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Modified multi-walled carbon nanotubes (MWCNTs) functionalized by a redox-active ferrocene (Fc-MWCNTSs)
were successfully synthesized to enhance the electrochemical performance of MWCNTs for supercapacitor appli-
cation. The ferrocene moieties were attached to the surface of MWCNTSs via a thiourea linker with anions-
interacting capability. The Fc-MWCNTSs were characterized using XPS, FTIR, SEM, TGA, DTG, and XRF methods.
The electrochemical performance details were investigated using cyclic voltammetry, galvanostatic charge-
discharge, and electrochemical impedance spectroscopy. The Fe-MWCNTSs electrode showed excellent capacity
retention (90.8% over 5000 cycles) and a specific capacitance of 50 Fg~ ' at 0.25 A g~ ' that is several times higher
as compared to the pristine MWCNTs. The fabricated Fc-MWCNTs is proposed to be a suitable and promising can-
didate for energy storage material.

© 2020 Published by Elsevier B.V.

1. Introduction

Over the last three decades, the functionalization of carbon nano-
tubes (CNTs) by electroactive moieties attracts considerable attention
due to its performance enhancement in electronic applications and
also opening up new opportunities for their use [1-5]. Ferrocene (Fc)
is a well-known redox-active compound that can be used as an effective
electron-transfer mediator [6,7]. Low oxidation potential, the stability of
its redox states, and well-known electrochemical behaviour make it an
ideal redox-active molecule model often to be used as redox probes and
modifiers [8,9].

Noncovalent functionalization of single-walled carbon nanotubes
(SWCNTs) with Fc was reported by Yang et al. [10]. Interestingly, they
observed the cooperative effect between Fc and CNTs due to the m-mt
stacking interactions gives a dramatically enhanced electrochemical
property of the fabricated material. This phenomenon was explained
by the accelerated electron transfer through the m-m stacking interac-
tions between Fc and SWCNTSs [10]. Guan et al. [11] reported the fabri-
cation of ferrocene-modified single-walled carbon nanotubes
(SWCNTs) in which the ferrocene molecules were trapped inside of
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hollow space of the nanotubes. This nanohybrid material may act as
an air-stable n-type field-effect transistor and constitute a building
block for various devices [11]. Whereas, Prato and co-workers [12]
had proven that in the case of SWCNTs, which its surface was covalently
functionalized with ferrocene, the photoinduced electron transfer oc-
curs under the influence of visible light. The electron transfer leads to
the formation of long-lived SWCNTe"-Fce* species. This phenomenon
seems to be very promising in light of the application for solar-energy
conversion devices. Fc is also a convenient signalling unit commonly
used in the field of supramolecular chemistry and construction of
anion and ion pair receptors.

By incorporation of the Fc unit in the proximity of binding domains
anion [13-16] and ion pair sensors [17-24], it is capable of tracking the
binding event by electrochemical measurements. We envision that this
protocol could be utilized in the preparation of SWCNTs modified with
Fc-based anion receptors. In the reaction of isothiocyanatoferrocene
with SWCNTs containing amino groups, it can attach Fc moiety to the
solid support in addition to the thiourea's function to interact with an-
ions. This leads to electroactive material whose properties will be af-
fected by the presence of anions. The addition of Fc moiety was also
proven to alter the surface properties as the SiO, was changed from hy-
drophobic into hydrophilic with the addition of Fc [25]. Similar to iron-
containing Fc moiety, introducing other iron-containing moieties into
MWCNTs was found to increase the hydrophilic characteristics [26].
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All these support the enhanced aqueous electrolytes movement within
electrode materials during electrochemical applications.

Nowadays, the designing of new electrode materials for
supercapacitors, using the modified carbon nanotubes and their
redox-active composites, is one of the most intensive studies [27-30].
The supercapacitors are crucial devices for energy storage deployments.
This is because they exhibit a higher energy density in comparison with
conventional capacitors and, at the same time, possess higher power de-
livery capabilities than batteries [29]. Carbon-based materials store the
electrical energy with an electrical double layer mechanism but suffer
from low capacitance, therefore, introducing a new component with
pseudocapacitance characteristics enhances the capacitive properties
of the carbon materials [27,31-34].

Recently the successful functionalization of MWCNTs with
electroactive moiety, namely TEMPO radical, was reported, and this mate-
rial exhibited a capacitance value of 66 F g~! that is 5-times higher than
that of non-functionalized MWCNTs (13.5 F g~ !) [32]. In another study,
Fc was used to functionalize reduced graphene oxide (rGO) as an elec-
trode material for supercapacitors [35]. In addition, rGO was grafted
through [35,36] cycloaddition reaction with 4-azidobutylferrocene
(AzFc) and its nanocomposite with polyaniline (PANI) was applied as a
new battery-type supercapacitor material [37].

In this work, we report the synthesis of ferrocene modified multi-
walled carbon nanotubes and the structural, morphological, as well as
spectroscopic characterization of the fabricated material. The results of
the performed electrochemical studies, namely cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical im-
pedance spectroscopy (EIS), proved that the designed nanomaterials
could be successfully used as an effective electrode material for energy
storage applications.

2. Experimental section
2.1. Materials

Ferrocenyl amine (Fc-NH;) with purity >98%, 1,1’-thiocarbonyldi-2
(1H)-pyridone with purity 97% and all solvents (puriss. p.a.) were pur-
chased from Merck. Amino modified multi-walled carbon nanotubes
(MWCNTs-NH,) with purity >95%, -NH, contents 0.45 wt%, OD:
8-15 nm, ID: 3-5 nm, length: ~50 um were purchased from Nanostruc-
tured & Amorphous Materials, Inc.

2.2. Samples preparation

Preparation of Fc-MWCNTs was performed in two sequential steps:
the first one was the synthesis of isothiocyanatoferrocene, and

afterward, this compound was used for the modification of amino-
functionalized carbon nanotubes.

2.2.1. Synthesis of isothiocyanatoferrocene

To a solution of Fc-NH, (402 mg, 2 mmol) in anhydrous dichlorometh-
ane (20 mL), 1,1’-thiocarbonyldi-2(1H)-pyridone (696 mg, 3 mmol) was
added and allowed for 30 min for complete reaction (as monitored by
thin-layer chromatography). The reaction mixture was concentrated
under reduced pressure, and the residue was purified by silica gel column
chromatography using dichloromethane as an eluent to give the
isothiocyanatoferrocene as a brownish oil (406 mg, 83% yield). '"H NMR
(300 MHz, CDCl3) 6 4.45-4.55 (m, 2H, CH-Fc), 4.33 (s, 5H, Cp-Fc),
4.05-4.20 (m, 2H, CH-Fc).

2.2.2. Synthesis of ferrocene functionalized MWCNTSs via a thiourea linker

The suspension of MWCNT-NH, (2.5 g, NH, content 0.45 wt%) was
sonicated for 5 min in 1% triethylamine in anhydrous dimethylformamide
(DMF, 100 mL), followed by addition of isothiocyanatoferrocene (219 mg,
0.90 mmol) as shown in Scheme 1. The suspension was stirred at room
temperature for 72 h. The product was isolated by filtration and washed
with DMF several times to remove unreacted species. Finally, the
thioureaferrocene functionalized MWCNTSs were washed with diethyl
ether and dried to obtain material in a 92% yield. The prepared material
was denoted as Fc-MWCNTs.

2.3. Samples characterization

X-ray photoelectron spectroscopy (XPS) measurements were done
using a VG ESCALAB 210 electron spectrometer equipped with mono-
chromatic Al-K,, source (1486.6 eV). The data were calibrated using
the binding energy of the C1s transition at 284.6 eV as the internal stan-
dard. Fourier transform infrared (FTIR) spectra were performed on a
Shimadzu FTIR model 8400S spectrophotometer. The spectra were re-
corded with a resolution of 8 cm™! from KBr pellets in a ratio of
1:2000 (w/w). 'H NMR spectrum was recorded on a Bruker Corporation
300 MHz spectrometer. "H NMR chemical shifts 6 are reported in ppm
referenced to the residual signal of chloroform. Thermogravimetric
analysis (TGA) and differential thermogravimetric (DTG) measure-
ments were performed using a TA Instruments DSC Q20 calorimeter
with thermobalance (precision 4-0.4%; minimal mass 0.02 mg) under
an N, atmosphere with scanning rate 10 K min—". Scanning Electron
Microscopy with Energy-dispersive X-ray spectroscopy (SEM-EDS)
was carried out with a scanning electron microscope JEOL-J]SM-5600
equipped with energy dispersive X-ray spectrometer OXFORD Link-
ISIS-300. The samples were prepared by casting DMF suspension of
the sample (sonicated earlier for 10 min) onto a carbon-coated copper

Scheme 1. The route to modification of MWCNT-NH, with ferrocene.
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microgrid (200 mesh) and air-dried for 48 h. Elemental analysis was
performed using a CHNS analyzer model Vario EL Il Elementar Analysen
Systeme GmbH. X-ray Fluorescence Spectroscopy (XRF) was performed
using the Bruker Handheld XRF Analyzer equipped with a Silicon Drift
Detector (SDD), 50 kV X-ray tube.

24. Electrochemical measurements

For electrochemical characterizations, the electrodes were prepared
from the active material, carbon black and polyvinylidene fluoride in the
weight ratio of 85:10:5. The mixture was cast onto a nickel foam, dried,
and then uniaxially pressed at 5 tons. The electrochemical performance
was investigated using a three-electrode system, which consists of the
active material, Ag/AgCl, and Pt wire (CH Instrument) as a working, ref-
erence, and counter electrodes, respectively. The electrochemical data
were collected using an AUTOLAB PGSTAT30 electrochemical worksta-
tion, equipped with a frequency response analyzer. Cyclic voltammetry
(CV) and Galvanostatic charge-discharge (CDC) tests were performed at
different scan rates and different current densities, respectively. Electro-
chemical impedance spectroscopy (EIS) data were collected from 0.01
to 1000 Hz, at open circuit potential (OCP) with a.c. amplitude of
10 mV. All electrochemical measurements were performed using 2 M
KOH aqueous electrolyte.

3. Results and discussion
3.1. Structural and morphological analyses

Fig. S1 (Supplementary Information) displays the XPS survey spec-
trum of MWCNTs surface modified with ferrocene via thiourea linker.
The spectra confirm the elemental composition of the fabricated mate-
rial and the presence of ferrocene moieties at MWCNTSs surface. The
quantitative data from the XPS analysis are presented in Table 1.

The Fe2p spectrum demonstrates the presence of ferrocene moieties
attached to the surface of MWCNTSs. It can be deconvoluted into three
peaks at 711.6, 718.3, and 725.2 eV (Fig. 1). The peaks at 711.6 and
725.2 eV, with the same full width at half maximum (FWHM), corre-
sponds to 2ps/; and 2pq; orbitals, respectively [38]. The additional
peak at 718.3 eV corresponds to a shake-up satellite peak characteristic
for Fe?™ state [39]. Taking into account the atomic ratio of iron to carbon
(Fe:C) determined from the XPS and the atomic surface density of 37
atoms/nm? for a graphene plane [40], it can be calculated density of
grafting with ferrocene as 0.8 molecule/nm?. The presence of Fe in the

Table 1
Binding energy values, full width at half maximum (FWHM) of peaks, and surface atomic
concentrations derived from XPS analysis of Fc-MWCNTs.

Orbital Position [eV] FWHM [eV] Concentration
[atom %]
Fe2ps. 711.6 4278 043
Fe2p1 .2 725.2 4278 0.22
Fe2psac 7183 7.000 0.23
N1s 398.7 1.896 0.85
400.4 1.896 1.10
403.3 1.896 0.15
S2ps)» 164.3 1.873 0.19
S2p1s2 165.4 1.873 0.10
S2ps)» 168.4 2.520 0.04
S2pis2 169.6 2.520 0.02
O1s 530.4 2.252 1.24
532.0 2.252 4.11
5343 2.252 0.57
Cls 2833 0.946 2.05
284.5 0.946 61.2
2853 0.946 14.0
286.2 0.946 7.70
287.0 0.946 4.20
288.0 0.946 1.76

prepared material was also confirmed by XRF and EDS methods
(Figs. S2 and S3, Supplementary Materials). The results of the determi-
nation of Fe atomic concentrations in the fabricated material, deter-
mined by XPS and EDS (see Supplementary Material, Table S1), are
consistent (~1%).

The XPS spectra of S2p and N1s reveal that the ferrocene moiety is
indeed attached to the MWCNTs surface via a thiourea linker (Fig. 1).
In general, the S2p spectrum typically presents a doublet 2ps,, and
2p1,2 as a result of spin-orbit coupling. The fitted experimental S2p
spectrum can be deconvoluted into two doublets (Fig. 1). One doublet
composed of two peaks at 164.27 and 165.45 eV corresponds to perfect
positions observed for C=S band, and distance between them equals
1.18 eV perfectly agrees with an expected value of 1.2 eV for the spin-
orbit doublet [41,42]. The second doublet observed in the S2p spectrum
reveals the presence of oxidized sulfur in the fabricated materials. How-
ever, on the base of quantitative data obtained from XPS analysis, the
content of oxidized sulfur in the fabricated material consists ca. 5% of a
whole mass. On the base of the atomic concentration of sulfur in the fab-
ricated material determined from XPS, the weight content of this ele-
ment can be calculated as 0.88% what is consistent with the results of
sulfur content determined from elemental analysis 0.55%.

The fitted experimental N1s spectrum (Fig. 1) can be deconvoluted
into three peaks at 398.7, 400.4, and 403.3 eV. The first two peaks can
be attributed to the N—H groups in a thiourea linker [41]. Wherein as
these two peaks differ in their area, most likely, the peak at 400.4 eV
contains in its area, besides this one attributed to -NH-C(=S) from a
thiourea linker, also the peak attributed to unreacted -NH, groups con-
nected with MWCNTS' surface. The presence of the third peak in the N1s
spectrum, this at 403.3 eV, most probably results from the residue of
DMF not removed during the drying process since it can be strongly
adsorbed onto the surface of MWCNTSs.

The C1s spectrum is asymmetric, with a long tail extended to higher
energy (Fig. 1). The fitted experimental spectrum can be deconvoluted
into several peaks with the same values of FWHM. The main peak
with the most significant area at 284.5 eV corresponds to the aromatic
carbon atoms sp? hybridized, carbon atoms connected likely in a
graphene and graphite layers and connected in ferrocene rings. The
next peak at 285.3 eV can be assigned to the carbon atoms sp> hybrid-
ized that form C—C and C—H bonds [41,43]. The next peak at
286.2 eV is ascribed to the C=S and C—N bonds in a thiourea linker.
While the peaks centering at 287.0 and 287.9 in C1s spectrum are attrib-
uted to the carbon atoms connected in carbonyl and carboxyl groups,
respectively [32]. Additionally, in the fitted experimental C1s spectrum,
a small peak attributed to the double C=C bonds is also visible and at
2833 eV.

Fig. 2 displays the FTIR spectra of carbon nanotubes functionalized
only with amino groups used as a starting material (MWCNTs-NH,),
an amino derivative of ferrocene used for the surface modification (Fc-
NH,) and the final material functionalized with a ferrocene via a thio-
urea linker (Fc-MWCNTSs). The characteristic modes corresponding to
the Fc moiety attached to MWCNTs via thiourea linker appear in the
Fc-MW(CNTSs spectrum. The bands at 3399 cm™! in the case of Fc-NH,
and 3428 cm ™! for MWCNTSs-NH, belong to -NH, groups (asymmetric
N—H stretching). In the case of Fc-MWCNTs, this band is slightly
hypsochromic shifted (3449 cm™!) as a consequence of amide bonds
formation in a thiourea linker between Fc moiety and MWCNTSs. For
the same reason, the -NH, deformation modes (at 1491 cm™! for Fc-
NH, and 1603 for MWCNTs-NH;) do not appear in the spectrum of Fc-
MW(CNTs. The weak and broadband at 793 cm™! in the spectrum of
Fc-MWCNTs is assigned to the C=S bond vibration in a thiourea linker.

The characteristic FTIR modes for ferrocene appear in the Fc-NH,
spectrum at 3082, 1094, 1015, and 803 cm™'. These modes are
bathochromic shifted in the case of the Fc-MWOCNTSs spectrum and ap-
pear at 2923, 1084, 1010, 793 cm™!, respectively. The shifting of these
bands to a lower wavenumber in the Fc-MWCNTSs spectrum indicates
that the molecular motions of the moieties attached to the carbon
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Fig. 1. The XPS spectra of Fe2p, S2p, N1s, and C1s for Fc-MWCNTs.

surface are constrained. The strong band at 1647 cm ™! in the spectrum
of Fc-MW(CNTs is most likely associated to the C—C bonds stretching
modes derived from carbon nanotube backbones (1603 cm™!) and fer-
rocene (1621 cm™'). However, taking into account the positions of
these modes in the mentioned spectra, it would be expected that such
a combination should be located rather at a lower wavelength. How-
ever, as Guan et al. reported, the C—C stretching mode of carbon

nanotube backbones can be upshifted as a result of interactions be-
tween m-electrons of the nanotube and the ferrocene moiety [11]. The
positive peaks at 2350 cm ™! in the spectra result from the presence of
carbon dioxide in the spectrophotometer during measurements (not re-
moved from the measuring chamber).

Fig. 3 displays the results of TGA (in the range of 20-950 °C) of Fc-
MWCNTs and its starting materials. For comparison, the TGA of the

— Fe-NH,
— Fc-MWCNTs
— MWCNTSs-NH,

3399

Transmittance (a. u.)

3449

1603 1065
3428

4000 3000

2000 1000

Wavenumber (cm'l)

Fig. 2. FTIR spectra recorded for carbon nanotubes functionalized only with amino groups used as a starting material (MWCNTs-NH,), an amino derivative of ferrocene used for the surface
modification (Fc-NH;) and the final material functionalized with a ferrocene via a thiourea linker (Fc-MWCNTS).
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—— Fc-MWCNTs

—— MWCNTSs-NH,
—— Fc-NH,

Weight Loss (%)
DTG (a. u.)

Temperature (°C)

Fig. 3. TGA curves (solid lines) of modified multi-walled carbon nanotubes and ferrocenyl
amine used for the modification and corresponding first-derivatives (dotted lines with the
same colour) of TGA with respect temperature. The dashed lines show the final mass ratio
of the samples after the analyses.

amino derivative of ferrocene, not connected with nanotubes’ surface, is
also presented. As can be seen, the decomposition of ferrocenyl amine,
under the conditions of analysis, is completed below 300 °C, and the
maximum weight loss is observed at 180 °C (see the first derivative
curve of corresponding TGA curve). Whereas for the carbon nanotubes
modified amino groups, the observed weight loss begins above 600 °C
with a maximum at 700 °C. After the modification of this material
with ferrocene, the decomposition process starts at a significantly
lower temperature (150 °C). It is consistent with the results obtained
for ferrocene derivatives not connected with the carbon nanotubes sur-
face. During the decomposition of the Fc-MWCNTSs multi-steps process
occurs, two main stages with maximum weight loss at 575 and 765 °C
may be identified. The difference between the final mass (determined

as a percentage of start mass) between MWCNTs-NH, (91%) and Fc-
MWCNTs (74%) confirms the modification of carbon nanotubes with
an organic fraction. On the base of this difference, it is possible to esti-
mate a grafting density of ferrocene onto MWCNTs as equals
0.79 mmol/g (see details of calculations in Supplementary Information).

The designed surface modification of carbon nanotubes gave not only
the electroactivity of this material but also gave an excellent dispersibility
in organic solvents such as DMF. In Fig. 4, images of unmodified and mod-
ified with ferrocene MWCNTSs dispersed in DMF are displayed. In the case
of ferrocene-modified nanomaterials, it is possible to obtain a stable col-
loidal solution after a short time of sonication that was not possible in
the case of MWCNTs-NH,. The morphological differences between
MWCNTs-NH, and Fc-MW(CNTs are visible in the presented SEM images
(Fig. 4). MWCNTs-NH, shows aggregates/bundles that are not visible for
Fc-MWCNTs. It clearly shows that the designed functionalization of
MWCNTs with ferrocene moieties gives dispersibility in DMF and homo-
geneous of the nanomaterial in a solid-state.

3.2. Electrochemical performance

To study the electrochemical behaviour of the Fc modified MWCNTS,
the electrochemical measurements were fully performed through
three-electrode configuration using 2 M KOH aqueous electrolyte. The
CV curves of MWCNTs-NH; and Fc-MWCNTs electrodes at a scan rate
of 50 mV s~ ! were presented in Fig. 5a. It can be seen that the CV current
of the Fc-MWCNTs electrode has increased in comparison to MWCNTs-
NH,, indicating its superiority as a supercapacitor electrode [44]. Be-
sides, the CV curves also maintained a rectangular-like shape with low
anodic-cathodic humps (ca. —0.5 V) among the low and high scan
rates. This indicates the stable electrochemical performance of the Fc-
MW(CNTs electrode as well as the combination of both electrical
double-layer capacitance of MWCNTSs and pseudocapacitive behaviour
of Fc for charge storage (Fig. 5b) [45,46]. The ferrocene is a reversible
redox couple, and it could be oxidized into ferrocenium ion (Fc*) as
represented by [7,47] (Fe?*(C,Hs), = Fe*(CoHs), + e7). Thus, the
redox peaks that appeared in the CVs are assigned to the redox reaction

MWCNTs-NH,

Fig. 4. SEM images of ferrocene-modified multi-walled carbon nanotubes (Fc-MWCNTSs) and nanotubes used as a starting material in the modification process (MWCNTs-NH,). The photos

between the images show the solutions of these materials in DMF after 5 min of sonication.
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of Fc/Fct system. This is an essential finding in supporting the presence
of interaction between Fc and MWCNTSs, which enhanced the capacitive
response of MWCNTS, as it is confirmed in the earlier part via XPS and
FTIR studies.

The electrochemical performance of the Fc-MWCNTs electrode was
further examined through its charge-discharge properties. A compari-
son of the GCD curves of MWCNTs-NH, and Fc-MWCNTs at a current
density of 0.75 A g~! is presented in Fig. 5c, which shows the
remarkably higher discharge time of Fc-MWCNTSs compared to the
MWCNTs-NH, electrode. Additionally, a potential plateau observed in
the charging curve of MWCNTs-NH, from —0.16 to 0 V, and it disap-
peared in the presence of Fc, which indicates the high-potential of Fc-
MWCNTs electrode as an excellent energy storage material. Fig. 5d

depicts the GCD curves of the Fc-MWCNT electrode at various current
densities. A slightly changed slope can be observed in the discharge
curves, which may be due to the faradaic behaviour that occurs at the
electrolyte/electrode interface [37]. This agrees with the CV results; it
reveals again the advantages of Fc functionalized on MWCNTs for
supercapacitors and highlights the presence of Fc. Furthermore, the spe-
cific capacitance of the Fc-MWCNTSs electrode has calculated from their
GCD curves at different current densities via the equation (Cs, = IAt/
mAV) [48,49], and it is displayed in Fig. 5e. The measured specific capac-
itance of the Fc-MWCNTs electrode at 0.25Ag~ ' (50 Fg™!) is around 4-
times higher than that of the MWCNTs-NH, electrode (13 Fg~1).

EIS measurements were taken to analyze the Nyquist and Bode-phase
plots in 2 M KOH electrolyte to understand the charge carrier transfer and
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Fig. 6. Nyquist plots (a), the inset is zoomed view of Nyquist plots at the high-frequency region and Bode plots (b) the inset is the equivalent circuit, of MWCNTs-NH, and Fc-MWCNTs

electrodes.

Table 2

Fitting parameters of the experimental impedance data for the electrode materials in 2 M
KOH.

Electrode Rs Rer Cpc CepL w Sg T Phase
material Q) (@) (mF) (mF) (Q) (m*g™) () ()

Fc-MWCNTs 0679 0078 133 509 19 107 004 —889
MWCNTs-NH, 3.85 0.825 0.3 4.40 0.05 10.5 013 —-773

electrode/electrolyte interfaces in frequencies ranging from 0.01 to1000
Hz. Nyquist and Bode plots for MWCNTs-NH, and Fc-MWCNTs are
shown in Fig. 6. Nyquist plots consist of two main regions, i.e., semicircle
at the high-frequency range and a linear vertical region at low-
frequency range (Fig. 6a). The diameter of the semicircular region is an in-
dication of the charge transfer resistance (Rcr). The linear part is related to
diffusion processes. The fitting parameters of the experimental EIS data
are listed in Table 2. It was found that Ry value of the Fc-MWCNTSs was
lower than MWCNTs-NH,, which indicates a more facile charge transfer
process across FC-MWCNTs interface [50]. This can be associated to hy-
drophilicity nature of Fc-MWCNTSs, which renders aqueous electrolyte
to contact closer to the electrode surface [25,26]. The solution resistance

(Rs) of Fc-MWCNTs is 0.679 Q which is few folds lower than that of
pure MWCNTSs (3.85 Q) and other reported value for pristine MWCNTS
(3.77 Q) [32]. It indicates the addition of Fc onto MWCNTSs may increase
the conductivity of the electrode material [51]. It is worth noting that
the Fc-MWCNTs electrode displays a more vertical line than that of the
MWCNTs-NH, electrode, which implies higher capacitive behaviour
[52,53] This corroborates well to the CV and GCD results. Similar behav-
iour was observed for graphene when it is functionalized with iron-
containing moieties [33].

The EIS data were further studied to calculate the electrochemically
active surface area (S;, m> g~ ') of all prepared electrode materials, as re-
ported previously [54-56]. The S value of Fe-MWCNTs (107 m? g~ 1) is
10-times larger than that of the MWCNTs-NH, (10.5 m? g~ !), indicating
more effective contact of the active material with the electrolyte for
Fc-MWCNTs. Another important tool for elucidating the nature of the
Fc-MW(CNTSs as active electrode material comes from the study of the re-
lationship among phase angle on the frequency, which can be referred
to as the Bode plot [57-59]. From Fig. 6b, the phase angles of Fc-
MWCNTs and MWCNTs-NH, electrodes position close to —88.9° and
—77.3° at low frequency, respectively, indicating ideal capacitive be-
haviour [30,60].
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Fig. 7. Cycling stability of the Fc-MWCNTSs electrode at a current density of 2 A g7, the insets show some GCD cycles.
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A further advantage of frequency response can be estimated via the
phase angle of —45°, which is corresponding to the minimum time re-
quired to discharge all the energy from the device with an efficiency
of greater than 50%. The relaxation time () value estimated from the
Bode plot using the following equation (7 = 1/2nf*) [49,61-63]. The
Fc-MW(CNTs electrode exhibits the lower T value (0.04 s) as compared
to that of MWCNTSs-NH, (0.13 s). This indicates excellent electrochem-
ical performance and fast charge-discharge response [64].

Lastly, Fc-MW(CNTSs exhibits outstanding cycling stability, as shown
in Fig. 7 (the insets show some GCD cycles). In particular, 90.8% of its ca-
pacitance retained even after 5000 GCD cycles at high current density of
2 A g~ . This is higher than that reported for carbon nanotubes@
tetraferrocenylporphyrin/copper nanohybrid, which showed only 80%
after 3000 cycles [65]. Further investigation of the stability was per-
formed by testing the impedance spectra of the same electrode before
and after the stability test. Nyquist plots for the Fc-MWCNTs before
and after 5000 GCD stability cycles are shown in Fig. S4. It is clearly
seen that the electrode shows almost identical behaviour in the low fre-
quency region and slight change at the high frequency region. The
fitting parameters of the experimental data show very close value
(Table S1), indicating high electrochemical stability of the Fc-MWCNTs
electrode. This evidences the long cycle life of the Fc-MWCNTSs.

4. Conclusions

Ferrocene functionalized multi-walled carbon nanotubes (Fc-
MWCNTs) are successfully synthesized in two steps at low-
temperature. Structural, morphological, and spectroscopic investigations
confirmed the functionalization process. F-MWCNTSs were evaluated as
a supercapacitor electrode using cyclic voltammetry, galvanostatic
charge-discharge, and electrochemical impedance spectroscopy. The Fc-
MWCNTs electrode showed excellent capacity retention (90.8% over
5000 cycles) and a specific capacitance of 50 Fg~ ' at 0.25 A g~ ! compared
to the MWCNTSs-NH,. Thus, Fc-MWCNTSs can be a suitable and promising
candidate for future energy storage devices.
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