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Abstract In this work, porous NiO microspheres intercon-
nected by carbon nanotubes (NiO/CNTs) were successfully
fabricated by the pyrolysis of nickel metal-organic framework
precursors with CNTs and evaluated as anode materials for
lithium-ion batteries (LIBs). The structures, morphologies,
and electrochemical performances of the samples were char-
acterized by X-ray diffraction, N, adsorption-desorption, field
emission scanning electron microscopy, cyclic voltammetry,
galvanostatic charge/discharge tests, and electrochemical im-
pedance spectroscopy, respectively. The results show that the
introduction of CNTs can improve the lithium-ion storage per-
formance of NiO/CNT composites. Especially, NiO/CNTs-10
exhibits the highest reversible capacity of 812 mAh g ' at
100 mA g ' after 100 cycles. Even cycled at 2 A g, it still
maintains a stable capacity of 502 mAh g after 300 cycles.
The excellent electrochemical performance of NiO/CNT com-
posites should be attributed to the formation of 3D conductive
network structure with porous NiO microspheres linked by
CNTs, which benefits the electron transfer ability and the
buffering of the volume expansion during the cycling process.

Keywords Metal-organic frameworks - NiO/CNTs - Anode
materials - Lithium-ion batteries - 3D conductive network
structure
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Introduction

Lithium-ion batteries (LIBs) have been widely used as power
sources in consumer electronics such as cellular phones,
laptops, and full and hybrid electric vehicles due to their long
cycling life, high energy capacity, and environmental friend-
liness [1-3]. However, the current commercial graphite ex-
hibits the limited theoretical capacity of 372 mAh g~ ', which
cannot meet the increasing demand of LIBs [4, 5]. Therefore,
substantial efforts have been developed to explore suitable
electrode materials for LIBs with high capacity and long cycle
life.

Recently, fabrication of various nanostructured transition
metal oxides (TMOs), such as nanorods [6], nanoflowers
[7], nanosheets [8], and urchins [9], has been developed for
excellent anode materials owing to their higher theoretical
capacities and energy densities compared to graphite. The
motivated construction not only effectively accommodates
the volume change during cycling process, but also improves
the lithium-ion diffusion and storage performance [10, 11].
Many methods have been explored to synthesize nanostruc-
tured TMOs over the last few decades. Thereinto, metal-
organic frameworks (MOFs), a class of crystallized polymeric
porous materials consisting of metal ions or clusters with
organic bridging ligands [12, 13], have been served as the
effective precursors to form nanostructured TMOs by thermal
decomposition [14, 15]. The TMOs derived from MOFs al-
ways reveal satisfied performance and have been widely ap-
plied in catalysis [16, 17], biomedicine [18], supercapacitors
[19,20], LIBs [21, 22], etc., due to their hierarchical structures
and high surface areas. Among various TMOs for LIBs, NiO
has attracted much attention because of its high theoretical
capacity (718 mAh g '), low cost, environmental benignity,
and abundance [23-25]. For example, porous NiO was
fabricated by solid-state thermolysis of Ni-MOF for LIBs
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and exhibited a high initial capacity of ~ 800 mAh g '
at 100 mA gf1 [26]. Mollamahale et al. reported that
NiO nanoflowers used as anodes for LIBs displayed a
reversible capacity of 551.8 mAh g ' at a current den-
sity of 100 mA g ' after 50 cycles [7]. Unfortunately,
poor rate behavior and fast capacity fading are the main
obstacles for the commercialization of TMOs for LIBs,
which are mainly caused by the poor electrical conduc-
tivity and huge volume change during lithiation/
delithiation cycles [27, 28].

For this, one effective strategy used to improve the
aforementioned problems is to introduce carbonaceous
materials into TMOs for increasing the electrical con-
ductivity and the structural stability [29-31]. Among
various carbon materials, carbon nanotubes (CNTs) are
characterized as 1D tubular structure with excellent
electrical conductivity and chemical stability [32, 33].
Porous Co304/CNT composites were synthesized via the
decomposition of ZIF-67/CNTs and showed an excellent
specific capacity of 813 mAh g ! at a current density of
100 mA g ' after 100 cycles, while that of pure Co;O04
was only 118 mAh g ' [34]. Porous ZnO/CNT composites
obtained from Zn-MOFs/CNT precursors exhibited
superior lithium-ion storage performance with a high
reversible capacity of 419.8 mAh g ! after 100 cycles at
200 mA g ', while the pure ZnO sample was eventually
stabilized with a capacity of less than 200 mAh g ' [35].
Above all, introducing 1D CNTs into MOF-based NiO
should be an effective way to enhance the lithium-ion
transport and storage performance for LIBs.

In this work, MOF-based NiO/CNT composites were
fabricated by a facile hydrothermal method and subsequent
thermal treatment, in which CNTs are embedded in porous
NiO microspheres and connect them to form a 3D network
structure. Moreover, NiO microspheres are assembled by
nanoparticles, leading to the formation of abundant effective
channels for ion migration. As expected, an excellent lithium-
ion storage performance with remarkable cycling stability and
good rate capability is obtained.

Experimental section
Material synthesis

Firstly, CNTs were pre-treated by a mixture of nitric acid and
sulfuric acid (3:1), which has been described in previous re-
port [36]. In a typical synthesis, 864 mg Ni(NOs),6H,0, 3 g
PVP (K-30), and a certain amount of pre-treated CNTs
were dissolved in 60 mL mixed solution (DMF/distilled
water/ethanol = 1:1:1 v/v/v) to obtain a well-dispersed sus-
pension by ultrasonication for 1 h, followed by adding 300 mg
benzene-1,3,5-tricarboxylic acid (H;BTC). Then, the solution
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was stirred for 3 h at room temperature to form a black solu-
tion. Subsequently, the mixture was sealed into a Teflon-lined
autoclave and heated at 150 °C for 10 h. After that, the solid
product was collected by centrifugation, washed with DMF
and ethanol for several times, and dried at 80 °C for 12 h. The
as-synthesized Ni-MOF/CNTs was heated to 450 °C at a rate
of 2 °C min~" and kept for 30 min under nitrogen gas flow.
After that, the resulting black powders were treated at 350 °C
in air for 30 min with a rate of 1 °C min' to obtain the
NiO/CNT composites. The composites with different amount
of CNTs (CNTs/Ni-MOF = 5:100, 10:100, 20:100) were
labeled as NiO/CNT-5, NiO/CNT-10, and NiO/CNT-20,
respectively. For comparison, pure NiO was synthesized
through a similar process without the addition of CNTs.

Characterization

The crystalline structure of the samples was tested using an
X-ray diffraction (XRD) patterns with Cu-K«x radiation
(A = 0.154 nm). The microstructures and morphologies of
the samples were observed by field emission scanning elec-
tron microscopy (FESEM, Hitachi S-4800) equipped with a
Bruker QUANTAX-400 energy-dispersive spectrometry
(EDS). Thermogravimetric analysis (TGA) was performed
to analyze the carbon content in the composites using a
Shimadzu-50 thermoanalyzer in air with a heating rate of
10 °C min~' from room temperature to 800 °C. N,
adsorption/desorption isotherms were measured at 77 K using
an ASAP 2020 Accelerated Surface Area and Porosimetry
System (Micromeritics, Norcross, GA) based on Brunauer-
Emmett-Teller (BET) multipoint method, and the pore size
distributions were obtained from the adsorption branches
using Barrett-Joyner-Halenda (BJH) model.

Electrochemical experiments

Electrochemical performances of the products were evaluated
as anode materials of LIBs in 2032-type coin cells, using pure
lithium foil as the counter and reference electrode, Whatman
glass fiber membrane as separator, and 1 M LiPF dissolved in
dimethyl carbonate, ethylene carbonate, and ethyl methyl car-
bonate (with a weight ratio of 1:1:1) as the electrolyte.
Homogenous slurry mixed by the as-prepared samples,
Super-P, and carboxymethyl cellulose (80:10:10 w/w/w) in
deionized water was coated on a copper foil and dried in a
vacuum over at 120 °C for 24 h as the test electrode. Cycling
performances were tested in a range of 0.005-3 V by the Land
2001A battery test system. Cyclic voltammetry (CV) was car-
ried out by an electrochemical workstation (AUTOLAB
PGSTA302N) in a voltage range of 0.005-3 V at room tem-
perature. After 100 cycles, the electrochemical impedance
spectroscopy (EIS) measurements were conducted on the
same electrochemical workstation in a frequency range of
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0.1-100 kHz, and applied bias voltage and ac amplitude were
set at the open circuit voltage of the cells and 5 mV,
respectively.

Results and discussion

The facile and scalable strategy for synthesizing NiO/CNTs is
displayed in Scheme 1. Ni(NOj3),"6H,O and H;BTC were
used as metal source and organic ligand, respectively.
Firstly, the CNT surface was functionalized with electronega-
tive carboxyl groups by acid treatment, which is beneficial for
loading Ni** by electrostatic interaction in the reaction solu-
tion. Subsequently, the PVP, served as the stabilizing agent to
form a spherical structure [37], was added for the formation of
Ni-MOF on the surface of CNTs [38]. After a hydrothermal
method, CNTs were embedded in the Ni-MOFs microspheres
to form a 3D conductive network. Finally, the NiO/CNTs were
obtained from Ni-MOFs/CNTs by a simple annealing
treatment.

The crystal structures of the as-prepared samples were
characterized by XRD measurement, as shown in Fig. 1.
The peaks of pure NiO at 37.2°, 43.05°, 62.69°, 75.3°, and
79.2° are indexed to (111), (200), (220), (311), and (222)
planes of cubic NiO (JPCDS card No. 47-1049), and no other
impurity peaks are found, indicating the high purity of the
products [39]. After the introduction of CNTs, a new charac-
teristic peak at around 25.7° appears for all the NiO/CNTs and
its intensity increases with the increase of CNT content, which
corresponds to the typical (002) facet of the graphitic carbon
[40]. At the meantime, the main diffraction peaks of all the
NiO/CNT composites are similar to those of pure NiO, indi-
cating that the existence of CNTs does not result in the new
crystal orientations or changes in preferential orientations of
NiO. The calculated cell parameters and volume are shown in
Table S1. A careful observation shows that there is no obvious
shift occurring for the diffraction peak (111) of NiO and
the cell parameters of different composites are similar

Scheme 1 Schematic illustration
of the formation of NiO/CNTs
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Fig. 1 XRD patterns of NiO/CNTs and NiO

(4.1748, 4.1754, 4.1753, and 4.1753 A for NiO, NiO/CNTs-
5, NiO/CNTs-10, and NiO/CNTs-20) after the introduction of
CNTs. The slight difference of the aforementioned cell
parameters was ascribed to the uncertainties in the refinement
rather than an actual change in size [41].

To further investigate the morphologies and structures of
NiO and NiO/CNTs, FESEM measure was carried out, as
shown in Fig. 2a—d. It can be clearly observed that NiO
(Fig. 2a) derived from Ni-MOFs displays microsphere
structure (diameter 1~1.5 pwm) with rough surface consisting
of small nanoparticles, which results in abundant internal
pores for a good electrolyte infiltration. As shown in
Fig. 2b, c, after the introduction of the CNTs, the NiO micro-
spheres are connected by CNTs to form a 3D conductive
network structure. Obviously, it can be seen from the inset in
Fig. 2¢ that the CNTs are embedded in the NiO microspheres,
which would favor the fast lithium-ion transportation and
improve the structure stability during cycling process. In
addition, it can be further observed from Fig. S1 that CNTs
are not only present on the surface of the NiO microspheres
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E——)
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Fig. 2 FESEM images of NiO
(a), NiO/CNTs-5 (b), NiO/CNTs-
10 (¢) (inset shows the high-
magnification image), NiO/
CNTs-20 (d), and elemental
mapping images of NiO/CNTs-10
(e-h)

but also embedded in the NiO microspheres. However, when
the content of CNTs further increases (Fig. 2d), the excessive
CNTs agglomerate together easily and block the porous
conductive network. The elemental mapping (Fig. 2e—h)
measurement confirms that Ni, O, and C elements are
uniformly distributed in the NiO/CNTs, indicating the good
contact between NiO and CNTs. The mapping images of NiO
are also displayed in Fig. S2. It is clearly seen that the Ni and
O elements are uniformly distributed throughout the structure.

TGA measurement in air was employed to identify the
carbon content in the as-prepared composites, and the corre-
sponding curve is shown in Fig. 3. During the thermal treat-
ment in air, the huge weight loss observed from 350 to 550 °C
could be attributed to the decomposition of organic ligands
[34], while CNTs are still stable [42]. The real CNT contents
in NiO/CNTs-5, NiO/CNTs-10, and NiO/CNTs-20 are about
29.66, 37.88, and 57.32 wt%, respectively.

The specific surface areas and pore size distributions of
NiO, NiO/CNTs-5, NiO/CNTs-10, and NiO/CNTs-20 were
investigated by N, adsorption and desorption isotherms, as
shown in Fig. 4a. Obviously, both of samples show a typical
IV type with a hysteresis loop in the pressure range of
0.8 < P/Py < 0.99, demonstrating the existence of mesoporous
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structure [20, 43]. The BET surface area and the total pore
volume of NiO/CNTs-10 are 134.68 m> gfl and 0.75 cm’,
much larger than those of NiO (82.66 m?> gfl, 0.424 cm3),
NiO/CNTs-5 (87.94 m* g !, 0.476 cm?), and NiO/CNTs-20
(128.59 m> gfl, 0.676 cm3), which should promote the inter-
calation and diffusion of lithium-ion [44]. From the pore size
distribution profiles (Fig. 4b), it can be indicated that all sam-
ples possess a mesoporous structure with a main pore distri-
bution in the range of 2-40 nm, which benefits the buffering
of large volume expansion of NiO during lithium insertion/
extraction cycling [45]. It should be mentioned that the in-
crease of BET surface area with the increase of CNT content
(29.66-37.88 wt%) is ascribed to the formation of network
structure, while the BET surface area decreases as the CNT
content is further increased to 57.32 wt%, resulting in their
agglomeration, which is consistent with the FESEM image of
NiO/CNTs-20 (Fig. 2d).

As shown in Fig. 5a, b, the electrochemical performances
of the NiO and NiO/CNTs-10 composites were investigated
by CV curves within a voltage range of 0.005-3 V at a scan
rate of 0.2 mV s~'. For NiO (Fig. 5a), in the first cathodic
process, there are two obvious peaks at about 0.25 and
0.7 V, which correspond to the formation of solid electrolyte
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Fig. 3 TGA curves of NiO, NiO/
CNTs-5, NiO/CNTs-10, and NiO/
CNTs-20 at a ramping rate of

10 °C min ' from room
temperature to 800 °C
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interphase (SEI) films resulting from the decomposition
of electrolyte and the reduction of Ni** to metallic Ni,
respectively [45, 46]. However, in the subsequent cycles, the
reduction peak shifts to around 0.91 V, which agrees well with
the result reported previously [47]. In the anodic scans, there
are two peaks at approximately 1.6 and 2.25 V, which are
assigned to the partial decomposition of SEI films and the
conversion of Ni to NiO, respectively [48, 49]. The
electrochemical reaction in cycling process can be described
as follows:

NiO + 2 Li* 4+ 2 e 2Ni+ Li,O (1)

It can be found that the CV curves of NiO/CNTs-10 (Fig. 5b)
display a similar trend to those of NiO. In the first cycle, the
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peak is located at 0.33 V, which originates mainly from the
formation of SEI layer [45]. Another peak at 0.91 V can be
ascribed to the reduction of Ni?* to Ni, which is different from
that of NiO (0.7 V) and mainly caused by the synergistic effect
of both NiO and CNTs during lithiation/delithiation cycles
[36].

Furthermore, Fig. 5c, d displays the 1st, 2nd, 5th, 10th, and
20th charge-discharge curves of the NiO and NiO/CNTs-10
electrodes at a current density of 100 mA g . It can be found
that both of the electrodes deliver a large irreversible capacity
in the first cycle, which is ascribed to the formation of SEI
films due to the decomposition of the electrolyte [24, 48]. This
phenomenon is common for transition metal oxides anode
materials [32, 50]. After the first cycle, both of them display
a long flat discharge potential plateau at about 0.9 V, which is
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Fig. 5 CV curves of a NiO and b NiO/CNTs-10. Charge-discharge profiles of ¢ NiO and d NiO/CNTs-10 at a current density of 100 mA g

consistent with the CV measurement results. The NiO electrode
exhibits a high initial discharge capacity of 944.2 mAh g’
while much higher capacity of 1100 mAh g ' is achieved
for NiO/CNT-10. Moreover, the charge/discharge curves of
NiO/CNTs-10 almost overlap from the second cycle, indicating
a good cycling stability and electrochemical reversibility.

The EIS spectra of the NiO and NiO/CNT composite
electrodes were recorded after 100 cycles at the current
density of 100 mA g ', as shown in Fig. 6a. The Nyquist plots
can be fitted with an equivalent electric circuit model, as
shown in the inset of Fig. 6a. Ry in the high frequency region
is ascribed to the SEI layer. The large semicircle in the middle
frequency region is related to charge transfer resistance (R
and the straight line in the low frequency region represents the
Warburg impedance of lithium-ion diffusion [40]. The R
values of NiO, NiO/CNTs-5, NiO/CNTs-10, and NiO/CNTs-
20 are 386.9, 315.2, 66.09, and 117.7 €, implying that the R,
of NiO is remarkably improved after introducing CNTs by the
synergistic effect between imbedded CNTs and porous NiO
microspheres. However, when the content of CNTs increases
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(NiO/CNTs-20), the value of R increases, which should be
caused by the agglomeration of the excessive CNTs with poor
electrochemical activity (Fig. 2d), as observed in FESEM
image, resulting in unsatisfied kinetic performance of the
electrode [51].

Figure 6b shows the rate performance of NiO/CNT-10 at
various current densities from 0.1to 4 A g'. When the current
density increases from 0.1 to 4 A g ', the NiO/CNT-10 elec-
trode delivers average reversible capacities of 885.51, 851.20,
838.44, 777.58, 479.76, and 232.56 mAh g_l, respectively.
What’s more, when the current density returns back to
0.1 A g ', the specific capacity can be recovered to about
849.4 mAh g '. The excellent rate performance can be
ascribed to the improvement of the lithium-ion diffusion
capability and excellent structural stability at different rate
values.

Figure 6¢ displays the cycling performances of the NiO and
NiO/CNT electrodes at a current density of 100 mA g for
100 cycles. The specific capacity of pure NiO electrode drops
from 948 mAh g ' at first cycle to 122 mAh g ' after
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100 cycles, showing a poor capacity retention of 12.8%,
which should result from the huge volume changes during
cycling process and the poor electrical conductivity of NiO
[26]. In contrast, all the NiO/CNT composites show better
cycling performance and higher reversible capacity than
NiO. In particular, the NiO/CNTs-10 delivers the highest re-
versible capacity of 812 mAh g ' after 100 cycles with a

coulombic efficiency of 96%, which is superior to those of
other NiO-based electrode materials (as shown in Table S2).
Evenat2 A g ' (Fig. 6d), NiO/CNT-10 also maintains a high
reversible capacity of 502 mAh g after 300 cycles with good
cycling stability. The excellent stability and high capacity of
NiO/CNTs-10 should be ascribed to the following advantages:
(a) the introduction of CNTs can alleviate the volume change
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Fig. 7 FESEM images of NiO/
CNTs-10 electrode: a before and
b after 100 cycles at a current
density of 100 mA g '

[50, 52] and increase the electrical conductivity of NiO [36]
during cycling, resulting in excellent cycling performance;
(b) the porous structure of microspheres assembled with
nanoparticles should benefit to ion migration inside the
microspheres; and (c) high specific surface area and the 3D
network porous structure of NiO/CNTs-10 can enhance the
electrode/electrolyte contact area and shorten the Li* diffusion
distance. However, excessive CNTs (NiO/CNTs-20) can
reduce the capacity of NiO/CNTs owing to the poor electro-
chemical activity of CNTs. Therefore, a suitable amount of
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CNTs (NiO/CNTs-10) is proposed for superior electrochemi-
cal performance. In order to further explore the improved
structural stability of NiO/CNTs-10, the morphologies of
electrode material before and after 100 cycles at 100 mA g
were characterized by FESEM, as shown in Fig. 7a, b. It can
be found that NiO/CNTs-10 still maintains the microsphere
structure of NiO after 100 cycles, implying the excellent
cycling stability and good rate performance. However, the
microspheres are covered with a thin SEI layer, resulting in
their fuzzier surface. The FESEM image of NiO electrode is
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also characterized at the same condition. As shown in Fig. S3,
almost of all NiO microspheres have been obviously agglom-
erated together and collapsed, indicating the fast capacity
fading.

To further investigate the kinetic behavior during the
lithium-ion storage process, CV tests of NiO/CNTs-10 with
different scan rates (from 0.2 to 1 mV s ') were carried out, as
shown in Fig. 8a. On the basis of previous reports, lithium-ion
storage behavior generally includes two components:
diffusion-controlled contribution and capacitive effects [53].
According to the power-law relationship in Eq. (2) [54]:

i=a’ (2)

where a and b are the parameters and the b value is determined
by the slope of the log v versus log i plot. When the value of b
is close to 0.5, the reaction is mainly controlled by a diffusion-
controlled process, whereas b near to 1.0 represents that the
system is dominated by capacitive effects [55, 56]. Figure 8b
shows the plots of log v versus log i at oxidation (about 2.3 V)
and reduction processes (about 0.9 V) of the CV curve. The b
values are calculated to be 0.93 and 0.74 for the oxidation and
reduction process, respectively, indicating that the lithium-ion
storage of NiO/CNTs-10 mainly comes from capacitive
behavior. In addition, we further quantified the capacitive
contribution according to the Eq. (3) [53, 56]:

i:k1v+k2v1/2 (3)

where kv and k"2 correspond to the current contributions
from the capacitive effects and the diffusion-controlled
process, respectively. Figure 8c shows that k; is determined
by the slope through plotting i/v'* versus v'?. Therefore,
both capacitive and diffusion contributions are obtained, as
shown in Fig. 8d. It is found that the capacitive contributions
of NiO/CNTs-10 are 77.15, 80.25, 82.47, 87.95, and 90.21%
as the scan rate increases from 0.2 to 1.0 mV s~ ', showing that
the capacitive capacity is improved with the increase of scan
rate. This is indicating that NiO/CNTs-10 possesses an excel-
lent cycling performance at high current density and superior
rate capability.

Conclusions

In summary, the NiO/CNT composites were successfully
synthesized through thermal treatment Ni-MOFs/CNT
precursor and their lithium-ion storage performances were
evaluated. The results reveal that NiO/CNT composites exhib-
it excellent cycling stability and high specific capacity mainly
due to the synergistic effect between NiO and CNTs as well as
the 3D network porous structure. A maximum capacity of
812 mAh g ' after 100 cycles at 100 mA g is achieved for
NiO/CNTs-10. Even at 2 A gfl, a capacity of 502 mAh g~ is

still kept after 300 cycles. The results show that NiO/CNT
composites are attractive as potential anodes for LIBs.
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