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a b s t r a c t

Carbon-based materials have been proposed as current collectors for lithium ion batteries (LIBs), how-
ever few of them have successfully integrated sp2 carbon and reach in sp3 carbon into one monolithic
structure: in a way that sp2 carbon is responsible for electron transfer and sp3 carbon is capable for a high
loading of active materials. Here we report an in-situ growth of a nitrogen-doped carbon nanotube
(NCNT) on a three-dimensional (3D) graphene network. The proposed structure (NCNT-3DG) is a bio-
inspired nanomaterial with a design of a “natural forest”. The in-situ growth of NCNT on 3D graphene
guarantees a fast electron transfer between NCNT and 3DG. The hydrophilic nature of NCNTs insures a
high loading of the active materials, such as Li4Ti5O12 (LTO). The designed LTO-NCNT-3DG electrode
achieves an active materials loading of 74wt% of the overall electrode mass, compared to about 20wt%
on traditional metal foil and 55wt% on other reported carbon current collectors. Such a hybrid electrode
delivers a higher specific capacity of 158mAh g�1 at 5C. The specific capacity retains 94% after 2000
cycles at 10 C. The proposed NCNT-3DG current collector is a novel strategy for fast charging LIBs.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Lithium ion batteries (LIBs) with fast charging capability
received a lot of attentions due to the fast development of electric-
vehicles and renewable energy sources [1,2]. However, the fast
charging LIBs also face challenges such as low energy density, low
charging efficiency and safety concerns [3]. It is well known that the
rate performance of an LIB is largely related to the ionic and elec-
tronic transport kinetics of the electrode material used in the LIB
[4,5]. To address these challenges, many efforts have been devoted
to research and development of high power anode or cathode
materials [6e8], safe electrolytes [9] and advanced separators
[10,11]. Unfortunately, less attention has been paid to study next
generation current collectors, which indeed can help improving the
rate performance of LIBs. An ideal current collector for a fast
charging LIBs, is expected to reveal properties such as high elec-
trical conductivity, good electrochemical stability, lightweight,
l and Materials Engineering,
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mechanical robustness, and high loading capacity of the battery
activematerials. Thesemerits could potentially decrease the overall
mass of the battery cell and reduce the overall resistance, resulting
in an improved energy density and power density of the battery cell
and in a safer device. Based on the configuration of traditional
current collectors, the plausible way to achieve fast charging
capability is to either reduce the active materials loading by thin-
coating, or to shrink the length of lithium ion diffusion pathway
through nano-engineering. Nonetheless, both approaches show
their limitations in achieving a high loading of active materials. For
example, increasing the loading of active materials results in an
impeded electron transport between the active materials and the
current collector. Nano-sized active materials also tend to
agglomerate in order to reduce the surface energy [4], especially in
high loading where chances are higher for one nanoparticle to
contact with others.

Recently, porous current collectors have been proposed to
improve the electrical conductivity of the overall electrode by
shortening the electron pathway between the active materials and
the current collectors [12e15]. Carbon materials such as carbon
nanotubes (CNTs) [16,17], graphene [6e8,18], and graphene-CNT
hybrid [19e23] have demonstrated great promise for this
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application. Compared to their metal counterparts, carbon-based
current collectors are lightweight, porous and flexible. However,
they either lack of high electrical conductivity due to the highly
defective structure (especially in chemically derived graphene ox-
ide) bearing high junction contact resistance, or they have a low
activematerials mass loading due to the unfavorable surface energy
of their low-defect structure to active materials (known for gra-
phene synthesized by chemical vapor deposition (CVD)). In fact, it is
a challenge to concurrently obtain high electrical conductivity and
high mass loading of the active materials by using a single carbon
material, which atoms are usually either sp2 or sp3 bonded domain.
For the carbon with sp2 bonding domain structure (such as good
quality graphene or metallic carbon nanotubes), a high electrical
conductivity is expected [24,25]. However, the hydrophobic nature
of such a structure prevents it from interacting with battery active
materials, which are mostly hydrophilic. This leads to a low mass
loading and non-uniform distribution of the active battery mate-
rials [26]. On the other hand, the carbon with sp3 bonding domain
structure provides active sites to achieve a high loading of the
battery active materials, but the poor electrical conductivity of sp3

carbon hinders such materials to achieve a high rate performance
[27]. Therefore, it is reasonable to believe the integration of two or
more types of carbon materials, each with either sp2 and sp3

bonding, can achieve high electrical conductivity and high mass
loading of active materials at the same time. It is also important to
insure the contact resistance between different carbon structures
remains minimum. This will enable seamless contact between
different carbonmaterials (by in-situ grown of one on the another),
thus making such an approach more favorable than simple physical
mixing of different materials.

Herein, we propose a nitrogen-doped CNT-three-dimensional
graphene (NCNT-3DG) hybrid structure with amphiphilic (hydro-
phobic and hydrophilic features within the same structure) and
bio-inspired features, working as a current collector for loading the
battery active materials. Here, we use Li4Ti5O12 (LTO) to exemplify
the potential of the proposed hybrid structure. LTO is considered a
good anode materials candidate for fast-charging LIBs, because it
has excellent cyclability with almost no volume expansion during
the process of lithiation[28e30]. Moreover, its high operating
voltage, i.e. 1.55 V (vs Li/Liþ), makes it safe for high current rates as
compared to graphite operating around 0.1 V [30]. However, LTO
suffers from a low electrical conductivity (<10�13 S cm�1) at room
temperature [31], therefore the NCNT-3DG current collector is
proposed to address this issue. The distinctive differences between
this proposed hybrid structure and other CNT/Graphene compos-
ites are: (1) The 3DG is a monolithic structure that ensures a fast
long-range electron transfer. It also contributes to a good me-
chanical robustness that allows the 3DG to be used in a free-
standing form. In such a configuration, the current collector,
binder, and conductive additives that are used in traditional elec-
trode design are embedded into one free-standing 3DG structure,
allowing for an easy electrode fabrication; (2) NCNT assembling
with the 3DG is achieved by in-situ CVD growth, thus the contact
resistance between NCNT and 3DG is expected to substantially
reduced compared to hybrid materials prepared by simple physical
mixing; (3) Unlike other carbon current collectors prepared by
filtration [7,19,22,23], the great porosity of the proposed hybrid
structure enables a high loading of battery active materials without
a risk of delamination. The studied in this work NCNT-3DG current
collector has a lightweight nature (areal density of 0.7mg cm�2)
compared to the commonly used metal current collectors
(Al ~ 7mg cm�2 and Cu ~ 8mg cm�2). The proposed hybrid carbon
structure employed as a current collector in LIBs allows to achieve a
high ratio of active materials loading (ratio of the mass of active
materials to the mass of the overall electrode). This approach
helped us to solve simultaneously the issues with high interfacial
resistance and low mass loading of active materials found in
traditional current collector and other reported carbon current
collectors. All this makes the proposed hybrid electrode very
promising to be a novel strategy for fast ions and electrons transfer
in high power LIB with an improved mass loading of active
materials.
2. Experimental section

2.1. Synthesis of nitrogen-doped carbon nanotubes-three-
dimensional graphene (NCNT-3DG) hybrid structure, and of carbon
nanotubes-three-dimensional graphene (CNT-3DG)

High quality (sp2-bonding domain) 3D graphene (3DG) was
synthesized through a chemical vapor deposition (CVD) process,
which was described elsewhere [32]. A mixture of 5.5 g polystyrene
(Sigma Aldrich, 210000 MW.), plasticizer diethylene glycol diben-
zoate (DEGD, Sigma Aldrich) (1.75mL), 40 g nickel powder, and
40mL toluene was prepared as a slurry and knife-cast to make a
nickel powder/polymer thin film as a CVD catalyst precursor for
synthesis of 3DG. The 3DG was then used as a substrate to syn-
thesize nitrogen-doped CNT with defects having sp3-nature.
NiCo2O4 flake-like nanostructures and acetonitrile (C2H3N) were
used as catalyst and precursor, respectively, for CVD synthesis of
nitrogen-doped CNT at 780 �C. The NiCo2O4 nanoflakes were
anchored on the 3DG by air annealing the obtained nickel-cobalt
binary hydroxide (NiCoOH) synthesized through a solvothermal
process. This procedure included first preparation of a mixture
consisted of 0.6mmol of Ni(NO3)2 ,6H2O, 1.2mmol of Co(NO3)2
,6H2O, and 1.8mmol of urea dissolved in different ratio of ethanol
aqueous solution (pure DI water, DI water:ethanol¼ 4:1, and pure
ehanol) (40mL). Then, the 3DG was immersed in the solution and
then sealed in a Teflon-lined stainless-steel autoclave for con-
ducting a solvothermal reaction at 126 �C that lasted 3 h forming
NiCoOH compound. After this, the 3DG with NiCoOH were air
annealed at 350 �C for 5min to transfer NiCoOH into NiCo2O4
nanoflakes. Synthesis of nitrogen doped CNTs on the 3DG was
conducted in a tube furnace (FirstNano, ET1000). The produced
NiCo2O4-3DG was heated up to 780 �C under Ar (1000 sccm), then,
100 sccm of C2H3N was introduced for 60min. Lastly, the sample
was cooled down to room temperature at a rate of ~100 �C min�1

under Ar (1000 sccm). The final N3DG-CNT was produced by
etching out nickel and cobalt with a 3M HCl at 60 �C for 12 h. The
obtained NCNT-3DG hybrid material was washed with DI water to
remove the residual acid. The procedures to synthesize the control
sample of CNT-3DG were similar with those of practiced for NCNT-
3DG, with one difference that ethylene was used as a carbon pre-
cursor instead of acetonitrile.
2.2. Synthesis of Li4Ti5O12/NCNT-3DG (LTO-NCNT-3DG) and
Li4Ti5O12/3DG (LTO-3DG)

Both the 3DG and the NCNT-3DG are proposed here to work as
current collector in anode. LTO-NCNT-3DG and LTO-3DG were
prepared by a hydrothermal process [6]. In a typical procedure,
1.7mL of 30% (wt/wt) hydrogen peroxide, 40mL of 0.4M LiOH, and
3mmol of titanium tetraisopropoxide were mixed and stirred for
1 h. The NCNT-3DG and the 3DGwere immersed in themixture and
then sealed in a 100mL Teflon-lined stainless autoclave for con-
ducting a hydrothermal reaction at 130 �C that lasted 12 h. After
hydrothermal treatment, the as-prepared composites were washed
with distilled water and then dried in an oven at 80 �C. The ob-
tained composites were finally annealed at 550 �C for 6 h in argon.
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2.3. Materials characterization

Scanning electron microscopy (SEM) (FEI XL30, 15 kV), Raman
spectroscopy (Renishaw inVia, excited by a 514 nm Ar-ion laser
with a laser spot size of ~1 mm2), and TEM (FEI CM20, 300 kV) were
used to characterize the 3DG, the NCNT-3DG, the LTO-3DG and the
LTO-NCNT-3DG samples. Surface wettability of the 3DG and the
NCNT-3DG were examined by using a contact angle instrument
(Kruss, DSA100). Van der Pauw method (Keysight Technologies
34460A) was employed for electrical measurement of the samples
[33]. Four terminals of the probe were slightly compressed on the
surface of the samples having dimensions of 2 cm� 2 cm. The
electrical conductivity was calculated based on the thickness of the
samples, which were measured with a micrometer. X-ray photo-
electron spectroscopy (XPS) (VG Thermo-Scientific MultiLab 3000
ultra-high vacuum surface analysis system) was done using an Al
Ka source of 1486.6 eV excitation energy. The X-ray diffraction
(XRD) patterns were collected using a Philips X'Pert Pro (PW3040/
00, PANalytical) instrument with a step size 0.02� at 0.95 s/step. The
scan range was set from 10� to 80� (in 2q) with a Cu-tube operated
at 45 kV and 40mA. The mechanical tensile property was evaluated
at 25 �C by using Instron 5948 testing instrument. The test samples
were cut into 40mm� 5mm� ~0.05mm band-like shape samples
by laser and gripped by two pneumatic clips. The distance between
two pneumatic clips was 25mm and the strain rate was
1mmmin�1.

2.4. Electrochemical performance measurements

The LTO-3DG and LTO-NCNT-3DG anodes were cut into circular
pellets of 12mm diameter and used as anodes without adding any
conductive additives or binders. The loading mass of LTOwas about
2mg cm�2 for both LTO-3DG and LTO-NCNT-3DG. The electrolyte
was prepared by mixing 1.0M LiPF6 in ethylene carbonate/
dimethyl carbonate (1:1 by volume). The volume of the electrolyte
was 40 mL in all assembled cells. A 2032 type stainless steel coin cell
was used to assemble a test cell. A lithium metal foil with a
diameter of 15mm was deployed as a counter electrode and
microporous polypropylene film (Celgard, 2400) as a separator. The
coin-type cell was assembled in an Ar-filled glovebox (Omni Lab,
VAC). A galvanostatic charge-discharge instrument (BST8-MA MTI)
was used to characterize the performance of the battery coin cell.
Cyclic voltammetry (CV) studies were carried out on an electro-
chemistry workstation (Gamry, Interface 1000) from 1.0 V to
2.5 V at different scan rates. The coulombic rate set for cell tests was
referred to the mass of LTO in the working electrode and varied
from 0.5C to 30 C. The charge-discharge voltage range was in the
range of 1.0e2.5 V. The electrochemical impedance spectroscopy
(EIS) were conducted by using an electrochemical workstation
(Gamry, Interface 1000) at room temperature and carried out at an
open-circuit potential in the frequency range between 100 kHz and
0.01 Hz. All the capacity values were calculated based on the mass
of LTO.

3. Results and discussion

3.1. Synthesis and characterization of NCNT-3DG

Conventional fabrication of electrodes for batteries requires
metal current collectors such as Al/Cu foil used as a substrate in the
slurry-casting process. However, the traditional metal current col-
lector faces two main shortcomings (Fig. 1a). First, using metal
current collector enlarges the electrons transporting distance be-
tween the metal current collector and the slurry layer of active
materials. Second, a heavy metal current collector, resulting in a
low active materials/the overall electrode (wt %), hardly contributes
to the specific capacity of the whole cell. Therefore, a porous carbon
current collector, as a freestanding 3DG material (Fig. 1b) without
using any binder and conductive additive, is proposed towork here.
Such a material behaves as a continuous, three-dimensional, strong
mechanical scaffold which ensures a good long-range electrical
conductivity [32,34]. However, despite the excellent electrical
conductivity and goodmechanical robustness of 3DG, it possesses a
hydrophobic surface which creates difficulties to achieve a uniform
dispersion of the active materials. The agglomeration of the active
materials causes a longer ions diffusion length and a worse short-
range electrical conductivity. The proposed amphiphilic NCNT-
3DG hybrid material (Fig. 1c) shows advantages over the metal
current collector and the 3DG, because it (i) prevents the agglom-
eration of active materials to shorten the ions diffusion length in
the electrode by the hydrophilic nitrogen-doped CNT, (ii) increases
the active materials loading per the overall electrode (wt %), and
(iii) reduces the electrons transport length from the active mate-
rials to the overall conductive network by improved short-range
electrical conductivity. Moreover, nitrogen (N) doping has higher
electronegativity (3.5) compared to that of carbon (3.0), which is an
effective way to increase electrical conductivity and wettability
[35]. It is expected that N doping in NCNT-3DG structure can further
improve the electronic conductivity and ions diffusion over the
whole electrode structure. The thickness of 3DG and NCNT-3DG
measured by a micrometer is about 15 mm after compressing by a
hydraulic load of 1.13MPa. The measured electrical conductivity of
the NCNT-3DG (421 S cm�1) is much higher than the pristine 3DG
(265 S cm�1). This indicates that the nitrogen doping playing a
positive role to improve the electrical conductivity, which has also
been observed by others [36e38]. The overall structure of the
NCNT-3DG is bio-inspired and can be illustrated in Fig. 1d. The
hydrophobic sp2 bonding domain 3DG scaffold mimics the “forest's
trunk roots” for long-term electron transfer over the whole struc-
ture, whereas the hydrophilic sp3 bonding domain NCNT resembles
the “crowns with branches of the trees within the forest” and
serves as a platform for growth of battery active materials. The
latter are compared here as “leaves”.

The fabrication procedure used for the synthesis of the NCNT-
3DG is illustration in Fig. 2a. First, the monolithic 3DG was pre-
pare by CVD [32]. The obtained porous 3DG was immersed into an
ethanol aqueous solution with Ni(NO3)2 ,6H2O and Co(NO3)2
,6H2O for conducting a solvothermal reaction and forming a
NiCoOH-3DG. The latter was dried, followed by calcinations in air to
convert NiCoOH to NiCo2O4. The crystallographic structures of the
3DG, NiCoOH-3DG, and NiCo2O4-3DG were analyzed by XRD, as
shown in Fig. S1. All three patterns revealed strong diffraction peak
at 26.5� due to the presence of graphene flasks in the composite [8].
The diffraction peaks of the NiCoOH-3DG can be indexed as a-
Ni(OH)2 (JCPDS No. 38e715), and as a-Co(OH)2. [39] The NiCo2O4-
3DG can be indexed as spinel NiCo2O4 (JCPDS Card No. 20e0781)
[40]. Finally, the NCNT-3DG hybrid structure was synthesized by
CVD. The morphology of the “as-prepared” products during each
preparation step have been studied by SEM and the results are
displayed in Fig. 2a. The NCNTs occupy the void space within the
3DG structure, therefore, expected to increase surface area that is
critical for high loading of active materials. To prove the increased
hydrophilicity of the obtained hybrid material after the NCNT
growth within the 3DG, we conducted a contact angle test for 3DG
and NCNT-3DG using water droplets. As displayed in Fig. 2b, the
measured contact angle of NCNT-3DG (59.2�) is smaller than that of
3DG (132�). This phenomenon indicates that NCNT-3DG samples
are more compatible with aqueous solution which are used to
synthesize active materials on the 3DG and NCNT-3DG. In addition,
the nitrogen induced defects within in the CNTs provide higher



Fig. 1. Schematic illustrating of different growth patterns of active materials on (a) traditional metal current collectors, (b) 3DG and (c) the nitrogen-doped CNT-3DG hybrid (NCNT-
3DG). (d) Bio-inspired structure of NCNT-3DG with active materials. (A colour version of this figure can be viewed online.)
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chemical reactivity nucleation sites. The presence of both CNTs and
the nitrogen induced defects is critically important for creating a
good platform for uniform deposition of active materials and
smooth electron transport across the whole structure. For empha-
sizing this, contact angle measurements on the surface of CNT-3DG
has been conducted (Fig. S2). The latter proved that the contact
angle of CNT-3DG (88�) is between that of 3DG and NCNT-3DG. This
suggests that the hydrophilicity of the CNT-3DG can be also placed
between that of 3DG and NCNT-3DG. As illustrated in Fig. 2c, the
freestanding NCNT-3DG hybrid material is flexible.

To control the uniform distribution of NCNT growth within the
3DG, the morphology of NiCo2O4 was tuned via tailoring the sol-
vothermal process in the solvent mixture by using different volume
ratios of water to ethanol. The corresponding morphologies of in-
situ growing NiCo2O4 for volume ratios of water to ethanol 1:0,
1:4, and 0:1, are shown in Fig. 3a, b and c, respectively. Obviously,
the solvent mixture has a significant effect on the morphology of
NiCo2O4. It has been already reported that both the dielectric
constant and viscosity of the solvent used in a solvothermal process
affect the morphology of NiCo2O4 crystals grown [41e43]. In gen-
eral, a solvent with lower dielectric constant has been found to
reach higher supersaturation and better ion diffusion capabilities,
thus allowing more even coating of NiCo2O4 on 3DG. While sol-
vents with higher viscosity greatly suppress the anisotropic growth
of crystals on graphene [41,43]. Ethanol has a lower dielectric
constant compared to the water, however ethanol has a higher



Fig. 2. (a) The illustration of the fabrication process of the NCNT-3DG with top-view SEM images of 3DG, NiCoOH-3DG, NiCo2O4-3DG, and NCNT-3DG. (b) Contact angle test of 3DG
and NCNT-3DG using a water droplet. (c) A photograph of the freestanding and flexible NCNT-3DG. (A colour version of this figure can be viewed online.)
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viscosity [42]. As shown in Fig. 3a, when pure DI water was used as
a solvent, the “as-grown” NiCo2O4 was unevenly deposited on the
3DG with some cabbage-like microsphere morphology consisted of
the nanoflakes with about several hundred nm diameter. However,
when solvent pure ethanol was used as a solvent, significant
morphological changes have been observed (Fig. 3c). The NiCo2O4
nanoflakes grown in pure ethanol uniformly cover the 3DG, with
cabbage-like microspheres composed of 20 nm in diameter nano-
flakes. This is because the dielectric constant of ethanol (23.8) is
smaller than the water (78.4) [42], and further causing a better ions
diffusion in pure ethanol. Thus, NiCo2O4 crystals are more likely to
grow along the two-dimensional plane. However, the viscosity of
ethanol is greater than the DI water, thus suppressing the aniso-
tropic growth of NiCo2O4. As a result, the NiCo2O4 cyrstals syn-
thesized in pure ethanol were not perfectly uniform. Therefore, an
ethanol-water mixture of 4:1 was chosen to offset the viscosity of
the solutionwhile maintaining a relative low dielectric constant. As
shown in Fig. 3b, the NiCo2O4 nanoflakes with similar dimensions
grew evenly and vertically on the 3DG. The growth mechanism of
the NCNTs in this case of NiCo2O4 catalyst is known as tip-growth,



Fig. 3. Top-view SEM images of NiCo2O4 grown on 3DG during the solvothermal process by using different volume ratios of water to ethanol: (a) 1:0, (b) 1:4, and (c) 0:1,
respectively. Top-view SEM images of lower and higher magnification of NCNT-3DG grown on NiCo2O4 that was synthesized in: (d) (g) pure DI water, (e) (h) 4 to 1 of ethanol to DI
water ratio, and (f) (i) pure ethanol.
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and the diameter of NCNT is determined by the size of the catalyst
particles (NiCo2O4) [44]. As a consequence, the morphology of
NiCo2O4 has remarkable influence on NCNT growth. SEM images of
NCNTgrown from a NiCo2O4 catalyst prepared via pure ethanol and
pure DI water solvent are shown in Fig. 3d and g, and Fig. 3f and i,
respectively. In the case of NCNTs grown on NiCo2O4 prepared via
pure DI water, the distribution and shape of the NCNTs are not
uniform, because some NiCo2O4 aggregates are accumulated locally
on the 3DG due to lower viscosity of pure DI water (Fig. 3d, g). On
the contrary, the NCNTs grown on NiCo2O4 nanoflakes and micro-
spheres produced via pure ethanol revealed uniform growth all
over the 3DG, but the NCNTs were with various dimensions in term
of length and diameter (Fig. 3f, i). To grow uniformly distributed
NCNTs with similar diameters, the ethanol solution was modified
with 1:4 vol ratio of water to ethanol. As shown in Fig. 3e, h, the
NCNTs not only grew uniformly within the 3DG but also with
similar diameters. This structure is expected to be an ideal current
collector platform for loading of active materials. Also, the NCNTs
distribute uniformly within the 3DG structure as shown clearly in
cross-section view SEM image (Fig. S3), which is attributed to the
optimized values of dielectric constant and viscosity to cause the
even distribution of NiCo2O4 nanoflakes with similar dimensions
within the 3DG structure.

Themorphology of the NCNT-3DGwas further analyzed by TEM.
As shown in Fig. 4a, the hybrid materials consist of transparent
graphene flasks and abundant NCNTs with 20e50 nm in diameter.
From the higher magnification of TEM images (inset in Fig. 4a), the
tips of NCNTs are opened, which is expected to offer more space for
active materials. This could be the potential feature to limit the
huge volume change of silicon anode in LIB. Fig. 4b displays Raman
spectra of the 3DG and the NCNT-3DG. In general, when inter-
preting the Raman spectra of graphene, the D peak at about
1350 cm�1 usually suggests defects or carbon with sp3 bond [45].
The IG/ID ratio is reduced from 22.2 in pristine 3DG to 1.8 in the
NCNT-3DG, suggesting a higher defect concentration in the NCNT-
3DG due to nitrogen-induced defects. To confirm the surface
chemistry of the NCNT-3DG, XPS was employed, and the results are
shown in Fig. 4c and d, where all spectra were calibrated by setting
the peak in the C 1s to the sp2 carbons at 284.5 eV. The survey scan
in Fig. 4c proves that the CNTs growth with assistance of acetoni-
trile during CVD, introduces nitrogen with concentration in the
NCNTs of 2.5 at%. The high-resolution N 1s spectrum of the NCNT-
3DG (Fig. 4d) reveals four different N-doping forms including pyr-
idinic N (398.1 eV), pyrrolic N (400.3 eV), quaternary N (403.3 eV),
and N oxide (404.1 eV) [46,47]. The pyrrolic and quaternary N (also
called graphitic N) functional groups specifically have been shown
to improve the electrochemical performance of the N doped carbon
based materials [46].



Fig. 4. (a) TEM image of NCNT-3DG. (b) Raman spectra of 3DG and NCNT-3 DG. (c) XPS survey spectrum of NCNT-3DG. (d) High resolution XPS spectrum of N 1s. (A colour version of
this figure can be viewed online.)
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3.2. Preparation and characterization of LTO-3DG and LTO-NCNT-
3DG composite electrodes

The LTO-3DG and the LTO-NCNT-3DG electrodes were fabri-
cated by the hydrothermal deposition of active materials on the
3DG and NCNT-3DG followed by annealing in argon. Both 3DG and
NCNT-3DG were directly used as highly conductive networks for
electrons/lithium ions and current collectors without using any
binder, conductive additive or metal current collector. After intro-
ducing nitrogen-doped CNT, the composite became more hydro-
philic compared to the pristine 3DG, because the pronounced
wettability difference between 3DG and NCNT-3DG. As a result, the
morphologies of LTO on 3DG and on NCNT-3DG were obviously
different. Morphological features of the LTO-3DG and the LTO-
NCNT-3DG are shown in Fig. 5a and b. The 3DG shows hydropho-
bic nature that leads to agglomeration and non-uniformity of the
active materials (LTO) (Fig. 5a). To further elaborate the positive
connection between the presence of CNTs with nitrogen doping
and the distribution of active materials, samples without nitrogen
doping (LTO-CNT-3DG) have been synthesized. As shown in Fig. S4,
the morphology of LTO on the CNT-3DG is slightly more uniform
than that of the 3DG, however still with some agglomerations.
Obviously, the lack of nitrogen doped sites in the CNT-3DG causes
the LTO nanoflakes not to be deposited uniformly on the entire
nanotubes. However, the NCNT-3DG hybrid structure combining
the defective NCNT with the 3DG prevents the active materials to
agglomerate thus forming a uniform coating of LTO nanoflakes with
a few nanometers in thickness (Fig. 5b). This morphology is ideal
for achieving faster long-range and short-range electron transfer,
and faster lithium ions insertion/extraction. The NCNT-3DG pos-
sessing nucleation sites with higher chemical reactivity allows the
LTO nanoflakes to be deposited uniformly on the NCNT-3DG which
enables better contact and stronger binding between LTO nano-
flakes and the NCNT-3DG with no need of any binder. The contact
angle and electrical conductivity measurements demonstrated that
nitrogen doping of the NCNT-3DG not only increased the electrical
conductivity but also improved the wettability between NCNT-3DG
and the aqueous solution. The LTO-NCNT-3DG has been employed
as a freestanding electrode without the use of any polymeric
binders (Fig. S5). It also revealed a reasonable mechanical strength
of 6.2MPa at a strain of 1.89%. The obtained strength value suggests
that the synthesized LTO-NCNT-3DG possesses a good mechanical
stability.

The XRD pattern of the LTO-NCNT-3DG and LTO-3DG (Fig. 6a)
showed a clear peak at around 26�, which can be attributed to the
(002) reflection of 3DG in both samples. All the other peaks of the
two samples were in accordance with the cubic spinel Li4Ti5O12
(JCPDS NO.49e0207) [48], indicating a high crystallinity of the LTO
nanoflakes. Raman spectra of the LTO-NCNT-3DG and LTO-3DG
were conducted to affirm the successful synthesis of LTO on both



Fig. 5. Top-view SEM images of (a) LTO-3DG and (b) LTO- NCNT-3DG.
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NCNT-3DG and 3DG carbon nanostructured current collectors. As
shown in Fig. 6b, the two composites showed characteristic peaks
of Li4Ti5O12 observed between 100 and 1000 cm�1 [48,49]. Besides,
the peaks observed at 1350 and 1583 cm�1 were attributed to the D
and G bands of the disordered and the ordered graphitic carbons
[18,29]. The surface elemental composition of the LTO-NCNT-3DG
was confirmed by XPS analysis. The survey spectrum shows the
presence of O 1s, Ti 2p, C 1s, N 1s, and Li 1s in the composite
(Fig. S6). The high resolution XPS spectra for different species in the
LTO-NCNT-3DG are displayed in Fig. 6cef. The high-resolution scan
for Ti shows mainly two peaks from the corresponding Ti4þ species
at approximately 465 eV (Ti 2p1/2) and 459 eV (Ti 2p3/2) binding
energies (Fig. 6c) [48]. During the carbonization process, Ti4þ gets
reduced to Ti3þ which leads to improved electrical conductivity of
LTO material. A small peak belonging to Ti 3p (Ti4þ) was also
observed around 65 eV as shown in the survey spectrum in Fig. S6.
The O 1s (Fig. 6d) reveals TieO, CeO and C]O species which
represent the oxidized state of titanium and carbon in the LTO-
NCNT-3DG material respectively [29,50]. In case of C 1s (Fig. 6e),
a major peak at 284.6 eV belonging to CeC (sp2) was observed
indicating the graphitic structure of the material [50]. The other
prominent peak belongs to sp3 type carbon which includes CeN
and CeOH type of species [50]. Other small peaks in the spectrum
there correspond to C]O and COOH, respectively [50]. The N 1s
(Fig. 6f) shows three main characteristic peaks belonging to pyr-
idinic, pyrrolic and quaternary N species at approximately 398 eV,
400 eV and 401 eV, respectively [46,47]. These species, as
mentioned above in the previous XPS analysis section for the NCNT-
3DG material, have been shown to improve the electrochemical
performance by creating a greater number of electron rich active
sites in the material [46].

3.3. Electrochemical performance

To investigate the electrochemical performance of the LTO-
NCNT-3DG electrode, compare it with that of the LTO-3DG elec-
trode was performed. The NCNT-3DG was rationally designed, the
LTO-NCNT-3DG with LTO nanoflakes well anchored within the
NCNT-3DG scaffold, the electrochemical performance of the
monolithic LTO-NCNT-3DG composite is apparently facilitated. The
cyclic voltammetry (CV) curves of the LTO-3DG and LTO-NCNT-3DG
at scan rate of 0.2mV s�1 in the range of 1.0e2.5 V (vs. Li/Liþ) are
shown in Fig. 7a. LTO-3DG and LTO-NCNT-3DG electrodes both
have a pair of oxidation and reduction peaks at about 1.55 V, cor-
responding to the characteristic peaks of the reversible phase
transformation between Li4Ti5O12 and Li7Ti5O12. [6,48] It was
revealed that the potential interval between the anodic and
cathodic peaks of LTO-NCNT-3DG was 122mV, which was much
smaller than 261mV for the LTO-3DG. This signifies that the LTO-
NCNT-3DG has lower polarization due to a good electrical con-
ductivity of the overall electrode promoting the electrochemical
performance of the composite [51,52]. Moreover, the redox peak
profile of LTO-NCNT-3DG was sharper, larger and more symmetric
than that of LTO-3DG, suggesting that the redox kinetics and
reversible capacity were improved due to a faster Li ions diffusion
and a more smooth transport of electrons [8,48]. Additionally, the
CV curves of LTO-3DG and LTO-NCNT-3DG at different scan rates
are displayed in Fig. S7. It was noted that the redox peaks of both
samples demonstrate a linear relationship between the peak cur-
rents and the square root of the scan rates, suggesting a diffusion-
controlled process [8,53]. The diffusion coefficient of Li ions
calculated from the slope (K values shown in the insets of Fig. S7) of
the charge-discharge process for the LTO-NCNT-3DG was greater
than that for the LTO-3DG. This suggests a faster diffusion rate of Li
ions in the LTO-NCNT-3DG over the LTO-3DG.

The effect of the two different carbon current collectors on the
reaction kinetics of electrode performances was further studied by
electrochemical impedance spectroscopy (EIS). The related Nyquist
plots are shown in Fig. 7b. This data showed that the charge transfer
resistance of the LTO-NCNT-3DG (13.8U) was lower than that of the
LTO-3DG (30.1U), suggesting a faster Li ions charge transfer of the
LTO-NCNT-3DG. The latter could be a result of the uniform distri-
bution of LTO nanoflakes thanks to the nitrogen doping. This phe-
nomenon is in agreement with the results observed in the CV



Fig. 6. (a) XRD of LTO-3DG and LTO-NCNT-3DG, (b) Raman of LTO-3DG and LTO-NCNT-3DG. (c) XPS analysis of LTO-NCNT-3DG (c) Ti 2p, (d) O 1s, (e) C 1s, and (f) N 1s. (A colour
version of this figure can be viewed online.)
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curves. Further, the LTO-NCNT-3DG showed a smaller intercept on
the real axis than the LTO-3DG, indicating a lower electronic
resistance. This could be attributed to an improved electronic
conductivity over the whole structure because of the seamless
assebling of 3DG and NCNTs and the good attachment of the LTO
nanoflakes on the NCNTs. The integrated conductive network
(NCNT-3DG) is favorable for faster Li ions diffusion and electrons
transport, so the utilization of active materials is enhanced,
resulting in better reaction kinetics. The inset of Fig. 7b shows the
equivalent circuit for the EIS plots. Rs represents the bulk resistance
of the electrolyte, separator and the electrode, the (C1-R1) parallel
circuit segment corresponds to the second electron interface film,
electrode roughness and the inhomogeneous reaction at the sur-
face. The Rct-CPE-Zw parallel segment takes into account the
interface charge transfer process, and the Warburg diffusion
[54,55].

The galvanostatic charge-discharge behavior of the LTO-3DG
and LTO-NCNT-3DG were evaluated at different C-rates between
1.0 and 2.5 V versus Liþ/Li0, as displayed in Fig. 7c and d, respec-
tively. Both electrodes have a pair of flat plateaus, representing the



Fig. 7. Electrochemical characterization of LTO-3DG and LTO-NC NT-3DG: (a) CV curves at a scan rate of 0.2mV s�1; (b) EIS spectra. Charge-discharge profiles of: (c) LTO-3DG; (d)
LTO-NCNT-3DG at different current densities; (e) Rate performance; (f) Cycling performance at a current density of 10 C for 2000 cycles. (A colour version of this figure can be
viewed online.)
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insertion/extraction behavior of Li ions in/out LTO [8,17]. Although
the LTO-3DG and the LTO-NCNT-3DG have similar specific capac-
ities at 0.5C, with further increase of C-rate, the charge-discharge
potential plateaus of LTO-NCNT-3DG were more stable and longer
than that of the LTO-3DG. The LTO-NCNT-3DG showed a discharge
capacity of 157, 154 and 142mAh g�1 at 5, 10 and 20 C, respectively,
while LTO-3DG revealed 142, 137, and 118mAh g�1 at the corre-
sponding rates. The potential differences between charge and
discharge of the LTO-3DG and LTO-NCNT-3DG at each C-rate are
compared in Fig. S8. Obviously, the LTO-NCNT-3DG shows lower
potential differences at various C-rates, indicating higher electro-
chemical reversibility and smaller polarization. The rate perfor-
mances of the LTO-3DG and LTO-NCNT-3DG electrodes were
evaluated by increasing the charge-discharge current density
stepwise from 0.5C to 30 C at every 10 cycles. As displayed in Fig. 7e,
the LTO-NCNT-3DG delivered a capacity of 172mAh g�1 to 135mAh
g�1, with retention of 79%, when the C-rate increased from 0.5C to
30 C. In contrast, the LTO-3DG only showed a retention of 61%,
suggesting that more serious polarization occurred in the LTO-3DG.
Additional comparison of the LTO-NCNT-3DG with the LTO-3DG
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showed further superiority of the NCNTs containing electrode in
terms of high reversible capacity of 166mAh g�1 and retention of
97% that can be achieved when the C-rate is returned from 30 to
1 C. All this demonstrated an excellent high rate cycling stability
due to the reasonable combination of NCNTs and 3DG. Fig. 7f shows
the cyclic performance of the LTO-3DG and LTO-NCNT-3DG at 10 C.
The reversible capacity of the LTO-NCNT-3DG remained at 136mAh
g�1 after 2000 cycles with a capacity retention of 94%. The cycling
stability of LTO-NCNT-3DGwas also superior to the LTO-3DG, which
only delivered a reversible capacity of 83mAh g�1 with a capacity
retention of 70% under the same testing conditions. The better
cyclability of LTO-NCNT-3DG is attributed to the good mechanical
robustness of NCNT-3DG. Table 1 shows a comparison of the per-
formance for the LTO-NCNT-3DG electrode designed and created in
this work to other LTO-based electrode described in the literature
[8,17,28,31,48,49,51,53,56e59]. Most of literature does not consider
theweight of the current collector or the binder, which results in an
over-estimated LTO content in the cell. Our free-standing LTO-
NCNT-3DG electrode was made without any binder, conductive
additive, or metal current collector, thus securing a high actual LTO
content of 74wt%. This allowed to achieve a good cycle life with 94%
capacity retention after 2000 cycles at 10 C. In summary, the
improved electrochemical performance of LTO-NCNT-3DG can be
interpreting by the following factors. First, electronic conductivity
of the overall electrode is enhanced by the combination of NCNT
and 3DG, which provides a highly conductive pathway for electrons
across the whole macrostructure during high rate operation. Sec-
ond, the intimate contact between LTO nanoflakes and NCNT-3DG
mitigates the inner resistance between the two components,
which was beneficial for the observed fluent electron transfer.
Third, compared with the pristine 3DG, the NCNT-3DG with ni-
trogen doping provide a hydrophilic surface with increased
wettability. This allowed LTO nanoflakes to be deposited uniformly
on the NCNT-3DG, rather than forming the agglomeration of the
Table 1
Comparison of cycling and rate performances of the LTO-NCNT-3DG with other LTO-bas

Materials of electrodes Active materials/all componentsa in
electrode (wt %); Active materials
(mg cm�2)

Current rate (C)

LTO-NCNT-3DG 74;
2

10

LTO-N-C 98 (w/o current collector);
2

5

LTO-C 14;
1.31

5

G-LTO-CNT 62.5 (w/o carbon cloth);
/

20

LTO-rGO 76 (w/o copper foil);
/

10

LTO-C 14.8e17.5;
1.4e1.7

10

LTO 77.4 (w/o current collector);
2

10

LTO-CNT 77.5;
3.2

10

LTO 80 (w/o copper foil);
/

15

LTO-G 79.6 (w/o copper foil);
/

10

LTO-G 77.2 (w/o copper foil);
/

10

LTO-CNT 56;
/

5.7 (1A g�1)

LTO-G 77.9 (w/o copper foil);
/

0.5

a All components including active material/composite, conductive additive, binder a
~8mg cm�2.
relatively bulky LTO particles on the pristine 3DG. The uniform
distribution of LTO nanoflakes in the LTO-NCNT-3DG with higher
specific surface area not only shortens the Li ions transporting
pathway, but also reduces local current density. The resulting effect
minimizies the polarization and facilitating favorable electrode
reaction kinetic [60].

4. Conclusions

A bio-inspired, amphiphilic hybrid material consisted of
nitrogen-doped CNT-three-dimensional graphene (NCNT-3DG) has
been successfully synthesized and characterized. The obtained
material has been employed as a novel current collector for loading
Li4Ti5O12 (LTO). The NCNT-3DG current collector offers a high
electrical conductivity (421 S cm�1) that compensates the low
electrical conductivity of LTO (<10�13 S cm�1). The obtained NCNT-
3DG hybrid material provides fast electron transfer and mechanical
robustness. It also offers more hydrophilic sites though the NCNTs
for uniform loading of active materials in a monolithic structure
free of any metal current collector or binder. This hybrid material
has smaller junction resistance between NCNTand 3DG and greater
chemical reactivity nucleation sites, facilitating high mass loading
of the LTO without any delamination. The NCNTs in the NCNT-3DG
is hydrophilic, thus preventing the agglomeration of LTO which is
deposited as a uniform coating. This hybrid structure is ideal for
achieving high electrical conductivity in a long-range and short-
range term and faster lithium ion insertion and extraction. The
LTO-NCNT-3DG material showed superior electrochemical perfor-
mance, higher specific capacity, better rate performance and an
improved cycling performance compared to the LTO-3DG. Further
comparison revealed that the LTO-NCNT-3DG electrode has a lower
polarization, lower charge transfer resistance, better capacitance
retention, improved redox kinetics and reversible capacitance,
contributing to its improved electrochemical performance. The
ed electrodes in the literature.

Cycle number Initial specific
capacity (mAh g�1)

Capacity retention (%) Ref.

2000 145 94 This work

/ 153 / [48]

3000 162.5 74 [56]

10000 150 89.5 [28]

/ 175 / [8]

200 170.2 77.5 [51]

500 151.1 92.6 [31]

1200 134.3 63.5 [49]

/ 148 / [53]

1000 74.8 71.4 [57]

500 162.5 90.3 [58]

8000 103 88.8 [61]

100 177 89.8 [62]

nd current collector. Areal density of NCNT-3DG: 0.7mg cm�2, and of copper foil



Y.-Y. Hsieh et al. / Carbon 145 (2019) 677e689688
presented work here can be considered as part of the LIB com-
munity efforts to design and create the next-generation current
collector superior to the existing electrode materials.
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