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A series of ferrocenyl functionalized carbon nanotubes (CNT-Fc-n,n = 1,2,3) were synthesized and used as
electrode materials for high performance supercapacitors. The results of galvanostatic charge-discharge
measurement show that the specific capacitances of CNT-Fc-3 based electrode increase with the decrease
of current densities. When the current density is 0.4A g™, the maximum capacitance is 53.6Fg~.
Ragone diagram, which shows that the symmetrical supercapacitor device based on CNT-Fc-3 electrode
has typical symmetric capacitance characteristics. The energy density of CNT-Fc-3 based electrode under
0.1kWkg~! is calculated to be 5.0 Wh kg™, and 3.0 Wh kg~! is kept in 0.5kW kg~ In addition, the
galvanostatic charge-discharge technique is used to test the stability of the cycle. The results show that
the capacitance retention rate reaches 96.0% in 5000 cycles. In conclusion, ferrocenyl functionalized
carbon nanotubes are ideal electrode materials for low cost and high efficiency electrochemical

supercapacitors.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

As a new type of electrochemical energy storage device,
supercapacitor (SC) has received extensive attention in recent years
for its advantages of high power density, long cycle life, safe oper-
ation and environmental friendliness [1—5]. According to its
working mechanism, electrochemical double-layer capacitance
(EDLC) and pseudo-capacitor are two typical types. EDLC has better
cycle stability, but its energy density is lower than that of pseudo-
capacitor.

In recent years, the main strategies to improve the electrical
density of carbon materials are: 1) adjusting and controlling the
pore size and structure of carbon materials, making electrolyte ions
penetrate, reducing the charge separation distance of electro-
chemical double layer [6—8]; 2) enlarging the specific surface area,
the activity of electrochemical double layer was improved [6—8]; 3)
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doping agent such as metal and nonmetallic doping was introduced
[9,10]; (4) pseudo-capacitive species were introduced on carbon
electrode materials such as surface functional groups, transition
metal oxides and conductive polymer [11—15].

In this paper, the synthesis of ferrocene-based functionalized
carbon nanotubes and its application as electrode materials for high
performance supercapacitors are reported. The electrochemical
properties of ferrocenyl functionalized carbon nanotubes in 1.0 M
NaySO4 electrolyte were measured by three-electrode system.
When the current density is 0.4Ag~!, the maximum specific
capacitance of the sample is 53.6 Fg~!, and the capacitance reten-
tion rate is 96.0% in 5000 cycles with 1.0 Ag~! current density.

2. Experimental section
2.1. Materials

Ferrocene (Macklin, purity 99%) and Multi-walled carbon
nanotubes (MWCNTs, Chengdu Organic Chemicals Co. Ltd.) were
used without further treatment as received. Other reagents were all
commercial chemicals of analysis grade and purified following the
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standard procedures. Water used in all experiments was deionized
and filtrated by a Millipore purification apparatus with resistivity
more than 18.0 MQ cm.

2.2. Preparation of ferrocenyl-functionalized multi-walled carbon
nanotubes

The synthetic routes for the ferrocenyl-functionalized multi-
walled carbon nanotubes (denote as CNT-Fc) are shown in Fig. 1. In
order to introduce ferrocenyl groups on the surface of the carbon
nanotubes, MWCNTs were firstly treated to obtain carboxy-
modified multi-walled carbon nanotubes (denoted as CNT-COOH)
following the method reported by Burghard et al. with slightly
improvement [16].

The typical steps for synthesis of CNT-COOH are as follows:
MWCNTs (5 g) were added to nitric acid (300 mL, 69 wt %) and
sonicated to ensure they were dispersed. The resulting suspension
of MWCNTSs was refluxed under magnetic stirring for 4 hat 130°C
to oxidize MWCNTs. The oxidized suspension of MWCNTs was
cooled and filtered using sintered discs (G4, 3—4 um pore diameter)
and washed with deionized water. The oxidized MWCNTSs retained
on the sintered discs were dispersed in deionized water (280 mL)
by sonication. An acidic solution of potassium permanganate (3.5 g)
and perchloric acid (200 mL, 70 wt %) was then added to the stirring
solution. The potassium permanganate was quenched after
10—30 min by the addition of a solution of citric acid (21.0 g). The
suspension was filtered using sintered discs (G4, 3—4 um pore
diameter) and washed repeatedly to neutral with deionized water
and alcohol. The resulting carboxy-modified MWCNTs (CNT-COOH,
4.9 g) were obtained by drying under vacuum at 40 °C for 12 h. The
CNT-COOH were synthesized with difference periods of stirring
time (4, 6 and 8 h) were denoted as CNT-COOH-n (n =1, 2, 3).

The typical steps for synthesis of CNT-Fc are as follows: CNT-
COOH-1 (1.5g) was dispersed in dry dichlormethane (40 mL) by
sonication, and then the suspension was cooled to 0 °C with stirring
under an argon atmosphere. 1.0 mL of oxalyl chloride was added to
the above suspension. The mixture was stirred at 0°C for 1 h, and
rised to room temperature for another 5 h. The resultant suspen-
sion was concentrated in vacuum at room temperature to obtain
acyl chloride product (CNT-COCI). The acyl chloride product (CNT-
COCI) was dispersed in 30 mL of dichlormethane again and added
dropwise into a mixture of ferrocene (3.2 g, 16.9 mmol) and anhy-
drous aluminum chloride (2.3 g, 16.9 mmol) in 40 mL of dichlor-
methane for about 1h under argon. After stirring 8 h, 30 ml of
5mol L~! hydrochloric acid solution was added slowly in the sus-
pension to terminate the reaction. The suspension was filtered
using sintered discs (G4, 3—4 um pore diameter) and washed
repeatedly to neutral with deionized water and alcohol. The
resulting ferrocenyl-functionalized multi-walled carbon nanotubes
(CNT-Fc-1, 1.7 g) were obtained by drying under vacuum at 40 °C for
12 h. CNT-Fc-2 or -3 was synthesized similarly, the only difference
was raw materials using CNT-COOH-2 or -3, respectively.

2.3. Fabrication of CNT-Fc-n/Ni electrode and its device

The working electrode was prepared as follows: the mixing of
CNT-Fc-n (80 wt %), acetylene black (10 wt %), and PTFE glue (10 wt
%) using ethanol/water as the solvent was prepared and then the
slurry was coated onto the nickel foam (1.0cm x 1.0cm) at
20.0 MPa and dried at 100 °C for 6 h. The active material mass of the
electrode was about 5.0 mg. The devices of analog supercapacitor
were assembled with filter paper/1.0 M Na;SO4 serving as separator
and electrolyte between the working electrode and nano-carbon
tube/nickel foam electrode.

2.4. Characterization

The morphologies of CNT-Fc-n (n=1, 2, 3) and raw materials
CNTs were characterized by scanning electron microscopy (SEM)
using JEOL 6701F at an accelerating voltage of 5 kV. The XRD ana-
lyses were performed on a Rigaku Ultima IV X-ray diffractometer
under Cu K, radiation (wavelength A1=0.154nm) at a scanning
speed of 0.025° s~! over the 20 range of 10—80° at room temper-
ature. The X-ray photoelectron spectra (XPS) were obtained using a
Kratos Axis Ultra Dldxps instrument equipped with a mono-
chromatic Al K, X-ray source. Fourier transform infrared spectros-
copy (ATR-FTIR) was measured on a Thermo Nicolet 6700
spectrometer. The contact angles of samples were obtained from a
surface tension meter (Dataphysics OCA20, Germany) at 25 C. X-
ray fluorescence (XRF) was obtained using a JEOL JSX-3400RII
instrument.

Electrochemical measurements, such as, Cyclic voltammetry
(CV), galvanostatic charge/discharge measurements, and electro-
chemical impedance spectroscopy (EIS) were carried out in a three-
electrode system using a Gamry Reference 3000 electrochemical
work station, 1.0 M NaySO4 as aqueous electrolyte, CNT-Fc-n/Ni or
CNT/Ni electrode as working electrode, Ag/AgCl (3.0 M KCI) and a Pt
wire as the reference and counter electrodes, respectively.

3. Results and discussion
3.1. Structural characterization

The morphologies of CNT-Fc and raw materials CNTs were
characterized by scanning electron microscopy (SEM), as shown in
Fig. 2. The results showed that the diameters and morphologies of
CNT-Fc have no obvious change compared with MWCNTs, indi-
cating that the ferrocene content on the surface of CNTs was small
and uniform. Fig. 3 shows a typical XRD patterns for CNT-Fc and
CNT. Clearly seen that all the diffraction peaks of CNT-Fc and CNT
can be indexed as a=b=0.2464nm and c=0.6736 nm (PDF

CNT-COCl

Fig. 1. Synthetic route for the ferrocenyl-functionalized carbon nanotubes CNT-Fc-n
(n=1, 2, 3).
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Fig. 2. The typical SEM images of (A) MWCNTs; (B) CNT-Fc-1; (C) CNT-Fc-2; (D) CNT-Fc-3.
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Fig. 3. The typical X-ray diffraction patterns of (a) MWCNTs; (b) CNT-Fc-1; (c) CNT-Fc-
2; (d) CNT-Fc-3.

#08—0415), suggesting that the crystal structure of CNT-Fc remains
unchanged, and a small amount of ferrocene on the surface of CNTs
cannot produce diffraction peaks and be detected.

In Fig. 4A, the elements of CNT-Fc were analyzed by using x-ray
fluorescence (XRF). The results showed that except carbon, the
other element is Iron. The low contents of Calcium and Rhodium
elements with “Ghost Peaks” are from the instrument. X-ray fluo-
rescence spectroscopy (XRF) cannot detect Carbon and Oxygen
because their fluorescence yield is very low. The X-ray photoelec-
tron spectra (XPS) in Fig. 4B further confirms the presence of a
small amount of Iron on the CNT-Fc surface.

Attenuated Total Internal Reflectance Fourier Transforminfrared
Spectroscopy (ATR-FTIR) was used to determined molecular scale
information on the surfaces of samples MWCNTs and CNT-Fc-n.
Before measurements, these samples were heated in vacuum at
60 °C for 12 h to remove the physical adsorbed water. In Fig. 5, the
samples CNT-Fc-1, CNT-Fc-2, and CNT-Fc-3 have obvious peaks at
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Fig. 4. (A) The XRF patterns of as-prepared CNT-Fc; (B) XPS spectrum for the CNTs and
as-prepared CNT-Fc.

3095, 1650, 1454, 1105, 1001, and 829 cm~, but no corresponding
peaks could be found in MWCNTs, which means that the groups of
C=0 and single substituted ferrocenyl groups were generated after
treatment. The coexistence of C=0 and single substituted ferro-
cenyl groups suggests that the —CO-Fc groups were successfully
introduced on the surface of MWCNTs.

In order to characterize the wettability of surface, the water
contact angle measurement of CNT-Fc-n (n =1, 2, 3) and raw ma-
terials CNTs was carried out. The contact angle is the angle
measured through the liquid, where a liquid—vapor interface meets
a solid surface, which quantifies the wettability of a solid surface by
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Fig. 5. ATR-FTIR spectra recorded for (a) MWCNTs; (b) CNT-Fc-1; (c) CNT-Fc-2; (d)
CNT-Fc-3.

a liquid via the Young equation: Ysgc — Y5, — Yic cosfc = 0, where
Ysc, Y5 and Yic are the solid— vapor interfacial energy, the
solid—liquid interfacial energy and the liquid—vapor interfacial
energy, and Oc is the equilibrium contact angle. In Fig. 6, the
descending contact angles of CNT, CNT-Fc-1, CNT-Fc-2, and CNT-Fc-
3 could be observed. The enhancement of surface hydrophilicity is
ascribed to the uptake of ferrocenyl groups on MWCNTs after
grafting. These ferrocenyl groups are considered to be the strong
polar centers of absorbed water molecules.

3.2. Electrochemical properties

In Fig. 7A, the Cyclic voltammograms (CV) of MWCNT, CNT-Fc-1,
CNT-Fc-2, and CNT-Fc-3 could be observed. The enclosed area of CV
increases in the order of MWCNT, CNT-Fc-1, CNT-Fc-2, and CNT-Fc-
3, which indicates that the connected ferrocenyl groups has a
greatly effect on the redox properties of samples. Compared with
the quasi-rectangular of CV of MWCNT, it is interesting that a small
peak at ca. 0—0.3 V can be observed in the CV curves for CNT-Fc-n
(n=1, 2, 3), which may be due to the electron delocalization of
ferrocenyl groups in the redox process.

Fig. 7B shows the galvanostatic charge-discharge curves of the
MWOCNT, CNT-Fc-1, CNT-Fc-2, and CNT-Fc-3 based electrodes at
current densities 0.4 A g~ These curves generally show symmet-
rical and linear profiles, indicating that the samples have good
supercapacitive behaviors. The charging and discharging time
increasing in the order of MWCNT, CNT-Fc-1, CNT-Fc-2, and CNT-Fc-
3 further confirm that the connected ferrocenyl groups have effect
on the redox properties of samples.

Fig. 7C shows the CV curves of CNT-Fc-3 at different scanning
rates. The CV curves exhibit quasi-rectangular shape at low scan-
ning rate (10mVs~!), and show a little deviation and enlarged
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Fig. 6. Contact angle of samples as function of ferrocenyl-groups grafting degree: (a)
MWOCNTSs; (b) CNT-Fc-1; (c) CNT-Fc-2; (d) CNT-Fc-3.
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Fig. 7. (A) Cyclic voltammograms (CV) collected at scan rate 10mVs~! for MWCNTs,
CNT-Fc-1, CNT-Fc-2 and CNT-Fc-3; (B) Charge-discharge curves at 0.4Ag~' for
MWCNTSs, CNT-Fc-1, CNT-Fc-2 and CNT-Fc-3; (C) CV collected at different scan rates for
CNT-Fc-3; (D) Charge-discharge curves at various current densities for CNT-Fc-3; (E)
Specific capacitance calculated based on charge-discharge curves as a function of
current density. (F) Nyquist electrochemical impedance spectra of MWCNTs, CNT-Fc-1,
CNT-Fc-2 and CNT-Fc-3 based electrode; the insets are the corresponding enlarged
curve and well-fitted equivalent circuit.

enclosed-area at high scanning rates (>10 mVs~!). This suggests
that the CV processes were controlled by redox reaction of the
connected ferrocenyl group.

Fig. 7D shows the galvanostatic charge-discharge curves of the
CNT-Fc-3 based electrodes at different current densities. These
curves generally are symmetricay and linear profiles, indicating
that CNT-Fc-3 has good supercapacitive behavior. The specific ca-
pacitances calculated from charge-discharge curves as a function of
current density are shown in Fig. 7E [17]. The specific capacitances
decrease with increasing current densities for all samples. When
the current density is 0.4 A g™, the maximum capacitance of CNT-
Fc-3 is 53.6Fg~L. For the raw materials MWCNTs, of the same
current density, the value is 2.1 times higher than that of 25.5Fg~,
which indicates that the connected ferrocenyl groups can greatly
improve surface reaction activity and increase the capacitance [8].

Fig. 7F shows the Nyquist plots of CNT-Fc-n (n=1, 2, 3)-based
electrode in 1.0 M Na;SO4 aqueous electrolyte with a frequency
range of 1072 to 10° Hz. Insets are the equivalent circuit diagram
and the enlarged high-frequency range plots. The small semicircle
with upward deviation in the high-frequency region reflects the
low charge-transfer resistance (Rqt) and rough surface of CNT-Fc-n
(n=1, 2, 3)-based electrodes. The charge transfer resistances (R¢t)
of MWCNT, CNT-Fc-1, CNT-Fc-2, and CNT-Fc-3-based electrodes
based on the diameters of semicircle are 17.3, 5.1, 4.4 and 3.1 Q. The
straight line with about 70° upward in the low- and mid-frequency
region can be observed, which suggests that CNT-Fc-n (n =1, 2, 3)-
based electrode has typical supercapacitor performance.
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In Fig. 8A, the CV curves are collected at different scanning rates
for the fabricated symmetrical supercapacitor devices based on
CNT-Fc-3 electrode. The CV curves exhibit quasi-rectangular shapes
and their enclosed-areas become larger with higher scanning rates,
which indicate that they have typical symmetric capacitance
characteristics. In Fig. 8B, the charge-discharge curves at various
current densities are symmetrical and linear profiles, which further
confirm its good supercapacitive properties. Fig. 8C shows the
Ragone plot (energy density vs. power density) of the two fabri-
cated symmetrical supercapacitor based on CNT-Fc-3 and CNT
electrodes, respectively. The calculated results show that when the
power density is 0.1 kW kg™, the energy density of CNT-Fc-3-based
electrodes is 5.0 Wh kg, while the power density is 0.5 kW kg™,
the energy density 3.0Wh kg~! is kept. We can see that the
calculated energy densities at various power densities for CNT-Fc-
3-based electrodes are higher than those of MWCNT-based sym-
metrical supercapacitor. This indicates that CNT-Fc-3-based sym-
metrical supercapacitor has good rate characteristics. In addition,
the capacitance retention measured by the galvanostatic charge/
discharge technique at a constant current density of 1.0Ag~! over
5000 cycles is shown in Fig. 8D. After 5000 cycles, the specific
capacitance is reduced to about 96.0% of the initial capacitance. This
indicates that CNT-Fc-3-based electrodes reveal good stability over

long charge/discharge processes. Fig. 8E is the Light-emitting diode
(LED) lighting demonstration with the diode driven by a symmet-
rical supercapacitor that is composited by the CNT-Fc-3-based
electrodes. The diode driven by the supercapacitors could be
lighting about 23 s after 10 s charged by a 2V DC power supply,
which shows their good supercapacitive properties.

4. Conclusions

In summary, a series of ferrocene-based functionalized carbon
nanotubes (CNT-Fc-n, n=1, 2, 3) were synthesized and their ap-
plications in high performance supercapacitor electrode materials
were reported. The morphologies, crystal structures, the elements
analysis and the surface wetting of CNT-Fc-n were characterized by
SEM, XRD, XRF, XPS and water contact angle measurement. ATR-
FTIR analysis showed that -CO-Fc group was successfully intro-
duced on the surface of MWCNTs. The results of galvanostatic
charge-discharge measurement show that the maximum capaci-
tance of CNT-Fc-3 based electrode is 53.6 Fg~! when the current
density is 0.4A g~ L. At the same current density, this value is 2.1
times higher than the 25.5 Fg'! of raw MWCNTs. The charge
transfer resistances (R¢t) of MWCNT, CNT-Fc-1, CNT-Fc-2, and CNT-
Fc-3 based on semicircle diameters are 17.3, 5.1, 4.4 and 3.1 Q.
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Fig. 8. (A) The CV curves are collected at different scan rates for the fabricated symmetrical supercapacitor based on CNT-Fc-3 electrodes; (B) Charge-discharge curves at various
current densities for the fabricated symmetrical supercapacitor based on CNT-Fc-3; (C) The Ragone plots for the two fabricated symmetrical supercapacitor based on CNT-Fc-3 and
MWCNTs electrode, respectively. (D) Capacitance retention test over 5000 cycles at a current density of 1.0 Ag~" for the fabricated symmetrical supercapacitor based on CNT-Fc-3;
(E) Light-emitting diode (LED) lighting demonstration with the diode driven by a symmetrical supercapacitor composited by CNT-Fc-3-based electrodes.
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The Ragone plot shows that the fabricated symmetrical super-
capacitor devices based on CNT-Fc-3 electrode have typical sym-
metric capacitance characteristics. The energy density of CNT-Fc-3-
based electrodes under 0.1 kW kg~ is calculated to be 5.0 Wh kg~!
and 3.0Wh kg1 is kept in 0.5 kW kg~'. Moreover, cyclic stability
was measured by galvanostatic charge-discharge technique at
constant current density of 1.0A g~ ' in 1.0M Na,SO4 aqueous
electrolyte. The results show that the capacitance retention rate of
ferrocene-based functionalized carbon nanotubes can reach 96.0%
during 5000 cycles. Therefore, ferrocene-based functionalized
carbon nanotubes are ideal electrode materials for low-cost and
high-efficiency electrochemical supercapacitors.
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