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a b s t r a c t

Cellulose nanofibers (CNFs) are used to string ZIF-67 particles and interlaced Co9S8/porous carbon
composite (Co9S8/C-CNFs) is obtained via carbonization and sulphidation of ZIF-67/CNFs composites. The
CNFs can effectively limit the growth of ZIF-67 particles and avoid the agglomeration and most impor-
tantly, serve as the conductive skeleton to “bridge” carbonized ZIF-67 particles after carbonization. Due
to the unique structure and the improved conductivity, Co9S8/C-CNFs as anode of lithium-ion batteries
exhibits enhanced electrochemical properties and the specific capacity is 700mAh g�1 at current density
of 500mA g�1 after 150 cycles compared to that of 342mAh g�1 for samples without CNFs incorporation.
Such nanoscale design may boost to explore other nanocomposites for energy storage.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, lithium-ion batteries (LIBs) have brought wireless
revolution for cell phones, laptop computers and digital cameras
[1]. However, Due to the relatively low specific capacity of com-
mercial graphite anode, it was unable to meet the demands of high-
performance next-generation LIBs. As a result, it is urgent to
develop anode materials with higher energy density and longer
cycling life [2]. To this end, transition metal sulfides have showed
great potential as the anode materials for LIBs because of their high
theoretical specific capacities and excellent electrochemical activ-
ities [3,4]. Unfortunately, the severe volume expansion and low
electrical conductivity of sulfides stand in the way of their practical
applications. To solve these problems, tremendous efforts have
been devoted. In these methods, wrapping with carbon materials
has been effective for fast charge transfer kinetics and alleviating
volume expansion [5,6]. One-dimension (1D) carbon materials
have displayed desirable and fascinating electrochemical proper-
ties due to the excellent mechanical properties and good oriented
ao@njfu.edu.cn (J. Yao).
electronic/ionic transport pathway [7,8]. For example, carbon
nanotubes [9] and carbon nanofibers [10] have been used to wrap
metal sulfides and such wrapping showed enormous advantages.
Therefore, it is promising to develop metal sulfides/1D carbona-
ceous material nanocomposites as potential high-performance
anodes for LIBs. So far, the choice of 1D carbon nanofiber are
mainly carbon nanotubes and electrospinning carbon fibers, which
are expensive and low-throughput. In addition, pristine carbon
nanotubes are chemically inert and highly hydrophobic, which
makes/them difficult to be deposited on supports directly.

Natural plant cellulose can be processed to cellulose nanofibers
(CNFs) [11]. As an emerging biomass resource, CNFs with aspect
ratio up to 103 (4e20 nm in diameter) have beenwidely used in gas
barrier film [12], functional papers [13], electrochemical electrode
[14], and so on [15]. Therefore, it is advantageous to prepare carbon
nanofiber with CNFs as the carbon precursor. In addition, CNFs can
be obtained from natural plant cellulose by post treatment,
including mechanical grinding and chemistry-assisted treatment.
Among the methods of chemical-assisted nanofibrillation, TEMPO
mediated oxidation can selectively oxidize the C6 primary hy-
droxyls of cellulose to produce high-density carboxylate on the
CNFs surfaces [16,17]. These polar groups can provide abundant
binding sites for metal sulfides.

Metal organic frameworks (MOFs), have been attracted widely

https://core.ac.uk/display/343510529?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:fengyi@njfu.edu.cn
mailto:jfyao@njfu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.152911&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.152911
https://doi.org/10.1016/j.jallcom.2019.152911


S. Guo et al. / Journal of Alloys and Compounds 818 (2020) 1529112
for applications in gas separation and storage [18,19], catalysis [20],
drug delivery [21], and energy storage [22e24] due to their well-
defined structure and high surface areas. MOFs are formed by
metal ions and organic linker through covalent coordination link-
ages and have showed great superiority as precursor preparing
tailorable metal sulfides in energy application [25e28]. Among
MOFs, zeolitic imidazolate frameworks (ZIFs) have been reported to
synthesize unique nanomaterials as high-performance electrodes
for Li-ion battery. For example, Wu et al. prepared symmetric
porous Co3O4 hollow dodecahedra and ZnxCo3-xO4 hollow poly-
hedra, which showed excellent electrochemical performance
[29,30]. In addition, ultrafine ZnS nanorods rooting on carbon
polyhedra was synthesized and exhibited superior performance
[31]. Direct carbonization of MOFs can form carbon wrapped metal
oxides or metal sulfides. However, the low conductivity is themajor
problem which limits their application.

Herein, Co9S8/carbonized CNFs (Co9S8/C-CNFs) have been syn-
thesized by carbonization and sulfidation of CNFs/ZIF-67 compos-
ites. Carbonized CNFs act as conductive skeleton to connect
carbonized ZIF-67 particles; facilitating the electron transfer and
avoiding the agglomeration of particles. Meanwhile the carbonized
organic linkers of ZIF-67 offers sufficient micropores and carbon
layer to wrap Co9S8 nanoparticles, which can effectively limit the
volume expansion of cobalt sulphides. Therefore, such Co9S8@C-
CNFs with the above-mentioned unique structure is expected to
show enhanced lithium ion storage and can be used as high-
performance anode for LIBs.

2. Experimental

2.1. Materials

Co(NO3)2$6H2O (�98.5%), thioacetamide (99%) and ethanol
were purchased from Sinopharm Chemical Reagent. 2-
methylimidazole (Hmim) (�98%) was purchased from Shanghai
Aladdin. Cotton cellulose nanofibers (CNFs) suspension (1% w/v)
was purchased from GuiLin QiHong Technology Co. Ltd.

2.2. Synthesis of ZIF-67/CNFs

The cotton cellulose nanofibers (CNFs) suspensions (1% w/v)
(30 g) were firstly stirred vigorously. After dropwise addition of
5mL Co(NO3)2$6H2O (0.84mol/L) in methanol without stirring, the
suspensions aged 24 h for gelation. Then the resultant hydrogel was
washed with methanol. 2.75 g Hmim was added into 20mL
methanol with stirring for 20min the obtained hydrogel was
immersed into Hmim solution for ZIF-67 growth for 24 h. Finally,
the hydrogel was washed with methanol and exchanged the sol-
vent to t-BuOH and freeze-drying.

2.3. Synthesis of Co9S8/C-CNFs

The obtained ZIF-67/CNFs was transferred to an alumina boat in
a tube furnace for heating process with a heating rate 2 �C min�1 to
600 �C under a flowing Ar (30mLmin�1) and tempered for 2 h.
Then the black intermediate product was obtained and 0.1 g of the
product and 0.3 g of thioacetamide were added into 40mL ethanol
with stirring for 20min. The dispersion solution was transfer into
Teflon-lined autoclave which was maintained at 180 �C for 24 h and
cooled down naturally. The product was collected and washed with
deionized water and ethanol, respectively.

2.4. Synthesis of ZIF-67

1mmol of Co(NO3)6$6H2O and 4mmol of Hmimwere dissolved
in 25mL methanol, respectively. Then Hmim solution immediately
was added into cobalt nitrate solution with stirring and then aged
for 24 h at room temperature. At last, the purple product was
collected and washed with methanol three times and dried at 70 �C
overnight.

2.5. Synthesis of Co9S8/C and carbonized C-CNFs

Co9S8/C was prepared similarly as above Co9S8/C-CNFs, except
for using ZIF-67 instead of ZIF-67/CNFs as precursor. Carbonized
CNFs (C-CNFs) was also prepared by carbonization and sulfidation
method.

2.6. Material characterization

The XRD of samples was collected using Rigaku Smartlab with
Cu Ka radiation (l¼ 0.1542 nm) at 40 kV. SEM images were ob-
tained using JSM-7600F (JEOL Ltd.,Japan). Raman spectra were
collected using thermo with 532 nm laser excitation. Fourier
transform infrared spectra (FT-IR) were characterized using the KBr
wafer technique with Thermo Electron Nicolet-360 (USA). TEM
image was collected by using JEOL JEM-2100 instrument at accel-
erating voltage of 200 kV. Thermal gravimetric analysis (TGA) was
determined by a TA-60H (Shimadzu Corporation, Japan) under air
atmosphere from 25 to 900 �C with a heating rate 5� min�1.

2.7. Electrochemical measurements

Theworking electrode slurrywas prepared by dispersing 70wt%
of active material, 20wt% of Super-P and 10wt% of polyvinylidene
difluoride. The slurry was coated onto copper foil and dried in a
vacuum oven at 80 �C overnight. The as-prepared electrode,
Lithium foil as counter electrode, 1.0M LiPF6 in a 1:1 (v/v) mixture
of ethyl carbonate/dimethyl carbonate as the electrolyte and Cel-
gard 2500 as the separator were assembled into CR2016-type coin
cell. The charge-discharge tests were conducted with a battery
tester (LAND CT2001A). Cyclic voltammetry (CV) profiles and
electrochemical impedance spectra (EIS) were performed with a
CHI760e electrochemical workstation.

3. Results and discussion

Cellulose nanofibers were exposed to Co2þ solution to form
homogeneous fibrous hydrogel (CNFs-Co2þ) through ionic gelation.
When the organic linker (2-methylimidazole) was added into
above system, ZIF-67 particles homogeneously grew on the CNFs.
After calcination and sulfidation, the Co9S8/carbon nanofibers were
synthesized (Scheme 1). The abundant carboxylate on the CNFs
surface provides strong binding interactions and copious reaction
sites for growth of ZIF-67. This strong binding between ZIF-67 and
CNFs also maintains the close connection of 1D carbon fibers with
metal sulfide after calcination and sulfidation.

XRD pattern of as prepared ZIF-67 agrees with the simulated
pattern of ZIF-67 (Fig. 1a) [32]. CNFs show two broad diffraction
peaks at around 15.7� and 22.3�, which are typical cellulose I
crystalline structure [33]. XRD pattern of ZIF-67/CNFs indicates the
presence of both ZIF-67 and CNFs. As shown in Fig. 1b, after calci-
nation and sulfidation, the diffraction peaks of Co9S8/C (prepared by
direct carbonization and sulfidation of ZIF-67) and Co9S8/C-CNFs at
29.8�, 31.2�, 52.0�, are ascribed to (331), (222) and (440) planes of
cubic Co9S8 (JCPDS No. 65-6801). Some peaks such as (101), (102)
and (110) planes are assigned to CoS (JCPDS No. 65-3418) in Co9S8/
C, and this means that the cobalt chalcogenide is the mixture of
Co9S8 and CoS. The peak of C (101) only exists in Co9S8/C but not
Co9S8/C-CNFs, and this is perhaps because in the Co9S8/C-CNFs, the



Scheme 1. Schematic illustration of the preparation of Co9S8/C-CNFs.

Fig. 1. XRD patterns of ZIF-67, ZIF-67/CNFs and CNFs (a); XRD patterns of Co9S8/C and Co9S8/C-CNFs-S (b).
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carbon from CNFs covers carbon from ZIF-67, leading to the
reduction of C (101) peak. However, the diffraction features of Co9S8
are greatly weakened due to cover of amorphous carbon.

The morphology of ZIF-67 and ZIF-67 after sulfidation observed
using scanning electronmicroscopy (SEM) are showed in Fig. 2. The
size of ZIF-67 crystal is about ~1 mm and particles are highly
dispersed (Fig. 2a). In Fig. 2b, after calcination and sulfidation, ZIF-
67 becomes shrunkenwith concave surfaces. Fig. 2c shows that ZIF-
67 particles grow on the CNFs and form necklace-like structure,
which interlaces to form complex network. Due to the close growth
of ZIF-67 particles on CNFs, it is hard to find the CNFs. In addition,
the size of ZIF-67 particles is ranged from 100 to 150 nm. In fact, the
size of ZIF-67 grown on CNFs is smaller than that of pure ZIF-67
synthesized via normal method [34], because CNFs can favor ZIF-
67 crystal nucleation over growth [35]. When the CNFs-Co2þ

hydrogel was added into Hmim solution, the complex CNFs
network provided sufficient attachment sites, which improve ZIF-
67 nucleation on CNFs. The prepared method can effectively pre-
vent the aggregation of ZIF-67 particles. After calcination and sul-
fidation, most of ZIF-67/CNFs can maintain size homogeneity and
structural morphology of polyhedron cluster, but a small part of
them was collapsed (Fig. 2d). Among ZIF-67/CNFs, CNFs convert to
carbon fibers which connect Co9S8/carbon composites, providing
stable channels for electron transport. In addition, CNFs have uni-
form sizes of 4e6 nm in width and about 1000 nm in length [36].
TEM image of Co9S8/C-CNFs clearly demonstrates the presence of
carbonized-CNF that twined Co9S8/C particles (Fig. S1).

The chemistry structure of CNFs, ZIF-67/CNFs and ZIF-67 are
analyzed by Fourier transform infrared spectroscopy (FT-IR)
(Fig. 3a). After CNFs composited with ZIF-67, broad absorption
located in 3428 cm�1 shifts to 3440 cm�1, which derives from the
stretching vibration of eOH groups of CNFs. In addition, the peak at
1622 cm�1 of CNFs is ascribed to the C]O stretching of carbonyl
groups, which shifts to 1633 cm�1 after the CNFs hybridizationwith
ZIF-67. These frequency variation ofeOH and C]O bonding reflects
the existence of hydrogen bonding between CNFs and ZIF-67. The
strong interaction of CNFs and ZIF-67 can guarantee good
connection of carbon fibers and Co9S8/carbon composites after the
calcination and sulfidation.

The Raman spectra were used to further characterize Co9S8/C-
CNFs and Co9S8/C, as presented in Fig. 3b. The two strong Raman
peaks can be observed at 1320 and 1590 cm�1, which correspond to
sp3-type disorder carbon form (D band) and sp2-type graphited
carbon form (G band), respectively. And the calculated ID/IG values



Fig. 2. SEM images of ZIF-67 (a), ZIF-67 after sulfidation (b), ZIF-67/CNFs (c) and ZIF-67/CNFs after sulfidation (d).

Fig. 3. FT-IR spectra of ZIF-67/CNFs, CNFs and ZIF-67 (a) and Raman spectra of Co9S8/C-CNFs and Co9S8/C (b).
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of Co9S8/C-CNFs and Co9S8/C are 0.90 and 0.96, respectively, indi-
cating Co9S8/C-CNFs has higher degree of graphitization than
Co9S8/C. The incorporation of carbon nanofibers derived from CNFs
can be beneficial to improve the degree of graphitization of the
material and thus further increase the conductivity. In addition,
there are the characteristic peaks below 1000 cm�1 which ascribed
to vibration of SeCo bond in Co9S8 [37]. The amount of Co9S8 in
Co9S8@C and Co9S8@C-CNFs can be roughly calculated by TGA
(Fig. S2 in supporting information) [26], and the weight ratios of
Co9S8 in composites are ca. 41 and 37wt%, respectively.

To demonstrate their potential application, cyclic voltammetry
(CV) test of Co9S8/C-CNFs as the anode material of LIBs was carried
out (Fig. 4a), with potential range of 0.01e3 V at a scan rate of
0.1mV s�1. In the first discharge process, the cathodic peaks at 1.68
and 1.04 V could be ascribed to the process of Co9S8 being con-
verted to LixCo9S8 and then transformed to Co. The cathodic peak at
0.60 V could be explained to the formation of solid electrolyte
interface (SEI) film. The anodic peaks of first cycle at 1.33, 1.89,
2.33 V correspond to oxidation of above-mentioned products [38].
For the following two cycles, the cathodic peaks maintained at 1.33
and 0.67 V, and anodic peaks are centered at 1.36 and 1.9 V,
reflecting good electrochemical reversibility.

The first three galvanostatic discharge/charge profiles of Co9S8/
C-CNFs are measured at current density of 100mA g�1 (Fig. 4b). In
first discharge curve, there are two slope plateaus around 1.6 and
1.0 V, which are ascribed to formation of Co, corresponding to CV
results. The initial discharge capacity was as high as 1545mAh g�1

but it decreased significantly in the 2nd cycle resulting from the
formation of SEI film and electrolyte decomposition. However, for
the following cycles, the curves show a good overlap, indicating
high reversibility of the charge/discharge process.

The cycling performance of Co9S8/C-CNFs was measured at
500mA g�1, together with that of Co9S8/C for comparison. In Fig. 4c,
Co9S8/C-CNFs shows higher specific capacity than that of Co9S8/C,



Fig. 4. CV profiles of the first three cycles at a scan rate of 0.1mV s�1 (a) and charge-discharge curves of Co9S8/C-CNFs at a current density of 100mA g�1(b); cycling performance of
Co9S8/C-CNFs, Co9S8/C and C-CNFs at a current density of 500mA g�1 (c) and their rate performance (d).
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suggesting the improved electrochemical performance. For Co9S8/
C-CNFs, the specific capacity decreased firstly in the first 20 cycles
and then increased, mainly due to the slow activation of active
materials after several cycles of lithiation and delithiation. The
specific capacity is 700mAh g�1 after 150 cycles compared to that
of 342mAh g�1 for Co9S8/C. The improved lithium ion storage is
mainly attributed to the unique pore structure of Co9S8/C-CNFs and
improved conductivity resulting from carbonized CNFs. Fig. 4d
shows that Co9S8/C-CNFs deliver a reversible discharge specific
capacity of 772, 729, 634, 578, 484mAh g�1 at 0.1, 0.2, 0.5, 1, 2 A g�1,
respectively. When current density was back to 1, 0.5, 0.2 and
0.1 A g�1, the discharge specific capacities of 600, 656, 814,
830mAh g�1 were resumed for Co9S8/C-CNFs, respectively,
reflecting the superior cycling stability. By contrast, the Co9S8/C
delivers much lower rate capacities of 460, 419, 367, 296, 225mAh
g�1 at 0.1, 0.2, 0.5, 1 and 2 A g�1 respectively. In addition, the
carbonized CNFs were also measured and show a stable specific
capacity of 183mAh g�1 at 500mA g�1 after 150 cycles, and the rate
performance is stable. EIS measurements of Co9S8/C and Co9S8/C-
CNFs (Fig. S3) conform that Co9S8/C-CNFs has lower charge-
discharge resistance than that of Co9S8/C, further proving that the
addition of CNFs benefits the lithium ion transport.

The growth of ZIF-67 particles on CNFs is beneficial to the
improved electrochemical performance, mainly by the following
contributions: a) CNFs functions as the support to avoid the
agglomeration of ZIF-67 particles; b) CNFs greatly limit the growth
of ZIF-67 particles; thus smaller ZIF-67 particles can be formed, and
c) carbonized CNFs act as the conductive skeleton to facilitate the
electron transfer. Therefore, compared to directly carbonization
and sulfidation of ZIF-67 (Co9S8/C), ZIF-67/CNFs composites show
superior advantages and the following Co9S8/C-CNFs exhibits sig-
nificant improvement in lithium ion storage.
4. Conclusions

ZIF-67/CNFs were synthesized through in-situ growth of ZIF-67
on cellulose nanofibers, followed by calcination and sulfidation to
form Co9S8/C-CNFs. The resulting product shows good electro-
chemical performance as anode material for LIBs: a high reversible
specific capacity of 700mAh g�1 at 500mA g�1 after 150 cycles and
a superior rate capability (772, 729, 634, 578, 484mAh g�1 at cur-
rent density of 0.1, 0.2, 0.5, 1, 2 A g�1, respectively). The great
improvement was ascribed to carbon nanofibers derived from
cellulose nanofibers effectively connecting to Co9S8/carbon
composites.
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