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High performance asymmetric
supercapacitor based on Cobalt
Nickle Iron-layered double
™ hydroxide/carbon nanofibres and
mmmmnmE - activated carbon

Feifei Wang, Shiguo Sun, Yongqian Xu, Ting Wang, RuijinYu & Hongjuan Li

A novel Cobalt Nickle Iron-layered double hydroxide/carbon nanofibres (CoNiFe-LDH/CNFs-0.5)

. composite was successfully fabricated through an easy in situ growth approach. The morphology

© and composition of the obtained materials were systematically investigated. When the two derived

. materials were used for supercapacitor electrodes, the CoNiFe-LDH/CNFs-0.5 composite displayed high
© specific surface area (114.2 m?g~?), specific capacitance (1203 F g~ at 1A g~?) and rate capability (77.1%
. from1Ag*to 10Ag~Y), which were considerably higher than those of pure CoNiFe-LDH. Moreover,

. the specific capacitance of CoNiFe-LDH/CNFs-0.5 composite remained at 94.4% after 1000 cycles at

© 20Ag~t, suggesting excellent long-time cycle life. The asymmetric supercapacitor based on CoNiFe-

. LDH/CNFs-0.5 as a positive electrode and activated carbon as a negative electrode was manufactured

* and it exhibited a specific capacitance of 84.9F g~ at 1Ag~! and a high energy density of 30.2Wh kg~
. More importantly, this device showed long-term cycling stability, with 82.7% capacity retention after

. 2000 cycles at 10A g~2. Thus, this composite with outstanding electrochemical performance could be a

. promising electrode material for supercapacitors.

. In recent years, the increasing energy demand has prompted extensive research on the development of flexible
. and environmental friendly energy-storage devices"2 Supercapacitors are attracting considerable attention owing
. to their excellent pulse charge-discharge time, high power density and long cycle life compared with secondary
. batteries and conventional capacitors!~>. However, supercapacitors usually suffer from lower energy density than
. conventional capacitors®. The energy density is usually limited by specific capacitance and/or the cell voltage.
. Fortunately, asymmetric supercapacitor (ASC) can make use of the different potential windows of the two elec-
: trodes to improve the energy density” . More recently, activated carbon (AC) has been considered as promising
* negative electrode material for ASC due to its high porosity, low cost and other characteristics® '°. Considerable
. research efforts have been devoted to the various asymmetric capacitor systems, such as AC//CNT/V,05 ASC",
. AC//Niy(VO,), ASC'?, AC//CoNi-LDH ASC'" and AC//NiTe ASC™". Electrode materials are some of the most
. important factors affecting the performance of electrochemical capacitors. Electrode materials for supercapaci-
© tors can be generally divided into electrochemical double-layer capacitance (EDLC) materials and pseudocapac-
. itance (PC) materials based on their energy-storage mechanism? > '°. Therefore, developing electrode materials
. with superior electrochemical performance is highly desired.

: To date, carbon materials (such as AC, carbon nanotubes'®, graphene’, carbon nanofibres'’, and others) have
. been extensively employed as the most preferred electrode materials for EDLC owing to their high power density,
. large surface area, superior conductivity and long life cycle. Carbon nanofibres (CNFs), which are relatively inex-
. pensive, longer and more edges, defects or strained regions as active sites for electrochemical reaction as compared
© to carbon nanotubes (CNTs), have been considered as promising electrode materials for supercapacitors because of

 Shaanxi Key Laboratory of Natural Products & Chemical Biology, School of Chemistry & Pharmacy, Northwest
. A&F University, Xinong Road 22, Yangling, Shaanxi, 712100, P.R. China. Correspondence and requests for materials
. should be addressed to H.L. (email: hongjuanli@nwsuaf.edu.cn)

SCIENTIFICREPORTS | 7:4707 | DOI:10.1038/s41598-017-04807-1 1


mailto:hongjuanli@nwsuaf.edu.cn

www.nature.com/scientificreports/

003 (a) 003 (b)
~ -~ * CoNiFe-LDH
= = # CNFs
< <
E E:

006

‘7 006 E K
= =
2 3
= =
. s

10 20 30 40 50 60 70 10 20 30 40 50 60 70
2Theta(degree) 2Theta(degree)

Figure 1. XRD patterns of (a) pure CoNiFe-LDH and (b) the CoNiFe-LDH/CNFs-0.5 composite.

their extremely high length-to-diameter ratio, superior special surface area, high stiffness and tensile strength'8-22.
However, the low theoretical specific capacitance of CNFs limits their application in supercapacitors®.

Layered double hydroxide (LDH) has been intensively researched as the excellent potential pseudocapactive
electrode materials because of their high specific capacitance, high redox activity and excellent ion exchange capa-
bility**2>. However, for LDH electrode materials, the relatively low conductivity and cycle life has become a major
drawback for their application in energy storage. Recently, numerous efforts have been focused on improving the
electrochemical performances of LDH by creating nanostructures and hybridising with CNFs. For instance, Liu
et al. prepared NiAl-LDH/CNFs composite through a hydrothermal process, and the products provided a max-
imum specific capacitance of 1613F g™!at 1 Ag~!°. Duan et al. reported CoMn-LDH/CNFs composite through
an in situ growth approach, and the products showed a maximum specific capacitance of 1079Fg'at 2.1 Ag~'%.
The group found that the specific capacitance of pure LDH can be enhanced via directly mixing CNFs with pure
LDH nanosheets. In addition, Fe-based LDH exhibited great prospect on account of their high capacitance, low
cost and environmental friendliness®’. For example, Liu et al. found that pure NiFe-LDH can deliver a capacitance
of 145mAh g!at 5A g~! through an in situ growth approach®. Compared with binary-component LDH mate-
rials, the ternary-component LDH materials exhibit considerable prospect because of enhanced conductivity and
increased electrochemical active sites derived from the incorporation of a third metal cation. Qiu and co-workers
reported that the specific capacitance of NiCoAl-LDH/MWCNT composite reached 1035Fg~! at a current den-
sity of 1 A g7'%. The group also found that the nanohybrid electrode consisting of NiCoAl-LDH, CNTs and RGO
exhibit excellent electrochemical performance with a specific capacitance about 1188 Fg~! at a current density of
1 A g1 Beyond that, they producted a flexible architecture materials made of NiCoAl-LDH nanoplates coupled
with NiCo-carbonate hydroxide nanowires grown in situ on graphite paper using a one-step hydrothermal treat-
ment. The hybrid electrode showed an excellent specific capacitance of 1297 Fg~! at a current density of 1 Ag='3".
The excellent performance of the ternary-component LDH inspired us to investigate more materials for super-
capacitors. In our previous report, which provided us with a good idea, we have fabricated pure CoNiFe-LDH
successfully, and the morphology and property of the obtained materials were systematically investigated*2.

Herein, a novel CoNiFe-LDH/CNFs-0.5 composite was developed using an easy in situ growth method as
high-performance supercapacitors. The as-prepared CoNiFe-LDH/CNFs-0.5 composite displayed enhanced elec-
trochemical performance with large specific capacitance (1203Fg~" at 1 Ag™'), high rate capability (77.1% from
1Ag 'to 10 A g™!) and excellent long time cycle stability (94.4% after 1000 cycles at 20 A g~1). The ASC based on
CoNiFe-LDH/CNFs-0.5 as a positive electrode and AC as a negative electrode was manufactured and it exhibited
a specific capacitance of 84.9F g~ at 1 Ag~! and a high a energy density of 30.2 W h kg~'. More importantly, this
device showed long-term cycling stability, with 82.7% capacity retention after 2000 cycles.

Results and Discussion

The XRD patterns of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite are presented in Fig. 1. For
pure CoNiFe-LDH (Fig. 1a), the XRD pattern showed an evident layered structure with a basal spacing of 0.78 nm
(20=11.5°). In addition, the characteristic reflections of (003), (006), (012), (015), (018), (110) and (113) can be
indexed to a typical hydrotalcite-like structure®. In the case of the CoNiFe-LDH/CNFs-0.5 composite (Fig. 1b),
the XRD pattern also exhibited hydrotalcite-like characteristics. Moreover, the (002) diffraction peak of CNFs
was observed in the CoNiFe-LDH/CNFs-0.5 composite, indicating the existence of CNFs and the formation of
the CoNiFe-LDH/CNFs-0.5 composite. (The XRD pattern of CNFs is shown in Fig. S1). The interactions between
CoNiFe-LDH and CNFs were further illustrated by Raman spectra as shown in Fig. S2. The Raman shift of
CNFs (Fig. S2a) showed the D-band peak at 1346.7 cm ™! and G-band peak at 1574.0 cm™!, which represented the
breathing mode of k-point phonons of A, symmetry and the first order scattering of the E,, phonons in carbon,
respectively®. As shown in Fig. S2b, a characteristic peak located at 546.1 cm ™! can be observed clearly, which can
be related to the CoNiFe-LDH'?. Besides, Raman spectrum of the CoNiFe-LDH/CNFs-0.5 composite (Fig. S2¢)
not only displayed typical D band at 1349.4cm ™! and G band at 1578.1 cm™", but also exhibited an obvious band
at 544.8 cm™!, indicating the successful generation of the CoNiFe-LDH/CNFs-0.5 composite. This was in good
agreement with the XRD results.
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Figure 2. (a) SEM image of original CNFs; (b) SEM image of the CoNiFe-LDH; (c) SEM image of the CoNiFe-
LDH/CNFs-0.5 composite; (d-h) SEM image and the corresponding elemental distribution maps of C, Co, Ni
and Fe the CoNiFe-LDH/CNFs-0.5 composite.

In order to inspect the morphology and microstructure of the pristine CNFs, CoNiFe-LDH and the
CoNiFe-LDH/CNFs-0.5 composite, the products were characterized by SEM as shown in Fig. 2. The original
CNFs (Fig. 2a) were uniformly dispersed and revealed an entangled network. Figure 2b shows the morphology of
CoNiFe-LDH. The material consisted of large amount of irregular nanosheets. In Fig. 2c, it can be observed that CNFs
were irregular interspersed in the CoNiFe-LDH nanoplatelets. These hierarchically systematic compounded nano-
structures were facilitated to debase the aggregation of pure CoNiFe-LDH. Thus, it was advantageous to the ion dif-
fusion and electronic transmission. Furthermore, according to the elemental maps of C, Co, Ni and Fe (Fig. 2(e-h)),
it can be found that all elements were uniformly distributed in the CoNiFe-LDH/CNFs-0.5 composite.

To further inspect the morphology and microstructure of pristine CNFs, pure CoNiFe-LDH and the
CoNiFe-LDH/CNFs-0.5 composite, the as-prepared samples were characterised by TEM. We can observe that the
original CNFs (Fig. 3a) exhibited a typical fibrous morphology with a hollow tubular structure. The inner diame-
ter of CNFs was estimated to be about 100 nm. Pure CoNiFe-LDH showed an irregular platelet-like morphology
(Fig. 3b). In Fig. 3c, CNFs were observed to be irregularly interspersed in platelet-like CoNiFe-LDH flakes to
form the CoNiFe-LDH/CNFs-0.5 composite. The high-resolution TEM (HRTEM) images of the original CNFs,
CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite are shown in Fig. 3(d-f). The lattice fringe of 0.34nm
was assigned to the (002) lattice plane of CNFs®. The inter-planar spacing of 0.26 nm belonged to the (012) lattice
plane of CoNiFe-LDH?. The CoNiFe-LDH/CNFs-0.5 composite revealed two kinds of contrast fringes, confirm-
ing the successful preparation of the compound. This finding was consistent with those of XRD analysis.

To obtain more information regarding chemical composition and surface chemical state of the CoNiFe-LDH/
CNFs-0.5 composite, we investigated the composite by using X-ray photoelectron spectroscopy (XPS) as shown
in Fig. 4. As can be seen from the XPS scan spectrum (Fig. 4a), the CoNiFe-LDH/CNFs-0.5 composite was pri-
marily composed of Co, Ni, Fe, C and O elements. The Co 2p XPS spectrum (Fig. 4b) showed two major peaks
at 797.6 (Co 2p, ;) and 782.5eV (Co 2ps),), indicating the Co(II) oxidation state in the composite®. For the Ni 2p
XPS spectrum as shown in Fig. 4c, two major peaks around 874.4 and 856.8 eV corresponded to Ni 2p,,, and Ni
2ps, respectively. The spin-energy separation of 17.6 eV is a feature of Ni**, which is consistent with the results
reported in the previous literature® **. The Fe 2p XPS spectrum (Fig. 4d) exhibited two peaks located at 714.2
(Fe 2ps,) and 726.5eV (Fe 2p,,), suggesting the presence of Fe(III) in the CoNiFe-LDH/CNFs-0.5 composite’.

The N, adsorption/desorption technique was used to measure the pore structure of original CNFs, pure
CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite. As shown in Fig. 5a, the specific surface area of the
CoNiFe-LDH/CNFs-0.5 composite (114.2m?g™") was higher than that of original CNFs (88.9m*g~!) and pure
CoNiFe-LDH (32.1 m?g™!), which may result in superior electrochemical characteristics*”. This finding proved
that the addition of CNFs can decrease the aggregation of pure CoNiFe-LDH, resulting in an enlarged specific
surface area®. The pore size distribution of original CNFs, pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5
composite is shown in Fig. 5b. As shown in Fig. 5b, the macropore volume of the CoNiFe-LDH/CNFs-0.5 com-
posite between 50 and 100 nm was larger than pure LDH and original CNFs, as ascribed to the abundant inter-
stitial spaces between LDH sheets and CNFs°. Reportedly, the pore size distribution within 2-5nm is optimal for
the behaviour of supercapacitors®®. The pore distribution of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5
composite exhibited a narrow distribution at 2-4nm (inset in Fig. 5b), which can be assigned to the mesopores
in the LDH sheets. Moreover, the pore volume of the CoNiFe-LDH/CNFs-0.5 composite was larger than that of
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Figure 3. (a) TEM image of original CNFs; (b) TEM image of the CoNiFe-LDH; (¢) TEM image of the CoNiFe-
LDH/CNFs-0.5 composite; (d) HRTEM image of the original CNFs; (e) HRTEM image of the CoNiFe-LDH
and (f) HRTEM image of the CoNiFe-LDH/CNFs-0.5 composite.
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Figure 4. XPS spectra of the CoNiFe-LDH/CNFs-0.5 composite: (a) survey spectrum; (b) Co 2p; (¢) Ni 2p and
(d) Fe 2p.

SCIENTIFICREPORTS |7:4707 | DOI:10.1038/s41598-017-04807-1 4



www.nature.com/scientificreports/

A 21.0
e o Jre—
£ 350} @) e ONEs v | T /\/\/
T, 300F —o— CoNiFe-LDH T 0.8 CoNiFe-LDH/CNFs-0.5  £006 )
—a— CoNiFe-LDH/CNFs-0.5 = £

mE 250 = ;0.03

‘3’200 —" ~06¢ R 3Pore4Dian5|eler6(nm)7
3 o

2150 £04

) e CoNiFe-LDH

5100} o

2 E 0.2}

Ay c m
g0 t : : = 0.0 e —— -
s 0.0 0.2 04 0.6 0.8 1.0 5 0 20 40 60 80 100 120 140
© Relative Pressure (P/Po) A Pore Diameter (nm)

Figure 5. (a) Nitrogen adsorption/desorption isotherms of original CNFs, pure CoNiFe-LDH and CoNiFe-
LDH/CNFs-0.5 composite; (b) the pore size distribution of original CNFs, pure CoNiFe-LDH and CoNiFe-
LDH/CNFs-0.5 composite (the inset exhibits the corresponding magnified pore size distribution).

LDH because the introduction of CNFs will promote the crystallisation of CoNiFe-LDH sheets with a smaller
size. The pore distribution and large specific surface area of CoNiFe-LDH/CNFs-0.5 composite will provide effi-
cient transport pathways to their interior voids, which was favourable for improving both the PC from LDH and
the EDLC from CNFs® ¥,

In order to optimize the electrochemical performance of the electrode, Cyclic voltammetry (CV) and gal-
vanostatic charge-discharge (GCD) of the electrodes with different CNFs concent were investigated using
a three-electrode system (Fig. S3). It is clearly seen that the specific capacitance of the CoNiFe-LDH/CNFs-
0.5 electrode (1203 F g~!) was larger than CoNiFe-LDH/CNFs-0.25 (993 Fg~!) and CoNiFe-LDH/CNFs-0.75
(1130F g !). Therefore, 0.5 mgmL~! was chosen as the optimum concentration for further evaluation of its elec-
trochemical performance.

The capacitive performances of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite were investi-
gated by CV in 6 M KOH solution. Figure 6a shows the CV curves of pure CoNiFe-LDH and the CoNiFe-LDH/
CNFs-0.5 composite at a scan rate of 5mV s~ L. Evidently, the CV curves of the samples all exhibited a pair of redox
peaks, indicating the PC characteristics of the materials. Redox peaks can be attributed to the conversion between
the different oxidation states of Ni and Co in the materials. We could see that the area surrounded by CV curves
for the CoNiFe-LDH/CNFs-0.5 composite electrode was apparently larger than that of pure CoNiFe-LDH elec-
trode at the scan rate of 5mV s™!, which resulted from the higher electrochemical activity of the CoNiFe-LDH/
CNFs-0.5 composite. The CV curves of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite at differ-
ent scan rates ranging from 5 to 50 mV s™! are presented in Fig. S4a and b, respectively. With the increase in scan
rate, the redox peak current density increased significantly, manifesting faster redox rate on the electrode®. The
potential difference between anodic and cathodic peaks was used as a measure of the reversibility of the elec-
trochemical redox reaction: the higher the reversibility, the smaller the potential difference*’. With the increase
in scan rate, an increase in potential difference was observed, implying low reversibility at a high scan rate. This
finding was mainly on account of the resistance and polarisation of the electrode materjal*!- 2.

To further investigate the electrochemical behaviours of electrode materials, we also conducted GCD tests
of the samples. Figure 6b shows the GCD curves of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 com-
posite at a current density of 1 A g~*. According to the charge/discharge curves, the specific capacitance of the
CoNiFe-LDH/CNFs-0.5 composite was 1203 Fg~! at a current density of 1 A g™, which was much higher than
pure CoNiFe-LDH (583F g™!). This finding signified that the unexceptionable electric conductivity of CNFs was
beneficial to improve the electroactive surface area and the charge transport on the electrode®. The initial charge/
discharge measurements of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite at different current
densities are shown in Fig. S5a and b. All curves appear nearly symmetric, which was indicative of excellent
electrochemical reversibility**. Notably, the capacitance of the CoNiFe-LDH/CNFs-0.5 composite can achieve
500F g~! at a current density of 20 A g™, whereas pure CoNiFe-LDH can achieve 285Fg™! at a current density
of 10 Ag™". The result indicated that CNFs can enhance the capacitive behaviour of the CoNiFe-LDH electrode.
The specific capacitance of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite at different current
densities is shown in Fig. 6¢c. When the current density was 1, 2, 4, 6, 8 and 10 A g™, the corresponding specific
capacitances of the CoNiFe-LDH/CNFs-0.5 composite were 1203, 1150, 1087, 1030, 982 and 927 F g™, respec-
tively, which were considerably higher than those of pure CoNiFe-LDH (583, 546, 489, 420, 346 and 285Fg!).
Notably, the capacitance retention of the CoNiFe-LDH/CNFs-0.5 composite remained at 77.1% when the current
density increased from 1 Ag™" to 10 A g™, and this value was considerably higher than that of pure CoNiFe-LDH
(48.9%). The decrease in the capacitance was due to insufficient time for the electrolyte ions to diffuse and come
in good contact with active surfaces at high current density**. The result indicated that the incorporation of CNFs
into CoNiFe-LDH can significantly improve the specific capacitance and rate capability of the composite, which
was consistent with CV results.

Cycling stability is an important parameter in evaluating electrode materials. The cyclic performance of the
CoNiFe-LDH/CNFs-0.5 composite electrode was examined by galvanostatic charge/discharge test for 1000 cycles
at a current density of 20 A g~*. As shown in Fig. 6d, the capacitive retention rate of the CoNiFe-LDH/CNFs-0.5

SCIENTIFICREPORTS|7:4707 | DOI:10.1038/s41598-017-04807-1 5


http://S3
http://S4a and b
http://S5a and b

www.nature.com/scientificreports/

- 75{(2) —— CoNiFe-LDH 0 4_(b) :Eﬂﬁiiiﬁgﬁ/cm-o.s
'w 60 —— CoNiFe-LDH/CNFs-0.5 P ¢
< 45 Z 03]
£ 30 8
g 15_ § 0.2'
0- S
= A~ 0.1
2-15-
5-30; i i i i i i i 0.01 . . r . .
© 0.0 010203 04 05 0.6 0 200 400 600 800 1000
Potential (V) 120 Time (s)
~1400 TR G
'bli (c) —a— CoNiFe-LDH = 100+ ° ®®ec000e .o
= 200 —o— CoNiFe-LDH/CNFs-05 | = . 94;%'
21000/ \\\_ T80 e L
g 77.1% 3 [N
& 8001 @ 601 . coniFelpH 58.0%"
o e CoNiFe-LDH/CNFs-0.5
§ 600 ;5 40-
5 400+ =
% 200 e 5 207
= <
20 . . . . S 0 T T T T T
2 0 2 4 6 84 10 © 0 200 400 600 800 1000
©n Current Density (A g™) Cycle number

Figure 6. Electrochemical performance of the samples measured in 6 M KOH solution. (a) CV curves of
pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite at a scan rate of 5mVs™%; (b) GCD curves of
pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite at a current density of 1 A g™'; (c) The specific
capacitance of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite at different current densities;
(d) The cycling performance of the CoNiFe-LDH/CNFs-0.5 composite at a current density of 20 A g~ and the
cycling performance of the CoNiFe-LDH at a current density of 10 Ag™".
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Figure 7. The Nyquist plots of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite, the inset shows
the equivalent circuit diagram.

composite was calculated to be 94.4% after 1000 cycles, which was higher than that of pure CoNiFe-LDH (58.0%),
demonstrating the excellent long-time cycle stability.

EIS was also employed to further study the impedance properties of the as-prepared samples. Figure 7 shows
the Nyquist plots of pure CoNiFe-LDH and the CoNiFe-LDH/CNFs-0.5 composite. Evidently, the EIS curves of
the as-prepared samples were virtually similar in shape, which was composed of an irregular semicircle in the
high frequency region and a straight line in the low frequency region. The diameter of the semicircle reflected
the charge-transfer resistance (R, process on the surfaces of electroactive materials and was caused by Faradic
reactions*>*. The straight line corresponds to Warburg impedance, which was related to the diffusion of the elec-
troactive species, indicating ion diffusion resistance*>°. As shown in Fig. 7, the Nyquist plots of CoNiFe-LDH/
CNFs-0.5 composite showed a considerably smaller semicircle than that of pure CoNiFe-LDH, indicating that
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Figure 8. (a) The schematic of the AC//CoNiFe-LDH/CNFs-0.5 ASC. (b) CV curves of AC and CoNiFe-LDH/
CNFs-0.5 electrode at scan rate of 10mV s~ (c) CV curves of the AC//CoNiFe-LDH/CNFs-0.5 ASC at various
scan rates. (d) The galvanostatic charge-discharge curves of the AC//CoNiFe-LDH/CNFs-0.5 ASC at various
current densities. (e) Cycling performance of the AC//CoNiFe-LDH/CNFs-0.5 ASC at the current density of
10 Ag~". (f) Ragone plot of the AC//CoNiFe-LDH/CNFs-0.5 ASC.

the CoNiFe-LDH/CNFs-0.5 composite possessed lower charge transfer resistance and higher electron transport.
Both CoNiFe-LDH/CNFs-0.5 composite and pure CoNiFe-LDH presented a high slope, suggesting lower diffu-
sion resistance and superior electronic transport of both materials. The EIS pattern can be fitted by an equivalent
circuit as shown in the inset of Fig. 7, where R, was the bulk solution resistance, C4 represented the constant phase
element accounting for a double-layer capacitance and W, was the Warburg resistance*>*!. The calculated R, of
CoNiFe-LDH/CNFs-0.5 was 0.1455 Q), which was smaller than that of pure CoNiFe-LDH (0.3014 Q). All results
demonstrateed that the addition of CNFs in pure CoNiFe-LDH produced a positive effect on the composite. It not
only alleviated the agglomeration of CoNiFe-LDH but also enhanced the electrical conductivity of the composite.

Considering the wonderful performance of the CoNiFe-LDH/CNFs-0.5 composites, the AC//CoNiFe-LDH/
CNFs-0.5 ASC was fabricated. The schematic diagram of the AC//CoNiFe-LDH/CNFs-0.5 ASC is shown in
Fig. 8a. The comparative CV curves of the posotive and negative electrodes measured at scan rate of 10mVs~!in
a three-electrode system is demonstrated in Fig. 8b. It was used to estimate the potential window of the hybrid
supercapacitor. By combining the potential window of the CoNiFe-LDH/CNFs-0.5 composites and AC, the
AC//CoNiFe-LDH/CNFs-0.5 ASC can achieve a maximum potential of 1.6 V. Figure 8c shows the CV curves
of the AC//CoNiFe-LDH/CNFs-0.5 ASC at various scan rates with a potential window of 0 to 1.6 V. We can
see that increasing the scan rate leaded to further augmentation of the CV curve, and the result was similar to
the CV curves showed in the three-electrode configuration. As observed, the AC//CoNiFe-LDH/CNFs-0.5 ASC
exhibited both electrical double-layer capacitor and Faradaic pseudocapacitance capacitor properties at all scan
rates. The GCD curves of AC//CoNiFe-LDH/CNFs-0.5 ASC at different current densities are shown in Fig. 8d.
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Based on the results of discharge curves, the ASC achieved a high specific capacitance of 84.9Fg lat 1Ag™'.
Meanwhile, the specific capacitance was 76.5, 70.2, 66.9, 66.5, and 62.0Fg~' at 2, 4, 6, 8 and 10 A g™, respectively,
thereby implying good rate capability. Importantly, the AC//CoNiFe-LDH/CNFs-0.5 ASC exhibited wonderful
cycling stability with 82.7% specific capacitance retention after 2000 cycles at 10 Ag~! (Fig. 8¢). In this work, the
AC//CoNiFe-LDH/CNFs-0.5 ASC device can display a high energy density of 30.2Whkg ' at1Ag™!, and the
corresponding power density was 800.1 W kg~!. The results showed that the AC//CoNiFe-LDH/CNFs-0.5 ASC
achieved higher energy density than the reported devices such as AC//NiCoO,-GNS ASC (7.6 Wh kg™")*%, AC//
NiCo0,0,-rGO ASC (23.3Wh kg™1)*, AC//NiCoO, ASC (12Wh kg™!)**, AC//NiCo,0, ASC (15.4Wh kg™1)*,
AC//NiCoLDH-Zn,Sn0O, ASC (23.7 W h kg~!)%, AC//NiC0,0,@MnO,-NF ASC (28 Wh kg~1)7.

Methods
Materials.  All the chemicals were of analytical grade and used without further purification. Carbon nanofi-
bres (CNFs), with inner diameter of 100 nm, were purchased from Sigma-Aldrich.

Modification of CNFs. Negatively charged CNFs (CNFs-COOH) were prepared according to methods in
the literature®. The pristine CNFs were dispersed in concentrated nitric acid (68 wt.%) by ultrasonication for
30 min. Then, the CNFs suspension was refluxed at 100°C for 12 h. A large number of carboxyl groups (COOH)
have been generated on the surface of CNFs after nitric acid treatment. The resulting acid-treated CNFs were
separated by filtration, washed with deionised water and dried at 80 °C in a vacuum oven for 12h.

Preparation of the CoNiFe-LDH/CNFs-0.5 composite. The CoNiFe-LDH/CNFs-0.5 composite was
prepared via an easy in situ growth approach. Firstly, the as-prepared acid-treated CNFs were dispersed in deion-
ised water with the assistance of sonication for 20 min to form a homogeneous CNFs dispersion (0.5mgmL™?).
Then, CoCl,-6H,0 (0.0947 g), NiCl,-6H,O (0.5706 g) and FeCl;- 6H,O (0.2164 g) were added into the above CNFs
suspension (80 mL). After ultrasonic treatment for another 20 min, urea (0.4805 g) and sodium citrate (0.0135 g)
were added under stirring. Then, the solution was transferred into a Teflon-lined autoclave. The autoclave was
sealed after purging with nitrogen gas and hydrothermally treated at 150 °C for 48 h. Finally, the resulting product
was filtered, washed with deionised water and alcohol until pH =7 and dried at 80°C for 12h in a vacuum oven.
The concentration of the CNFs was adjusted to 0.25 and 0.75 mgmL™! and the corresponding composites were
labeled as CoNiFe-LDH/CNFs-0.25 and CoNiFe-LDH/CNFs-0.75, respectively.

For comparison, pure CoNiFe-LDH was also prepared using the same procedure with CoCl,-6H,0,
NiCl, - 6H,0, FeCls, urea and sodium citrate but without CNFs.

Structural characterization. X-ray diffraction (XRD) analysis was carried out with a D/Max2550VB+/
PC X-ray diffractometer with Cu Ko (A =0.15406 nm), using an operation voltage and current of 40kV and
30 mA, respectively. TEM images were collected using a JEM-2100 microscope working at 200 kV. Specimens
for observation were prepared by dispersing the samples into alcohol by ultrasonic treatment and dropped on
carbon-copper grids. SEM and EDS images were collected using a Zeiss Merlin microscope working at 15kV.
The composition of the products was determined by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250). A Beckman coulter-type nitrogen adsorption-desorption apparatus (ASAP 2020 M) was used to investigate
the pore property degassing at 120 °C for 12h below 10> mmHg. The pore size distribution was calculated by the
BJH (Barrett-Joyner-Halenda) method from the desorption branch.

Preparation of the electrode. The working electrodes were prepared by mixing the as-prepared active mate-
rial (80 wt.%), acetylene black (10 wt.%) and polyvinylidene fluoride (10 wt.%) with small amounts of ethanol to
obtain a uniform black paste®. Then, the mixture was coated onto Ni foam and dried at 80°C for 12h in a vacuum.

Electrochemical measurements. The electrochemical measurements of as-synthesized hybrids were
carried out in a standard three-electrode cell at ambient temperature. Cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) measurements and electrochemical impedance spectroscopy (EIS) were conducted in an
electrochemical working station (CHI 660E, Chenhua, Shanghai). CV and GCD were recorded in a potential win-
dow between 0-0.6 V and 0-0.4V, respectively. EIS was measured in the frequency range from 100kHz to 0.01 Hz
at the open circuit voltage with a 5mV disturbance signal. Cycle life was conducted on a LAND CT2001A test
system by GCD techniques. The electrochemical performance of samples was investigated in 6 M KOH aqueous
solution. A platinum foil (4 cm?) and Hg/HgO electrode were used as counter and reference electrodes, respec-
tively. The specific capacitance (C,) of the electrode materials was calculated using the following equation (1):

_Ixt
ST AV xm (1)

where I is the constant current (A), t is the discharge time (s), AV is the potential window of discharge (V) and m
is the mass of active materials (g).

Asymmetric supercapacitor. To analyze the capacitive efficiency of the CoNiFe-LDH/CNFs-0.5 electrode
in a full-cell configuration, The AC//CoNiFe-LDH/CNFs-0.5 ASC was also fabricated. AC, the CoNiFe-LDH/
CNFs-0.5 composite and 6 M KOH solution was used as negative electrode, positive electrode and electrolyte,
respectively. The negative electrode was also prepared based on the above mentioned procedure. The mass ratio of
the negative electrode to the positive electrode was decided based on charge balance theory'!. The charge stored
(g) by each electrode depended on the following equation (2):
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q=CXxX AV xm (2)

where C is specific capacitance (F g™!), AV is the potential window (V), m is the mass of active material (g).
To obtain q, = q_, the mass balancing follows the equation (3):

m. C_xAV_

m_ C, x AV, (©)

where m_ and m_ is the mass of active material, positive and negative electrode materials, C, and C_ is the spe-
cific capacitance of the positive and negative electrodes, AV, and AV _ is the potential window of the positive
and negative electrodes and ¢ is the discharge time. The optimum weight ratio between the positive and negative
electrode is calculated to be m  /m_~20.3.

The power density (P) and energy density (E) of the device were calculated based on the following equations

(4) and (5):
_1 2
E = 2CAV )
E x 3600
P=— (5)

where C is specific capacitance (F g™!), AV is the potential window (V) and t is the discharge time (s).

Summary

In summary, we developed a novel CoNiFe-LDH/CNFs-0.5 composite through an easy in situ growth approach
for supercapacitors. The as-prepared CoNiFe-LDH/CNFs-0.5 composite exhibited higher specific surface area
(114.2m?*g™"), specific capacitance (1203Fg~! at 1 A g™') and rate capability (77.1% from 1Ag ' to 10Ag™})
than pure CoNiFe-LDH. After 1000 cycles, the capacitive retention rate of the CoNiFe-LDH/CNFs-0.5 com-
posite remained at 94.4%, demonstrating excellent long-time cycle stability. The AC//CoNiFe-LDH/CNFs-0.5
ASC based on CoNiFe-LDH/CNFs-0.5 as a positive electrode and AC as a negative electrode was manufactured
and it exhibited a specific capacitance of 84.9Fg~' at 1 Ag~! and a high energy density of 30.2Wh kg~'. More
importantly, this device showed long-term cycling stability, with 82.7% capacity retention after 2000 cycles. This
impressive electrochemical performance of the CoNiFe-LDH/CNFs-0.5 composite indicated significant potential
for application in high-power and energy-storage devices.
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