ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Nanocellulose/polypyrrole aerogel electrodes with
higher conductivity via adding vapor grown nano-
carbon fibers as conducting networks for
supercapacitor applicationy
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Nanocellulose-based conductive materials have been widely used as supercapacitor electrodes. Herein,
electrode materials with higher conductivity were prepared by in situ polymerization of polypyrrole (PPy)
on cellulose nanofibrils (CNF) and vapor grown carbon fiber (VGCF) hybrid aerogels. With increase in
VGCF content, the conductivities of CNF/VGCF aerogel films and CNF/VGCF/PPy aerogel films
increased. The CNF/VGCF,/PPy aerogel films exhibited a maximum value of 11.25 S cm™, which is
beneficial for electron transfer and to reduce interior resistance. In addition, the capacitance of the
electrode materials was improved because of synergistic effects between the double-layer capacitance
of VGCF and pseudocapacitance of PPy in the CNF/VGCF/PPy aerogels. Therefore, the CNF/VGCF/PPy
aerogel electrode showed capacitances of 8.61 F cm™2 at 1 mV st (specific area capacitance) and
678.66 F g~ at 1.875 mA cm™2 (specific gravimetric capacitance) and retained 91.38% of its initial
capacitance after 2000 cycles. Furthermore, an all-solid-state supercapacitor fabricated by the above
electrode materials exhibited maximum energy and power densities of 15.08 W h Kg™, respectively.
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Introduction

Nanocelluloses have recently attracted significant attention in
the field of energy storage due to their light weight, high
mechanical strength, environmental friendliness, and biode-
gradability. In general, nanocelluloses can be classified as
bacterial cellulose (BC), cellulose nanofibrils (CNFs), and
cellulose nanocrystals (CNCs).* All of these have been exten-
sively exploited to fabricate energy devices by combining them
with conducting electroactive materials through various
methods, such as physical blending, coating, layer-by-layer
assembly, and in situ polymerization. Among these
methods, in situ polymerization is a simple method that has
been broadly adopted for preparing nanocellulose-based active
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with good electrochemical properties.

electrode materials with an extra substrate or nanocelluloses as
the substrate.

Of the possible conducting electroactive materials, conduc-
tive polymers like polyaniline (PANI) and polypyrrole (PPy),
which are inexpensive and can be easily synthesized, are widely
used in electrode materials because they exhibit high specific
mass capacitances and power densities.”* Nevertheless, due to
the insulating nature of CNFs and the limited conductivity of
conductive polymers, CNF-based active electrode materials still
show low conductivity, preventing the electrode materials from
exhibiting higher specific capacitances. In addition, high
conductivity is necessary for excellent electrochemical perfor-
mances when CNF-based active electrode materials are
employed as electrodes and current collectors. To solve these
problems, efforts have been made by adding a stainless-steel
mesh as a current collector,"* or by adding highly conductive
materials such as metals**™** and carbon fibers.**** However, the
use of an additional current collector or metal increases the
weight of the entire electrode and adds huge costs of produc-
tion, making these methods uneconomical and hard to popu-
larizer. Furthermore, carbon fibers are still too large to be
dispersed homogeneously in CNFs.

Using vapor grown carbon fibers (VGCFs), our group adopted
fibers with diameters around 150 nm, which allows them to be

This journal is © The Royal Society of Chemistry 2018
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easily dispersed homogeneously in CNFs. Furthermore, VGCFs
are cheaper to produce than carbon nanotubes (CNTs) and
graphene oxides (GOs)."” To the best of our knowledge,
although VGCFs have been extensively exploited in Li-ion
batteries and fuel cells due to their improved conductivity and
cycle stability and reduced internal resistances in elec-
trodes,">* there have been few reports on the use of VGCFs as
electrode materials for supercapacitors.

Herein, we present aerogel electrodes formed by in situ
polymerization of PPy on CNF/VGCF aerogel substrates. Due to
their unique hollow structures, VGCFs have high specific
surface areas and provide more channels for ion transport. In
addition, the obtained CNF/VGCF aerogels formed a porous
network structure, which was beneficial for absorbing more
electrolyte and provided more sites for redox reactions caused
by the pseudocapacitance performance of the conductive poly-
mer. Therefore, the electrodes of the all-solid-state super-
capacitor showed high specific capacitances of 8.61 F cm™> at
1 mV s~ (specific area capacitance) and 678.66 F g~ at 1.875
mA cm ™ (specific gravimetric capacitance) and retained
91.38% of their initial capacitance after 2000 cycles. Therefore,
these electrodes have potential applications in smart and
portable supercapacitors and light-weight wearable electric
devices.

Experimental section
Materials

CNFs with TEMPO-mediated oxidation was provided by Tianjin
Haojia Cellulose Co., Ltd. VGCFs were purchased from Beijing
Dk Nano technology Co., Ltd. Pyrrole (Py) was purchased from
Aladdin and was distilled under reduced pressure before use.
Analytical grade tert-butyl alcohol (TBA) was purchased from
Beijing Yili Fine Chemicals Co., Ltd. Hydrochloric acid and
ferric chloride were purchased from the Beijing Chemical
Reagents Co., Ltd. Sodium hypophosphite (SHP) and 1,2,3,4-
butanetetracarboxylic acid (BTCA) were purchased from Sigma-
Aldrich Co., Ltd.

Preparation of cross-linked CNF/VGCF aerogels

CNFs mixed with BTCA and SHP were dispersed in deionized
water and ultrasonicated using a sonicator (VCX1500, USA) for
30 min. Then, TBA (20 wt%) and VGCFs were added to the CNF
suspension (0.15 wt%) with sonication for another 30 min to
disperse them homogeneously. The resulting CNF/VGCF
aqueous mixture was transferred to several circular bottles
and frozen in a freezer at —26 °C, followed by freeze-drying
using a freeze drier (VirTis Freeze Mobile 25 EL Sentry 2.0,
USA). Finally, the freeze-dried aerogel was heated in an oven at
170 °C for 5 min to obtain a cross-linked CNF/VGCF aerogel.

Herein, the mass ratios of CNFs (dry wt%) to VGCFs were 1/
0.2, 1/0.5, 1/1, and 1/2. Accordingly, the cross-linked CNF/VGCF
aerogels were denoted CNF/VGCF, ,, CNF/VGCF, 5, CNF/VGCF,,
and CNF/VGCF, aerogels, respectively. In addition, the weight
percentages of BTCA and SHP were constant at 0.045% and
0.0225%, respectively.

This journal is © The Royal Society of Chemistry 2018
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In situ polymerization of CNF/VGCF/PPy aerogel

CNF/VGCF/PPy aerogels were obtained by in situ polymeriza-
tion. Firstly, 2 g of Py was dispersed in 50 mL of a 0.3 M
hydrochloric acid solution. In addition, 10 g of ferric chloride
was dissolved in 50 mL of a 0.3 M hydrochloric acid solution.
The cross-linked CNF/VGCF aerogel was then soaked in the Py
dispersion for 30 min followed by the addition of 0.1 g mL™"
ferric chloride solution slowly at 4 °C for 1 h. A ferric chloride
solution was the reaction initiator used to achieve in situ poly-
merization. After the reaction was complete, the resulting aer-
ogel was washed thoroughly with a 0.3 M hydrochloric acid
solution and deionized water in sequence to remove residues.
Finally, the washed aerogel was freeze-dried overnight.

Fabrication of all-solid-state symmetric supercapacitor
devices

The CNF/VGCF/PPy aerogel was formed into a thin film under
pressure to act as electrodes. Then, the aerogel film was cut to
one size and one side was connected to an aluminum sheet
using a conductive silver paste, after which the prepared elec-
trode was immersed in the polyvinyl alcohol (PVA)/H;PO, gel
electrolyte overnight and dried completely in air. Lastly, two
CNF/VGCF/PPy film electrodes, separated by PVA/H;PO, gel
electrolyte, were pressed gently to build a sandwich structure for
the all-solid-state symmetric supercapacitor devices.

Characterization

The microstructures and surface morphologies of the cross-
linked CNF/VGCF aerogels and CNF/VGCF/PPy aerogels were
observed by scanning electron microscopy (SEM, Hitachi S-
4800, Japan) at 5.0 kV and transmission electron microscopy
(TEM, FEI Tecnai G2 F30).

Fourier transform infrared spectroscopy (FT-IR, Nicolet iS10,
Thermo Fisher Scientific Inc., USA) and Raman spectroscopy
(Renishaw, UK) with 632 nm laser excitation were employed to
observe the vibrational characterizations of the functional
groups. X-ray photoelectron spectroscopy (XPS) was conducted
on a Thermo ESCALAB 250Xi System (Thermo Electron Scien-
tific Instruments Co. Ltd., USA) with an Al-K, X-ray source
(1486.6 eV). The X-ray diffraction (XRD) was conducted on
a Bruker D8 Advance System using Cu-K, radiation at A =
1.5406 A.

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) models were applied to analyze the specific surface areas
and pore size distributions of the aerogels with an N, adsorp-
tion analyzer (ASAP 2460, Micromeritics Instrument Corp.,
USA).

Conductivity was measured using an ST 2253 4-point probe
resistivity measurement system (Suzhou Jingge Electronic Co.,
Ltd, China). Electrochemical characterization was performed by
a two-electrode test and three-electrode test using a CHI 660E
electrochemical workstation (Shanghai Chenhua Instrument
Co., LTD, China). In the three-electrode test, cyclic voltammetry
(CV) and galvanostatic charge-discharge (GCD) were performed
between 0-0.8 V in 1 M H,SO, electrolyte solution with
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a platinum plate electrode as the counter electrode and a satu-
rated calomel electrode (SCE) as the reference electrode. The
two-electrode test was employed to perform electrochemical
measurements of the prepared supercapacitor devices in
a potential window of 0-0.8 V. Electrochemical impedance
spectroscopy (EIS) was carried out over the frequency range of
0.001 to 10° Hz.

The areal energy E (W h kg™") and the areal power P (W kg™ ")
of the supercapacitor were obtained according to the
expressions®»?

E = I(JUdn)/(3.6m)
P = 3600E/At, respectively.

Where I (A), U (V), At (s), and m (g), are the current, working area
of the electrode, discharge time, and total electrode weight,
respectively.

For the three-electrode test, the areal specific capacitance, C;
(F em™?), and the gravimetric specific capacitance, Cy (F g ),
were calculated as follows:

C, =([IdU)/(vSU)
C, = 2U(JUdD/(mU?)

where v (Vs™') and S (cm?) are the current and working area of
the electrode.
For the two-electrode test:

c - 4(JIdU) / (vSU)
C, =81 (J Udt) /(mUz)

where C, is the areal specific capacitances and C’g is the gravi-
metric specific capacitance of the supercapacitor device.*

Results and discussion

As shown in Fig. 1, the simple preparation process of the CNF/
VGCF and CNF/VGCF/PPy aerogels includes ultrasonication,
freeze-drying, and in situ polymerization. CNF/VGCF aerogels

Ultrasonication

Freeze-drying

CNF/VGCF aerogel

VGCF
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were cross-linked using BTCA and SHP to avoid severe defor-
mation and structural damage during in situ polymerization.
As shown in Fig. S3(a),t the VGCFs resemble slender rods
with 5-10 um lengths and 100-150 nm diameters. VGCFs also
have a hollow tubular structure as shown in Fig. S3(b),t which is
beneficial for the storage of electrolyte. It is known that CNF
aerogels have a good porous structure, which can be used as
a nano-reservoir for electrolyte. To investigate the effect of
VGCFs on the structure and performance of composite aerogels,
aerogels were prepared with different VGCF contents (the mass
ratios of CNFs to VGCFs are 1/0.2, 1/0.5, 1/1, 1/2, respectively).
As shown in Fig. S1(a)-(c),t 2(a) and (b), all the CNF/VGCF
aerogels formed porous network structures, where fibers of
CNFs and VGCFs were interlaced and the surfaces of the fibers
were smooth. This can be also observed in the TEM images
shown in Fig. 3(a), where CNFs and VGCFs are dispersed
homogeneously and interwoven. It is known that carbon fibers
have high strengths. Therefore, in our research, VGCFs
embedded in CNFs could increase the strength of the composite
aerogels, protecting the structure from damage during in situ
polymerization or pressing into films. Also, the fibers of the
CNFs became slenderer, the interlaced fibers of CNF/VGCF
aerogels were more plentiful in number, and the sheet struc-
tures formed by the CNFs diminished with increase in VGCF
content. The pore sizes increased with increase in VGCF
content, which can be also concluded from the values of average
pore diameters shown in Table S1.} As shown in Fig. S1(d)-(f),T
2(d) and (e), the surfaces of the fibers in the CNF/VGCF/PPy
aerogels with different VGCF contents were rougher compared
to those of the CNF/VGCF aerogels. In addition, the fibers were
coated with several layers of blobs, which are PPy formed by
chemical polymerization. We can see these more clearly in
Fig. 3(c) and (d), where there is an obvious porous structure that
is unaffected by the adhesion of PPy. This also indicates that the
time allotted for in situ polymerization was sufficient for
obtaining an adequate content of PPy. The cross-sectional
images of the CNF/VGCF; and CNF/VGCF,/PPy aerogels after
being pressed into films shown in Fig. 2(c) and (f), respectively,
show layered structures in which many pores can be seen. It can
be also seen that the aerogels retained their porous structures
when VGCFs were embedded in the CNFs. The structures of the
cross-section of CNF/VGCF/PPy with other VGCF contents were
similar to that of the CNF/VGCF,/PPy aerogel film (Fig. S27).

AddingPy & In situ
monomer polymerization
— ... —
e

Freeze-drying

CNF/NGCF/PPy aerogel

Fig. 1 Schematic of the preparation process of CNF/VGCF/PPy aerogels.
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Fig. 2 SEM images of CNF/VGCF; aerogel: (a) an internal surface image of the aerogel, (b) a magnified image of the aerogel, and (c) a cross-
section image of the aerogel film. SEM images of CNF/VGCF,/PPy aerogel: (d) an internal surface image of the aerogel, (e) a magnified image of

the aerogel, and (f) a cross-sectional image of the aerogel film.

To further analyze the porous structures of the CNF/VGCF
aerogels with different VGCF contents, Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) models were
used to calculate pore size distributions and the specific surface
areas. Fig. 4(a) shows the typical nitrogen adsorption-desorp-
tion isotherms of the CNF/VGCF aerogels with different VGCF
contents. The isotherms are between type II and type IV of the
IUPAC isotherm classification system.**** The isotherms
increase gently with P/P° for P/P° < 0.1, indicating the presence

of only a few micropores. The adsorption hysteresis loops
indicate the existence of mesopores and capillary condensation
in the mesopores or macropores.”® The curves of the pore size
distributions of the CNF/VGCF aerogels with different VGCF
contents exhibit sharp peaks at 2-20 nm (Fig. S4(a)t). This
indicates that most pore sizes of the aerogels were in the 2—
20 nm range, indicating that a large number of mesopores
existed, which act as pathways for ion transfer in general. More
details of the porous properties of the CNF/VGCF aerogels with

Fig. 3 TEM images of (a) CNF/VGCF; aerogel and (c) CNF/VGCF;/PPy aerogel. Magnified TEM images of (b) CNF/VGCF; aerogel and (d) CNF/

VGCF,/PPy aerogel.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Typical nitrogen adsorption desorption of CNF/VGCF aerogels with different VGCF contents. Conductivities of (b) CNF/VGCF aerogels

and (c) CNF/VGCF/PPy aerogels with different VGCF contents. (d) FTIR spectra, (€) Raman spectra, and (f) XRD spectra of CNF/VGCF aerogels

with different VGCF contents.

different VGCF contents are shown in Table S1.f The CNF/
VGCF; aerogel had a maximum BET specific surface area of
67.18 m”> g~ !, followed by CNF/VGCF, s (61.51 m* g~ ), CNF/
VGCF, , (50.93 m® g~ '), and CNF/VGCF, (47.81 m”> g~ ') aerogels.
Maximum total pore volume of the CNF/VGCF aerogels was also
achieved when the ratio of CNFs to VGCFs is 1/1. However, the
CNF/VGCF, aerogel had the lowest specific surface area and
total pore volume of the samples. The values of the average pore
diameter increased with the increase in content of VGCFs,
which is consistent with the shape variation of the pores
observed in the SEM images. For the results above, it can be
concluded that the CNF/VGCF; aerogel formed a better porous
structure and had a relatively high specific surface area. These
results also show that the addition of VGCFs indeed affected the
specific surface areas, pore sizes, and total pore volumes of the
composite aerogels, while the composite aerogels retained their
porous structures, and there was not a positive correlation
between the structural variation trends and the content of
VGCF.

Conductivity is one of the key factors affecting the final
electrochemical properties. It has been reported that electrode
materials with higher conductivities have a greater capacity for
electron-transport. It is known that pure CNFs have poor
conductivity. Herein, VGCFs were added to CNF aerogels to
increase the conductivity. It can be seen in Fig. 4(b) that the
conductivities of the CNF/VGCF aerogels were improved by
adding VGCFs and increased with increase in VGCF content.
When the ratio of CNFs to VGCFs was 1 : 2, the conductivity
reached a maximum value of 6.46 x 10> S cm™'. Fig. 4(c)
shows that the conductivities of the CNF/VGCF/PPy aerogel
films increased from 3.69 S cm™ ' to 11.25 S cm™ " with increase

39922 | RSC Adv., 2018, 8, 39918-39928

in VGCF content. These results are superior to those of PPy/
cellulose nanopapers or composites.>*”** They are also higher
than the Ag/MWCNT/cellulose paper reported previously.*
Herein, the CNF/VGCF/PPy aerogel films with relatively high
conductivities were expected to show higher specific capaci-
tance, which was verified by electrochemical tests, discussed
below.

Fig. 4(d) shows the FTIR spectra of the CNF/VGCF aerogels
with different VGCF contents. The band at 3338 cm ™' corre-
sponds to O-H stretching vibrations of hydroxyl groups and the
band at 2923 cm ™ corresponds to C-H stretching vibrations in
the CNFs.** The band at 1727 em ' corresponds to C=0
stretching vibrations of hydroxyl groups in the CNFs and the
peak at 1588 cm™ ' corresponds to C=C stretching of the sp>
structure of the VGCFs."” The absorption peaks at 1530, 1382,
1060 (1162), and 666 cm ' are attributed to -CH, bending
vibrations, O-H bending vibrations, C-O stretching vibrations,
and C-H deformation vibrations of the CNFs, respectively.*® The
spectra of the CNF/VGCF aerogels with different VGCF contents
showed similar peaks at similar positions, indicating that the
variation of VGCF content does not influence the chemical
structure. As seen in the FT-IR spectra of the CNF/VGCF,/PPy
aerogel in Fig. 5(a), the peaks at 1794 cm " and 1729 cm ™’
correspond to the C=O stretching vibrations of hydroxyl
groups. The peak at 1537 cm™ " is attributed to C=C stretching
vibrations of the aromatic rings in PPy.** The peaks at 1287, 917,
1181, 1400, and 963 cm ' are attributed to C-H in-plane
stretching vibrations, C-H out-of-plane deformation vibra-
tions, C-N stretching vibrations, C-N deformation vibrations,
and N-H bending deformations of PPy, respectively.**** The
appearance of characteristic absorption peaks of PPy indicate

This journal is © The Royal Society of Chemistry 2018
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Fig.5 The (a) FT-IR spectra, (b) Raman spectra, and (c) XRD spectra of CNF/VGCF; aerogel and CNF/VGCF,/PPy aerogel. High-resolution XPS C
1s spectra of (d) CNF/VGCF; and (e) CNF/VGCF,/PPy aerogels and (f) N 1s spectrum of CNF/VGCF,/PPy aerogel.

that Py was successfully in situ polymerized onto the CNF/VGCF
aerogels.

Similar peaks appear in the Raman spectra of the CNF/VGCF
aerogels with different VGCF contents (Fig. 4(e)). The peaks at
around 1321 cm ™' and 1577 cm™ " represent the D and G bands
in the VGCFs, respectively. The peak at around 2657 cm ™' is
related to the 2D band of the VGCFs."” This indicates that there
was no change in the chemical structure of the aerogels with
different VGCF contents, which is consistent with the FT-IR
results. The ratio of I, and I; is 0.73 (<1), indicating that the
graphitized structure in the VGCFs suffered a small amount of
destruction. Fig. 5(b) shows that the peaks of the 2D band in the
CNF/VGCF, and CNF/VGCF/PPy aerogels were similar.
However, the peak of the D band (1331 cm ') shifted to
1338 cm ', and the intensity of peak at 1577 cm ™" increased for
the CNF/VGCF,/PPy aerogel, indicating interactions between
PPy and the VGCFs. The peaks of the characteristic groups of
PPy are at 934 cm ' and 1046 cm ™, representing ring defor-
mation and in-plane vibrations of the C-H deformation,
respectively.®>*® It was difficult to observe the characteristic
peaks of the CNFs due to the small amounts present in the
composite aerogels.

XRD spectra of CNF/VGCF aerogels with different VGCF
contents show that the intensities of the peaks at around 26 =
26.5° increase noticeably with increase in VGCF contents,
shown in Fig. 4(f). These broad peaks with higher intensities at
around 26 = 26.5° are related to the (002) crystalline plane of
graphite, showing that the VGCFs in CNF/VGCF aerogels had
obvious characteristics of graphite crystals.*® Another broad
diffraction peak at 26 = 22.5° is related to (200) crystalline plane

This journal is © The Royal Society of Chemistry 2018

of the cellulose I structure.*” The intensities of the peak at 26 =
22.5° show no obvious change, which indicates that the addi-
tion of VGCFs had no noticeable effect on the structure of the
CNFs. In addition to the similar diffraction peaks discussed
above, several peaks corresponding to PPy are seen in the XRD
spectra of the CNF/VGCF,/PPy aerogels (Fig. 5(c)). The typical
peak of amorphous PPy is at 260 = 26°, but it was not observed
clearly in the XRD spectra of the CNF/VGCF,/PPy aerogel
because it overlaps with the peak of the (002) crystalline plane of
the VGCFs. These results indicate that the addition of VGCFs
did not affect the crystal structure of the CNFs and the synthesis
of PPy did not affect the crystal structures of the CNFs and
VGCFs.

XPS was conducted to analyze the surface elemental
composition of the CNF/VFCF and CNF/VFCF/PPy aerogels. As
shown in Fig. S4(b),T there are three main elements, carbon,
nitrogen, and oxygen, where nitrogen is present due to the PPy
in the CNF/VFCF,/PPy aerogel. The high-resolution XPS C 1s
spectra shows that there are four kinds of carbon functional
groups in the CNF/VFCF; aerogel, C-C/C=C (284.8 eV), C-O
(285.9 eV), C=0 (287.1 eV), and O-C=0 (289.2 eV) (Fig. 5(d)).**
There is an additional carbon functional group, C-N/C=N
(285.5 eV),* in the CNF/VFCF;/PPy aerogel, along with C-C/C=
C (284.8 eV), C-0 (286.3 €V), C=0 (287.1 eV) and O-C=0 (288.6
eV) (Fig. 5(e)).* Fig. 5(f) shows the high-resolution XPS N 1s
spectrum of the CNF/VFCF,/PPy aerogel. The peaks corre-
sponding to -NH-, -NH'-, and =NH" in the CNF/VFCF,/PPy
aerogel appear at 399.6 eV, 400.1 eV and 401.2 eV, respectively.*

From the above results, it is concluded that the addition of
VGCFs had no impact on the chemical structures of the

RSC Adv., 2018, 8, 39918-39928 | 39923
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composite aerogels and adequate amounts of PPy successfully
adhered to the fibers of the CNF/VGCF aerogels through in situ
polymerizing of Py monomers.

To study the electrochemical characteristics of the CNF/
VGCF/PPy aerogel films, three-electrode tests were conducted
in a 1 M H,SO, electrolyte. The cyclic voltammetry (CV) curves
were measured in a potential range of 0 to 0.8 V. Fig. 6(a) shows
the CV curves of the CNF/VGCF/PPy aerogel films at a scan rate
of 200 mV s, both showing similar rectangular shapes, rep-
resenting good charge and discharge characteristics. The size of
the region enclosed by the curves increases in the order VGCF,,
VGCF, 5, VGCF,, VGCF, ,, which is consistent with the results of
the specific area capacitance curves. The specific area capaci-
tances of the CNF/VGCEF/PPy aerogel films do not have a positive
correlation with VGCF content. This is because the structures
become the prominent factor for the electrochemical proper-
ties, affecting the amount of electrolyte absorption when the
electrodes are immersed in electrolyte during three-electrode
testing. Therefore, even though the CNF/VGCF,/PPy aerogel
film does not possess the highest conductivity, it still performs
the best in the electrochemical characterization. This is because
the CNF/VGCF; aerogel has a well-formed porous network
structure and has the highest specific surface area. When the
content of the VGCFs is excessive, the porous structures of the
hybrid aerogels are affected, reducing the absorption of elec-
trolyte. However, when the content of the VGCFs is insufficient,
the conductivity of hybrid aerogel is greatly reduced, affecting
the electrode and charge transfer to some extent. However, the
hydrophilicity of VGCFs is weaker than CNFs. Therefore, it is
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critical to select a balanced ratio of CNFs and VGCFs to form
a good porous structure with a relatively high conductivity.
Fig. 6(b) shows the CV curves of CNF/VGCF,/PPy aerogel films at
different scan rates of 5, 10, 50, 100 and 200 mV s~ . The CV
curves have quasi-rectangular closed shapes with obvious redox
peaks, representing reversible redox reactions caused by PPy.
These can also be observed from the curves for different
contents of CNF/VGCF/PPy aerogel film electrodes in Fig. S5(a)-
(c)-T As shown in Fig. 6(c), the specific area capacitance of the
CNF/VGCF/PPy aerogel film electrodes decreases with increase
in scan rate. This is because there is sufficient time for electron
transfer and diffusion to obtain higher capacitances at low scan
rates. Consequently, at the scan rate of 1 mV s ', the CNF/
VGCF,/PPy aerogel film electrode obtains a maximum specific
area capacitance of 5.6 F em™>. This can be further proven by
the EIS curves shown in Fig. S7(a). When the curve of Nyquist
plot is closer to imaginary axis in the low and medium
frequency regions, the electrode is proven to have good ion
diffusion.*” In other words, the greater slope of the Nyquist plot
indicates a good ion diffusion process and thus good capaci-
tance performance. Therefore, the CNF/VGCF,/PPy aerogel film
electrode shows the highest specific area capacitance.

Fig. 6(d), (e), S5(d) and (e)t show the galvanostatic charge-
discharge (GCD) curves and specific gravimetric capacitances of
the CNF/VGCF/PPy aerogels with different VGCF contents.
These GCD curves show relatively symmetric quasi-triangular
shapes. However, the discharge curves are not quite straight
lines, showing obvious arc turning at around 0.5 V. The defor-
mation of the GCD curves is ascribed to the redox reaction
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Fig. 6 CV curves of CNF/VGCF/PPy aerogel electrodes: (a) the aerogel electrodes with different VGCF contents at 200 mV s~* and (b) CNF/
VGCF,/PPy aerogel electrode at different scan rates. GCD curves of CNF/VGCF/PPy aerogel electrodes: (d) the aerogel electrodes with different
VGCF contents at a current density of 3.125 mA cm™2 and (e) CNF/VGCF,/PPy aerogel electrode at different current densities. (c) Specific area
capacitances and (f) specific gravimetric capacitances of CNF/VGCF/PPy aerogel electrodes with different VGCF contents. All data were

measured in a three-electrode test.
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caused by the conductive polymer. There are small IR drops in
the GCD curves related to the low interior resistance of the CNF/
VGCEF/PPy aerogel film electrodes. Theoretically, the CNF/VGCF/
PPy aerogel film electrode with a higher VGCF content should
have a lower interior resistance,* which is also manifested by
the small equivalent series resistance (ESR) from the EIS curves
for the CNF/VGCF/PPy aerogel film electrodes with different
VGCF contents shown in Fig. S7(a).T The calculated values of
the ESR are 4.15, 3.31, 1.40, and 0.84 Q, respectively, which are
relative small and decrease with increase in VGCF content. It is
shown in Fig. 6(e) that the discharge time increases with
decrease in current density, which can also be seen in the GCD
curves shown in Fig. S5(d)—(f) for different VGCF contents.
There is a positive correlation between the specific gravimetric
capacitance and discharge time in the GCD curves. Thus, the
specific gravimetric capacitances increase with decrease in
current density, as seen in Fig. 6(f). The average mass loadings
of PPy for the CNF/VGCF, ,/PPy, CNF/VGCF, 5/PPy, CNF/VGCF,/
PPy and CNF/VGCF,/PPy aerogel films are 1.46, 1.55, 1.61, and
1.42 mg cm 2, respectively (Fig. S4(c)t). It is expected that the
electrode with PPy mass loading will have a higher specific
capacitance. But this could not be confirmed for the specific
gravimetric capacitances and PPy mass loading in three-
electrode test. On one hand, this is because the structures of
the electrodes play an important role in absorbing electrolyte,
which further affects the specific capacitance. Besides, VGCFs
also show the double-layer capacitance. On the other hand, the
aerogel electrodes immersed in H,SO, electrolyte suffer mass
loss during testing, which becomes more serious with increase
in the test time. For the above reasons, the maximum specific
gravimetric capacitance was obtained by the CNF/VGCF,/PPy
aerogel film electrode with a value of 850.27 F g~ at a current
density of 3.125 mA cm >, which is higher than those of
graphene/PPy-based electrodes, such as reduced graphene
oxide/PPy electrode (175 F g~ '), graphene/PPy composite (354 F
g ") and graphene oxide/PPy/Ag electrode (370.6 F g~ ').%>* The
CNF/VGCF, /PPy aerogel film electrode had the minimum
specific gravimetric capacitance of 423.47 F g~ ' at a current
density of 4.375 mA cm™ 2, which is still higher than CNF/
PEDOT:PSS/PPy nanopaper (315.5 F g~ ).

To further study the electrochemical performance, CNF/
VGCF/PPy aerogel films with different VGCF contents were
fabricated into all-solid-state supercapacitors employing PVA/
H;PO, gel as the separator and electrolyte. The electrochemical
performances of the all-solid-supercapacitors were measured by
a two-electrode test in a potential range of 0 to 0.8 V. Fig. 7(a), (b)
and S6(a)-(c)T show CV curves and specific area capacitances of
the all-solid-state supercapacitors fabricated using the CNF/
VGCF/PPy aerogel film electrodes. The CV curves are quasi-
rectangular without obvious redox peaks. When the VGCF
content is higher, the area of CV curves becomes larger, shown
in Fig. 7(a), indicating higher capacitance. Fig. 7(b) shows that
the shapes of CV curves become slender as the scan rate
increases, representing lower specific area capacitances of the
electrodes, which can be also observed from the CV curves in
Fig. S6(a)-(c).t The calculated specific area capacitances of the
CNF/VGCF/PPy aerogel film electrodes increase from 2.83 to

This journal is © The Royal Society of Chemistry 2018
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8.61 F cm™” at a scan rate of 1 mV s~ ' with increase in VGCF
content. Thus, the specific area capacitance of the CNF/VGCF,/
PPy aerogel electrode had a maximum of 8.61 F cm ™~ at the scan
rate of 1 mV s, higher than nanocellulose/PPy/carbon mate-
rial composites, such as PPy/carbon filaments/nanocellulose
composite (0.48 F cm™?) and CNC/MWCNT/PPy aerogel (2.1 F
Cmfl)‘u,m

Unlike the results of the three-electrode test, the maximum
specific area capacitance was obtained by the CNF/VGCF,/PPy
aerogel electrode in the two-electrode test. This is ascribed to
the structure of the aerogel films, which was affected by the
pressure applied when the supercapacitor devices were fabri-
cated. The aerogel films with higher VGCF contents had better
structures than the others due to the strength of the VGCFs.
Therefore, such aerogel films could absorb more electrolyte,
which was beneficial for the electrochemical properties. In
addition, the conductivity become an essential factor that
affected the electrochemical properties when the microstruc-
ture of CNF/VGCEF/PPy aerogel film electrode was affected by the
second pressing. The values of the slope in the EIS curves reflect
the process of ion diffusion. As shown in Fig. S7(b),t a higher
content of VGCF corresponds to a larger value of the slope of the
CNF/VGCF/PPy aerogel film electrodes. It has also been re-
ported that electrolyte ion diffusion is related to electronic
conductivity.*® Thus, electrodes with higher VGCF contents have
much better ion diffusion processes. This is an alternative
explanation for why the CNF/VGCF,/PPy aerogel film electrode
showed better electrochemical performance.

Fig. 7(d) shows that the discharge time increases with
increased VGCF content, indicating a higher capacitance of the
CNF/VGCF/PPy aerogel-based supercapacitors. This is largely
due to the higher conductivity of the CNF/VGCF/PPy containing
higher VGCF contents. The GCD curves of the CNF/VGCF/PPy
aerogel-based supercapacitors are shown in Fig. 7(e) and
S6(d)-(f).T The shapes of the GCD curves are quasi-triangular
with relatively straight lines. All the electrodes showed rela-
tively small IR drops, indicating low internal resistances, which
are beneficial for charge transport. This can be proven by the
results of the EIS curves in Fig. S7(b).t The values of the ESR are
5.28, 3.63, 1.75 and 1.11 Q, respectively, decreasing with
increase in VGCF content. This shows that the CNF/VGCF/PPy
aerogel film electrode with a higher VGCF content and better
conductivity had lower internal resistance and higher specific
capacitance. In addition, the specific gravimetric capacitances
of the CNF/VGCF/PPy aerogel-based supercapacitors also
increased with increase in VGCF content but decreased with
increase in current density, shown in Fig. 7(f). Thus, when the
ratio of CNFs to VGCFs was 1/2, the maximum specific gravi-
metric capacitances of the CNF/VGCF,/PPy aerogel electrode
was 678.66 F g~ ' at a current density of 1.875 mA cm™ %, which is
higher than that of the CNF/PPy aerogel (215 F g~ "), CNF/
reduced graphene oxide hybrid aerogel film (203 F g~'), and
BC/PPy/MWCNT electrode.*

The Ragone plot in Fig. 8(a) shows that both the power
density and energy density increase with increase in VGCF
content, from 2.79 Wh kg " and 35.95 Wkg ' t0 15.08 Wh kg "
and 334.57 mW kg, respectively. When the ratio of CNFs to
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Fig.7 CV curves of CNF/VGCF/PPy aerogel electrodes: (a) the aerogel electrodes with different VGCF content at a scan rate of 200 mV s~ and
(b) CNF/VGCF,/PPy aerogel electrode at different scan rates. GCD curves of CNF/VGCF/PPy aerogel electrodes: (d) the aerogel electrodes with
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were measured in a two-electrode test.

VGCFs is 1/2, there are maximum energy densities of
15.08 W h kg~ '. When the ratio of CNFs to VGCFs is 1/1, there
are maximum power densities of 334.57 W kg™ .

Fig. 8(b) and S8t show the cycle stabilities of the CNF/VGCF/
PPy aerogel film electrodes with different VGCF contents after
2000 cycles at 20 mV s~ . The curves drop obviously from 500 to
1500 cycle and then level off in the last 500 cycles. It is likely that
the sharp drop results from degradation of PPy caused by
continuous swelling and shrinking during the doping and
dedoping processes.***” The CNF/VGCF/PPy aerogel film elec-
trodes with higher contents of VGCF had better cycle stabilities,
and the CNF/VGCF,/PPy aerogel film electrode retained 91.38%
of its initial capacitance after 2000 cycles. This is because VGCF
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Cycling stabilities of the assembled supercapacitors.
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as the carbon nanomaterial has better cycle stability than
conductive polymers.*

In summary, CNF/VGCF/PPy aerogel-based electrodes
exhibited higher specific capacitances and power densities,
which can be ascribed to the following characteristics of the raw
materials and structural characteristics of the composite aero-
gel. First, the CNF/VGCF hybrid aerogels had a continuous
porous network. Furthermore, the strength of the VGCFs made
the structure more stable. Certainly, this is based on the
premise of good dispersion of VGCFs in the CNF solution.
Second, the porous structure of the aerogel and hollow structure
of VGCFs provided the electrodes with a larger nano-reservoir.
In addition, the electrodes could absorb more electrolyte due
to the excellent hydrophilicity of the CNFs. Third, the
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conductivity of the electrodes was greatly improved by adding
VGCFs, which promoted electron and charge transfer. Thus,
due to the synergistic effects of the VGCFs and PPy, the CNF/
VGCF/PPy aerogel film electrodes obtain higher capacitances
and good cycle stabilities.

Conclusions

In conclusion, the electrode materials were prepared by in situ
polymerization of PPy on CNF/VGCF aerogel substrates with
VGCFs forming conductive networks. The results indicated that
the conductivities of the CNF/VGCF/PPy aerogel films were
improved. Therefore, the CNF/VGCF/PPy aerogel electrodes
showed higher capacitances of 8.61 Fecm > at 1 mV s * (specific
area capacitance) and 678.66 F g~ " at 1.875 mA cm™ > (specific
gravimetric capacitance). In addition, the capacitance still
retained 91.38% of its initial capacitance after 2000 cycles at
20 mV s~ . The superior electrochemical performances further
verified that the electrode materials we prepared have potential
for use in light-weight portable and wearable supercapacitors
and other electric devices.
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