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ABSTRACT: Two-dimensional (2D) porous graphitic carbon nanosheets
(PGC nanosheets) as a high-rate anode material for lithium storage were
synthesized by an easy, low-cost, green, and scalable strategy that involves the
preparation of the PGC nanosheets with Fe and Fe3O4 nanoparticles embedded
(indicated with (Fe&Fe3O4)@PGC nanosheets) using glucose as the carbon
precursor, iron nitrate as the metal precursor, and a surface of sodium chloride
as the template followed by the subsequent elimination of the Fe and Fe3O4
nanoparticles from the (Fe&Fe3O4)@PGC nanosheets by acid dissolution. The
unique 2D integrative features and porous graphitic characteristic of the carbon
nanosheets with high porosity, high electronic conductivity, and outstanding
mechanical flexibility and stability are very favorable for the fast and steady
transfer of electrons and ions. As a consequence, a very high reversible capacity
of up to 722 mAh/g at a current density of 100 mA/g after 100 cycles, a high
rate capability (535, 380, 200, and 115 mAh/g at 1, 10, 20, and 30 C,
respectively, 1 C = 372 mA/g), and a superior cycling performance at an ultrahigh rate (112 mAh/g at 30 C after 570 charge−
discharge cycles) are achieved by using these nanosheets as a lithium-ion-battery anode material.
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1. INTRODUCTION

Until now, graphite has always been the most commonly
utilized commercial lithium-ion-battery (LIB) anode material
because of its low cost, excellent cyclic stability, and low lithium
intercalation potential regarding the lithium metal.1−4 However,
graphite’s low theoretical capacity of 372 mAh/g and very
limited rate performance by virtue of its low lithium diffusion
coefficient cannot satisfy the urgent demand of promising
power sources (such as electric vehicles (EVs) and hybrid
electric vehicles (HEVs)) with high energy and power density.
Moreover, the unwanted metallic lithium plating inevitably
appears on the graphitic anode surface because of its working
potential of around 0 V versus Li+/Li, which would result in the
damage of the solid electrolyte interface (SEI) film on the
graphite surface, the decrease of cycling performance, and the
raising of safety issues induced by the internal short-circuiting
resulting from the formation of dendritic lithium.5−7

To circumvent the above issues, substantial research efforts
have been devoted to employing novel carbon nanostructures
with designed morphology, such as carbon nanotubes,8 carbon
nanofibers,9,10 graphenes,11−16 carbon nanobeads,17 ordered
mesoporous carbon,18 hierarchically porous carbon,19−22

hollow carbon nanospheres,23−25 and their composites.26−28

These nanostructures have multiple functionalities by engen-

dering additional sites for lithium-ion storage and thus they
improve remarkably the lithium storage capacity. However, the
high rate performance and cyclic stability at high rates of these
materials, which are especially required for their applications in
the HEVs and EVs, are still challenging.8−25 As is known, the
LIB rate performance, to a great extent, is decided by the
transport speed of lithium ions and electrons within the
electrolyte and the bulk electrode. Therefore, a favorable tactic
for designing high-rate LIBs is to explore novel nanostructured
materials that have high electronic conductivity for rapid
electron transfer and well-built porous structures with large
specific surface area and short diffusion distances for fast
lithium-ion diffusion.29−34

In this work, we report a facile and scalable synthesis strategy
to fabricate 2D porous graphitic carbon nanosheets (indicated
as PGC nanosheets) with a thickness of about 50 nm for a high-
rate LIB anode. In this methodology, the PGC nanosheets with
Fe and Fe3O4 nanoparticles embedded (indicated with
(Fe&Fe3O4)@PGC nanosheets) were produced using glucose
as the carbon precursor, iron nitrate as the metal precursor, and

Received: June 19, 2013
Accepted: September 9, 2013
Published: September 9, 2013

Research Article

www.acsami.org

© 2013 American Chemical Society 9537 dx.doi.org/10.1021/am402368p | ACS Appl. Mater. Interfaces 2013, 5, 9537−9545

www.acsami.org


a surface of sodium chloride (NaCl) as the template. Next, the
(Fe&Fe3O4)@PGC nanosheets were immersed in acid to
dissolve the Fe and Fe3O4 nanoparticles, and finally pure 2D
PGC nanosheets were obtained. The unique 2D integrative
feature and porous graphitic characteristic of the carbon
nanosheets with high porosity, high electronic conductivity,
and outstanding mechanical flexibility and stability are very
favorable for the fast and steady transfer of electrons and ions,
leading to a very high reversible capacity of up to 722 mAh/g at
a current density of 100 mA/g after 100 cycles, a high rate
capability (535, 380, 200, and 115 mAh/g at 1, 10, 20, and 30
C, respectively, 1 C = 372 mA/g), and a superior cycling
performance at an ultrahigh rate (112 mAh/g at a high rate of
30 C after 570 cycles). Importantly, the approach for preparing
such unique 2D porous graphitic nanostructures is easy, low-
cost, environmentally friendly, and scalable and thus is very
beneficial for the evolutive design of a LIB anode with
improved high rate performance and cyclic stability perform-
ance at high rates.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the 2D PGC Nanosheets. All chemicals, which

were analytically pure and purchased from Tianjin Chemical Reagent
Company, were used without further purification. To prepare 2D PGC
nanosheets, 2.5 g of glucose, 1.68 g of Fe(NO3)3·9H2O, and 24.11 g of
NaCl were dissolved in deionized water (75 mL) under intense stirring
to obtain a homogeneous solution. The resulting solution was then
placed in a vacuum furnace and maintained at 80 °C for 12 h to obtain
solid materials. Subsequently, the solid materials were ground by agate
mortar until a fine composite powder was obtained. For the
carbonization, 4 g of the composite powder in a quartz boat was
first heat-treated in a tubular furnace at 300 °C for 1 h and then at 700
°C for 2 h under Ar flow. After cooling to ambient temperature under
Ar, the product was washed with deionized water several times to
remove the NaCl, and a black powder (2D (Fe&Fe3O4)@PGC
nanosheets) was obtained. To obtain pure 2D PGC nanosheets, 100
mg of the black powder ((Fe&Fe3O4)@PGC nanosheets) was
immersed in 100 mL of a concentrated hydrochloric acid (HCl)
solution (12 mol/L) and was then refluxed at 80 °C for 3 h with
magnetic stirring to remove the Fe and Fe3O4 nanoparticles.
2.2. Characterization. The morphologies of the 2D (Fe&Fe3O4)

@PGC nanosheets and 2D PGC nanosheets were investigated by
field-emission scanning electron microscopy (FE-SEM, JSM-6700F).

The microstructures of the (Fe&Fe3O4)@PGC nanosheets and PGC
nanosheets were analyzed using transmission electron microscope
(TEM) and high-resolution TEM (HRTEM) performed on a FEI
Tecnai G2 F20 apparatus. X-ray diffraction (XRD) measurements were
conducted by a Rigaku D/max diffractometer to ascertain the phases
of the (Fe&Fe3O4)@PGC and PGC nanosheets. A Raman spectrum
of the PGC nanosheets was taken using a LabRAM HR Raman
spectrometer. Nitrogen adsorption−desorption measurements were
performed to determine the Brunauer−Emmett−Teller (BET) specific
surface areas of PGC nanosheets using an autosorb iQ instrument
(Quantachrome U.S.). The specific surface areas were calculated on
the basis of the BET method, and the pore size distributions were
obtained from the desorption branches of the isotherms according to
the Barrett−Joyner−Halanda (BJH) model.

2.3. Electrochemical Measurements. A coin-type test cell
(CR2032) was utilized to evaluate the electrochemical performance
of the 2D PGC nanosheet electrode. The working electrode was
produced by coating the mixture of active mass (2D PGC nanosheets),
carbonaceous additive (acetylene black, 10 wt %), and poly(vinylidene
difluoride) (PVDF, 10 wt %) binder on a copper foil, which was first
dried in a vacuum furnace at 80 °C for 4 h and then at 120 °C for 12 h.
The lithium metal was used as both the counter and reference
electrode, and a Celgard 2400 polypropylene membrane was used as
the separator. The electrolyte used in this work is a 1 M LiPF6 solution
in a mixture (1:1:1, in vol %) of dimethyl carbonate (DMC), ethylene
carbonate (EC), and ethylmethyl carbonate (EMC). The cells were
assembled in an argon-filled glovebox in which both the moisture and
oxygen contents were controlled to be less than 0.1 ppm. Cyclic
voltammetry (CV) was performed on a CHI660D electrochemical
workstation at 0.1 mV/s in the 0.0−3.0 V voltage range. Galvanostatic
charge−discharge cycles were tested by a LAND CT2001A electro-
chemical workstation at various current densities ranging from 100 to
11 160 mA/g between 3.00 and 0.005 V versus Li+/Li at room
temperature. All of the specific capacities in this work were estimated
by using the weight of the active materials. Electrochemical impedance
spectroscopy (EIS) experiments were carried out using a CHI660D
electrochemical workstation. ac impedance measurements were
conducted in the frequency range of 0.1−100 kHz at room
temperature using an amplitude of 5 mV.

3. RESULTS AND DISCUSSION
3.1. Structural Characterizations of the 2D PGC

Nanosheets. The overall synthesis for preparing 2D PGC
nanosheets with a high graphitic degree and large surface area is
schematically illustrated in Figure 1. In the synthesis of the 2D

Figure 1. Illustration of the fabrication processes for 2D PGC nanosheets.
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PGC nanosheets, two strategies were adopted. First, the NaCl
particle surface was utilized as the template for the 2D
nanosheets. Second, glucose was chosen as the carbon
precursor because it is environmentally friendly and easy to
control.35 During the synthesis, the carbon source (glucose),
inorganic metal salts (Fe(NO3)3), and NaCl salt particles were
first dissolved in distilled water to obtain a homogeneous
solution. After heat-treating at 80 °C, the solution color
changed from brown to yellow, the sample viscosity increased
greatly, and then the polymerization of the glucose began,
which resulted in the generation of a very thin frame
homogeneously coated on the NaCl particle surface. Upon
heating at high temperature under Ar, the carbonization of the
glucose and decomposition of the inorganic metal salts took
place, leading to the conversion of the thin frame to 2D
magnetic PGC nanosheets ((Fe3O4&Fe)@PGC nanosheets).
After removing NaCl with distilled water and magnetic
nanoparticles (Fe3O4 and Fe) with HCl, the pure 2D PGC
nanosheets with a high graphitic degree and large surface area
were obtained. Generally, materials fabricated by liquid-phase
synthesis methods8,11,23−25 are dispersed in solvents, and
tedious purification processes are thus required to obtain the
pure materials, which would lead to agglomerations for the final
solid materials obtained. The solid-phase carbonization method
employed in this work provides an easy, green, and low-cost
route to produce porous carbon materials directly on large
scales (when we ran the reaction using 2.5 g of glucose
precursor, ∼0.72 g of the PGC nanosheets was obtained),
which would be very beneficial for the wide application of these
PGC nanosheets as a LIB anode material.
The phase structures of the as-prepared products

((Fe&Fe3O4)@PGC nanosheets) after water washing and the
2D PGC nanosheets obtained by removing magnetic nano-
particles from the (Fe&Fe3O4)@PGC nanosheets with HCl
were detected by the wide-angle XRD that is displayed in
Figure 2. As shown in the upper line of Figure 2a, the
diffraction of the as-synthesized products exhibits a strong peak
located at 2θ = 26.2° and a series of peaks at 30−90°. The
former peak is associated with the graphite (002) plane. For the
latter peaks at 30−90°, the three sharp diffraction peaks at
44.6°, 65°, and 82.2° correspond to the reflections from the
(100), (200), and (211) crystal planes of α-Fe (JCPDS 06-

0696), respectively, and the other peaks can be attributed to the
Fe3O4 phase (JCPDS 19-0629). These results show that the
iron species from Fe(NO3)3·9H2O had been transformed into
Fe or Fe3O4 during the carbonization process and that
meanwhile graphitic carbon was also formed during the
formation of Fe and Fe3O4. In addition, no NaCl phases
were found in Figure 2a. This indicates that NaCl can be
effectively removed from the (Fe&Fe3O4)@PGC nanosheets
by the water-washing process. The bottom line of Figure 2b
shows the XRD pattern of 2D PGC nanosheets obtained by
removing magnetic nanoparticles from the (Fe&Fe3O4)@PGC
nanosheets with HCl treatment. As can be seen, the peaks
corresponding to Fe and Fe3O4 disappeared after the acid
treatment, and the sharp two peaks were indexed to the
graphitic carbon (002) and (100) planes, which indicate that
the Fe and Fe3O4 can be easily leached out by HCl treatment
and that pure PGC nanosheets have been synthesized.
Moreover, the interplanar distance (d002) of graphitic carbon
in the nanosheets is about 0.342 nm calculated on the basis of
the (002) peak in Figure 2b, which is very close to the ideal
interplanar distance (0.335 nm) of graphite and thus validates
that the PGC nanosheet sample has a well-developed graphitic
structure.36,37

To confirm further the graphitic structure of the 2D PGC
nanosheets, Raman spectroscopy was also carried out, and the
result is shown in Figure 3a. As can be seen, the spectrum
collected within the 800−2000 cm−1 range exhibits two evident
peaks, corresponding to the D band (1342 cm−1) and G band
(1571 cm−1), respectively. It is well-known that the D band
arises from edges, defects, and disordered carbon, whereas the
G band is ascribed to sp2-hybridized carbon.38,39 The integral
intensity ratio of G peak to D peak (IG/ID) is usually used to
evaluate the degree of crystallization of carbon materials. The
value of IG/ID for the present 2D PGC nanosheets was
calculated to be 1.32, further implying that the obtained
nanosheets are mainly composed of well-crystallized graphitic
carbon, in agreement with above XRD results.38,39

The morphology of the 2D PGC nanosheets was analyzed by
SEM. Figure 3b,c shows the SEM images of the nanosheets. As
can be seen, the sample consists of a mass of monodispersed
and overlapped nanosheets with a thickness of about 50 nm
and a lateral size of about 1−10 μm. This unique nanosheet
material is very different from common porous carbon products
generated from saccharide, which usually are carbon blocks
with a size of several micrometers.6,19−21,38 Therefore, this
special 2D nanostructure is very helpful for the diffusion of
electrolyte in the electrode because the thickness is reduced
from micrometers to nanometers in 1D.40,41 In addition, energy
dispersive X-ray spectroscopy equipped with SEM was
performed on the nanosheets (Figure S1), which further
validates that Fe and Fe3O4 have been successfully removed
from the PGC sample, in accordance with above XRD results.
To elucidate the influence of NaCl on the 2D nanosheet
formation, we have employed SEM analyses to investigate the
carbonization products of the mixture (Fe(NO3)3·9H2O and
C6H12O6) without adding the NaCl and the as-obtained
carbonization products without eliminating the NaCl. Accord-
ing to Figure S2, the carbonization products produced without
using NaCl contain only 3D carbon blocks with a size ranging
from 1 to 100 μm, and no sheet-shaped nanostructures can be
found in the products, which demonstrates that NaCl should
have important influences on the formation of 2D PGC
nanosheets.40 When observing the SEM image (Figure S3) of

Figure 2. XRD patterns of the as-prepared products ((Fe&Fe3O4)@
PGC nanosheets) after water washing and the 2D PGC nanosheets
obtained by removing magnetic nanoparticles from the (Fe&Fe3O4)@
PGC nanosheets with HCl treatment.
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the as-obtained carbonization products without eliminating the

NaCl, we can see that magnetic 2D PGC nanosheets were

formed along with the surface of the NaCl particle (the

locations of NaCl and magnetic PGC nanosheets were denoted

in the SEM image of Figure S3), which suggests that the NaCl

particle surface acts as the template for the formation of the 2D

nanostructure.40

To obtain more detailed microstructural insight, the
(Fe&Fe3O4)@PGC and PGC nanosheets were investigated
by TEM and HRTEM observations (Figure 4). According to
Figure 4a,b, we can see that after HCl treatment on the
(Fe&Fe3O4)@PGC nanosheets, the Fe and Fe3O4 nano-
particles encapsulated in onionlike carbon layers have been
completely removed, and a 2D porous graphitic structure
consisting of well-developed interconnected mesopores and

Figure 3. (a) Raman spectrum and (b, c) SEM images of 2D PGC nanosheets.

Figure 4. TEM images of (a, b) 2D (Fe&Fe3O4)@PGC nanosheets and (c, d) 2D PGC nanosheets.
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macropores was generated (Figure 4c,d). The walls of the
porous structures were quite thin, with a thickness ranging from
several nanometers to 10 nm. From a close look at the
nanostructures by HRTEM (Figure 4d), it can be noticed that
the walls of the pores were actually curved graphitic layers with
a layer spacing of about 0.34 nm, which is very close to the
typical value of graphite (0.335 nm) and is in good agreement
with the above XRD and Raman results, suggesting that the
stacking of graphene layers in the PGC nanosheets is very
good. It has been reported that during the solid-phase catalytic
process the graphitic carbon is mainly derived from the
amorphous carbon that has tight contact with the catalyst
nanoparticles;42 therefore, all graphitic layers in the nanosheets
present circlelike structures with various curvature.
Figure 5 shows the N2 adsorption−desorption isotherms and

pore size distributions of the 2D PGC nanosheets. As shown in
Figure 5a, the N2 adsorption−desorption isotherms of the
nanosheets are typical of type IV according to the International
Union of Pure and Applied Chemistry nomenclature, and they
exhibit a prominent hysteresis loop at a relative pressure in the
range of 0.45−0.97, which suggests a mesoporous structure as
well as a narrow mesopore size distribution for the PGC
nanosheets. In addition, a steep increase of N2 uptake above
0.97 and a slow increase of N2 uptake below 0.45 can also be
observed, indicating that the nanosheets should also have
macropores and micropores in their pore structure. On the
basis of the above results, we can speculate that the pore
structure of 2D PGC nanosheets is hierarchical because of the
simultaneous presence of macropores, mesopores, and micro-
pores, which can be further verified by the pore size distribution
plot of Figure 5b. From the pore size distribution maximum in
Figure 5b, the pore size was estimated to be about 2.26 nm, and
the 2D PGC nanosheets show a BET specific surface area of
∼469.48 m2/g and a pore volume of ∼0.83 cm3/g. These
evidences revealed that after the metal-catalyst-assisted
pyrolysis and carbonization, highly porous graphitic carbon
was synthesized. The pores in the PGC nanosheets were
probably induced by the catalyzation effect and/or the
elimination of the Fe or Fe3O4 nanoparticles from the
nanosheets. In addition, the rapid gas emission during the
high-temperature pyrolysis may produce new pores/voids,
which have been confirmed in the above HRTEM results.
Overall, the above XRD, TEM, and BET results demonstrate
that the 2D PGC nanosheets with well-graphitized structure
and high electronic conductivity may be very favorable to the

fast transfer of electrons and that the well-developed 2D porous
structures with a large specific surface area may be very
beneficial for the rapid diffusion of electrolyte ions, which
suggests that these 2D PGC nanosheets can act as a superior
anode material for LIBs.27,38

3.2. Electrochemical Properties of the 2D PGC
Nanosheet Electrode. The lithium-ion insertion/extraction
reactions of the 2D PGC nanosheet electrode were first
investigated by CV experiments. Figure 6 shows representative

CV curves of the nanosheet electrode conducted over voltages
between 3.0 and 0.0 V at a scanning rate of 0.5 mV/s. In the
first scanning cycle, we can clearly see two obvious cathodic
current peaks located at around 0.63 and 1.42 V, although they
disappeared during the second cycle. This result may be
attributed to some irreversible reactions associated with the
decomposition of electrolyte, the formation of a SEI film, and/
or the loss of some irreversible lithium storage sites during the
initial cathodic scan.10−15 In addition, it should be noted that
after the initial scanning cycle the CV profiles almost
overlapped, which indicates that the structural integrity of the
nanosheet electrode is well preserved during subsequent
charge−discharge cycles.40 Moreover, the typical CV character-
istics of PGC nanosheets are completely different from those of
reduction/oxidation reactions of Fe/Fe3O4,

43−45 further
indicating that the Fe/Fe3O4 nanoparticles have been
completely removed from the nanosheets or that the very
few residual Fe/Fe3O4 nanoparticles in the PGC nanosheets do

Figure 5. (a) Adsorption−desorption isotherms and (b) pore size distributions of 2D PGC nanosheets.

Figure 6. Representative CV curves of PGC nanosheet electrode.
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not have any significant effect on the specific capacity of the
electrode.
Figure 7a depicts the galvanostatic charge−discharge profiles

of the 2D PGC nanosheet electrode at 100 mA/g within a
cutoff voltage window of 0.005−3.0 V versus Li+/Li. As can be
seen, the charge and discharge curves exhibit a common shape
that is similar to other carbonaceous nanostructures.22−25 In the
initial discharge curve, the voltage drops fast, with two plateaus
appearing at around 1.5 and 0.9 V and most of the discharge
capacity decreasing between 0.005 and 0.9 V. As for the charge
curves, we can observe that the reversible capacity increases
rapidly at the voltage range of 0.02−3 V and thus the charge
curves are nearly steep lines at 0.02−3 V. In addition, it is worth
noting that the two plateaus located at around 1.5 and 0.9 V in
the first discharge process disappeared after the first cycle,
which may be due to the irreversible insertion of lithium into
the deep-seated superfine micropores.22−25

The cycling performance of the 2D PGC nanosheet
electrode, measured at 100 mA/g for 100 cycles, is displayed
in Figure 7b. As can be seen, the first discharge and charge
capacities were 1130 and 734 mAh/g, respectively, leading to a
Coulombic efficiency of ∼65%. The relatively low Coulombic
efficiency during the initial cycle is mainly attributed to the
irreversible capacity loss, which is induced by the decom-
position of electrolyte and the formation of the SEI film.
However, the Coulombic efficiency increases rapidly to 89% in
the second cycle and 99% in the third cycle and then is
maintained as high as 100% afterwards. After 100 cycles, the
reversible capacity of the 2D PGC nanosheets was maintained
at 722 mAh/g, which is 98% of the initial reversible capacity

and is remarkably larger than that of the theoretical capacity of
graphite (∼372 mAh/g). This evidence indicates that our
nanosheet electrode possesses superior lithium storage
capability and outstanding cycling stability.40 To investigate
further the effect of the 2D structure on the electrochemical
performance, the cycling performance of the 3D carbon block
synthesized without NaCl was also studied, and the result is
shown in Figure S4. As can be seen, the carbon block shows a
much lower Coulombic efficiency of about 31% in the initial
cycle and a reversible capacity of about 210 mAh/g than that of
2D PGC nanosheets, which indicates that the much shorter
lithium-ion diffusion path of the 2D nanosheet structure
compared to that of the 3D carbon block is very favorable for
the fast and effective lithium-ion insertion/extraction and thus
results in a much higher reversible capacity than that for the 3D
carbon block.40,46,47

Figure 7c,d shows the rate performance of the PGC
nanosheet electrodes at different high current rates (from 1
to 30 C, 1 C = 372 mA/g). At a charge−discharge rate of 1 C, a
reversible capacity of 535 mAh/g was obtained, indicating a
high reversible capacity of the PGC nanosheet electrodes.43

When the current rate is increased to high rates of 2 and 10 C,
the electrode still can deliver 500 and 380 mAh/g, respectively,
which is larger than the theoretical capacity of a commercial
graphite anode (∼372 mAh/g).43 Even at ultrahigh current
rates of 20 and 30 C, large reversible capacities of 200 and 115
mAh/g are still obtained, respectively. Remarkably, when the
current rate was restored to 1 C after 100 cycles at different
rates, a reversible capacity was still retained at 520 mAh/g after
120 cycles. Moreover, the kinetics features of the charge−

Figure 7. (a) Galvanostatic charge−discharge profile and (b) cycle performance and Coulombic efficiency of the PGC nanosheet electrode at a low
current rate of 100 mA/g. (c) Galvanostatic charge−discharge profiles of PGC nanosheets at different C rates. (d) Rate capabilities and cycle
performance of PGC nanosheet electrodes cycled at different current rates from 1 to 30 C (1 C = 372 mA/g).
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discharge curves at high rates is still preserved similar to that at
low rates (Figure 7c).43 These results suggest that the 2D PGC
nanosheets possess an easy charge-transport process and that
the structure of the nanosheets remains extraordinarily stable
even under high rate cycling. To confirm further the excellent
cycling performance at a higher rate of 30 C, the cyclability of
the present 2D PGC nanosheet electrode has been studied
upon 570 cycles, and the result is exhibited in Figure 8a. As can
be seen, the reversible capacity at a 30 C rate is 170 mAh/g in
the initial cycle, 132 mAh/g in the 300th cycle, and 112 mAh/g
in the 570th cycle, which further indicates that this interesting
nanosheet electrode has superior cycling stability even at very
high charge−discharge rates.46,47

To understand the reasons for the excellent rate performance
of the 2D PGC nanosheet, EIS measurements were performed,
and the results are displayed in Figure 8b. As can be seen, the
impedance spectra obtained at different cycles (pristine
electrode, first cycle, second cycles, and 10th cycles) are
composed of a depressed semicircle arc in the high-to-medium
frequency region and a linear tail in the low-frequency region.
The semicircle at high frequency is an indication of SEI
resistance (RSEI) and contact resistance (Rf), the semicircle
across the medium-frequency region represents the charge-
transfer impedance (Rct) between the electrode and the
electrolyte, and the linear tail is the Warburg impedance (Zw)
associated with the diffusion of lithium ions in the carbon

electrodes (Re).
17,40,47 According to Figure 8b, we find that the

diameters of the semicircles at both the high and medium
frequencies decrease obviously with the increasing cycle
numbers from the pristine coin cell to the 10th cycle, indicating
depressed Rf and Rct resistances. This result implies that the
nanosheet electrode possesses a high electronic conductivity
and a low contact and charge-transfer resistances, which are
very beneficial for the fast insertion/extraction of lithium ions
and thus results in a remarkable improvement of the rate
performance of the nanosheet electrode.17,40,46,47

A comparison of traditional mesoporous carbon, hierarchical
porous carbon, carbon nanosperes, graphene, carbon nano-
tubes, and their composites11,14,16,17,20−28 with our 2D PGC
nanosheets demonstrates a much larger reversible capacity and
superior cycling performance at high charge−discharge rates
(Figure 9). The outstanding electrochemical performance of
these 2D nanosheets is due to the ultrathin, well-graphitized
sheet-shaped 2D nanostructures as well as the large specific
surface area and the porous structures.40,46,47 First, the 2D
integrative feature and porous nature of the nanosheets can
ensure a large contact area between the electrode and
electrolyte, which is very beneficial for the access of liquid
electrolyte into the interior of the bulk electrode as well as the
rapid and efficient transport of lithium ions into the deep
locations of the stacked graphene layers.28,40,46−49 Furthermore,
the 2D ultrathin structure of our nanosheets is also very

Figure 8. (a) Cycle performance of the PGC nanosheet electrode at a very high rate of 30 C between 3.0 and 0.005 V vs Li+/Li. (b) Nyquist plots of
the 2D PGC nanosheet electrode of the pristine cell and the first, second, and 10th charge−discharge cycles, with an amplitude of 5.0 mV in the
frequency range from 100 kHz to 10 mHz. The inset in panel b shows the amplified spectra at the high-frequency region.

Figure 9. Comparison of reversible capacity at different current rates between the 2D PGC nanosheets and the carbon-based anodes previously
reported.
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favorable for the adsorption of lithium ions on both sides,
edges, and other defects of these nanosheets and thus leads to
high lithium storage capability.13−15,40,46,47 Second, the well-
graphitized micrometer-sized carbon nanosheets can form a
continuous conductive network, which gives rise to the very
high electronic conductivity of the overall electrode and is thus
very beneficial for improving the rate performance of the
electrode.40,49 Third, the nanosheets with outstanding mechan-
ical flexibility and stability can accommodate the volume
changes upon lithium insertion and thus can preserve the
structural integrity of the whole electrode.40,46,49 Finally, the
abundant macropores and mesopores can alleviate the local
volume expansions of the nanosheet electrode during the
charge−discharge processes, which can endow the electrode
with structural integrity and stability and thus lead to superior
lithium storage capacity and cycling stability at high
rates.28,40,46,50

4. CONCLUSIONS
Two-dimensional PGC nanosheets with a thickness of about 50
nm for generating a high-rate LIB anode were synthesized by
an easy, low-cost, green, and scalable method. In this strategy,
the 2D PGC nanosheets with Fe and Fe3O4 nanoparticles
embedded ((Fe&Fe3O4)@PGC nanosheets) were first fab-
ricated using glucose as the carbon precursor, iron nitrate as the
metal precursor, and a surface of sodium chloride as the
template. Next, the (Fe&Fe3O4)@PGC nanosheets were
immersed in acid to dissolve the Fe and Fe3O4 nanoparticles
to obtain pure 2D PGC nanosheets. Such unique 2D features
and the porous graphitic nature of the carbon nanosheets with
high porosity, high electronic conductivity, and outstanding
mechanical flexibility and stability are very favorable to the fast
and steady transfer of electrons and ions, thereby leading to a
very high reversible capacity of up to 722 mAh/g at a current
density of 100 mA/g after 100 cycles, a high rate capability
(535, 380, 200, and 115 mAh/g at 1, 10, 20, and 30 C,
respectively, 1 C = 372 mA/g), and a superior cycling
performance at very high rate (112 mAh/g at a high rate of
30 C after 570 cycles). Moreover, these synthetic procedures
can be extended to various 2D inorganic-nanoparticle/carbon
hybrid nanosheets, which may potentially be applied to
electrodes, catalysts, sensors, adsorbents, and so on.
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