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Abstract
We report the fabrication of monolithic quasi-graphene film with porous carbon frameworks
(GPF), both nitrogen-doped, by a one-step pyrolysis of commercial filter membrane, and
demonstrate its improved performance in Li-ion storage compared to commercial graphite.
Several advantageous features (porous framework and its integrity with the quasi-graphene,
N doping) of this new electrode are manifested by its high-rate and long-cycling rechargeable
Li-ion storage. A high reversible capacity of 493 mA h g�1 is achieved at a rate of 0.1 C. And at a
fast charge/discharge rate of 30 C, the GPF electrode delivers a capacity of 220 mA h g�1,
which can last for up to 5000 cycles with nearly no capacity fading. We also demonstrate the
GPF as a new type of current collector for active materials with improved mass loading and rate
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performance. The fabrication is cost effective, highly efficient, and scalable, and thus may
pave way to new carbonaceous materials for high-performance energy storage.
& 2015 Elsevier Ltd. All rights reserved.
Introduction

Li-ion batteries (LIBs) with both high energy densities and high
power densities are highly demanded in the area of electric
vehicles and large-scale renewable energy storage. The limit-
ing factor to high power densities is the relatively slow lithium
ions diffusion and intercalation process, to which a judicious
design of nanoscale electrode structure or surface engineering
can generally benefit [1–4]. In addition, the electron conduc-
tivity of the electrode material directly influences the charge
transfer kinetics and thus governs the properties at high
charge/discharge rates [5]. Tremendous efforts have been
made to address this issue, such as designing microstructure of
the electrode materials, coating (or mixing) with conducting
polymer and nanocarbon materials (e.g., carbon nanotubes,
graphene), and doping of electrode materials. For example,
Lee et al. synthesized three-dimensional ordered macroporous
(3DOM) monoliths of hard carbon via a resorcinol–formalde-
hyde sol–gel process using poly (methyl methacrylate)
colloidal-crystal templates, and the 3DOM carbon anode
possesses a capacity ca. 150 mA h g�1 at 152 mA g�1 [6].
Zhao et al. identified the positive role of nanoscale pores in
achieving high-rate capabilities in graphene anode [7]. A high-
rate capability was also successfully achieved in N-doped
(199 mA h g�1 at 25 A g�1) and B-doped graphene (235 mA h
g�1 at 25 A g�1) with carbon black nanoparticles as conduc-
tive additives by the Cheng group [8]. Despite the achieved
high charge and discharge rates, the electrode materials still
have certain drawbacks such as their complicated fabrication
process, poor capacity and cycling stability. Therefore, there
is still a great desire as well as challenge to significantly
enhance both the energy densities and power densities of LIBs
electrodes by properly tailoring the nanostructures. In addi-
tion, fabrication with a facile and cost-effective route is also
highly desirable for their practical applications.

Here for the first time we achieved monolithic N-doped quasi-
graphene film conjugated with porous carbon frameworks (GPF)
on the surface of Cu foil through a thermal-induced in-situ
carbonization of commercial filter membranes. Such an interest-
ing type of all-carbon electrode exhibit unique features that are
beneficial to achieving high energy and power densities. (i) The
multi-level porous carbon structure constitutes an effective 3D
conductive network for fast electron transport and shorten the
solid-state diffusion distance for Li ions. (ii) This all-carbon
framework affords improved electrical conductivity and thus
can eliminate the additional binder or carbon additives. (iii) The
in-situ doping of nitrogen can provide further active sites for
insertion of lithium ions and also improve the conductivity of the
electrode [9–13]. Our electrochemical characterization indeed
reveals extraordinary high-rate property and long-term stability.
At 5 C rate, a capacity of 377 mA h g�1 is obtained, which is
much higher than other reported pure carbon anodes. Although
the capacity drops with increasing C rate, a specific capacity of
220 mA h g�1 can be achieved at 30 C, which is an order of
magnitude higher than conventional graphitic anode. More
importantly, these capacities are highly durable for more than
5000 cycles of continuous high-rate charge/discharge. Although
the areal capacity of this anode is not high, in fact it can function
as a new current collector for other active materials (in this
study, we choose commercial graphite) as the LIB anode with
enhanced rate performance.

Experimental

Material synthesis

A furnace with a quartz tube of length 70 cm and diameter of
60 mm was taken as the reactor. Cu foil (commercially used
for current collector for LIB) was used as the substrate for in-
situ fabrication of monolithic quasi-graphene films with porous
carbon frameworks (GPF). Commercial porous filter mem-
branes were purchased from Shanghai Xinya Corporation of
China. Firstly, Cu foil was cleaned by sonication in ethanol and
covered on the filter membrane. Then they were placed
between two quartz plates and put into the furnace. To obtain
GPF on surface of Cu foil, the furnace was then heated to
different temperatures for 2 h in argon atmosphere. Instead of
copper foil, quartz and alumina were also used as different
substrates for growth of GPF under same synthesis procedures.

Material characterization

Scanning electron microscopy images were obtained by a field-
emission scanning electron microscope (FE-SEM JEOL JSM-
6700F; JEOL, Tokyo, Japan). Raman spectra were recorded
using a WITEC-CRM200 Raman system with excitation source
532-nm and 325-nm lasers (WITEC, Germany). The Si peak at
520 cm�1 was used as a reference to calibrate the wavenum-
ber. X-ray diffraction (XRD) studies were performed on a
Bruker D8 ADVANCE XRD (Bruker AXS, Germany). X-ray photo-
electron spectroscopy (XPS, PHI 5700) and transmission elec-
tron microscopy (TEM, JEM-2010, 200 kV) were also used.

Electrochemical measurements

The electrochemical tests were carried out using a coin-type
cell (CR 2032). The GPF anode with a diameter of 12 mm was
directly used as the electrode with a loading varying from
0.502 to 1.376 mg cm�2 (Table S1). The other electrodes
were prepared by mixing 90 wt% pure graphite, 5 wt%
acetylene black and 5 wt% polyvinylidene fluoride binder
dissolved in N-methyl-2-pyrrolidinone. After coating the
above slurries on Cu foils or GPF, the electrodes were dried
at 80 1C in vacuum for 2 h to remove the solvent before
pressing. Then the electrodes were then cut into disks and
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dried at 100 1C for 24 h in vacuum. The loading of graphite on
Cu and on GPF is 1.5 and 2.3 mg cm�2, respectively. The
battery cells were assembled in an argon-filled glove box
with the metallic lithium foil as the counterelectrode, 1 M
LiPF6 in ethylene carbonate (EC)–dimethyl carbonate (DME)
(1:1 in volume) as the electrolyte, and a polypropylene (PP)
film (Cellgard 2400) as the separator. Then the electrodes
were cut into disks (diameter of 12 mm) and dried at 100 1C
for 24 h in vacuum. The battery fabrication method was
identical with that of GPF electrode. The CV measurements
were carried out using a Solartron 1287 electrochemical
workstation at a scanning rate of 0.1 mV s�1. For electro-
chemical impedance spectroscopy (EIS), the amplitude of
the sine perturbation signal was 5 mV, and the frequency
was scanned from the highest (100 kHz) to the lowest
(10 mHz). Galvanostatic charge discharge cycles were tested
on LAND CT2001A electrochemical workstation at room
temperature.
Results and discussion

Figure 1a and b illustrates schematically the formation of the
GPF electrode. A commercial porous filter membrane was
used as the carbon source (Figure 1a). A piece of clean Cu foil
Figure 1 Schematic of GPF fabrication processes. (a) Filter membr
at 800 1C for 2 h in Ar atmosphere. Copper foil (yellow), quasi-graph
of the GPF seen from the top side of the GPF layer; (d) SEM image
was covered on one side of the filter membrane. Then they
were pressed between two quartz plates and heated to 800 1C
for 2 h in argon atmosphere to in-situ obtain GPF attached on
the surface of Cu foil (as shown in Figure 1b). The GPF
electrode on Cu foil is flexible and foldable indicating its good
mechanical robustness (Figure S1). From the typical SEM image
of GPF (Figure 1c, the side which is away from Cu foil), a large
number of homogeneously 3D holes can be clear observed with
a honeycomb-like structure. The high-magnification SEM
image (Figure 1c down) shows interconnected tunnels with
ca. 1.5 μm diameter throughout the entire surface area. The
Brunauer–Emmett–Teller (BET) surface area and pore size
distribution were obtained by the nitrogen adsorption–deso-
rption measurement. It is estimated that the surface area of
the GPF anode is ca. 541 m2/g with mesopores of ca. 3.5 nm
(see Figure S2). Interestingly, on the other surface of GPF (the
side contacted with Cu foil), a large transparent quasi-
graphene like sheet covers on the top of interconnected
tunnels (Figure 1d). Similar phenomenon was also obtained
in the growth of graphene on Cu foil [14–16]. To determine the
element distribution, EDS mapping was conducted at the
rectangular region in Figure 1d. Signals of C, N, O elements
can be well determined in the whole region, indicating the
integrated structure formation of porous carbon on quasi-
graphene film. In addition, it is surprising that nitrogen is also
ane; (b) The integrated GPF electrode obtained after annealing
ene film (green), and porous carbon layer (gray); (c) SEM images
s of the GPF seen from the side in contact with the Cu foil.



Figure 2 (a) and (b) TEM image of porous carbon from GPF; (c) HRTEM image and FFT pattern of selected area in Figure 2b; (d) TEM image
of quasi-graphene from GPF; (e) HRTEM image and FFT pattern of selected area in Figure 2d; (f) AFM image of quasi-graphene from GPF.
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successfully introduced in the annealing process because of
containing of N in the membrane film (See Figure S3). For
comparison, we also studied the decomposition of filter
membrane on the quartz or alumina slice instead of copper
foil under the same heat treatment condition. The SEM image
(Figure S4) shows that only porous carbon structure was
obtained but no such quasi-graphene layer can be observed
after the carbonization process. The temperature effect on
the structure of the GPF was also studied. As the annealing
temperature increases to 1000 1C, instead of 3-D inter-con-
nected porous carbon frameworks, a continuous wrinkled
carbon film was found (see Figure S5). This indicates that
the GPF structure was destroyed probably due to the over-
heating and evaporation of large amount of carbon source.

The GPF layer was further characterized by TEM. Figure 2
shows the interconnected 3D macroporous morphology with
pore diameters of 1–2 μm. High-resolution TEM (HRTEM)
micrograph and FFT pattern of the porous carbon demon-
strates a low degree of graphitization (see Figure 2c). The
large area quasi-graphene sheets separated from the porous
carbon layer by sonication and centrifugation can be well
seen by TEM (Figure 2d). The lattice fringes revealed by the
HRTEM image and the well-defined spots in the FFT pattern
(see Figure 2e) confirm the partial crystallinity of the quasi-
graphene in GPF, which is consistent with other reports
[17,18]. The quasi-graphene sheets have a size range from
several to dozens of micrometers as shown by AFM and
optical images (Figure 2f and Figure S6). The thickness of
the individual quasi-graphene sheets is about 4.5 nm,
indicating they are multi layers. The formation of large
area thin layer quasi-graphene on the surface of GPF can be
attributed to the decomposition of the solid-state carbon
source under the catalysis of the copper foil. The result is
consistent with some previous studies on the preparation of
graphene using solid-state carbon source [9,14–16,19,20].
Sufficient carbon atoms from evaporation of filter mem-
brane were used to grow quasi-graphene film on the
contacted surface of Cu catalysis. More importantly, sand-
wich pressing by the two quartz plates is also found
essential to the formation of porous carbon framework (on
another side apart from Cu foil). When we conduct same
experiment without the quartz plates pressing, it is found
that the Cu foil crumples and the GPF spreads sporadically
on the Cu foil (see Figure S7d). Possible reason for this is
that the pressing suppresses the carbon evaporation and
also deformation of the Cu foil from.

The detailed surface chemistry of the filter membrane and
GPF were characterized by XPS measurements (Figure 3). The
survey scan spectra from XPS analysis of the filter membrane
and the GPF show the presence of the principal C1s, O1s, and
N1s core levels, with no evidence of impurities (Figure 3a). To
confirm N-doping of GPF, a narrow scan XPS spectrum of N1s
peak is conducted, which can be resolved into two compo-
nents centered at 399.3 and 401.8 eV, representing pyridinic
and pyrrolic type of N atoms, respectively (Figure 3b) [21].
They are formed predominately through substituting a carbon
atom by N on edges or defect sites in the plane. Such carbon
atoms are chemically more active than those within the plane
of defect-free graphene [22,23]. The atomic percentage of
doped N is measured about 4.5%. Compared with a widely
employed surface chemical method for N doping, for example,
ammonia treatment of graphene at high temperature (950 1C),
[24] our work provides a simple in-situ synthesis route to
produce N-doped quasi-graphene. Similarly, The C1s core level



Figure 3 (a) XPS spectra of the GPF and filter membrane; (b) XPS N1s spectrum of GPF; (c) XPS C1s spectrum of GPF and (d) XPS
O1s spectrum of GPF. (e) Raman spectra of GPF; (f) IR spectra of the filter membrane and GPF.
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peak can be resolved into two components centered at 284.6
and 285.2 eV suggesting sp2C–sp2C and N–sp2C bonds, respec-
tively (Figure 3c). And the XPS spectra of O1s peak can also be
resolved into two components centered at 532.3 and 533.8 eV
corresponding to the O–CQO and CQO bond, respectively
(see Figure 3d). These results suggest existence of carbonyl
and carboxylate groups in GPF. Raman spectra of GPF
(Figure 3e) show two obvious intense bands for both quasi-
graphene and porous carbon, namely, G peak at ca.
1590 cm�1 and D peak at ca. 1354 cm�1. The D peaks indicate
the defective nature of the obtained GPF, which may originate
from the distorted hexagonal sp2 carbon networks of N doping.
The intensity ratio between D and G bands (ID/IG) is normally
used to evaluate the crystalline quality of defected graphene
or graphite [25,26][27]. The ID/IG is 1.08 for the porous carbon
and 0.91 for quasi-graphene, which may suggest better
graphitization in the latter. Compared with porous carbon,
the quasi-graphene in GPF exhibits second order 2D and D+G
peaks at 2674, and 2897 cm�m, which are also attributed to
the existence of ordered structure.[28,29] Furthermore, Four-
ier transform infrared spectroscopy (FTIR, Figure 3f) of the
samples was also investigated to provide complementary
information about the functional groups. The filter membrane
exhibits the characteristic peaks for C–O–N or C–N
(1060 cm�1), C–O stretches of phenolic hydroxyls
(1280 cm�1), N–H in-plane bending, the conjugated –CO
groups (1650 cm�1), and CH2 group (2920 cm�1). The spec-
trum suggests that the filter membrane contains of phenolic
hydroxyls, and imide. The GFP sample shows characteristic
peaks at 1097 (epoxy C–O), 1580 (carboxyl OH), 2926 (aro-
matic CQC), and 3200–3400 cm�1 (hydroxyl interaction
and the presence of overlapping N–H bands). This implies that
only a few functional groups are present after the high
temperature annealing and most of the polymers are carbo-
nized. It also confirms the N-doping in GPF after annealing,
in consistent with the XPS result. Further evidence to
the conversion from the filter membrane to GPF are provided
by TGA and XRD measurements and data are provided in
Figure S8.

Our designed GPF electrode allows bicontinuous electron
and lithium ion transfer channels through the integral network
without the necessity of extra conductive additives. Figure 4
shows the electrochemical properties of GPF as the anode of
Li-ion battery and a commercial graphite anode was also
tested for comparison. The discharge and charge curves of
GPF at 0.1 C and 30 C are displayed in Figure 4a in the voltage
range of 0.01–1.0 V vs. Li+/Li. The charge/discharge curves of
GPF significantly differ from that of commercial graphite
electrode (see Figure S9), indicating the dissimilar mechan-
isms for lithium ion accommodation. Obviously in the dischar-
ging curve, the slope shows large specific capacities below
0.7 V without distinguishable plateaus, which are consistent
with the CV curves (Figure S10). The profile implies the
presence of disordered carbon structures. Similar Li-storage
behavior is also observed in hard carbon.[30] Furthermore, the
GPF delivers 803 and 493 mA h g�1 in the first discharge and
charge process, respectively. The irreversible capacity loss of
GPF can be ascribed mainly to the formation of the solid
electrolyte interface (SEI). The capacity of GPF is higher than
the values for commercial graphite and the reported synthetic
graphite materials with or without various coatings [31–37].
This value (493 mA h g�1) is even higher than the theoretical
value of 372 mA h g�1 for graphite, probably as a result of the
N-doping in the whole GPF electrode.



Figure 4 (a) Charge and discharge curves of GPF at 0.1 C and 30 C; (b) rate capability of GPF and commercial graphite electrode at
various C rate: 0.1, 1, 3, 5, 10 and 30 C; (c) Nyquist plot of GPF and commercial graphite. The resistance is simulated using
equivalent circuit R1(Q(R2ZW)C (inset in panel c); (d) Ragone plot of GPF electrode and reported pure carbonaceous anode (with
normalized mass of active materials); (e) capacity retention of GPF and commercial graphite at 30 C.
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It is known that commercial graphite possesses poor rate
performance especially at high rates[38]. In our experi-
ment, all the samples were cycled in a wide range of rates
from 0.1 to 30 C (0.1 C equals to 37.2 mA g�1), as shown in
Figure 4b. For the commercial graphite anode, stable
capacities of 37 and 19 mA h g�1 are obtained at 5 and
30 C, respectively. Strikingly, our GPF electrode show capa-
cities over 10 fold higher (345 mA h g�1 at 5 C and 220 mA
h g�1 at 30 C). Moreover, our GPF exhibits an excellent rate
stability, providing about 100% of its original capacity at
0.1 C after successive cycles (Figure 4b). In addition, the
GPF electrode have greatly enhanced long cycling stability
because of its integrated structure feature and improved
electrical conductivity. Figure 4e shows that at a high rate
of 30 C, the capacity of the GPF electrode still maintains
more than 98% even after 5000 cycles. In contrast, the
commercial graphite anode failed after 800 cycles. Indeed,
from the electrochemical impedance spectroscopy (EIS)
data shown in Figure 4c, the obtained charge transfer
resistance (R2) of GPF is ca. 75 Ω, much lower than that



Figure 5 (a) Schematics of traditional Cu foil current collector (left) and novel GPF current collector. The yellow balls with different
sizes represents active materials (graphite), conductive agent and binder; (b, c) Rate capability (b) and capacity retention at 3 C in the
voltage window of 0.01–3.0 V vs. Li+/Li (c) of commercial graphite electrode using traditional Cu foil and novel GPF current collector.
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of commercial graphite (ca. 153 Ω). The steep liner part in
the low frequency region of GPF electrode also implies its
faster ion diffusion process.

The high reversible capacity and rate performance of GPF
anode can be attributed to its unique structure, which
combines merits from both quasi-graphene and porous hard
carbon. As a result of synergistic effect of the monolithic
structure and N-doping feature, our GPF anode demonstrates
outstanding power densities. In Figure 4d, six types of typical
anodes are listed in the Ragone plot: GPF, graphite, gra-
phene, hard carbon, soft carbon and carbon nanotube. As
seen from the plot, our GPF electrode exhibit better overall
energy and power densities (the values are provided in Table
S2) [30,32,39–51]. For example, an energy density of 72.5 W
h kg�1 is achieved at a power of 10.7 kW kg�1, which is also
competitive to other reported anode materials [52].

Due to the porous surface, good conductivity, and facial
fabrication feature of our GFP electrode, it is of interest to
further extend its practical application as a new type of
current collector (i.e., a surface-modified Cu foil). To demon-
strate the improvement of GPF current collector as compared
to conventional Cu foil, commercial graphite was pasted onto
both. As a conductive interlayer, 3D GPF not only adhere
tightly on the surface of Cu foil by the in-situ generated quasi-
graphene layer, but also form close connection with the pasted
active materials (as illustrated in Figure 5a, right panel).
Results of the rate and cycling tests are shown Figure 5b and c.
Here the contribution of capacity by the GFP was excluded by
this following calculation Cgraphite=(Qtotal�QGPF)/mgraphite,
where QGPG (mA h) and mgraphite are the charge of the GPF
and mass (g) of graphite on the Cu+GPF current collector. As
can be seen, the rate capability of the GPF-containing
electrode is much improved especially at high rates (see
Figure 5b and c, near two times higher at 3C). In addition to
graphite as the active material, we foresee similar improve-
ment of high-rate performance of other nanostructured active
materials (e.g., metal oxides, nano-silicon and Sn/SnO2),
which will be an interesting topic to investigate.

Conclusions

We have realized the N-doped monolithic quasi-graphene film
with porous carbon frameworks (GPF) by one-step pyrolysis
of commercial filter membrane, and demonstrated its
improved performance as LIB anode compared to commercial
graphite. Several advantageous features (porous framework
and its integrity with the quasi-graphene, N doping) of this
new electrode are manifested by the ultrafast and long-
cycling rechargeable lithium storage. At 5 C, a stable capa-
city of 345 mA h g�1 is achieved, which, to our best knowl-
edge, is the highest value reported at this rate for a pure
carbon anode in a Li-ion cell. The capacity at a high rate of
30 C is 220 mA h g�1, which can maintain long up to 5000
cycles (compared too1500 cycles in most pure carbon-based
anodes). This study highlights the importance and provides a
promising example of rational electrode design and opens up
a promising strategy to develop high-performance energy
storage devices with both high energy and power densities.
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