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L
ithium-ion batteries have become in-
tegral to modern day portable elec-
tronic devices such as laptops and

cellular phones. Moreover, with the advent
of interest in electric vehicles (EV) and plug-
in hybrid electric vehicles (HEV), the desire
to develop lithium-ion batteries capable of
incorporation in EVs and HEVs has risen
significantly. Although lithium-ion batteries
are shown to provide very high energy
densities, they suffer from a critical draw-
back in that they are unable to provide high-
power densities, which is quintessential for
the aforementioned applications.1 Thus there
has been a major thrust in developing next
generation lithium-ion batteries that are
capable of providing both high-power and
high-energy densities. A lithium-ion battery
provides capacities through lithium inter-
calation with an active electrode material,
and therefore, its high-rate performance is
largely governed by Liþ diffusivity and elec-
tron conductivity.2,3 Some approaches in
realizing high-rate capability have included
incorporation of nanostructured anodes
and cathodes that provide shorter Liþ diffu-
sion distances and using dopants for effi-
cient electron transport.4�7 However, stable
performance over thousands of cycles
of operation at charge/discharge rates (C
rates) above 10 C has remained elusive.
Moreover, mass scalability of nanostruc-
tured electrodes is challenging, and it is
not clear whether such electrodes can be
engineered to provide sufficient active elec-
trode mass to build a viable battery.
Graphene, a single-carbon-atom thick

two-dimensional sheet of sp2-bonded car-
bon atoms has high electrical conductivity,
large specific surface area, and mechanical
robustness and is therefore a promising
material for Li-ion battery anodes.8�11 In
fact, superior electrical conductivity of gra-
phene nanosheets is often incorporated to

improve the overall conductivity of anodes,
as demonstrated by Cao et al., whereby
graphene provided a conductive network
in TiO2 anodes for efficient electron transfer
kinetics at elevated charge/discharge rates
ashighas∼10C.12 Inother studies, graphene-
based composite anodes such as SnO2�
graphene and Fe3O4�graphene have also
been successfully engineered where the
presence of graphene not only improves
the electron conductivity of the anodes but
also prevents agglomeration of the nano-
particles and buffers the associated volume
changes.13�15

Yoo et al. first tested pristine graphene
nanosheet anodes in Li-ion batteries and
demonstrated specific capacities of ∼540
mAh/g.16 Later, Fahlman and his group
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ABSTRACT Conventional graphitic an-

odes in lithium-ion batteries cannot provide

high-power densities due to slow diffusivity of

lithium ions in the bulk electrode material.

Here we report photoflash and laser-reduced

free-standing graphene paper as high-rate

capable anodes for lithium-ion batteries.

Photothermal reduction of graphene oxide

yields an expanded structure with micrometer-scale pores, cracks, and intersheet voids. This

open-pore structure enables access to the underlying sheets of graphene for lithium ions and

facilitates efficient intercalation kinetics even at ultrafast charge/discharge rates of >100 C.

Importantly, photothermally reduced graphene anodes are structurally robust and display

outstanding stability and cycling ability. At charge/discharge rates of ∼40 C, photoreduced

graphene anodes delivered a steady capacity of ∼156 mAh/ganode continuously over 1000

charge/discharge cycles, providing a stable power density of∼10 kW/kganode. Such electrodes

are envisioned to be mass scalable with relatively simple and low-cost fabrication procedures,

thereby providing a clear pathway toward commercialization.

KEYWORDS: graphene . lithium-ion battery . high rower . rate capability . cycle
life
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studied the performance of graphene nanoribbons.17

Although they obtained an extremely high first cycle
discharge capacity, the Coulombic efficiency was poor.
In fact, both graphene nanosheets and nanoribbons
did not display the impressive cycle stability of gra-
phite. One possible reason for this could be the use of
nonconducting polymer binders in sample prepara-
tion. This was later confirmed as one of the primary
causes when Abouimrane et al. demonstrated im-
proved cycling ability with a binder-free graphene
electrode prepared via hydrazine-based reduction of
free-standing graphene oxide paper.18 The above
studies with graphene anodes16�18 were performed
at charge/discharge rates (C rates) below 1 C.
It should be noted that achieving high capacities at

elevated C rates is particularly challenging since the
time available for lithium ions to diffuse through the
anode and intercalate is now significantly shorter. As a
result, only a partial lithiation is achieved, if at all, and
the capacities are often very low. Another limitation
with ultrahigh charge/discharge rates is the electron
transfer mechanism. The electron conductivity of the
anode material directly influences the charge transfer
mechanism and thus largely governs the achievable C
rates. Finally, a high surface area is desirable for
operating at high rates since it is of prime importance
that the lithium ions have sufficient active sites for
intercalation to make up for the diffusivity constraints.
In a recent breakthrough, high-rate capabilities were
successfully achieved in N-doped and B-doped gra-
phene with carbon black nanoparticles as conductive
additives.19 Zhao et al. have also demonstrated the role
of nanopores as a means to achieve high-rate capabil-
ities in pristine graphene, capable of delivering a
maximum reversible capacity of ∼178 mAh/g at a
charge/discharge rate of ∼5.4 C.20

Here we describe the photothermal reduction of
free-standing graphene oxide paper to obtain gra-
phene anodes with a unique “open-pore” structure.
The energy from a camera flash or laser causes instan-
taneous and extensive heating of graphene oxide and
induces a deoxygenation reaction.10,21 We show that
this rapid outgassing creates microscale pores, cracks,
and voids in graphene paper, which enhances lithium
intercalation kinetics at ultrafast charge/discharge
rates. We attribute this to better ion diffusivity, greater
access to the underlying graphene sheets through the
micropores, and improved electrolyte wetting of the
electrode. At a C rate of 5 C, we report a stable capacity
of∼370mAh/g, which is the highest capacity reported
at 5 C for a pure carbon anode (without any additives)
in a Li-ion cell. The capacity drops with increasing C

rate, but the electrode is still capable of delivering an
impressive ∼156 mAh/g at 40 C and ∼100 mAh/g at
100 C. Once again, these are by far the highest
capacities reported so far for pure carbon-based an-
odes (without additives) at 40 and 100 C and are an

order ofmagnitude higher than conventional graphitic
anodes. Most importantly, these capacities were highly
stable and could be maintained for over a thousand
cycles of continuous high-rate charge/discharge. While
laser-scribed graphene has recently been demon-
strated in an electrochemical capacitor,10 to our knowl-
edge, this is the first demonstration of photoreduced
graphene electrodes in lithium-ion batteries.

RESULTS

Fabrication and Characterization of Photothermally Reduced
Graphene. Two procedures were adopted for fabricat-
ing photothermally reduced free-standing graphene
paper, as shown schematically in Figure 1. First a
Synrad Firestar T80 CO2 laser cutting machine with a
maximum power of 80 W, wavelength of 9.3 μm, and
laser spot size of ∼0.004 in. (i.e., ∼100 μm) was
incorporated for reduction of graphene oxide. A raster
pattern with a line spacing of 100 μm, which was
equivalent to the laser spot size, was used. At any
lesser line spacing, the graphene oxide paper disinte-
grated. The laser was operated at the lowest power
setting of ∼4.8 W, and in a single scan, a ∼50 mm
diameter graphene oxide paper was converted into
laser-reduced graphene paper, as depicted schemati-
cally in Figure 1a. In the second approach, the photo-
flash in a simple digital camera (Samsung ES 15) was
focused on the graphene oxide paper for reduction
(Figure 1b). Distance between the flash and graphene
oxide paper was maintained at ∼1 cm, and multiple
flashes were carried out to obtain a uniform reduction
of graphene oxide. Both of the above processes
yielded similar graphene structures and displayed
similar performances as lithium-ion battery anodes as
will be discussed later in this article. A photograph of
flash-reduced graphene paper is shown in Figure 1c.
The graphene paper is structurally robust and flexible
and also very easy to handle and manipulate, as
indicated in Figure 1c.

Scanning electron microscope (SEM) images ob-
tained from a Carl Zeiss Supra 55 SEM system showed
wide cracks and pores in photothermally reduced
graphene as compared to graphene oxide (see SEM
image in Figure 1d). Top view SEM image of flash-
reduced graphene is included in Figure 2a, while a
similar SEM image of laser-reduced graphene can be
found in the Supporting Information (Figure S1). Deep
cracks andpores that are several tens ofmicrometers in
size are observed; such features are visibly absent in
hydrazine-reduced graphene (Figure 2c). The under-
lying stacks of graphene sheets were clearly visible
through these pores and cracks, which suggests better
access for the electrolyte into the entire graphene
structure and hence better lithium-ion transport and
intercalation mechanisms. Moreover, both laser and
flash reduction of graphene oxide provided a highly
expanded structure (film cross section is shown in
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Figure 2b) while surprisingly maintaining its integrity
and robustness. The original thickness of the graphene
oxide paper was∼10�20 μm, which expands to∼100
μm after the photoreduction. This expanded cross
section showed large gaps between adjacent sheets
of graphene. Therefore, the electrolyte can penetrate
deep into the graphene anode not only via the pores
and cracks on the film surface (Figure 2a) but also along
the in-plane direction through the large continuous
channels (Figure 2b) that are formed between the
expanded graphene sheets. This could play an impor-
tant role in facilitating lithium-ion diffusion and inter-
calation, particularly at high charge/discharge rates.

The extensive cracking/expansion of the graphene
oxide film can be explained based on the instanta-
neous deoxygenation10,21 of graphene oxide due to
irradiation from laser or camera flashes over very short
periods of time. The pressure generated by the rapid
release and escape of oxygen is the principle cause
behind the occurrences of such micropores, cracks,
and voids in the film. This explanation is further
validated by the fact that, when a chemically reduced
(hydrazine-reduced) graphene paper (Figure 2c) is
exposed to a similar laser scan, these micropores and
cracks are not observed (Figure 2d). This demonstrates
that rapid release of oxygen during the photoreduction

process is instrumental in creating the expanded,
open-pore structures shown in Figure 2a,b. While the
photothermal reduction of graphene oxide has been
demonstrated before,10,11,21 our main focus in this
article is to investigate how the open-pore structure
of photothermally reduced graphene facilitates ultra-
fast intercalation kinetics in Li-ion battery anodes.

X-ray photoelectron spectroscopy (XPS) was used
to study the surface chemistry of the photoreduced
graphene samples. The results (Figure 3a�c) confirm
that the majority of oxygen moieties are expelled as a
result of the rapid photothermal heating of the sam-
ples. Photothermal treatment effectively reduces gra-
phene oxide and drastically reduces the oxygen
content as evidenced by the dominant C�C sp2 peak22

at 284.6 eV for the laser and flash-reduced samples. On
the basis of the intensities of the C1s andO1s peaks, we
estimate that the carbon to oxygen ratio is ∼2 for
graphene oxide paper, which increases to ∼10.1:1
(9.9% oxygen) for the laser-reduced graphene and
∼15.6:1 (6.4% oxygen) for the photoflash-reduced
graphene. This indicates a highly effective reduction
of graphene oxide by the photothermal method. Pre-
sence of oxygen-containing functional groups has been
shown to promote irreversible capacities in graph-
ene-based electrodes,23 and hence, a lower oxygen

Figure 1. Photothermal reduction of graphene oxide. (a) Schematic showing the laser reduction system with the raster scan
path. (b) Schematic showing the flash reduction of graphene oxide whereby a flash from a digital camera reduces graphene
oxide. (c) Photograph of the flash-reduced graphene, displaying its structural integrity, and (d) scanning electronmicroscopy
(SEM) image showing the two characteristic regions of flash-reduced graphene and graphene oxide. For this, a part of the
graphene oxide sample was intentionally shielded from the photoflash in order to illustrate the contrast in porosity between
the two regions.
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concentration is desirable for improved reversible
capacities and high Coulombic efficiencies. The low
oxygen content in photothermally reduced graphene
is reflected in their Coulombic efficiencies as both laser
and flash reduction facilitated early cycling Coulombic
efficiencies in excess of 90%, while at a later cycling
stage (>100 cycles), the Coulombic efficiencies were as
high as 98 and 99% for laser-reduced and flash-
reduced graphene, respectively (Supporting Informa-
tion Figure S2).

The measured sheet resistances of the various
samples are summarized in the Supporting Informa-
tion Figure S3. The graphene oxide paper is electrically
insulating, while the chemically (i.e., hydrazine) re-
duced graphene showed the lowest resistivity. Photo-
flashed graphene and laser-reduced graphene show
resistance values that are significantly higher than
chemically reduced graphene. Therefore, purely from
an electrical conductivity point of view, chemically
reduced graphene shows the best results; however, it
lacks the expanded pore structure of its photother-
mally reduced counterpart. Brunauer�Emmett�Teller
(BET) specific surface area of the graphene electrodes

was also measured with N2 adsorption/desorption
using a Quantachrome Autosorb-1 surface area and
pore size analyzer. Typical specific surface area of the
graphene electrodes was found to be in the 200�300
m2/g range (Supporting Information, Figure S4).

Photothermally Reduced Graphene Anodes in Lithium-Ion
Batteries. The graphene electrodes were assembled
against Li foil in a two-electrode coin cell (2032) and
cycled between 0.03 and 3 V at various charge/dis-
charge rates (C rates). Figure 4a shows the typical
measured voltage profile characteristics of photother-
mally reduced graphene anodes at C rates of 1 C
(current density of ∼0.372 A/g), 5 C (∼1.86 A/g), and
40 C (∼14.8 A/g). A C rate of n Cmeans that the battery
charges or discharges in 1/n hours. The voltage profiles
in Figure 4a confirm the intercalation of the Liþ ions
into the electrode structure. The onset of intercalation
is characterized by a reduction in the discharge slope;
even at 40 C, such an intercalation stage is clearly
visible at a little above ∼500 mV, where the voltage
drop becomes less steep.

At 1 C, photothermally reduced graphene provides
a stable discharge capacity of ∼545 mAh/g. Although

Figure 2. SEM characterization of photothermally reduced and hydrazine-reduced graphene oxide. (a) Top view image of
flash-reduced graphene paper. The inset is a magnified image of a micrometer-scale crack that clearly shows underlying
sheets of graphene exposed. (b) Cross-sectional imageof laser-reducedgraphenepaper showing the expanded structure that
enables greater access for lithium ions to active intercalation sites. The pores allow better flow of electrolyte into these voids
and enable faster lithium-ion transport pathways. (c) Top view of hydrazine-reduced free-standing graphene paper clearly
showing the absence of cracks and pores. (d) Laser scanning of graphene paper already reduced with hydrazine does not
create pores or cracks, confirming that the wide cracks and pores observed in photothermally reduced graphene are caused
by rapid deoxygenation reactions.
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the theoretical capacity of carbon-based anodes is 372
mAh/g, higher capacities have often been reported in
graphene-based anodes. The phenomenon has been
attributed to different factors such as intercalation of Li
ions on both sides of graphene sheets (corresponding
to Li2C6)

24,25 and an increased d spacing, depending
upon the number of stacked layers in graphene
sheets.16 The photothermally reduced graphene elec-
trode's response at 1 C is therefore consistent with the
literature. However, the electrode's performance at
high C rates (e.g., 5 C) is noteworthy. Typically,

lithium-ion batteries operate at C rates of <1 C (1 C =
charge/discharge time of 60 min), and 5 C (charge/
discharge time of ∼12 min) is considered a high-rate
operating condition. The short discharge times at 5 C
did not, however, impede the intercalation process as
the cells still measured discharge capacities as high as
∼370 and ∼335 mAh/ganode for flash-reduced and
laser-reduced graphene, respectively. The ideal or
theoretical capacity26�28 of carbon anodes is ∼372
mAh/g based on the formation of LiC6. Such stable and
near-theoretical capacities of carbon-based anodes
have previously been observed only at much lower C
rates (<1 C).26,27 At 5 C, the cells could deliver power
densities of ∼1.2 kW/kganode and energy densities of
∼244.5 and ∼215 Wh/kganode for flash-reduced and
laser-reduced graphene, respectively. Particularly
noteworthy is the electrode response at an ultrafast C
rate of 40 C (i.e., charge/discharge in∼1.5 min). Even at
40 C, photothermally reduced graphene anodes are
capable of delivering capacities as high as ∼156 mAh/
ganode, as indicated in Figure 4a.

In order to obtain a clearer understanding of the
extent of improvement, control tests were carried out
with (a) conventional activated carbon electrode, (b)
hydrazine-reduced graphene paper, and (c) hydrazine-
reduced graphene paper that was subsequently laser
scanned. These samples serve as appropriate controls
for high-rate performance characterization. All of the
cells, along with laser-reduced and flash-reduced gra-
phene paper, were cycled at C rates of 5 C (i.e., current
density of∼1.86 A/g), 40 C (∼14.8 A/g), 100 C (∼37.2 A/
g), 120 C (∼44.6 A/g), and 150 C (∼55.8 A/g) and then
brought back to 5 C in the reverse order. The complete
performance characteristic is shown in Figure 4b. The
cells were run for 10 cycles at each of the C rates. Such
stepped-rate studies enable a better understanding of
the anode performance and, more importantly, pro-
vide information on the repeatability of the electrode
performance. At a C rate of 5 C, hydrazine-reduced
graphene paper provided average discharge capacity
of ∼55 mAh/ganode while activated carbon control
provides average discharge capacity of ∼105 mAh/
ganode. These values are over 3�6-fold lower than the
capacity of flash- and laser-reduced graphene at 5 C.
Moreover, a large degradation in repeatability was
observed for hydrazine-reduced graphene anodes as
they could deliver only ∼60% of its original capacity
when it was cycled through various C rates and
brought back to 5 C. Activated carbon also retained
only ∼88% of its original capacity. On the other hand,
flash-reduced and laser-reduced graphene both ex-
hibited excellent repeatability, providing ∼95 and
∼99.7% of its original capacity at 5 C after successive
cycling (Figure 4b). As expected, the high-rate cap-
ability (at 40, 100, 120, and 150 C) of both activated
carbon and hydrazine-reduced graphene was extre-
mely poor. By contrast in the 40�150 C range, laser-

Figure 3. X-ray photoelectron spectroscopy (XPS) survey
scans; inset plots show the details of the C1s peak.
(a) Pristine graphene oxide, indicating a C/O ratio of ∼2:1.
(b) Laser reduction of graphene oxide shows improved
deoxygenation with a C/O ratio of ∼10.1:1. (c) Flash reduc-
tion of graphene oxide demonstrates excellent reduction
through rapid deoxygenation induced by the flash. The C/O
ratio of flash-reduced graphene is as high as ∼15.6:1.
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and flash-reduced graphene showed order of magni-
tude higher capacities as compared to the control
samples.

To further study the long-term stability of the
electrode, photoflash-reduced graphene anodes were
tested at C rates of 20, 40, 120, and 150 C for over 1000
charge/discharge cycles. Capacity retentions of flash-
reduced graphene anodes at 20 and 40 C were as high
as ∼98 and ∼102.5% of the first cycle discharge
capacity over 1000 charge/discharge cycles (Figure 5a).
At 120 C, the capacity retention was ∼94% over 1500
cycles, while at 150 C (charge/discharge in only∼24 s),
the capacity retentionwas∼97%and the anodes could

still deliver stable reversible capacities of ∼61 mAh/
gelectrode over asmany as 6000 charge/discharge cycles
(Figure 5a). Such exceptional stability for graphene-
based anodes is quite striking and has not been
demonstrated before, especially over such a wide
range of charge/discharge rates. This indicates that,
in spite of its exfoliated and open structure and in spite
of repeated Liþ insertion and extraction at high rates,
the photothermally reduced graphene electrode is still
able to retain its structural integrity.

Further, when discussing high-rate applications, it is
instructive to analyze the performance of anodes in
terms of the Ragone plot. Figure 5b shows the

Figure 4. Performance of photothermally reduced graphene anodes in Li-ion cells. (a) Voltage profile of a laser-reduced
graphene anode is shown at different C rates. (b) Performance of laser- and flash-reduced graphene anodes at various C rates,
compared to the performance of control samples of activated carbon, hydrazine-reduced graphene, and laser-scanned
hydrazine-reduced graphene. The cells were operated for 10 cycles each at different C rates from 5 to 150 C and were then
brought back to 5 C in the reverse sequence. Photothermally reduced graphene not only shows order of magnitude higher
capacities than control samples but also displays exceptional repeatability.
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performance of flash-reduced and laser-reduced gra-
phene anodes in terms of its energy and power
densities when compared with traditional carbon-
based electrodes7,10,29 for lithium-ion batteries and
electrochemical capacitors. The performance of acti-
vated carbon, especially at high current densities, has
also been plotted to provide a clearer comparison. At
high current densities, the conventional activated
carbon electrode rapidly loses energy density and
behaves much like a conventional capacitor (i.e., ex-
hibits only surface-based reactions). On the other
hand, flash- and laser-reduced graphene smoothly
extends beyond the Li-ion batteries region, without
transitioning to a rapid loss in energy density. More
importantly, the cycle ability and repeatability of these

anodes further suggest that these anodes are capable
of switching back and forth between high-power and
high-energy density applications when required by
the system. From a practical perspective, this implies
a wide range of operating conditions for various
applications and especially so for electric vehicles,
which have high-power demands during start-up and
acceleration.

So far, we have focused only on photothermally
reduced graphene electrodes. However, simple ther-
mal reduction can also be used to reduce graphene
oxide paper. In this method, the graphene oxide paper
is injected into a chamber that is preheated to∼700 �C
in an inert atmosphere to induce deoxygenation. This
method also results in a free-standing, binder-free

Figure 5. Long-term stability of photothermally reduced graphene anodes and Ragone plot. (a) Capacity versus cycle index
plot for flash-reduced graphene showing highly stable performance. The cell was operated for ∼1000 cycles at 20 and 40 C
each, for∼1500 cycles at 120 C, and for∼6000 cycles at 150 C. (b) Ragone plot showing the energy density and power density
of photothermally reduced graphene. For comparison, activated carbon control has also been plotted. Although activated
carbon lies well within the lithium-ion battery region for lower C rates (1 C), its performance drastically reduces at higher
power rates. Photothermally reduced graphenes on the other hand exhibit a smooth transition beyond the lithium-ion
batteries region, thereby providing significantly higher energy and power densities. [The region for capacitors has been
obtained from refs 7 and 10, while the region for lithium-ion batteries has been adopted from ref 29.]
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graphene paper (Figure 6a,b) similar to the photother-
mal method. We tested such thermally reduced gra-
phene paper as lithium-ion battery anodes and com-
pared the results with photothermally reduced sam-
ples. Thermally reduced graphene provided a discharge
capacity of ∼250 mAh/g at a charge/discharge rate of
5 C (Figure 6c). However, the rate capability of ther-
mally reduced graphene is considerably limited as
compared to photothermally reduced graphene oxide.
At 40 C, its capacity appears to drop significantly with
cycling, while at higher rates of 100, 120, and 150 C,
thermally reduced graphene fails to deliver appreci-
able capacities (Figure 6c). In photothermal reduction
energy bursts over a very short time period from a
camera flash or laser cause instantaneous and localized
heating of graphene oxide, which induces a deoxy-
genation reaction.10 The resulting outgassing gener-
ates local mini-explosions, leaving the surface pock-
marked with microscale pores, cracks, and voids. By
contrast, thermal reduction involves lower heating
rates and is therefore not an instantaneous reduction
process. As a consequence, thermal exfoliation pro-
vides more time for oxygen to diffuse out through the
structure without opening up the tightly stacked gra-
phene oxide structure. As a result, the presence of wide
cracks and open pores is significantly reduced for

thermally reduced graphene as compared to its photo-
thermally reduced counterpart, as is evident from the
SEM images shown in Figure 6a,b and Figure 2a,b. This
is further confirmed by N2 adsorption/desorption test-
ing (using a Quantachrome Autosorb-1 pore size
analyzer), which gave an average pore diameter of
∼25 nm (Supporting Information Figure S4) for ther-
mally reduced graphene. This is significantly lower
than the average pore diameter of flash- and laser-
reduced graphene, which was measured as high as
85.1 and 67.6 nm, respectively (Supporting Information
Figure S4). The stability of thermally reduced graphene
was also found to be lower than photothermally
reduced graphene, as is evident in the decay in capa-
city at 1 C (see Figure 6d). At lower rates, such as 1 C, the
intercalation is more and hence volume expansion
becomes more evident. If the individual graphene
sheets are not anchored well, volume expansion may
potentially lead to a loss of electrical contact and,
hence, a drop in performance. Furthermore, ther-
mal reduction at 700 �C is not highly effective as
determined from BET surface area measurements
and C/O ratios from XPS. The surface area measured
by BET was about ∼152 m2/g for thermally reduced
graphene paper at 700 �C (Supporting Information
Figure S4) as opposed to literature values of

Figure 6. Thermally reduced free-standing graphene paper. (a) Top view and (b) cross-sectional SEM images of thermally
reduced graphene paper show fewer cracks, pores, and intersheet voids as compared to photothermally reduced graphene.
(c) Thermally reducedgraphene shows a very significant drop in capacitywith increasing charge/discharge rates. At 100C, the
electrode fails to provide any significant capacity. (d) Performance of thermally reduced graphene as compared to flash-
reduced graphene at a low rate of 1 C. Thermally reduced graphene demonstrates less stability, showing an appreciable drop
over just 50 charge/discharge cycles and retaining ∼81.8% of the initial discharge capacity, while flash-reduced graphene
retains as much as ∼98.5% of the initial capacity.
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600�900m2/g for thermally reduced graphite oxide at
∼1050 �C.30 Further from literature, the C/O ratio of
thermally reduced graphite oxide at∼700 �C is around
6.4, which is significantly lower than the C/O ratio of
∼13.2 for samples thermally reduced at ∼1050 �C and
that obtained for photothermally reduced graphene.31

The lower C/O ratio thus contributes to higher irreversible
capacities and hence lower Coulombic efficiencies. Note
that it was not possible to increase the reduction tem-
perature beyond ∼750 �C while maintaining the struc-
tural integrity of the graphene oxide paper. Attempts
to reduce the graphene oxide paper above ∼750 �C
resulted in the graphene oxide paper crumbling into
a powder form. As a result of the aforementioned
factors, thermally reduced free-standing graphene
paper cannot match the rate capabilities, achievable
capacities, and cycling stability of photothermally
reduced graphene.

DISCUSSION

Photothermal reduction of free-standing graphene
oxide paper yields a unique structure of graphene, with
clearly visible micrometer-sized pores, cracks, and
intersheet voids. The wide pores and cracks expose
the underlying sheets of graphene and also provide
better electrolyte access to the interior of the elec-
trode. The cracks and voids also play a significant role
in enhancing lithium-ion transport. As the electrolyte
seeps through the cracks and pores, there is an added
pathway created for lithium ions to reach the inner
core of the graphene paper. Rather than having to
diffuse through the graphene planes, lithium ions now
have direct access tomore active area through electro-
lyte transport. This is critical in high-power applications
where the diffusion time often ranges from a few
seconds to a few minutes. Diffusion time (t) is com-
monly characterized by t= L2/D, where L is the diffusion
distance (or sample thickness) and D is the diffusion
coefficient. Diffusion coefficient of lithium ions in
photoreduced graphene was determined using cyclic
voltammetry and Randles�Sevcik equation32,33

(Supporting Information Figure S5) and was estimated
to be ∼1.18 � 10�8 cm2/s. The cross-sectional thick-
ness of photoreduced graphene (Figure 2b) is∼100 μm,
which would imply a diffusion time of ∼850 s
(corresponding to a C rate of ∼4.2 C). The fact that
photothermally reduced graphene anodes provide
high discharge capacities in excess of 150 mAh/gelectrode
at almost 10 times the limiting rate (40 C) is indicative
of the important role the pores, cracks, and expanded
cross-sectional structure plays in lithium-ion intercala-
tion kinetics. Because the electrolyte penetrates deep
into the interior of the porous photoreduced graphene
structure, the required Liþ diffusion distances are now
drastically reduced, which enables significant capacity
retention at ultrafast charge/discharge rates.

To further investigate the mechanisms contributing
to superior rate capability of photothermally reduced
graphene, electrochemical impedance spectroscopy
(EIS) was carried out on hydrazine-reduced, flash-re-
duced, laser-reduced, and thermally reduced free-
standing graphene paper using a Gamry Reference
3000 potentiostat. The frequency range was set be-
tween 10 kHz and 50 mHz, and EIS was carried out on
each of the samples after 1000 charge/discharge cycles
at a rate of 40 C after an equilibration time of 3 h. It is to
be noted here that, although 1000 cycles is considered
to be a very long cycle life, in this case, it was critical to
perform EIS analysis after extended cycling to better
study the excellent cycle life of photothermally re-
duced graphene along with the mechanisms behind
the high capacities obtained at rapid charge/discharge
rates. The capacity fade at C rate of 40 C has already
been shown to be negligible (Figure 5a) even after
1000 charge/discharge cycles. As shown in Figure 7a, a
modified Randles equivalent circuit was incorporated
to fit the data points.34,35 In the circuit, Rel represents
the electrolyte resistance, Rint and Cint are the resis-
tance and capacitance at the electrode�electrolyte
interface, respectively; Rct and Cdl are the charge
transfer resistance and double-layer capacitance, re-
spectively, and finally, W is the Warburg diffusion
impedance. The high-frequency region in an EIS corre-
sponds to the interfacial resistance at the surface of the
active electrode. A higher interfacial resistance is gen-
erally indicative of a thick solid electrolyte interface
(SEI) layer.36 The middle-frequency region is attributed
to charge transfer resistance. Lower charge transfer
and interfacial resistances would significantly assist
application of higher charge/discharge rates. Finally,
the low-frequency spike is associated with impedance

Figure 7. Electrochemical impedance spectroscopy (EIS)
measurements. (a) Modified Randles equivalent circuit used
to fit EIS data. (b) Nyquist plots of hydrazine-reduced, flash-
reduced, laser-reduced, and thermally exfoliated free-
standing graphene paper. EIS measurements were carried
out between 10 kHz and 50 mHz after 1000 cycles at a
charge/discharge rate of 40 C.
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attributed to the diffusion of lithium ions through the
graphene sheets. Figure 7b shows Nyquist plots of
flash-reduced, laser-reduced, hydrazine-reduced, and
thermally reduced free-standing graphene anodes.
The charge transfer resistance of laser-reduced and
flash-reduced graphene was ∼48.1 and ∼73.2 Ω,
respectively. The charge transfer resistance of ther-
mally reduced graphene paper was slightly higher at
∼85Ω. In the case of hydrazine-reduced graphene, the
charge transfer resistance was considerably higher at
∼130.4 Ω. Charge transfer resistance is inversely re-
lated to the exchange current density through the
equation i0 = RT/nFRct, where R is the universal gas
constant, T is the absolute temperature, n is the
number of electrons, and F is Faraday's constant. Thus,
photothermally reduced graphene anodes exhibit sig-
nificantly improved electrochemical activity compared
to hydrazine-reduced graphene. Importantly, in spite
of the expanded structure of photothermally reduced
graphene, the individual graphene sheets still appear
to be networked strongly as evidenced by their low
charge transfer resistance which facilitates efficient
electron transfer at elevated C rates.
Another interesting observation was that the inter-

facial resistance of hydrazine-reduced graphene was
much higher at∼95.1Ω compared to∼14.2 and∼14.1
Ω for flash- and laser-reduced graphene, respectively.
The interfacial resistance for thermally reduced gra-
phene was measured as∼29.6Ω. Such high interfacial
resistance as obtained with hydrazine-reduced gra-
phene may potentially affect efficient diffusion and
initiation of intercalation of lithium ions, especially at
the high C rates, where the ions do not have sufficient
diffusion times. Moreover, since absence of an open-
pore structure in hydrazine-reduced graphene de-
mands that the lithium-ion diffusion should be
through the surface of the anode, a thick SEI or high
interfacial resistance can significantly limit the rate
capabilities. In the case of laser- and flash-reduced
graphene, interfacial resistances are significantly low,
allowing for quick diffusion through the surface, while

at the same time, the pores provide additional electro-
lytic pathways which increase the electrode-to-electro-
lyte contact area and enable ions to intercalate with
the underlying graphene sheets. Low charge transfer
and interfacial resistances together with the presence
of wide pores and cracks thus enable the high-rate
capability of photothermally reduced graphene. In the
case of thermally reduced graphene, these resistances
are higher as a result of which, although such electro-
des perform reasonablywell at rates of up to∼5 C (∼12
min to charge/discharge), the capacities fade rapidly
with a further increase in the C rates.

CONCLUSION

In conclusion, we present a study of photothermally
reduced graphene anodes for lithium-ion batteries,
particularly for high-power applications. The unique
pore structure of these anodes enables their operation
over awide range of charge/discharge rates and can be
envisioned as a stepping stone toward commercializa-
tion of graphene-based electrodes for various applica-
tions, including automotives where high-rate capa-
bilities would enable the industry to circumvent the
need to integrate additional energy storage units such
as capacitors to deal with surges in power demand.
Moreover, since photothermally reduced graphene is a
free-standing (i.e., self-supporting) mechanically ro-
bust electrode, the incorporation of current collectors
and/or binders is negated. The mass of the electrode
could also be scaled up by increasing the graphene
oxide film thickness prior to the photoreduction step.
However, it should be noted that the volumetric
energy density of the electrode will be reduced due
to its expanded structure. In order to improve the
volumetric energy density of such a porous structure,
the intersheet voids may be filled with active materials
such as silicon, tin, or aluminum, which could further
contribute to improving the charge storage capacity of
the electrode. Finally, these anodes demonstrate ex-
cellent cycle life and repeatability and can be fabricated
via relatively simple, quick, and inexpensive methods.

MATERIALS AND METHODS
Graphene oxide (GO) dispersed in deionized water (ACS

Materials, 10 mg/mL) was diluted to concentrations of 0.2 and
2 mg/mL. These solutions were sonicated in a Bransonic
1510MT ultrasonic cleaner for 1 h to ensure homogeneous
dispersion and centrifuged in a Sorvall Legend XTR centrifuge
(Thermo Fisher Scientific) at 6000 rpm for 30 min to ensure
removal of heavier aggregates. GO papers37 were prepared by
vacuum filtration of 50 mL of the supernatant GO solution
through a 0.2 μm pore size Whatman Anodisc filter (47 mm
diameter) to prepare papers of∼10�20 μm thicknesses, which
were then carefully peeled off the filter and stored in a
desiccator until further use. Then, 50 mL of the supernatant
GO solution was converted to graphene by chemical
reduction.38 Briefly, this method involves the addition of

hydrazine (35 wt % in water, Sigma-Aldrich) to GO solution
maintaining a weight ratio of 7:10 in the presence of 0.02 wt %
ammonia solution (28% in water, Sigma-Aldrich). Graphene
paper is prepared by vacuum filtration from this stable disper-
sion of chemically reduced graphene.
Activated carbon anodes were prepared using the slurry

method as described in ref 17, whereby 80%of activated carbon
was mixed with 10% polyvinylidene fluoride (PVDF) binder and
10% carbon black conductive additive. N-Methyl-2-pyrrolidone
(NMP) was then added to themixture, and the slurry was pasted
onto copper foil current collectors. All materials were obtained
from Sigma-Aldrich. The slurry was then dried overnight at
120 �C inside a vacuum furnace.
Flash- and laser-reduced graphene, hydrazine-reduced gra-

phene, laser-scanned hydrazine-reduced graphene, and acti-
vated carbon films were all tested as anodes. For this, 2032 coin
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cells were assembled inside a glovebox (MBraun Labstar) with
oxygen and moisture content <5 ppm. Lithium foil was used as
the counter electrode, and a Celgard 2340 polypropylene
membrane was used as the separator. The electrolyte was 1 M
LiPF6 in 1:1 mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC). Both the flash-reduced and laser-reduced
graphene anodes were tested at various charge/discharge rates
between 1 and 150 C. An Arbin BT2000 battery testing equip-
ment was used to run the charge/discharge cycles. Cyclic
voltammetry was carried out using Gamry Instrument's poten-
tiostat/galvanostat Reference 3000.
In order to prepare thermally reduced free-standing gra-

phene paper, the as-prepared GO paper was placed in a 1 in.
diameter quartz tube with an argon flow of 500 sccm at
atmospheric pressure. The sample was then rapidly intro-
duced into a Thermolyne 79300 tube furnace kept at 700 �C
and held for∼45 s. The heating causes deoxygenation30,31 of
the GO sheets to produce a binder-free structurally stable
graphene paper.
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