide (G0). GO was synthesized from
flake graphite (Asbury Carbons, 230U grade, high-carbon nat-
ural graphite 997) by a modified Hummers method.>® The
graphite powder (2.0 g) was preoxidized by stirring it into a
concentrated H,SO,4 (20 mL) solution in which K;S,0g (1.0 g)
and P,0s (1.0 g) were completely dissolved at 80 °C. The
mixture, in a beaker, was kept at 80 °C for 4.5 h using an oil
bath. After the mixture was cooled and diluted with 1 L of DDI
(distilled deionized) water, the pretreated product was filtered
with a Nylon membrane filter (47 mm diameter, 0.2 um pore
size, Millipore) and washed on the filter until the pH of filtrate
water became neutral. The shiny, dark gray, preoxidized gra-
phite was dried in air overnight. Then it was dispersed by stirring
into chilled H,SO, (75 mL) in an Erlenmeyer flask in an ice bath.
KMnO, (10 g) was added slowly with stirring to keep the
temperature of reaction mixture below 20 °C. The resulting
thick, dark green paste was allowed to react at 35 °C for 2 h
followed by addition of DDI water (160 mL) to form a dark
brown solution. To avoid overflow of the mixture due to rapid
temperature rise with foaming by water addition, the flask was
chilled in an ice bath and water was added in ~5 mL aliquots
with close monitoring of the temperature (kept below 50 °C).
After additional stirring for 2 h, the dark brownish solution was
further diluted with distilled water (500 mL), and H,0, (30%,
8.3 mL) was added slowly. The color of the mixture turned bright
yellow. The mixture was allowed to settle overnight. The super-
natant was decanted, and the remaining product was repeat-
edly centrifuged and washed with DDI water until the pH of the
solution became neutral. (At this stage, the Mn concentration in
the supernatant was below 0.1 ppm by AAS.) Then, the obtained
product was diluted to make a ~0.5% w/w aqueous dispersion
for storage.
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after cycling

Warburg coeff charge-transfer constant phase Warburg coeff
(ohm s~ 2) resistance (ohm) element (farad) (ohm s 2)
9.1 x 10° 693 31%x107° 25 x 10°
31 x 10° 649 31%107° 22 x 10°
25 x 10° 524 16 x 107° 13 x 10°
42 % 10° 500 18 % 107° 11 x 10°
8.1 x 10% 436 31%x107° 73 x 102
6.1 x 10° 689 17 x107° 22 x 10°
5.2 % 10° 550 99 % 10°° 25 x 10°
83 x 10° 656 55 % 107° 19 x 10°
62 x 10° 642 37 % 107° 21 x 10°
7.6 x 102 372 31 % 107° 89 x 10

microscopic engineering we have devised on graphene
presents an attractive and facile improvement for
graphitic electrodes, achieving an ultrahigh rate cap-
ability that is comparable to those of supercapacitors.
In addition, the protocol used can be readily extended
to rational designs of graphene-based composite ma-
terials, and the free-standing graphene sheets with
tunable porosity may find other applications such as
curvilinear electronics, transfer membranes, and sup-
porting scaffolds.

Synthesis of Holey GO (HGO). Two milliliters of the above aqu-
eous GO suspension was diluted to ~0.1% w/w by DDI water
and mixed with the desired amount of 70% concentrated HNO;
in a sealed 20 mL glass vial under stirring. The mixture was
sonicated in a bath sonicator (100 W, 50/60 Hz) at room tem-
perature for 1 h. Four different concentrations of HNO3; were
tested, corresponding to a GO suspension/70% HNOs volume
ratio of 1:5 (1), 1:7.5 (Il), 1:10 (lll), and 1:12.5 (IV). After sonication,
the mixture was settled at room temperature for an hour and
then poured into 100 mL of water, centrifuged at 20 000 rpm,
and washed with water to remove the acid. The resulting holey
GO paper containing in-plane carbon vacancies are labeled
HGO and were obtained by filtering the resulting purified
aqueous suspension through an Anodisc membrane filter
(47 mm diameter, 0.2 um pore size, Whatman), followed by air
drying and peeling from the filter.

Reduction of GO and HGO Papers. GO or HGO papers were cut by
a razor blade into smaller ribbons so as to fit into a quartz tube
for thermal reduction. The GO or HGO papers were reduced
with either a flow of Ar (~90 mL min~") or 10% hydrogen in
argon (~100 mL min~" total flow) at 700 °C for 1 h. The reduced
samples are labeled rGO or rHGO.

Structural Characterization. The morphology and thickness of
as-prepared HGO and rHGO samples were investigated using
Hitachi S-4800-Il field emission scanning electron microscopy
(FE-SEM) and JEOL 2100F field emission transmission electron
microscopy (FE-TEM). To perform ion-exchange of HGO with
Pd?*, an appropriate amount of Pd(OAc), was dissolved in DDI
water and allowed to settle for hours. After removing the
insoluble matter, the supernatant or further diluted supernatant
of Pd(OAc), was stirred with an aqueous (de)GO dispersion
overnight. The ion-exchanged HGO was loaded onto a sample
holder for the Hitachi HD-2300A FE-STEM operated at 200 kV
with energy dispersive spectroscopy (EDS) detectors. X-ray
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diffraction (XRD) patterns of rHGO papers were collected by a
Scintag XDS2000 diffractometer with Cu Ka radiation (4 =
1.5418 A) at 40 kV, a step size of 0.01°, and a step time of 0.5 s.
X-ray photoelectron spectroscopy (XPS) of rHGO papers was
performed using an Omicron ESCA probe equipped with an
electron flood gun. The Al Ko radiation (1486.6 eV) was used as
an excitation source, and the binding energy scale was cali-
brated with respect to adventitious carbon (C1s). Sheet resis-
tance measurements were made on ~5 um thick, coin cell-size
circular rHGO papers with a four-point probe technique and an
electrode separation of 1 mm using a Keithley 2400 source-
meter at room temperature. The sheet resistance was calculated
using the formula Ry = Ka(s/t)(V/)27r, where s is the electrode
spacing, t is the sample thickness. K = 0.9628 and a = 0.721(t/s)
are geometric correction factors. Resistivity and conductivity
were calculated as p = Rst and o = 1/p. N, adsorption and
desorption isotherms at 77 K were collected using Micromeritics
ASAP 2000, after degassing the samples at 350 °C for 2 h.
Surface area and pore volumes were determined using the BET
and BJH methods, respectively.

Electrochemical Test. Electrochemical measurements were
carried out on rHGO papers using two-electrode coin cells with
Li metal as the counter electrode. The rHGO working electrodes
were typically 0.2—0.3 mg cm 2 and ~5 um thick. A micropor-
ous glass-fiber membrane (Whatman) was used as separator,
and a Cu foil (99.999%, 0.025 mm thick, Alfa-Aesar) was em-
ployed to connect the rHGO papers to external leads. The
electrolyte consisted of 1 M LiPF¢ in ethylene carbonate (EC)/
dimethyl carbonate (DMC) (1:1, v/v). The cells were assembled in
an argon-filled glovebox, and galvanostatic measurements
were conducted with a BT2000 potentiostat/galvanostat sys-
tem (Arbin Instruments) at various current densities, typically in
the voltage range 0.02—1.5 V vs Li/Li". Electrochemical impe-
dance spectroscopy measurements were conducted on two-
electrode Swagelok-type cells with a Li metal counter electrode
and 120 uL of the above electrolyte. Data were collected using a
Solartron 1260 impedance analyzer coupled with a Solartron
1286 electrochemical interface by applying an ac voltage of
10 mV amplitude and dc open circuit voltage in the frequency
range 1 MHz to 0.01 Hz at room temperature.
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