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Abstract Cellulose has a wide range of applications in
many fields due to their naturally degradable and low-cost
characteristics, but few studies can achieve cellulose-
nanofibers by conventional electrospinning. Herein, we
demonstrate that the freestanding cellulose-based carbon
nanofibers are successfully obtained by a special design of
electrospinning firstly, pre-oxidation and high-temperature
carbonization (1600 °C), which display a superior elec-
trical conductivity of 31.2 S-cm™' and larger specific
surface area of 35.61 m?-g™! than that of the polyacrylo-
nitrile-based carbon nanofibers (electrical conductivity of
18.5 S-em™!, specific surface area of 12 m>g™'). The
NiCo,0O, nanoflake arrays are grown uniformly on the
cellulose-based carbon nanofibers successfully by a facile
one-step solvothermal and calcination method. The as-
prepared cellulose-based carbon nanofibers/NiCo,O,
nanoflake arrays are directly used as electrodes to achieve
a high specific capacitance of 1010 F-g' at 1 A-g”! and a
good cycling stability with 90.84% capacitance retention
after 3000 times at 10 A-g~!. Furthermore, the all-solid-
state symmetric supercapacitors assembled from the
cellulose-based carbon nanofibers/NiCo,O, deliver a high
energy density of 62 W-h-kg™! at a power density of
1200 W-kg!. Six all-solid-state symmetric supercapacitors
in series can also power a ‘DHU’ logo consisted of 36 light
emitting diodes, confirming that the cellulose-based carbon
nanofiber is a promising carbon matrix material for energy
storage devices.
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1 Introduction

Currently, it is urgent to demand for portable, safe,
renewable, eco-friendly energy storage devices due to the
limited fossil fuel supply and serious environmental
pollution. Supercapacitors have drew much attention
because of their high power density, superb cycling
stability and short charging time [1]. There are mainly
two energy storage mechanisms in supercapacitors:
electrical double layers and pseudo-capacitance [2]. The
composition, structure and specific surface area of
electrode materials have a great effect in electrochemical
performance of supercapacitors [1,3—5]. Up to now, many
kinds of electrode materials, such as carbon materials
[6,7] and transition metal oxides [8,9], sulfides [10,11],
hydroxides [12,13] as well as their combination [14—16]
have been widely studied. Especially, composites of
carbon materials and binary transition metal oxide were
extensively used in high energy density supercapacitors,
because carbon materials can not only improve the elec-
trical conductivity, but also buffer the volume expansion
of transition metal materials during the cycling.

Carbon materials, including MXene, carbon foam, grap-
hene, carbon nanotubes, micro/meso-porous carbon sph-
ere and carbon nanofibers (CNFs) have been reported a
lot. Among them, CNFs have attracted the most attention
due to large surface area, light-weight as well as unique
three-dimensional (3D) networks, which are directly used
as current collector without binders and conductive
additives. Most of the carbon fiber precursors are
petrochemicals, such as polyacrylonitrile, polyvinylpyrro-
lidone, polybenzimidazole and pitch, which are high-cost
products and emit toxic gases during carbonization.
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However, cellulose is a better precursor for CNFs because
it is low-cost, renewable and natural abundant. There are
few reports that the cellulosic derivatives (cellulose
acetate and methyl cellulose) nanofibers can be prepared
by conventional electrospinning [17-19], but the
cellulosic derivatives-based carbon fibers are fragile and
the carbon yield is low. It is still a difficult task to obtain
freestanding cellulose-based CNFs (C-CNFs) with a
unique interconnected fiber network structure owing to
the fact that the cellulose is a macromolecular polysac-
charide composed of glucose with a specific molecular
structure. Additionally, the a-cellulose cannot be
dissolved into the water, but only in a few organic
solvents due to the rigid pyranose ring structure, and its
trifluoroacetic acid/methylene dichloride solution has low
viscosity. Therefore, it is difficult for a-cellulose to be
used in electrospinning by itself. However, the addition of
polyethylene oxide (PEO) can effectively reduce surface
tension of electrospinning precursor solution, aiding in
fiber formation. In this work, the cellulose nanofibers (C-
NFs) were successfully prepared through a special design
of new electrospinning receiver with PEO as additives in
this study. Then, the freestanding interconnected C-CNFs
were successfully obtained after pre-oxidation and
carbonization. Although the C-CNFs have been used as
freestanding electrodes, the lower capacity cannot meet
the requirements of energy storage devices. Thus, the
freestanding C-CNFs substrates should be loaded with
active materials to directly served as binder-free
electrodes for high-performance supercapacitors.

A variety of active electrode materials with high speci-
fic capacitance, especially pseudo-capacitive materials
(transition metal oxides/sulfides) embrace ultrahigh theo-
retical capacitance and excellent electrochemical activity.
Among them, NiCo,0,, a binary transition metal oxide, is
extensively researched as electrodes for supercapacitors
because of the high theoretical capacity (1370 F-g!), rich
valence state and lower activation energy for ion and
electron transport [18,20-22]. However, the single
NiCo,0, usually suffers from a serious structural distor-
tion during the charge/discharge storage process because
of the low electrical conductivity and poor mechanical/
chemical stability, which reduces the energy storage
capability and restricts it application in supercapacitors
[23,24]. To enhance the electrochemical property of
NiCo,0,, it is an effective strategy to use the as-prepared
C-CNFs as freestanding carbon substrates to support
NiCo,0,. As a result, the NiCo,0, nanoflake arrays are
uniformly coated on C-CNFs by one-step solvothermal
method to obtain binder-free C-CNFs/NiCo,O, nanoflake
arrays. Benefiting from the 3D interconnected network
structure, the formed C-CNFs/NiCo,0, composite can
obtain superior electrochemical performance, such as a
higher specific capacitance (1010 F-g! at 1 A-g') and
better cycling stability (90.84% capacitance retention at
10 A-g”! after 3000 times). Moreover, the all-solid-state
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symmetric supercapacitors (ASSCs) constructed with C-
CNFs/NiCo,0O, can power the ‘DHU’ logo consisting of
36 light emitting diodes (LEDs) and thus exhibiting a
huge potential of the C-CNFs as carbon matrix in energy
storage devices.

2 Experimental

2.1 Preparation of C-CNFs

All regents were analytical grade which could be used
directly in the present study. Both a-cellulose and PEO
(9:1 w/w) were added into a mixed solution of
trifluoroacetic acid and methylene dichloride (9:1 w/w) at
room temperature by stirring for 72 h until complete
dissolution. The a-cellulose/PEO solution with various
concentration (3.5-7.0 wt %) was transferred into a 5 mL
syringe with a steel needle to be electrospun. It was 13 cm
between the needle tip and the collector. The flow rate
was 0.75 mL-h™! using a syringe pump (LSPO1-3A,
Longer Pump), the applied positive voltage was 17 kV
and applied negative voltage was 3.0 kV. The C-NFs
were gathered by the modified new electrospinning recei-
ving devices. Afterwards, the C-NFs were pre-oxidized at
245 °C for 90 min in air and carbonized at 1600 °C at a
rate of 10 °C-min~! under N, atmosphere for 30 min to
obtain C-CNFs. The thickness and areal specific mass of
C-CNFs were ~0.08 mm and 1.5 g-cm™2, respectively. To
explore the effect of carbonization temperature on the
properties of C-CNFs, the carbonization temperature of
C-NFs was added to 800 and 1200 °C, respectively. For
comparison, the CNFs based on poly(acrylonitrile-co-
methylhydrogen itaconate) (P-CNFs) were also prepared
in our previous work [25].

2.2 Synthesis of C-CNFs/NiCo,O, nanoflake arrays

The C-CNFs/NiCo,0, composite was synthesized via a
facile solvothermal method. In detail, 0.1 g Ni(NO;),
6H,0, 0.2 g Co(NO;),"6H,0 and 0.3 g hexamethylene-
tetramine were dissolved in 48 mL methanol with stirring
for 10 min and then transferred into a 50 mL Teflon-lined
stainless steel autoclave. A piece of C-CNFs (2 cm x
4 cm) was immersed into the solution vertically, and
heated to 150 °C for 8 h. When the reaction was
completed and cooled to room temperature, the C-CNFs/
NiCo,0, precursor was taken out and washed multiple
times by deionized water and alcohol, then dried at 60 °C
overnight in an oven. At last, C-CNFs/NiCo,0, nanoflake
arrays were obtained by annealing the precursor at 350 °C
for 2 h with heating rate of 2 °C-min~'. For comparison,
P-CNFs/NiCo,0, nanoflake arrays were synthesized by
using P-CNFs instead of C-CNFs with a similar
procedure of C-CNFs/NiCo,0, nanoflake arrays.
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2.3 Materials characterization

The microstructure of the samples was characterized by
field emission scanning electron microscope (SEM,
Hitachi SU8010, Japan) and high-resolution transmission
electron microscopy (HRTEM, FEI Talos F200S, USA).
The crystal structure of the samples was analyzed by an
X-ray diffraction diffractometer (XRD, Rigaku D/max-
2550, Cu Ka, scan rate: 2 °-min~'). X-ray photoelectron
spectroscopy (XPS, Escalab-250Xi) was employed to
obtain the surface elements composition of the sample
and binding energy of elements. The structure of
electrodes was measured by Raman spectrometer (inVia
Reflex, 633 nm, China). The content of NiCo,O, in the
composites was obtained by thermogravimetric analysis
(TGA, 209 F1). The Fourier transform infrared (FTIR)
spectra of samples were characterized by using the
NEXUS-670 spectrometer. The nitrogen adsorption—
desorption isotherms and pore size distribution of the
electrodes were achieved by a fully automatic specific
surface area and pore size tester (ASAP2460) at 77 K.
The C element was determined by the elemental analyzer
(VarioEL-III, Germany) and the electrical conductivities
of both C-CNFs and P-CNFs were measured using a four-
point probe (MCP-T370, China).

2.4 Electrochemical measurements

Electrochemical characterization of the samples was
carried out by an electrochemical workstation (Ivium-
V01320). The three-electrode cell was composed of
reference electrode (saturated calomel electrode), counter
electrode (Pt plate) and working electrode, and the
electrolyte was 2 mol-L~! KOH aqueous, which was used
for cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectro-
scopy (EIS). The CV curves were performed in the range
of 5-80 mV-s! at a potential window of —0.1-0.6 V. The
current densities of GCD were in the range from 1 to
10 A-g! at the potential range of 0 to 0.45 V. The EIS
measurements were performed at an open circuit potential
in the frequency range of 0.01 Hz to 100 kHz. The
specific capacitance was calculated by the following
formula:
IAt

C= AV (1)
Therein, C (F-g™') represents the specific capacitance, the
1 (A) represents charge or discharge current, m (g) is the
mass of active materials, AV (V) designates the voltage
window.

2.5 Preparation of ASSCs

Polyvinyl alcohol (PVA) (3 g) and KOH (0.6 g) were
dissolved in the deionized water (40 mL) under 85 °C to

693

obtain PVA-KOH gel electrolyte. Two pieces of
electrodes (C-CNFs/NiCo,0,4, 1 cm x 2.5 cm) and a piece
of polyethylene (PE, 2 cm x 4 c¢cm) were put in the gel
electrolyte immersing for 10 min and dried at room
temperature. Then, the two pieces of electrodes with PE
as the separator were assembled to fabricate the ASSC,
which was on the PE terephthalate substrate.

In the two-electrode systems, the specific energy
density (W-h-kg™!) and specific power density (W-kg™)
of the assembled ASSCs were calculated according to the
Egs. (2), (3) and (4), respectively.

A @
C 2mAV’
CAV?

T 2%3.6° )
3600E

P= At @)

where E (W-h-kg™!) is energy density, C (F-g™!) is speci-
fic capacitance, AV (V) is the potential range, P (W-kg ™)
is the power density, and At (s) is the discharge time.

3 Results and discussion

3.1 Materials characterization

Scheme 1(a) shows the preparation process of C-NFs, the
positive voltage is attached to the syringe needle and
electrospinning receiver is applied negative voltage. It
could be seen that the receiving device is covered by a
thick and uniform C-NFs film. As from Scheme 1(b), the
C-CNFs were acquired after stabilization in air and
carbonization in N,, and the as-prepared C-CNFs were
immersed into mixed solutions by solvothermal reaction
to obtain C-CNFs/NiCo,O, precursor. After annealed, the
C-CNFs/NiCo,0O, nanoflake arrays electrodes were
successfully fabricated.

The concentration of electrospinning precursor played a
significant role in the stable interconnected C-NFs, and
was studied by adjusting to the concentration of
a-cellulose/PEO, using same syringe (5 mL) and needles
(17 G) in the electrospinning process. SEM images
display different morphologies of C-NFs with various
concentration of electrospinning precursor (Figs. 1 and
S1, cf. Electronic Supplementary Material, ESM). The
continuous and interconnected C-NFs networks were
successfully prepared using 6.0 and 6.5 wt % of
electrospinning precursor (Fig. 1(a) and inset, Figs. S1(d)
and S1(e)). When the concentrations were reduced to
lower values (5.5, 4.5 or 3.5 wt %), the surface of the C-
NFs gradually emerged some beads and failed to form the
uniform structure (Figs. S1(a—c)). The C-NFs obtained at
higher solution concentration (7.0 wt %) were bonded
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Fig.1 The SEM images of (a) C-NFs and (b) C-CNFs; the comparison of (¢) FTIR spectra, (d) XRD pattern, (¢) Raman spectra and
(f) electrical conductivity of C-CNFs at different carbonization temperatures. The insets of (a) and (b) are the closer observation

under a higher magnification factor.

together, and continuous and interconnected C-NF disap-
peared (Fig. S1(f)). In addition, Fig. 1(b) and inset revea-
led that the C-CNFs (a-cellulose/PEO-6.0 wt %) still
maintained uniform and interconnected networks after
carbonization of C-NFs, which was similar with morp-
hology of C-NFs. However, the C-NF membrane contra-
cted to a large extent, and the diameter of C-CNFs decrea-
sed significantly after carbonization of C-NFs (Fig. 1(b)

and inset). The results of SEM images exhibited the two
cases: (1) the C-NFs without beads failed to form a
closely interconnected 3D framework at lower concen-
tration of a-cellulose/PEO; (2) the C-NFs could tangle
and form bundles when the concentrations of electros-
pinning precursor solutions were increased to a high
value.

To observe the effect of different carbonization
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temperatures on the chemical structure of C-CNFs, the
FTIR spectra were displayed in Fig. 1(c). With the carboni-
zation temperature increasing, the intensity of the stret-
ching vibration absorption peak of the —OH (3400 cm™),
the C—H (2900 cm™!) and C=0 stretching vibration peak
(1061 cm™) [26,27], gradually weakened or even disap-
peared, indicating that the more complete the removal of
hydrogen and oxygen in the molecular chain with the
higher carbonization temperature. The XRD pattern of C-
CNFs was employed to explore the structural changes at
various carbonization temperatures. From Fig. 1(d), two
broad diffraction peaks around 30° and 42.5° belonged to
amorphous carbon [28], and the intensity of diffraction
peak at 30° would be strong with a higher carbonization
temperature, confirming a good crystallinity of C-CNFs
at 1600 °C. In addition, the Raman spectra of C-CNFs
(Fig. 1(e)) revealed two obvious D (1351 cm™') of
disordered carbon structure and G peaks (1599 cm™!) of
graphitic carbon structure, respectively. The degree of
graphitization is evaluated via intensity ratio of D to G
bands (I/1;), and the value of I/I; also increases from
1.01 to 1.48 with the carbonization temperature from 800
to 1600 °C, which was in keeping with the reported
literature [29-31]. Derived from the quantitative elemen-
tal contents analyzed by elemental analysis, the carbon
contents of C-CNFs were 88.38% (800 °C), 90.74%
(1200 °C) and 98.76% (1600 °C), respectively (Table S1,
cf. ESM). The electrical conductivities of C-CNFs with
different carbonization temperature were characterized by
Four-probe Tester, the Fig. 1(f) showed that the C-CNFs
carbonized at 1600 °C had a higher conductivity
(31.2 S:em™) than those of other C-CNFs (5.8 S-cm™,
800 °C; 20.5 S-cm™!, 1200 °C). Especially, the condu-
ctivity of C-CNFs carbonized at 1600 °C was 1.69 times
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of P-CNFs carbonized at 1600 °C (18.5 S-cm™) (Fig. S2,
cf. ESM), further indicating C-CNFs could be used as a
potential carbon matrix for electrode materials.

The C-CNFs prepared by 1600 °C were used as carbon
substrates to combine with NiCo,O, for supercapacitors.
The SEM and (HR)TEM images of C-CNFs/NiCo,O,
nanoflake arrays were illustrated in Fig. 2. The NiCo,O,
nanoflake arrays uniformly covered with the surface of
interconnected C-CNFs, forming highly ordered nano-
flake arrays with the thickness of the average diameter of
190 nm (Figs. 2(a) and 2(b) and inset). Apparently, there
was no obvious morphology change of C-CNFs/NiCo,0,
nanoflake arrays before and after calcination. The stabi-
lity of nanoflake arrays can strengthen the contact area
between electrolyte and electrodes, accumulate the pene-
tration rate of ions, and boost the process of redox
reaction. For compassion, the SEM images of P-CNFs/
NiCo,0, nanoflake arrays and bare NiCo,O, were shown
in Figs. S3 and S4 (cf. ESM), respectively. The morp-
hology of the P-CNFs/NiCo,O, nanoflake arrays was
similar with C-CNFs/NiCo,0O, nanoflake arrays, and the
ultrathin nanoflake arrays were uniformly grown on the
surface of P-CNFs in Figs. S3(a) and S3(b). Obviously,
bare NiCo,0, was composed of irregular flakes in Figs.
S4(a) and S4(b). The TEM images in Fig. 2(d) illustrated
as-prepared C-CNFs/NiCo,O, nanoflake arrays with the
C-CNFs inside (ca. 150 nm) and the ultrathin nanoflake
arrays (ca. 190-200 nm) on the surface. The HRTEM
image in Fig. 2(e) revealed two obvious lattice fringes
with interplane spacing are 0.148 and 0.204 nm, corres-
ponding to the (440) and (400) crystal planes of spinel
NiCo,0O,, respectively. The TEM and energy-dispersive
X-ray spectroscopy (EDS) mapping is characterized in
Figs. 2(c) and 2(f) to show the elements distribution of

500 nm
I

500 nm £ )
— q

Fig.2 SEM images of (a) C-CNFs/NiCo,0, precursors and inset image is the high magnification of (a) and (b) C-CNFs/
NiCo,0, nanoflake arrays and inset image is the high magnification of (b) after calcination. (c), (d) TEM images; (¢) HRTEM image;
(f) elemental mapping (Co, Ni, O and C) of C-CNFs/NiCo,0O, nanoflake arrays.
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Co, Ni, O and C. The C was mainly concentrated in the
inner part, corresponding to C-CNFs and the Ni, Co and
O are distributed on the outer sides, originating from the
surface of NiCo,0, nanoflake arrays, which exhibited
uniform elements distribution in the C-CNFs/NiCo,O,
electrode. Additionally, the TEM image and EDS map-
ping of bare NiCo,0, were also illustrated in Figs. S4(c)
and S4(d), some thin irregular flakes formed bare
NiCo,0, and the Ni, Co and O were evenly distributed
within the flakes.

The crystal features of the C-CNFs and C-CNFs/
NiCo,0, electrode were analyzed by XRD in Fig. 3. As
shown in Fig. 3(a), a typical crystalline peak at 26 = 26°
for C-CNFs and C-CNFs/NiCo,0, nanoflake arrays,
which was in accordance with amorphous carbon [28,32].
However, a series of relatively weak diffraction peaks at
20 values of 31.2, 36.7, 44.6, 59.1 and 65.0 could be
ascribed to (220), (311), (400), (511), and (440) plane,
respectively, which correspond to standard diffraction
peaks of the spinel structure NiCo,0O, (JCPDS 20-0781).
In Fig. 3(b), the Raman spectra clearly illustrated the D
(1350 cm™) of disordered carbon structure and G peaks
(1590 cm™') of graphitic carbon structure for two
materials, respectively [4]. The Raman peaks at 192.4,
476.2, 527.2 and 652.7 cm™' were in good agreement
with the F,,, E,, F,, and A, vibration modes of Ni-O
and Co—O 1n NiCo,O,, respectively. These results were
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consistent with the results of XRD analysis.

The N, adsorption—desorption isotherms and the pore
size distribution curves were analyzed in Figs. 3(c) and
S(5-7) (cf. ESM). The N, adsorption—desorption
isotherms revealed a typical type IV isotherm with H2-H3
hysteresis loops, confirming that the mesoporous
structure of all the as-prepared materials. For carbon
matrix comparison, according to the above analysis
results, Fig. S5 illustrated the Brunner—Emmett—Teller
specific surface area of C-CNFs was 35.61 m> g, larger
than the P-CNFs (12.0 m?-g!), indicating that C-CNFs
were more suitable as carbon substrate material to
combine with NiCo,O,. In addition, the specific surface
area (85.61 m*-g 1) of C-CNFs/NiCo,0, nanoflake arrays
was 2.86 times that of P-CNFs/NiCo,0, nanoflake arrays
(29.98 m?>-g~! in Fig. S6). From the inset of Fig. 3(c), the
mesopore size distribution of C-CNFs/NiCo,0, nanoflake
arrays mainly concentrated at 3.6 nm, and the main
mesopore diameter of P-CNFs/NiCo,O, nanoflake arrays
was about 2 nm. Additionally, for the bare NiCo,O, in
Fig. S7, the specific surface area was only 18.7 m? g™,
which was much lower than that of C-CNFs/NiCo,O,
nanoflake arrays. And the mesopore diameter of bare
NiCo,0, primarily lied at 2.6 nm. The interconnected
meso-porosity of C-CNFs/NiCo,0, nanoflake arrays with
higher specific surface area could buffer the volume
change and offer more diffusion channels for the fast ion

(b) — C-CNFs

— C-CNFs/NiCo,0,

—— C-CNFs/NiCo,0,

Intensity
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Fig.3 (a) XRD patterns and (b) Raman spectrums of C-CNFs and C-CNFs/NiCo,0, nanoflake arrays; (c) N, adsorption—desorption
isotherms and pore size distribution curves of C-CNFs/NiCo,O, nanoflake arrays; (d) TG patterns of C-CNFs/NiCo,0, nanoflake

arrays, C-CNFs and pure NiCo,0,.
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transfer during charge/discharge. The contents of
NiCo,0, and carbon were calculated by TG curves under
air condition (Figs.3(d) and S8, cf. ESM). And the
contents of NiCo,O, in C-CNFs/NiCo,0, and P-CNFs/
NiCo,0, nanoflake arrays were 44.8% and 38.6%, respe-
ctively. The content of NiCo,0, in C-CNFs/NiCo,0,
confirmed that C-CNFs were beneficial to improve the
mass loading of active materials and increase the specific
capacitance of supercapacitors.

To further analyze the atomic composition and binding
energy of C-CNFs/NiCo,O, electrode materials, the XPS
spectra was measured in Fig. 4. The full XPS survey scan
spectra (Fig. 4(a)) revealed the existence of Ni, Co, O and
C, which was in accordance with the TEM mapping. The
high-resolution spectrum of Ni 2p was displayed in
Fig. 4(b), peaks at 873.3 and 855.8 eV were attributed to
the Ni**, while the ones at 871.7 and 853.9 eV were
assigned to Ni?" [33]. Two obvious shakeup satellite
peaks were located at 872.3 and 855.1 eV. For the Co 2p
high-resolution spectrum (Fig. 4(c)), there were two
doublet peaks for fitting peaks at 796.8 and 781.5 eV,
which corresponded to the Co?", and the peaks at 795.3
and 779.4 eV are indexed to Co®" [21]. And the peaks
located at 802.9 and 785.7 eV were ascribed to satellite
peaks. The O 1s spectra in Fig. 4(d) had three characte-
ristic peaks, the binding energies of 529.2, 530.6 and
531.4 eV were assigned to the characteristic peaks of the
metal-oxygen bond M-O-M (M = Ni or Co, O,), the
defects with low oxygen coordination in materials (O,)
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and the oxygen in the hydroxyl groups within the surface
of materials (O;), respectively [20,34]. In addition, there
were also three fitted peaks in the spectrum of C 1s (Fig.
S9, cf. ESM), C=C-C (284.0 ¢V), C-O (284.7 e¢V) and
O-C=0 (287.7 eV). The results confirmed that the elem-
ents of Ni and Co possessed rich valence states (Ni>*/
Ni**and Co?*/Co’"), which might be conducive to enha-
nce the electrochemical performance of supercapacitors.

3.2 Electrochemical performance

The CV measurements of C-CNFs/NiCo,0, and P-CNFs/
NiCo,0, nanoflake arrays were tested in a three-elec-
trodes using 2 mol-L™! KOH aqueous electrodes at a
potential window of —0.1-0.6 V from 5 to 50 mV-s! in
Figs. 5(a) and S10 (cf. ESM). As illustrated in Figs. 5(a)
and S10, a pair of well-defined redox peaks within —0.1 to
0.6 V can be clearly observed, which is mainly ascribed
to the faradaic reactions. And the shape of CV curves
maintained unchanged and the peaks of CV kept similar
position with the scanning rates increasing, indicating the
rapid redox reactions and good reversibility due to the 3D
fiber networks facilitating the fast transfer of electron
[4,35,36]. In addition, the integrated area of the CV
curves (C-CNFs/NiCo,O,) was higher that of the P-CNFs/
NiCo,0, at 5 mV-s~!, which showed the C-CNFs/NiCo,0,
possessed a specific capacitance. The reason may be that
higher contact surface between electrodes and electro-
lytes, providing more active sites owing to the larger
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Fig. 4 XPS spectra of C-CNFs/NiCo,0, nanoflake arrays: (a) the survey scan, (b) Ni 2p, (c) Co 2p, (d) O 1s.
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Fig. 5 (a) The CV curves of C-CNFs/NiCo,0, nanoflake arrays at various scan rates. (b) The comparison of CV curves at 5 mV-s!
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CNFs/NiCo,0, and P-CNFs/NiCo,0, nanoflake arrays.

specific surface area of C-CNFs/NiCo,O, (Fig. 5(b)).
And the peaks at 0.3 and 0.43 V were in keep with the
revisable reactions of Co>*/Co*" and Ni**/Ni** [36]. The
redox reactions were described by the following
equations [4,37]:

NiC0,0, + OH™ + H,0 = NiOOH +2CoO0H +¢~  (5)

2CoOOH +OH™ =2Co00, +H,0 +e¢” (6)

To further analyze the electrochemical kinetics of
electrode materials. The relationship between the redox
peaks current (i) and various scan rates (v) was measured
by the following formula [38]:

i =av’ =3 logi = loga + blogyv. (7
Here the values of a and b were constants. The b value is
between 0.5 and 1, which was calculated by the slop of
logi versus logv plot. As we all know, the value of b
approaches 0.5, indicating the diffusion-controlled
process. And the b value is closed to 1, which reveals the
capacitance-controlled mechanism. Figure 5(c) depicted
that the calculated b values of C-CNFs/NiCo,0, nano-
flake arrays for anodic and cathodic peaks were 0.97 and
0.90, which were higher than that of 0.57 (anodic peak)
and 0.67 (cathodic peak) for P-CNFs/NiCo,0, nanoflake
arrays, respectively. And the total capacitances of C-
CNFs/NiCo,O, electrode were predominant by the capa-
citive-controlled reactions, revealing that the ultrathin
nanoflake arrays and C-CNFs allowed penetration ions of
electrolytes more easily, accumulating fast kinetics
process of ions transfers, which contributed to the

charge/discharge process at high current densities.

Moreover, to obtain the ratios of capacitive contribution
in the total capacitance, the current response i(V) at
constant potential was divided into capacitance-controlled
effects (k,v) and diffusion-dominated process (kzvl/ 2)
based on the following equation:

iV)=kyv+kv'"* Zi(V) V2 = kv + ks, (8)
where i(V) and v were current at constant potential and
scan rates, respectively. And the values of k, and k, could
be calculated by the slop and intercept of the i(V)»'"? vs.
v!”2 plot, respectively. By fitting the CV curves at various
sweep rates at a fixed potential, the contribution of the
capacitance-controlled to the entire current can be obtai-
ned. Figure 5(d) exhibited the capacitive contribution of
C-CNFs/NiCo,0, nanoflake arrays accounted for 62.2%
at 5 mV-s~!, confirming that the electrochemical reaction
was indeed controlled by the capacitive process. To
compare the changes in capacitive contribution at various
scan rates, Figs. 5(¢) and S11 (cf. ESM) revealed capa-
citive process at higher scan rate. It could be seen that the
proportion of the capacitive effect was positively related
with the scan rates, and it even reached as high as 86.7%
at a high scan rate of 50 mV-s™'. Compared with C-
CNFs/NiCo,0, nanoflake arrays, all the capacitive contri-
bution ratios of P-CNFs/NiCo,0, nanoflake arrays at
various scan rates were less than that of them (Fig. S12,
cf. ESM), suggesting that C-CNFs/NiCo,0, nanoflake
arrays possessed fast reactions kinetics process. Such fast
charge/discharge mechanisms were ascribed to ultrathin
nanosheets of NiCo,O, and continuous conductive net-
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work structure of C-CNFs with high specific surface
areas, which provided more electrochemical active
contact area with electrolyte. Additionally, the capacitive
contributions, CV curves and b-value at various scan rates
ranging from 1 to 5 mV-s™! were also displayed in Fig.
S13 (cf. ESM). A pair of well-defined redox peaks within
—0.1 to 0.6 V was clearly observed (Fig. S13(a)), which
was consistent with the results of Fig. 5(a). The calculated
b-values were 0.98 (anodic peaks) and 0.92 (cathodic
peaks), and the proportion of the capacitive effect was
positively related with the scan rates and it can reach as
high as 68.1% at 5 mV-s~! (Figs. S13(b) and S13(c)),
further confirming that zinc energy storage mechanism in
C-CNFs/NiCo,0O, nanoflake arrays was capacitance-
controlled during the charging/discharging process.

To further confirm the fast ion transport kinetics, the
linear relationship of peak current (i) and square root of
scan rate (v!/?) is shown in Fig. 5(f), and the ion diffusion
coefficient (D) could be calculated based on the Randles-
Sevcik equation [39,40]:

lp:(2-69)(105)l’l3/2)(s XD'"*x Cxv'"? )

Therein, n is the number of electrons per molecule
attending the electronic transfer reaction, S is the area of
the electrodes, C is the concentration of ion in the
electrodes. Obviously, the ion diffusion coefﬁcient of C-
CNFs/NiCo,O electrodes (1.33 x 10 cm?s™! for anode
and 9.64 x 10710 cm?-s7! for cathode) is much higher than

the P-CNFs/NiCo,0, (2.44 x 107! cm?-s7! for anode and
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ion diffusion kinetics of C-CNFs/NiCo,0, nanoflake
arrays, which may benefit from the higher effective
contact area between high-density ultrathin NiCo,O,
nanoflake arrays anchored on C-CNFs and electrolyte.
And this result is beneficial to the superior high-rate
cycling stability.

To quantify the capacitive performance of various elec-
trodes, the GCD curves were carried out at 1-10 A-g™!
Figs. 6, S14 and S15 (cf. ESM). Obviously, all the GCD
curves had obvious charging and discharging platform in
Figs. 6(a) and 6(b), S14(a) and S15(a), meaning that the
Faradaic redox reactions, which corresponded to CV
results. The C-CNFs/NiCo,0, nanoflake arrays showed a
long discharge time (Fig. 6(b)) and a high specific capaci-
tance of 1010 F-g™' at 1 A-g”!, which was larger than
those capacitances of P-CNFs/NiCo,0, nanoflake arrays
(976 F-g~!, Fig. 6(c)) and bare NiCo,0, (966.7 Fgl,
Fig. S15(b)). Meanwhile, even at a high current density of
10 A-g!, the specific capacitance of C-CNFs/NiCo,O,
nanoflake arrays still maintained 666.7 F-g~'. Moreover,
the electrochemical performance of bare C-CNFs was
also illustrated in Fig. S16 (cf. ESM), it showed a small
specific capacitance of 174.4 F-g! at 1 A-g”!, only
accounting for 17.3% of the specific capacitance of the C-
CNFs/NiCo,0, nanoflake arrays. Consequently, the
NiCo,O, contributed most of the specific capacity in
composite electrodes instead of C-CNFs as a good condu-
ctive carbon matrix. From Fig. 6(d), the long-term stabi-
lity of C-CNFs/NiCo,0, and P-CNFs/NiCo,0, nanoflake
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Fig. 6 (a) The GCD curves of C-CNFs/NiCo,0, nanoflake arrays at various current densities; (b) the comparison of GCD curves at
a current density of 1 A-g~!; (c) specific capacitance at various current densities; (d) long-cycling performances and (e) Nyquist plots
of C-CNFs/NiCo,0, and P-CNFs/NiCo,O, nanoflake arrays (inset were the Nyquist plots fitted and the equivalent circuit diagram);
(f) the schematic of ion and electron transfer of C-CNFs/NiCo,0, nanoflake arrays.
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was 90.84% and 76.33% at 10 A-g™! after 3000 cycles,
respectively. However, the capacitance retention of bare
NiCo,0O, was only 56.4% at 10 A- g ! after 1000 cycles in
Fig. S15(c). The results revealed that the C-CNFs/NiCo,O,
electrodes had best cycling stability in all electrode
materials. The reason of results might be that both high
conductivity and specific surface area of C-CNFs were
larger than that value of P-CNFs. On one hand, compared
with P-CNFs, such high capacity was due to a larger mass
of NiCo,0, nanoflake arrays anchoring to the C-CNFs; on
the other hand, high conductivity of electrodes could acce-
lerate the rapid transfer of electrons and specific surface
area of electrodes with multiple mesopores also could
promote the permeation and reservoir of the electrolyte
ions, which could improve capacity and ensure stable
cycles during the fast charging/discharging process [22].
To further study the transport kinetics of the electro-
chemical reaction process of electrode materials, the EIS
test was conducted at open circuit potential in the
frequency range between 0.01 Hz and 100 kHz. As
shown in Fig. 6(e), the curves were divided into two
parts: a semicircle in the high-frequency region and a
straight line in the low-frequency area [41]. From the
inset of Fig. 6(e), Nyquist plots fitted were carried out by
the equivalent circuit (Fig. S17, cf. ESM) for C-CNFs/
NiCo,0, and P-CNFs/NiCo,O, nanoflake arrays. The R
was regarded as internal resistance and R, represented the
charge transfer resistance at high-frequency region.
Compared with the P-CNFs/NiCo,0, nanoflake arrays
(R 3.48 Q and R : 0.2 Q), the C-CNFs/NiCo,0, nano-
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flake arrays showed smaller values of R (2.93 Q) and R,
(0.14 Q), which was beneficial with electrochemical
performance owing to fast ion diffusion under low
resistance. Moreover, the W, was in accordance with
Warburg impedance, depending on the kinetics of ion
diffusion. Therefore, the value of ion diffusion coefficient
was calculated based on the Warburg equation [42]. The
ion diffusion coefficient value was 3.45 x 10710 cm?-s7!
(C-CNFs/NiCo,0O, nanoflake arrays), which was also
higher than the value of 8.75 x 107!! ¢cm?'s™! (P-CNFs/
NiCo,0, nanoflake arrays), ensuring the fast transfer and
diffusion of ion in C-CNFs/NiCo,0, nanoflake arrays. In
addition, to analyze the ion and electron transfer process
of C-CNFs/NiCo,0, nanoflake arrays, the schematic
diagram of mechanism was illustrated in Fig. 6(f). The C-
CNFs was used as current collector to transfer electrons,
the effective contact between nanoflake arrays NiCo,O,
and electrolyte could be used to transport ions (OH™). The
unique 3D nanofiber networks structure of C-CNFs/
NiCo,0, nanoflake arrays could effectively improve the
electric contact between the C-CNFs and the NiCo,O,,
enhancing the electrochemical performance of C-CNFs/
NiCo,0, nanoflake arrays.

To explore the practical application of C-CNFs/
NiCo,0, nanoflake arrays electrodes, the ASSCs were
fabricated by using two pieces of C-CNFs/NiCo,O,
electrodes (2 cm x 1 cm) and all the electrochemical
performances were displayed in Fig. 7. As shown in
Fig. 7(a), the CV curves of ASSCs were performed at
50 mV-s~! between 0.6 and 1.35 V, while the CV shape
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Fig. 7 (a) CV curves of ASSCs with different operating voltages at 50 mV-s; (b) CV curves of ASSCs at different scanning rates
from 5 to 80 mV-s™'; (c) GCD profiles of ASSCs at various current densities from 1 to 10 A-g"'; (d) cycling performance of ASSCs
at 5 A-g”!; (e) Ragone plot of ASSCs our work in comparison with other reported ones; (f) the photographs LED of “DHU” logo on

a breadboard powered by ASSCs devices.
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of ASSCs deformed due to the serious polarization at a
voltage widow of 1.35 V. Thus, the optimized operating
voltage of ASSCs was 1.2 V. In addition, the CV curves
of ASSCs were analyzed at various scan rates (from 5 to
80 mV-s!) within 0~1.2 V (Fig. 7(b)). The symmetry and
rectangular shape of CV curves still could be maintained
even at a high scanning rate of 80 mV-s™!, confirming
good rate performance and reversibility of the assembled
ASSCs. From Fig. 7(c), the GCD profiles of ASSCs
under various current densities from 1 to 10 A-g’!,
showed that the specific capacitances were 310.2, 232,
217, 177.5 and 146.7 F-g~! according to Eq. (2), respe-
ctively. The cycling performance of ASSCs was disp-
layed in Fig. 7(d), and it maintained the retention of
78.8% at 5 A-g’! after 1000 cycles. Figure 7(e) repre-
sented the Ragone plot of ASSCs device in comparison
with previous works based on Egs. (3) and (4) from the
GCD curves. The obtained ASSCs device exhibited a
maximum energy density of 62 W-h-kg™! at a power den-
sity of 1200 W-kg™!, which were much larger than previou-
sly reported NiCo,O, materials [4,43—49]. Moreover, the
‘DHU’ logo consisted of 36 LEDs could be lighted from
six ASSCs devices in series (Fig. 7(f)), suggesting the
application potential of electrodes in energy storage.

4 Conclusions

In summary, a novel matrix material of C-CNFs is
successfully prepared by a special design of electrospin-
ning, subsequent pre-oxidation and carbonization process.
Then both C-CNFs/NiCo,0, and P-CNFs/NiCo,O, nano-
flake arrays are synthesized via a simple one-step solvo-
thermal and calcination method. The electrochemical test
results depict that C-CNFs/NiCo,0, possesses a better
cycling stability (90.84% capacitance retention) than that
of P-CNFs/NiCo,0O, electrodes (76.33% capacitance
retention) at a high current density of 10 A-g~! after 3000
cycles, suggesting the superiority of C-CNFs as a subs-
trate in comparison with P-CNFs. The as-prepared ASSCs
devices assembled from C-CNFs/NiCo,0, can imply a
large energy density of 62 W-h-kg™! at a power density of
1200 W-kg™!, and six ASSCs in series can power a
‘DHU’ logo consisting of 36 LEDs, demonstrating the
potential application of as-fabricated C-CNFs/NiCo,O,
electrodes in energy storage systems.
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