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HIGHLIGHTS

» Highly free-standing CNT-graphene papers with controlled CNT/graphene ratios were fabricated.
» The lithium ion storage capacities are strongly dependent on CNT/graphene ratios.

» The CNT-graphene papers exhibited high lithium storage capacities.

» The intrinsic factors that mediate the electrochemical performances were articulated.
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Free-standing hybrid papers were fabricated by the vacuum-assisted filtration of graphene nanosheets
(GNS) and carbon nanotubes (CNTs) both suspended in water, an approach that is environmentally
benign. The CNTs are randomly dispersed between the GNS and hence, the hybrid papers exhibit high
mechanical strength and flexibility even after being annealed at 800 °C. Electrochemical properties of
the hybrid papers are strongly dependent on the CNT/GN ratios. Highest lithium ion storage capacities
were obtained in the paper with a CNT/GN ratio of 2:1. The initial reversible specific capacities
are ~375 mAh g~ ! at 100 mA g~ . The capacities remain above 330 mAh g~ after 100 cycles, which are
about 100 mAh g~ ! higher than those of the graphene paper with nearly the same mass. The improved
capacities were attributed to the contribution of the CNTs, which prevent restacking of the GNS, increase
cross-plane electric conductivity of the paper and simultaneously, store Li ions. These results suggest that
graphene—CNT hybrid paper has a high potential to be used as collector and binder free anodes for
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1. Introduction

Huge market demand for zero-emission electric vehicles is a
major drive for research and development of high energy-capacity
rechargeable lithium ion batteries (LIBs). Carbon is one of the
important and traditional anode materials for LIBs. Although
graphite only possesses a theoretical capacity of ~372 mAh g,
delicate assembly and fabrication offers carbons with novel mor-
phologies that deliver capacities obviously higher than this value
[1,2]. Graphene, a single layer of graphite, can offer a theoretical
capacity over 700 mAh g, and has been extensively investigated
either directly as anodes or as electric conductor/mattress (forming
composites) [3—8]. Moreover, as a result of their two-dimension
structure, graphene nanosheets (GNS) can build up novel
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macroscopic structures, e.g., thin films and papers, opening new
windows for graphene applications [9]. When used in LIBs, this
type of assembly brings several evident advantages over traditional
procedure for anode fabrication. The binder (an insulator) and the
current collector (usually copper foil) are not needed, improving
the specific capacity of a “whole” LIB. The graphene papers are also
mechanically strong and flexible and therefore, could be used in
thin film battery fabrication.

However, the existing data have manifested that the specific
capacities of graphene papers are much lower than those of gra-
phene powders due to the barrier for Li diffusion resulting from
close stacking of the GNS in the papers [10—12]. This prevents the
practical applications of graphene papers in LIBs. As such, many
approaches have been proposed to improve the Li storage capac-
ities of graphene-based papers [13—17]. Whereas high capacities
(over 1000 mAh g~ ') were achieved, these approaches inevitably
diminish the mechanical strength of the papers. To date, it still
remains a significant challenge to improve the specific capacities of
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graphene papers and simultaneously, preserve their mechanical
strength and flexibility.

Along these lines, we are focused on fabricating graphene-based
hybrid papers that exhibit higher specific capacities than and me-
chanical strength comparable to those of graphene papers. For this,
we take an aim at methods that are cost efficient, environmentally
benign and easy to be scaled up. Carbon nanotubes (CNTs) are
adopted because of their one-dimensional structure and high
electric conductivity. CNTs have a longer history than graphene
does, and there are a great number of studies attempting to
incorporate CNTs into electrode materials for LIBs either directly as
an anode or as a conductive dopant [18—23]. Among them, CNT
papers (free standing or CNTs aligned onto a conductive substrate
by chemical vapor deposition (CVD) method), receive increasing
interest rapidly [24—26]. Nevertheless, such assemblies of CNTs are
usually with lower mechanical strength and more importantly, the
yield is low and the practical application is yet seen. Recently, there
are also several studies on fabrication of GN—CNT nanocomposites
[27,28], but the free-standing papers were never reported.

In this paper, free-standing GN—CNT hybrid papers were fabri-
cated by the vacuum-assisted filtration of GNS and CNTs both
suspended in water. The CNTs are randomly dispersed between the
GNS (with GNS predominating) and hence, high mechanical
strength and flexibility are preserved for the papers. In such an
assembly, the presence of CNTs is expected to play multiple roles
including (1) prevent restacking of GNS during the process of paper
fabrication, allowing more effective contact between the electrolyte
(Li) and the GNS in the interior of the paper, (2) increase cross-
plane conductivity of the paper as CNTs also have high electric
conductivity and can closely contact with GNS, and (3) store Li.
Battery performances of the hybrid papers are highly dependent on
the CNT/GN ratios. Highest capacities were obtained in the paper
with a CNT/GN volume ratio of 2:1, which exhibited initial revers-
ible specific capacity of ~375 mAh g~ ! (2nd cycle) and
330 mAh g~ ! at the 100th cycle.

2. Experimental
2.1. Fabrication of GNS and CNT dispersion

Graphene oxide was synthesized using a modified Hummers
method [29]. Typically, graphite was oxidized with KMnOg4, NaNOs,
and H,S04. As synthesized graphite oxide was dispersed in deion-
ized (DI) water to give rise to a 0.5 mg ml~! dispersion, and was
then exfoliated by ultrasonication for 1 h. The obtained dispersion
was centrifuged at 5000 rpm for 15 min to obtain a homogeneous
graphene oxide dispersion. Commercial CNTs from Shenzhen

Nanotech Port Co., Ltd. were used as-received without further pu-
rification. 100 mg CNTs were dispersed with Triton X-100 (100 mg)
as a surfactant in 100 mL DI water to form a dispersion through
ultrasonication. The obtained dispersion was purified by centrifuge
treatment to remove impurities and tangled CNTs.

For fabrication of GN—CNT hybrid papers, requisite amounts of
the GNS and CNTs, both suspended in water, were mixed by
ultrasonication for 0.5 h. The mixtures were then filtrated under
the assistance of vacuum through an Anodisc membrane filter
(47 mm diameter, 0.2 pm pore size; Whatman), followed by air
drying for 24 h at room temperature and peeling from the filter. The
whole process is shown in Fig. 1. Before spectroscopic and elec-
trochemical characterization, the graphene papers were mildly
annealed in Ar-H, (10% Hy) atmosphere at 800 °C for 2 h for
additional deoxygenation. For simplicity, the hybrid papers were
denoted as XCNT—yGN. For example, 20CNT—20GN is correspond-
ing to a paper with 20 mL CNTs and 20 mL GNS dispersions.

2.2. Characterization

Morphologies of the papers were checked using a field emission
scanning electron microscope (Hitachi S-4800). Raman spectra
were obtained using a HORIBA Scientific LabRAM HR Raman
spectrometer system equipped with a 532.4 nm laser as the
exciting radiation. The system is also equipped with an optical
microscope so as to give rise to confocal signals. To obtain charge—
discharge profiles and cycle performance data, the papers were
used as anode directly and were assembled in a CR 2032-type coin
cell configuration, i.e., no binder and current collector are involved.
A lithium foil was used as a counter electrode. Electrolyte was
composed of 1 M LiPFg salt dissolved in a solution consisting
ethylene carbonate, diethyl carbonate, ethyl methyl carbonate
(1:1:1 in volume). Assembly of the batteries was fully carried out in
an Ar-filled glove box with oxygen and water levels <1 ppm.
Charge—discharge characteristics were tested galvanostatically in a
voltage range of 0.01—3.0 V (vs. Li*/Li) at a desired current density
using an Arbin BT-2000 Battery Test System. Cyclic voltammetry
(CV) tests were performed on a versatile multichannel potentiostat
3/Z (VMP3) at a scan rate of 0.1 mV s~! over a potential range of
0.01-3.0 V (vs. Li*/Li).

3. Result and discussion
3.1. Characterization of the hybrid papers

Several hybrid papers were fabricated through a same proce-
dure, including 6.5CNT—20GN (0.39 mg), 20CNT—20GN (0.27 mg)
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Fig. 1. Schematic diagram of fabrication of the CNT—GN papers by vacuum-assisted filtration.
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and 20CNT—10GN (0.13 mg), respectively. For the 20 GN papers, the
decline in the mass following the increase in the CNT loading is
assumed to result from the filtering process. The GNS in the sus-
pension have different sizes, and some are smaller than 200 nm.
When more CNTs are present in the mixed suspension, e.g., the
20CNT—20GN, the CNTs, due to their one-dimension structure,
retard the formation of a dense thin film of graphene on the filter
and hence, more CNTs and smaller-size GNS pass through the filter
and are dumped. Notice the pore size of the filter is 220 nm.

All the hybrid papers possess high mechanical strength and
flexibility, which are similar to that of the graphene paper, as shown
in Fig. S1. Surface morphologies of the 6.5CNT—20GN and 20CNT—
10GN papers are shown in Fig. 2(a) and (b) as examples. Obviously,
for both papers, the CNTs are wrapped with the GNS, and the paper
surface is mainly composed of the GNS. More CNTs are observed in
the 20CNT—10GN image. The 20CNT—10GN image also has a much
higher resolution than the 6.5CNT—20GN image does (several pa-
pers were checked and compared), suggesting that the electric
conductivity of the 20CNT—10GN paper is higher. Obviously, the
enhanced electric conductivity results from the CNTs. In the gra-
phene papers, the distance between the GNS (~0.379 nm) is larger
than that in graphite (~0.336 nm) [10], meaning that electric
conductivity in the cross-plane direction (perpendicular to the
paper surface) is relatively lower. The CNTs, which are highly
conductive and are able to closely contact with the GNS due to their
strong w—m interactions [23,27], work as a bridge between the GNS
that allows the cross-plane electron flow feasible, hence improving
the electric conductivity of the paper. Such an assembly of the GNS
and the CNTs is more clearly manifested by the cross-section im-
ages of the papers, as shown in Fig. 2(c) and (d). Here, the 20CNT—
20GN paper was characterized instead of the 6.5CNT—20GN paper
because of its relatively higher CNT content. Interestingly, (1) the
CNTs are randomly dispersed between the GNS and are aligned
with their axials parallel to the paper surface; (2) there are more
CNTs in the 20CNT—10GN paper; (3) the CNTs indeed closely
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contact with GNS; and (4) the 20CNT—20GN paper is relatively
thicker, i.e., 1.2 pm vs. 0.8 um. It is worth mentioning that the white
spots in the 20CNT—10GN images are corresponding to carbon
particles that are generated during thermal treatment of the pa-
pers. A similar phenomenon was also observed in our NHs-treated
graphene papers, for which NHs-induced chemical etching gives
rise to pores and carbon particles (see Fig. S2). Our other experi-
ments prove that they do not affect battery performance of the
papers at all.

Raman spectra of the papers are shown in Fig. 3. There are no
discernable changes in the spectra following the increase in the
CNT/GN ratios as long as the ratios are <1 (20:20). Only the two
peaks corresponding to the D-band (1342 cm™') and the G-band
(1580 cm™!) of the GNS are detected. Their relative intensities
remain almost constant, i.e., Ip/Ig = 1.1. Spectral change happened to
the 20CNT—10GN paper. The D-band loses intensity evidently, and
the Ip/I declines to 0.85. This is a typical feature of CNTs as there
are less defect sites in them [30,31]. These results corroborate those
of SEM, i.e., there are more CNTs in the 20CNT—10GN paper, and the
CNTs are mostly wrapped with the GNS.

3.2. Electrochemical characterization of the hybrid papers

The interactions between Li and the papers (intercalation and
de-intercalation) were first characterized wusing a cycle-
voltammetry (CV) method. The characterization employed the
hybrid paper as electrodes in 1.0 M LiPFg electrolyte and with
lithium sheet as the counter and reference electrodes. CV curves of
the 6.5CNT—20GN and the 20CNT—10GN papers are shown in
Fig. 4. There is no big difference between the two types of curves.
During the first discharge (intercalation of Li), a peak appears at
~0.69 Vand ~0.59 V in the 20CNT—10GN curve and the 6.5CNT—
20GN curve, respectively. Both peaks are corresponding to the solid
electrolyte interphase (SEI) formation on the anode surface [32].
Such peaks are not detected in the following cycles. The peak close
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Fig. 2. SEM images of the CNT—GN papers: (a) and (b) top views of the 6.5CNT—20GN and 20CNT—10GN papers, respectively; (c) and (d) cross-sections of the 20CNT—20GN and

20CNT—10GN papers, respectively.
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Fig. 3. Raman spectra of the CNT—-GN papers.

to 0 V corresponds to lithium intercalation into the GNS and the
CNTs, a typical feature of Li—carbon interaction [33]. Nevertheless,
it is worth noting that a peak at ~0.17 V appears in the 20CNT—
10GN curve but not in the 6.5CNT—20GN curve. This peak
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Fig. 4. Cyclic voltammetry curves of the 6.5CNT—20GN (a) and the 20CNT—10GN (b)
papers.

remains a weak intensity in the second and third cycles, and can be
ascribed to lithium intercalation into the graphene layers like the
disordered carbon material due to the structural defects in some
basal planes of carbon nanosheets in the graphene paper [10,33].
Obviously, the presence of CNTs brings more defects into the paper.

Battery performances of the hybrid papers were tested at
100 mA g~ ! and are shown in Fig. 5. The specific capacities of the
CNTs (with the powder based CNTs pasted on a copper current
collector) are only between 200 and 160 mAh g~ in the first 100
cycles, as shown in Fig. S3. A 0.15 mg graphene paper (without
CNTs), which was fabricated by assembly of graphene oxide
nanosheets followed by an annealing at 800 °C, exhibits the
reversible specific capacities >250 mAh g~ in the first 50 cycles.
The capacities of the 6.5CNT—20GN hybrid paper are considerably
lower than those of the graphene paper, e.g., the reversible specific
capacities are between 180 and 150 mAh g~! in the 50 cycles. At
higher CNT/GN ratios, higher capacities are gained, i.e., in the first
50 cycles, the capacities were kept at ~250 mAh g~! for the
20CNT—20GN paper and >330 mAh g~! for the 20CNT—10GN pa-
per, respectively. The >330 mAh g~ ! capacities are very close to the
theoretical capacity of graphite, i.e., 372 mAh g,

Considering that battery performance of graphene paper is
strongly dependent on paper thickness, we further compared the
performances of the graphene paper (0.15 mg) and the 20CNT—
10GN paper (0.13 mg). As shown in the inserted panel, the capac-
ities of the hybrid paper are ~100 mAh g~! higher. Obviously, it is
reasonable to conclude that the CNT—GN hybrid paper has higher
battery performances than graphene paper does when the loadings
of CNT and GN are properly adjusted, and the presence of CNTs
plays a major role.

3.3. Characterization of the tested papers

The papers still preserve high strength and flexibility after cy-
cles. SEM images of the tested 20CNT—20GN and 20CNT—10GN
papers are shown in Fig. 6. Big changes are observed on the sur-
faces of both papers, and the changes are also obviously related to
the CNT/GN ratios. The 20CNT—20GN surface is covered with tiny
particles and some CNTs. The particles are also found on the surface
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Fig. 5. Electrochemical characterization of the CNT—GN papers as anode tested at a
current rate of 100 mA g~': (a) 20CNT—10GN; (b) 20CNT—20GN; (c) graphene paper;
(d) 6.5CNT—10GN.
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Fig. 6. SEM images of the CNT—GN papers after tests: (a) the 6.5CNT—20GN paper; (b)
the 20CNT—10GN paper.

of tested graphene papers [34]. Obviously, this results from GNS—
electrolyte interactions. In contrast, the 20CNT—10GN surface is
mainly covered with CNTs and the particles become even smaller.
Accordingly, it can be suggested that during the process of lithium
intercalation and decalation, the paper surface has broken down
and more CNTs are accessible to Li ions.

Raman spectra of the tested papers are shown in Fig. 7. As
compared to the untested 6.5CNT—20GN spectrum, no evident
changes are observed in the spectra of the tested 6.5CNT—20GN
and 20CNT—20GN paper. For the tested 20CNT—10GN spectrum,
the intensity of the D-band is enhanced and is slightly over that of
the G-band, indicating that more defect sites are created during
battery performance. This is consistent with the SEM images in
Fig. 6, i.e., the paper surface has broken down.

Following all these characterizations, the intrinsic factors that
make major contribution to the improved battery performances of
the CNT—GN hybrid papers can be approached. Powder based
graphene, as a result of its open structure and hence high surface
area, exhibits higher capacities than graphite does, offering
reversible specific capacities higher than 400 mAh g~ ! [34].
However, this unique feature is lost when the GNS are assembled
into graphene paper, in which they are closely stacked. Thus, access
of electrolyte to ALL the GNS is restrained and consequently, a
barrier for Li diffusion into the GNS is established, leading to lower
specific capacities of graphene papers. This situation holds for the
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Fig. 7. Raman spectra of the CNT—-GN papers after test.

CNT—GN hybrid paper when CNT content is relatively lower. In such
hybrid papers, the CNTs are wrapped with GNS and hence, are hard
to be accessible to Li and are of little contribution to Li storage. On
the other hand, at higher CNT content, the CNTs are distributed
throughout the GNS, effectively preventing restacking of the GNS.
This allows more effective contact between the GNS and the elec-
trolyte. Such an “open structure” of the hybrid papers, in turn, also
enables more effective CNT—electrolyte contact, allowing Li to be
stored in the CNTs. Notice CNTs are also a potential anode material
for LIBs. These two facts explain the improved capacities of the
hybrid papers.

Finally, for being complete, it is worth noting that the capacities
can be even higher when more CNTs are introduced. However, this
inevitably diminishes the mechanical strength of the hybrid paper,
a situation that is not our primary purpose and we tried to avoid in
this study. Nevertheless, a recent study proved that chemical
functionalization of graphene will help maintain the mechanical
strength of the graphene—CNT papers. Su et al., developed a novel
approach toward highly conductive free-standing graphene/CNT
composite films via an in situ thermolysis of functionalized gra-
phene/organic cobalt complexes [35]. By combining 1D-CNT and
2D-graphene, a synergistic effect can be established for the hybrid
materials. They also anticipated their potential applications in en-
ergy storage devices.

4. Conclusion

Graphene—carbon nanotube hybrid papers can be fabricated by
the vacuume-assisted filtration of a mixture of GNS and CNTs sus-
pended in water. The hybrid papers possess mechanical strength
and flexibility that are comparable to those of graphene papers.
Battery performances of these papers are highly dependent on the
CNT/GN ratios. Highest performances are obtained in the 20CNT—
10GN paper, which exhibits reversible capacities >330 mAh g~
in the first 100 cycles at a current rate of 100 mA g~ L. In contrast, the
capacities of the graphene paper of equal mass are only
~250 mAh g~ 1. The presence of the CNTs plays a key role in the
electrochemical performances of the hybrid papers. They effec-
tively prevent restacking of the GNS, increase cross-plane electric
conductivity of the paper and store Li. The graphene—CNT hybrid
paper has a high potential to be used as collector and binder free
anode for lithium ion batteries.
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