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Controlling the Morphology and Property of Carbon
Fiber/Polyaniline Composites for Supercapacitor Electrode
Materials by Surface Functionalization

Fuyou Ke,” Jun Tang,® Shanyi Guang® and Hongyao Xu®

The effect of surface functionalization of carbon materials on the morphology and performance of carbon/polymer
composite materials for supercapacitor electrodes was investigated here. Three kinds of functionalized carbon fibers were
prepared by the simple chemically modification of carbon fiber, named oxidated carbon fiber (OCF), amino-functionalized
carbon fiber (AFCF) and aminated triazine functionalized carbon fiber (ATFCF). Then functionalized carbon fibers were
used to fabricate nanostructural polyaniline/CFs composites (PANI/OCF, PANI/AFCF, PANI/ATFCF) by electrochemical in-
situ polymerization under pulse current. The chemical compositions and morphologies of these PANI/CFs composites were
studied by FTIR, Raman spectra and SEM. It was found that PANI on OCF composites displayed disordered nanofiber
structure owing to the non-covalent connection between PANI with OCF. Conversely, PANI grew on the surface of AFCF
and ATFCF in an ordered fashion due to chemically covalent connection, exhibiting nanowire arrays and petal-like
nanosheets, respectively. It hints that the morphology of PANI/CFs composites can be effectively adjusted by molecular
structural design of functional groups on the functionalized CF. The electrochemical properties of these PANI/CF
composites were evaluated by electrochemical workstation. In comparison with noncovalent PANI/OCF composites, the
strong covalent interactions together with the ordered nanostructures of PANI/AFCF and PANI/ATFCF facilitated faster
charge transfer, smaller internal resistance and better mechanical properties, resulting in improved electrochemical

performance.

1. Introduction

The correlation between structure and performance is a
concern in material science, because studies on their
relationship are helpful in understanding the related
mechanisms, designing novel structures to prepare the
materials with ultra-performance and predicting the
properties of new materials. Carbon based composite
materials have been attracting much attention in the past
years. Their performance strongly depends on the hierarchy
structures and the interactions between their components.
Because of the inert surface of carbon materials, their
interactions with the other components (e.g. polymers) are
very weak, deteriorating the performance of composite
materials, thus carbon materials require surface
functionalization to enhance the interactions with other
components. When the simple in situ polymerization method
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is used to prepare carbon/polymer composite materials,
surface functionalization of carbon materials not only
improves the interactions, but also guides the growth of
polymers to form various morphologies, further affecting the
performance of the composite materials. Thus studies on the
relationships between functional groups, morphologies and
performance are very significant in the field of carbon/polymer
composite materials. In this paper, such studies were
conducted in the application of supercapacitor electrode
materials.

Supercapacitor is a new high-performance energy storage
device with ultrahigh power density, fast charge-discharge
rate, long cycle life, and low maintenance cost. According to its
mechanisms named electrical double layers capacitance and
pseudocapacitance, the electrode materials can be divided
into two categories, respectively. The former are carbon-based
materialsl'z, such as graphene, carbon nanotube and carbon
fibers. They have good mechanical properties and cycling
stability, but low capacitance. The latter are mainly conductive
polymers3 and metal oxides. They display high capacitance but
poor cycling stability. Thus, the recent studies in high
performance supercapacitor focus on the composite electrode
materials integrating high capacitance and good cycling
stability.
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Polyaniline (PANI) is one of the most promising conductive
polymers in supercapacitor electrode materials owing to its
easy synthesis, low cost and high capacitance. Compared with
the macroscopic PANI, the nano structures of PANI
significantly improve the electrochemical performance.
Various morphologies of PANI*®, such as spherese, tubes’ and
nanowires®, were designed and fabricated by using different
synthesis methods, including oxidative polymerization and
electrochemical polymerization. To overcome the poor cycling
stability problem of conductive polymers as described above,
PANI based composite electrode materials were widely
studiedg, mainly focusing on PANI/carbon based composite

. 10-18
materials

. In our recent work, highly ordered PANI
nanorods array/graphene bulk hybrid materials were prepared
for high performance supercapacitor electrodes, which
possess a specific capacitance as high as 1225 F g"1 at1lA g"l,
together with outstanding rate capability and cycling stability
because of the synergistic effect™®.

In comparison with other carbon based materials, carbon
fibers (CF) display characteristic merits, e.g. low cost and the
absence of aggregation problem like graphene, high strength
and excellent flexibility, which make carbon fibers to be very
promising in the applications of flexible supercapacitors. Thus
PANI/CF composite electrode materials have been prepared in
many groups20 and they show both high capacitance and good
cycling stability. Yan et al.*! and Liu et al.” fabricated free-
standing, flexible PANI/CF paper composite materials via in-
situ polymerization of aniline, respectively. Cheng et al.
prepared PANI/CF composite electrode materials by coating
PANI nanowires onto the electro-etched CF cloth, which reach
a mass-normalized specific capacitance of 673 F/g and an area-
normalized specific capacitance of 3.5 F/cm223. Yu et al.
further improved the electrochemical performance by using
nitrogen plasma etching24'25. Because of the inert surface,
functionalized CF was supposed to enhance the interactions
between PANI and CF. It has proved that the covalent linkage
can facilitates charge transfer, and consequently improves
capacitance and cycling ability in the composite materialszs,
which requires the surface functionalization of CF. However,
there are few reports on the chemical modification of CF for
PANI/CF composite materials as supercapacitor electrodes
except the etching techniques. On the other hand, structural
design of functional groups on CF surface can be used to adjust
the PANI growth and morphologies, especially when in situ
polymerization method is adopted, further controlling the
performance of PANI/CF composite materials in
supercapacitor electrodes. However, the effect of surface
functionalization of CF on the PANI morphology and the
resulting performance of PANI/CF composite materials in
supercapacitor electrodes has not been investigated.

Here three kinds of functionalized carbon fibers were prepared
by the chemical modification of carbon fiber, named oxidated
carbon fiber (OCF), amino-functionalized carbon fiber (AFCF)
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and aminated triazine functionalized carbon fiber (ATFCF).
Then three different nanostructural PANI/CFs composites
(PANI/OCF, PANI/AFCF, PANI/ATFCF) were fabricated based on
functionalized carbon fibers (OCF, AFCF, ATFCF) by
electrochemical in-situ polymerization under pulse current, as
shown in Figure 1. The chemical compositions, morphologies,
and electrochemical performances of PANI/CFs were
investigated and their relationships were discussed.

2. Experimental
2.1 Materials

T700 carbon fiber was purchased from Toray. Concentrated
sulfuric acid (H,SO,, 98%), hydrochloric acid (HCl), sodium
bicarbonate (NaHCO;), p-phenylenediamine, N, N-
dimethylformamide (DMF), acetone and sodium nitrite
(NaNO,) were purchased from Shanghai Reagent Company.
Hydrazine hydrate (98%) was purchased from Alfa Aesar
Company. 2,4,6-trichloro-1,3,5-triazine was obtained from J&K
Company. Aniline (AR) was bought from Sinopharm Chemical
Reagent Company, which was purified by vacuum distillation
twice before use. Other chemical reagents were used directly
without any further purification.

2.2 Preparation of PANI/CFs composite materials
2.2.1 Pre-treatment of CF

0.36 g CF was wound in parallel with 25cm-long glassy
shelves, and then immersed in 100 mL acetone at room
temperature for 4 hours. After that, CF was washed with
deionized water for three times and dried in blast oven at 85
°C for 24 hours until the weight is constant, then CF was kept
in a desiccator before use.

2.2.2 Synthesis of oxidized carbon fiber (OCF)

OCF was obtained via electrochemical oxidation method. 60
mg CF was wound with plastic plate, used as the anode and
two sheets of copper as the cathode. At a current density of
4.5 A/g, the electrolysis was conducted in 200 mL 3wt%
NH,;H,PO4 electrolytes for 30 min. Then OCF was washed with
deionized water and dried in blast oven at 85 ‘C

2.2.3 Synthesis of amino-functionalized carbon fiber (AFCF)

AFCF was obtained through diazonium salt addition reaction
between carbon fiber and p-phenylenediamine. First, a three-
necked flask was charged with 200 mg OCF and 200 mL
deionized water, then 0.6 mL 98% hydrazine hydrate was
added under stirring. The solution was refluxed at 100 oC for 4
h, then 3 mL 12 M HCl was added to form an acidic
environment. After that, 0.1226 g of p-phenylenediamine and
0.0266 g NaNO, were added and kept in an ice bath for 2 h
under stirring. The product was washed repeatedly with
acetone, DMF and deionized water, then dried in a vacuum
oven at 50 °C.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 Schematic illustration of the preparation of PANI/OCF, PANI/AFCF and PANI/ATFCF composite materials.
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2.2.4 Synthesis of aminated triazine functionalized carbon fiber
(ATFCF)

A round bottom flask was charged with 200 mg OCF, 2.73 g
NaHCO;3 (32.5 mmol) and 120 mL DMF in an ice bath. 1.5 g
(8.13 mmol) 2,4,6-trichloro-1,3,5-triazinewas dissolved in DMF
and added dropwise to the above solution. The solution was
further stirred for 4 h. Then 3.516 g (32.52 mmol) p-
phenylenediamine was added under nitrogen atmosphere. The
mixture was first stirred at room temperature for 4 h, then
refluxed for 24 h at 902C. The product was washed repeatedly
with acetone, DMF and deionized water, then dried in a
vacuum oven at 50 2C.

2.2.5 Synthesis of PANI/CFs composites

PANI/CFs composite materials were all prepared via
electrochemical polymerization of aniline under pulse current.
In a typical procedure, 60 mg OCF were wound with plastic
plate, used as the anode and two sheets of copper as the
cathode. At a current density of 6 A/g, the electrochemical
oxidation was conducted in 200 mL 0.3 M ANI + 1.0 M H,SO,
electrolytes for 7 min with 50% duty cycle. Then the composite
materials were washed with deionized water and dried in
vacuum oven at 60 ‘C, which are named as PANI/OCF.
Similarly, the other composite materials from AFCF and ATFCF
are named as PANI/AFCF and PANI/ATFCF, respectively. For
good comparison, the composite materials from unmodified
CF were also prepared and named PANI/CF below. The weight
percentage of PANI in PANI/CF, PANI/OCF, PANI/AFCF and
PANI/ATFCF were calculated as 22.2%, 26.5%, 29.8% and
30.8%, respectively.

2.3 Characterization

FTIR spectra were recorded in the region of 4000-500 ecm™?on
a Nicolet NEXUS 8700 FTIR spectrophotometer using KBr disks
at room temperature. Raman spectra were recorded using a
Via-Reflex Micro-Raman spectroscopy (Renishaw). The
morphologies of PANI/CF composite materials were observed
with a field-emission scanning electron microscope (FESEM,
Hitachi S-4800). Electrochemical measurements were carried
out in a three electrode system. The composite materials were
directly used as the working electrodes. A platinum sheet
(1><1cm2) and a Ag/AgCl with saturated KCl solution were used
as the counter and the reference electrode, respectively. Cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD)
were measured using a CHI660D electrochemical

workstation at room temperature. The electrochemical
impedance spectra (EIS) were performed using a

This journal is © The Royal Society of Chemistry 20xx
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ZahnerZennium electrochemical workstation. An aqueous
solution of 1 M H,SO, was used as the electrolyte. CV tests
were carried out from 0 to 0.8 V at different scan rates from
10-500 mV/s. The GCD property was measured at current
densities from 1to 8 A g'l. Measurement of cycling stability
was performed by cyclic voltammetry at a scan rate of 100 mV
s, The EIS were obtained at the open circuit voltage with an
applied amplitude of 5 mV for swept frequencies of 0.01-100
kHz. The specific capacitance values (Cs, F g'l) of the samples
were calculated from the discharge process according to the
following equation:

C, =1xAt/(AV xm)

where | is the charge—discharge current (A), Atis the
discharge time (s), AV is the potential change during the
discharge process and m is the mass of active material in a
single electrode (g).

3. Results and Discussion

Three kinds of chemically modified CFs including OCF, AFTF
and ATFCF were designed here and their composite materials
PANI/OCF, PANI/AFCF, PANI/ATFCF were prepared via
electrochemical polymerization of aniline. As shown in Figure
1, CF and PANI were connected through hydrogen bonding in
PANI/OCF, while covalent connections existed in the other two
composite materials.

Figure 2 shows FTIR spectra and Raman spectra of the
functionalized CFs. In the FTIR spectrum of OCF, the absorption
bands at 3464, 1726, 1604, 1246, 1044 cm™ were attributed to
the stretching vibrational peaks of -OH, C=0, C=C, -C-OH, -C-O-
C, respectively, indicative of the oxidation of CF surface. The
characteristic absorption bands of stretching vibrational peaks
of -NH, occurred at 3423 and 3468cm™ in the FTIR spectra of
both AFCF and ATFCF. Moreover, the absorption bands at
1564, 1456 and 1334 cm™ came from the triazine skeleton.
These results proved the successful functionalization of CF.
Raman spectra were used to study the structural variation of
CFs after functionalization. As shown in Figure 2B, CF had two
absorption peaks at 1604 and 1346 cem™, corresponding to the
G band and D-band, originating from the ordered (sp2
hybridized carbon) and disordered graphite structure. The
intensity ratio of G-band to D-band I/l of initial CF was 0.96.
After modification, Ig/lp increased to 1.05 in OCF, 1.10 in AFTF
and 1.14 in ATFCF, suggesting a larger conjugated structure
because of the incorporation of oxygen or nitrogen atoms on
the surface.

J. Name., 2013, 00, 1-3 | 4
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Figure 2 (A) FTIR spectra and (B) Raman spectra of CF and functionalized CFs.

Figure 3 SEM images of PANI/CFs composites. (A) PANI/OCF; (B) PANI/AFCF; (C) PANI/ATFCF.

PANI had two characteristic absorption bands at 1555 and
1467cm™in FTIR spectra (Figure S1A), corresponding to the

stretching vibration of C=C in quinone rings and benzene rings.

After PANI was coated to functionalized CF via in-situ
polymerization of aniline, similar absorption bands were also
observed in the spectra of composite materials, but with a red

This journal is © The Royal Society of Chemistry 20xx

shift (PANI/OCF: 1545, 1454 cm’™"; PANI/AFCF: 1543, 1456 cm
PANI/ATFCF: 1537, 1443 cm'l), indicating that conjugated
interactions existed between functionalized CF and PANI, while
the interactions were strongest in PANI/ATFCF. In addition, the
stretching vibrational bands of -NH, in AFCF and ATFCF
disappeared in the composite materials, indicative of the

J. Name., 2013, 00, 1-3 | 5
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covalent connections between CF and PANI. The conjugated
interactions were further confirmed by Raman spectra (Figure
S1B). Ig/lp of the composite materials further increased to 1.19
in PANI/OCF, 1.23 in PANI/AFCF and 1.24 in PANI/ATFCF.

The morphologies of the composite materials were
investigated by SEM. As shown in Figure 3, PANI on the
PANI/OCF surface exhibited nanofibrous structure, but not
ordered. While in PANI/AFCF composites, PANI formed
nanowire arrays vertical to the CF surface. Different from the
above, PANI in PANI/ATFCF composites showed petal-like
sheet nanostructures. The variation in the PANI morphology of
the composites was attributed to the difference in the
functionalization of CF, which guided the growth of PANI on
their surface. In PANI/OCF composites, there were no covalent
connections between CF and aniline, only weak hydrogen
bonding interactions existed. Thus the guiding role in PANI
growth was very poor, resulting in disordered nanofibers
Similar phenomenon was observed in PANI/CF, as shown in
Figure S2. While in PANI/AFCF and PANI/ATFCF composites,
the amino groups on the surface initiated the polymerization
of aniline and guided the growth of PANI along the amino
directions, thus ordered nanostructures were obtained. The
different morphologies between PANI/AFCF and PANI/ATFCF
originated from the distribution of amino groups on CF
surface. The detailed formation mechanism of the petal-like
nanoribbons can be seen in our further work. The above
results suggested that the morphologies of PANI/CF hybrid
materials strongly depended on the structural design of
functional CF. Strong covalent connections between CF and
PANI were inclined to form ordered structures, while the
distribution of functional groups (amino groups here) guiding
the PANI growth controlled the PANI morphology.

The electrochemical performances of PANI/CFs composite
materials used as the supercapacitor electrodes were
investigated using CV, GCD and EIS measurements. As shown
in Figure 4A, the CV curves of PANI and PANI/CFs composites
displayed two pairs of redox peaks (C1/A1 and C2/A2), which
were attributed to the transition of PANI between a
semiconducting state (leucoemeraldine form) and a
conducting state (polaronicemeraldine form) and the Faradaic
transformation from emeraldine to pernigranilinelz. Because
the capacitance of the samples was proportional to the area of
CV curves, the capacitance of PANI/CFs composites mainly
came from Faradaic reactions of PANI at the
electrode/electrolyte surface. The areas of the CV curves of
the composites were larger than that of PANI, indicating that
the introduction of CF efficiently improved the capacitance.
Moreover, the capacitances of PANI/functionalized CF

6| J. Name., 2012, 00, 1-3
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composites were larger than that of unmodified CF, while the
values were in the order: PANI/ATFCF>PANI/AFCF>PANI/OCF.
At high scan rates, the CV curves of the composites (Figure 4B
just shows the data of PANI/ATFCF, others are the same) were
similar to those at low rates, the two pairs of redox peaks were
still clearly observed, indicating that the composites had good
capacitance response, mainly because these electrode
materials had a high charge transfer rate. The good linear
relationship between the anode current and scan rate (inset in
Figure 4B) revealed that the composite electrode materials
had excellent reversible stability and fast response to large
current, which was beneficial in charge-discharge process at
high power densities. Figure 4C shows the GCD curves of CF,
PANI and their composites with a potential window from 0 to
0.8 V at a current density of 1 A g"l. The specific capacitance
(Cs, F g"l) of the samples can be calculated from the discharge
process according to the equation in Experimental part. The
specific capacitance of PANI, PANI/CF, PANI/OCF, PANI/AFCF,
PANI/ATFCF were calculated as 208.13, 322.95, 343.65, 406.14
and 456.73 F g'l, respectively. The capacitance of the
covalently grafted PANI composites (PANI/AFCF and
PANI/ATFCF) was significantly greater than that of the non-
covalent composites (PANI/OCF, PANI/CF). Figure 4D shows
the dependence of the specific capacitance on the charge-
discharge current density. The capacitance decreases with
increasing the current density, because the rate of redox
reaction and charge diffusion cannot match the rapid increase
in current densities®’. When the current density increased
from 1to 8A g'l, the specific capacitances of PANI/CF,
PANI/OCF, PANI/AFCF, PANI/ATFCF kept 47.80%, 49.71%,
50.49% and 50.92% of their initial values, much larger than
that of PANI(28.31%) because of the synergistic effect. These
results demonstrated that the four composites had good rate
capacity, which was very important for the electrode materials
of supercapacitor to provide high power density. In addition,
PANI/functional CF composites exhibited better performance
than PANI/CF, covalently grafted PANI composites (PANI/AFCF,
PANI/ATFCF) exhibited better performance than non-covalent
PANI composites (PANI/OCF), indicative of the importance of
CF functionalization.

This journal is © The Royal Society of Chemistry 20xx
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EIS was used to analyze the internal resistance, charge transfer
kinetics and ion diffusion process. As seen in Figure 5A, the
Nyquist curve of PANI at the high frequency region had a large
semi-circle, and the interfacial charge transfer resistance R
was about 2.89Q. While the composites materials showed the
negligible semi-circles, corresponding to the interfacial charge
transfer resistance of 1.34, 1.22, 0.77 and 0.72Q for PANI/CF,
PANI/OCF, PANI/AFCF and PANI/ATFCF, respectively. The 45°
sloped portion of the Nyquist plots over the low frequency
region is related to the Warburg resistance from ion
diffusion/transport in the electrolytesn. A shorter Warburg
region implies a smaller Warburg resistance and enhanced ion
movement. Among PANI and PANI/CFs composites, PANI/AFCF
and PANI/ATFCF composite electrodes had the largest slope in
the low frequency region, demonstrating small Warburg region
as well as Warburg resistance, indicating that covalent
connections between CF and PANI improved the ion diffusion.
Long-term cycling stability of the electrode materials is a key
index in supercapacitor. Figure 5B shows the capacitance
retention of the electrodes during 1500 consecutive CV cycles
at a scan rate of 100 mV s™. After 1500 cycles, the capacitance
retentions of PANI, PANI/CF, PANI/OCF, PANI/AFCF, and
PANI/ATFCF are 42.52%, 72.59%, 76.34%, 82.19%, and 84.19%,
respectively. The results indicated that the four composite
electrodes had high cycling stability in comparison with PANI.
In particular, the covalent grafting PANI/AFTF and PANI/ATFTF
composites had better cyclic stability than non-covalent
composites.

Some points can be obtained from the above results. First, the
incorporation of CF significantly improved the performance of
PANI when using as supercapacitor electrodes. Secondly,
surface functionalization of CF enhanced the interactions
between PANI and CF, further improving the performance.
Most importantly, the morphology and electrochemical
performance of the PANI/CFs can be effectively controlled by
the structural design of functional groups of CF. In PANI/OCF
composites, PANI mainly had interactions with CF via hydrogen
bonding, while covalent connections existed in PANI/AFCF and
PANI/ATFCF composites. The covalent amino groups on CF
surface can effectively guide the PANI growth, thus ordered
nanostructures were prepared in PANI/AFCF and PANI/ATFCF,
while disordered nanostructures in PANI/OCF. Depending on
the distribution and directions of amino groups, nanowire
arrays of PANI were obtained in PANI/AFCF and petal-like
nanosheets in PANI/ATFCF. The strong covalent interactions
and ordered nanostructures were beneficial in charge transfer
on the interface and improved the electrochemical properties,

This journal is © The Royal Society of Chemistry 20xx
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Moreover, they also significantly improved the mechanical
properties of the composites, effectively preventing the chain
entanglement and collapse of PANI during the charge-
discharge process, and even reducing the damage of PANI
molecular chains. Consequently, the long-term cycling stability
was obtained in covalently modified PANI/CF composites. The
better performance of PANI/ATFCF than PANI/AFCF may be
attributed to the more conjugated structure of the linking
chains®® (Figure 1), and the characteristic petal-like
nanostructures of PANI, indicative of the significance in
structural design of CF functionalization.

It is noting that the effect of surface modification on the
electrochemical properties of CF itself is negligible (Figure S3).
Moreover, though PANI content may influence the specific
capacitance of composite materials, it isn’t a key role here.
PANI/OCF has a larger PANI content of 4.3% than PANI/CF,
their difference of the specific capacitance is only 20.7 F/g.
Conversely, PANI/AFCF has a larger PANI content of 3.3% than
PANI/OCF, their difference of the specific capacitance is 62.5
F/g; PANI/ATFCF has a larger PANI content of 1.0% than
PANI/AFCF, their difference of the specific capacitance is 50.6
F/g. These results demonstrate the importance of the
synergistic effect of PANI and CF.

4. Conclusions

Three kinds of PANI/functionalized CF composite materials
were prepared and their electrochemical performance in the
application of supercapacitor electrodes was investigated. All
the PANI/CF composites showed high electrochemical
capacitance, together with excellent rate capability and good
cycling stability. The morphologies and electrochemical
performance of PANI/CFs hybrid materials strongly depended
on the structural design of functional groups on the
functionalized CF. Covalent connections between PANI and CF
facilitated ordered nanostructures, resulting in even better
performance. It is expected that the conclusions here can be
also applied to other carbon based composite materials for
supercapacitor electrode materials.
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Graphical Abstract

Functionalized carbon fiber/Polyaniline Morphologies Performance in
Electorde Materials
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