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a b s t r a c t

A novel ferrocene-functionalized rGO as a electrode material is developed. The rGO was successfully
functionalized through [1,2] cycloaddition reaction with 1,10-bis(4-azidobutyl)ferrocene (bA-Fc). The
functionalized ferrocene rGO nanocomposite (bA-Fc/rGO) has been completely characterized using FT-IR,
EDX, XRD and SEM. The elimination of the strong azide stretching bond at ~2100 cm�1 in the FT-IR
spectrum of bA-Fc/rGO nanocomposite obviously proved the cycloaddition reaction between bA-Fc
and rGO. Its XRD pattern compared to the rGO indicated that the ferrocene moiety successfully func-
tionlized on rGO. The structure of this nanocomposite was balled and wrinkled compared to the starting
graphene oxide according to SEM analysis and XRD experiment. The EDX spectrum shows the existence
of carbon, nitrogen, iron and oxygen elements in bA-Fc/rGO. The electrochemical properties of bA-Fc/rGO
nanocomposite were investigated with CV, GCD and EIS measurements. The bA-Fc/rGO revealed a higher
surface, electrochemical performances and electrical conductivity than rGO and bA-Fc. The bA-Fc/rGO
nanocomposite showed very good stability in more than 2000 cycles and high rate capability. The re-
sults show that bA-Fc/rGO nanocomposite can be considered as a candidate to be used in supercapacitor
electrode materials.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

During the last decades supercapacitors have possessed
consideration, due to their high power density and long cycle life.
According to energy storage mechanisms, supercapacitors are
mainly classified in two types: pseudocapacitors and electro-
chemical double layer capacitors (EDLC). The pseudocapacitors
supply energy using redox reactions between the electrolytes and
electrode plate of conductive metal oxides (V2O5, RuO2, and Co3O4)
or conductive polymers [1e3]. EDLC reserve electric energy via
charge segregation impound with electrostatic power in the
interfacial double layer of an electrode material.

EDLCs electrodes are usually being made of carbon-based ma-
terials such as graphite, graphene, graphene oxide and carbon
nanotubes (CNT), because of their electrical conductivity and large
surface area. The graphene-based electrochemical double layer
capacitors electrode materials have been studied extensively due to
their conductivity and large surface [4e11]. So far, the applications
ofrad).
of rGO have been devised in physics, chemistry, biochemistry, and
biosensors, which still needmore development. Graphene has been
discovered in 2004 and since then, it has attracted enormous at-
tentions giving to its predominant chemical, optical and electronic
performance and wide potential range applications in nano-
materials and nanotechnology. The structural characteristic of a
single-layer scaffold bearing two dimensional structures that
accompanied with its high surface area, make it suitable for the
construction of nanostructured hybrid materials.

However, the modification of such area with rGO derivatives
possesses complexmethods and improves summative effects to the
underlying electrodes [12e17]. Ferrocene and ferrocene-
functionalized compounds have been used as families of fasci-
nating organic and organometallics compounds due to their redox
properties [18]. In general, become of their relatively generation of
stable redox systems, regeneration at low potential, and good
electrochemical reversibility, they are well-known electron medi-
ators [19e23]. In addition, other electrode materials with redox
couple can also be considered to improve the speed capability of
the pseudocapacitors.

With the best of our knowledge, there are a few graphene oxide
ferrocene composites that are being applied as supercapacitors
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[24]. Herein, we report the design and synthesis of ferrocene
functionalized rGO by Refs. [1,2] cycloaddition reaction with
ferrocene azide derivative for electrode materials.

2. Experimental

2.1. Materials

Synthetic grade dimethylformamide (DMF), N-methyl-2-
Pyrrolidone (NMP), ethyl acetate, acetone, deionized water (DI),
H2SO4, HCl, sodium azide, Na2SO4, graphite, NaNO3, KMnO4,
hydrogen peroxide (30%), hydrazine monohydrate and silica gel
were purchased fromMerck and Sigma Aldrich chemicals and used
without more purification.

2.2. Material characterization

NMR spectra were recorded with a Bruker FT-400 spectrometer.
FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer in/
on KBr disks.

Elemental analysis (C, H, N) was performed on a Vario EL III
analyzer. The morphologies and microstructures of the sample
were characterized by scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX) (TESCAN MIRA3) and
X-ray diffraction patterns (XRD) [(PANalytica X pertPRO, Germany)
with Cu-Ka radiation (0.15406 nm) at accelerating voltage and
current of 45 kV].

2.3. Synthesis of 1,10-bis(4-chlorobutyl)ferrocene (4)

Compound 4 was synthesized according to reported method in
our previous works (Scheme 1) [18d,j].

2.4. Synthesis of ferrocene azide derivatives

Compound 4 (3 g, 9.5mmol) and sodium azide (2 g, 61.5mmol)
were stirred for 2 days in DMF (50mL) at room temperature
(Scheme 1). The completion of reaction was monitored by TLC.
After the completion of reaction the reaction mixture was washed
with water and extracted with ethyl acetate (3� 50mL). The
organic phases were combined and dried over MgSO4 and removed
in reduced pressure. The obtained crude product was purified on
silica gel column chromatography with hexane/ethyl acetate (9/1)
as eluent to give the corresponding products.

2.4.1. 1,10-Bis(4-azidobutyl)ferrocene (bA-Fc) (5)
Light brown viscous oil, 75% Yield. IR (KBr, cm�1): 3085, 2932,

2860, 2094, 1347, 1034, 815, 494.1H NMR (400MHz, CDCl3, ppm):
Scheme 1. Synthesis of 1,10-bis(4-azidobutyl)ferrocene
1.54e1.64 (m, 4H, CH2CH2CH2-N), 2.35 (t, 2H, J¼ 7, Fc-CH2), 3.27 (t,
2H, J¼ 6.6, CH2-N3), 3.96e3.99 (m, 8H, Cp). 13C NMR (100MHz,
CDCl3, ppm): 27.3, 27.6, 27.9 (CH2), 50.2 (C-N3), 66.8, 67.6 (Cp), 87
(CIpso). Anal. Calc (%) for C18H24N6Fe: C, 56.84; H, 6.22; N, 22.10; Fe,
14.73. Found: C, 56.62; H, 6.18; N, 22.15; Fe, 14.61.
2.4.2. 1- (4-azidobutyl)-10-(4-chlorobutyl)ferrocene (6)
Light brown viscous oil, 18% Yield. IR (KBr, cm�1): 3083, 2931,

2859, 2095, 1450, 1351, 1263, 918, 816, 493.1H NMR (400MHz,
CDCl3, ppm): 1.53e1.67 (m, 6H, CH2CH2CH2-N3, CH2CH2CH2Cl),
1.76e1.89 (m, 2H, CH2CH2Cl), 2.32e2.36 (m, 4H, Fc-CH2), 3.27 (t, 2H,
J¼ 13, CH2N3), 3.56 (t, 2H, J¼ 13, CH2Cl). 13C NMR (100MHz, CDCl3,
ppm): 27.3, 27.4, 27.6, 27.9, 31.3 (CH2), (43.97 (CH2Cl), 50.30 (CH2-
N3), 66.9, 67.7 (Cp), 87.5 (CIpso). Anal. Calc (%) for C18H24N3ClFe: C,
57.83; H, 6.43; N, 11.24; Fe, 15.00. Found: C, 57.68; H, 6.45; N, 11.30,
Fe 15.11.
2.5. Preparation of the GO and rGO

Graphene oxide (GO) was prepared and purified using the
Hummers method [25]. In a typical procedure, GO (0.2 g) was
dispersed in 80mL deionized water (DI) by ultrasonication for 1 h.
Then, Hydrazine monohydrate (2mL) was added to the obtained
crude. The solution was stirred and heated in oil bath at 90 �C for 1
day. The reaction mixture was filtered and precipitates were
washed with deionized water and ethanol for several times. Finally,
purified rGO was dried in vacuum oven (Scheme 2).
2.6. Synthesis of ferrocene functionalized rGO nanosheets (bA-Fc/
rGO)

The rGO (10mg) was firstly dispersed into NMP (10mL) and
placed in a 25mL flask fitted with a condenser. To the mixture, N2
was bubbled for 15min and then 300mg of bA-Fc was added to the
flask. Then, the mixture was heated at 160 �C for 1 day under N2
flow. The solutionwas cooled to room temperature and the product
(bA-Fc/rGO) was centrifuged, washed with DI water and ethanol for
several times (Scheme 3) and dried in vacuum oven.
2.7. Preparation of electrode

1mg of GO, rGO, or bA-Fc/rGO was dispersed into 1mL of NMP
under ultrasonic treatment in water bath at room temperature for
15min. 2 mL of dispersant was then immobilized on a GC electrode
by drop-coating. The drop-coated electrode was eventually dried
under vacuum for 24 h.
and 1-(4-azidobutyl)-10-(4- chlorobutyl)ferrocene.



Scheme 2. Preparation of NPserGO.

Scheme 3. Preparation of bA-Fc/rGO.
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2.8. Electrochemical measurements

Electrochemical characterization of the prepared materials
including cyclic voltammetry (CV) (AUTOLAB PGSTAT 30), galva-
nostatic charge-discharge measurements (GCD) and electro-
chemical impedance spectroscopy (EIS) (IVIUM S4A4 V99900) were
performed in 1M of H2SO4 electrolyte with the same equipment
with a standard three electrode cell. A 2-mm-diameter GCwas used
as the working electrode. A platinum electrode and a silver/silver
chloride (Ag/AgCl) electrode were used as the counter and the
reference electrodes, respectively. The cyclic voltammetry curves
were plotted with different scan rates from 10 to 200mV s�1

between �0.8 and 0.9 V. Electrochemical impedance spectroscopy
measurements were carried out in the frequency range from
100 kHz to 0.01 Hz in open circuit potential with an AC perturbation
of 5mV. The SC of the electrode material was calculated from the
cyclic voltammetry curves and discharging curves according to
equation (1). Fitting of the data were carried out with Zview soft-
ware, where qþ and q- are the voltammetric charges integrated
from CV curves, m is the mass of the sponge electrode (bA-Fc/rGO
nanocomposite) (g), DV is the potential range in the CV (V).

Csp ¼ qþ þ ��q���
2DVm

(1)
3. Results and discussion

3.1. FT-IR analysis

FT-IR is one of the most well-known characterization proced-
ures to elucidate the chemical structures. IR spectrum related to GO
(Fig. 1a) displays the presence of different oxygen functional groups
i.e. y O-H at 3000-3500 cm�1, y C¼O at 1750 cm�1 and y C-O at
1000-1200 cm�1 and sp2-hybridized C¼C vibrations. In the FT-IR
spectrum of rGO (Fig. 1b), the intensity of the OH wide peak at
~3000-3500 cm�1 and the C-O peak at ~1080-1220 cm�1 is much
less than GO.

Fig. 1c shows the FT-IR spectra of bA-Fc. As can be seen the
appearance of new vibrational modes related to the C-N and C-O
peaks at ~1271-1427 cm�1 in the bA-Fc, proved the cycloaddition
reaction on rGO. The peak centered at 481 cm�1 is related to the
ring-tilt of torsional vibration of ferrocene. In addition, elimination
of the strong azide stretching bond at ~2100 cm�1 obviously proved
the cycloaddition reaction between bA-Fc and rGO (Fig. 1d).
3.2. XRD analysis

The XRD patterns for GO, rGO and bA-Fc/rGO nanocomposite are
illustrated in Fig. 2. The diffraction pattern of graphene oxide
(Fig. 2a) exhibits a peak centered at 2Ɵ¼ 14.3� corresponding to a
reflection (001) of graphite oxide. The disappearance of the (001)



Fig. 1. FT-IR spectra of (a) GO, (b) rGO, (c) bA-Fc and (d) bA-Fc/rGO nanocomposite.

Fig. 2. XRD patterns of (a) GO, (b) rGO and (c) bA-Fc/rGO nanocomposites.
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peak and the appearance of new diffraction peak at 2Ɵ¼ 24� in the
XRD pattern of rGO (Fig. 2b) shows that graphene oxide was
reduced well. The wide and faint peak at 2Ɵ of about 13� originated
from the SiO2 substrate used in XRD evaluation. XRD pattern of bA-
Fc/rGO nanocomposite (Fig. 2c) exhibits five characteristic diffrac-
tion peaks at 2Ɵ values of 25�, 42�, 52�, 54� and 57�. It can be seen
that the rGO and the ferrocene still have strong peaks indicating
that they maintained their structures after rGO modification.
3.3. SEM and EDX analysis

The morphologies, shape and size of the GO, rGO and bA-Fc/rGO
nanocomposite were studied by scanning electron microscopy
(SEM) analysis (Fig. 3).

The structure of bA-Fc/rGO nanocomposite was observed to be
balled and wrinkled compared to the starting graphene oxide
(Fig. 3aec). Modification of rGO with ferrocene seems that it has
not changed the morphology of rGO and the unmodified
morphology is still intact after functionalization. The bA-Fc/rGO
nanocomposite could not be easily defined by SEM, which reveals
the low conductivity of functionalized rGO. This can be explained
by the [1,2] cycloaddition reaction leading to an opening rGO
bandgap in a transition and a semi-metallic state to a semi-
conductor state that can be attributed to the modified p-conju-
gated network depends on the amount of aziridine groups.

The EDX spectrum of GO, rGO, bA-Fc and bA-Fc/rGO nano-
composite (Fig. 4) shows the existence of carbon (C), nitrogen (N),
irons (Fe) and oxygen (O) elements.



Fig. 3. SEM images of the (a) GO, (b) rGO and (c) bA-Fc/rGO.

Fig. 4. EDX analysis of the (a) GO, (b) rGO and (c) bA-Fc/rGO.
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3.4. Cyclic voltammetry studies

To evaluate the bA-Fc/rGO as a supercapacitor electrode mate-
rial, the electrochemical properties tests were carried out using a
three-electrode system with 1M H2SO4 as the electrolyte. Fig. 5
shows CV curves of the GO, rGO, bA-Fc and bA-Fc/rGO nano-
composite electrode at different scan rates of 10e200mV s�1. Fig. 5
shows almost rectangular shapes with low redox protuberances at
low scan rates, which are attributed to the redox reactions of the
functional groups on the surface of GO and rGO (Fig. 5aed). Fig. 5(c,
d) shows the CV curves of bA-Fc and bA-Fc/rGO nanocomposite
(scan rates 10 to 200mVs�1, voltage window of 1 V). The bA-Fc/rGO
nanocomposite shows larger integrated areas in comparison to GO,
rGO and bA-Fc. Besides, the redox peaks of Fc are seen at all scan
rates. The CV curves of the bA-Fc/rGO nanocomposite show
acceptable capacitive behavior than the GO, rGO and bA-Fc.

In addition to high rate capability, the cycle life test over 2000
cycles for bA-Fc/rGO nanocomposite was performed at a scan rate
of 50mV s�1 and the results are shown in Fig. 6. The bA-Fc/rGO
nanocomposite electrode exhibits high cycling stability (89%).
3.5. EIS studies

The Nyquist plots of electrochemical impedance spectra (EIS) for
rGO, bA-Fc and bA-Fc/rGO measured in the frequency range of
105e0.01 Hz are presented in Fig. 7. Two of Nyquist plots i.e. those
of bA-Fc and bA-Fc/rGO exhibit a rather incomplete section of a
semicircle. The equivalent electrical circuit (EEC) was depicted as
the inset of Fig. 7 and the ZView® and fitted values of the circuit
elements were gathered in Table 1. In this EEC, Rs (R1) can be
calculated as the intersection of semicircle on the high frequency
end of real axis and the series resistance may be associated mainly
to the intrinsic resistance of the active material. A constant phase
element (CPE1) and a charge-transfer resistance (Rct) were
included to describe the interfacial capacitance and charge transfer
resistance associated with interfacial processes of counter ions
through the electrode/electrolyte interface, respectively. Rct (R2)
can be calculated as the extrapolated diameter of the semicircle to
low frequency region. As it can be seen from Table 1, the Rct value of
bA-Fc/rGO was 14866U, which was between those of bA-Fc
(1.81E12 U) and rGO (5153U). The straight line in the low fre-
quency area was closer to being perpendicular to the real axis
indicating an idealistic capacitor.

The deviation from electrochemical double layer is indicated by
CPE, which is characterized by CPE-T (directly related to capaci-
tance) and CPE-P (phase exponent which is 1 for an ideal capacitor).
The CPE-T values, which are directly proportional to the interfacial
specific capacitance of the electroactive material deposited on the
electrode, were found in the order of bA-Fc/rGO> bA-Fc> rGO that
suggest the higher capacitive behavior of bA-Fc/rGO.
3.6. Galvanostatic charge/discharge measurements studies

The best performance of bA-Fc/rGO nanocomposite super-
capacitor was confirmed by GCD tests in a three-electrode system.
It is illustrated the GCD for bA-Fc/rGO at several current densities
varying from 1 to 20 Ag-1 in Fig. 8(b). The charge-discharge curves
are almost symmetrical triangular with a slight curvature and a



Fig. 5. CV curves of the (a) GO, (b) rGO, (c) bA-Fc and (d) bA-Fc/rGO nanocomposite at different scan rates from 10 to 100mV s�1.

Fig. 6. Capacitance retention test over 2000 cycles at a scan rate of 50mV s�1 for bA-Fc/rGO nanocomposite.
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small iR drop is observed at a high current density of 20 Ag-1. This
behavior makes the bA-Fc/rGO nanocomposite a good candidate for
using in supercapacitive device. However, once the current den-
sities are less than 1 Ag-1, an explicit platform can be obviously
observed in the charge or discharge curve, which is due to the
oxidation-reduction reversibility reaction for ferrocene in the bA-
Fc/rGO nanocomposite. Chargeedischarge curves of the rGO are
shown in Fig. 8(a). In comparison with the rGO curves, the internal
resistance (iR) of nanocomposite electrode bA-Fc/rGO was the
smallest. The cycloaddition reaction between nitrene and double



Fig. 7. Nyquist plots of electrochemical impedance spectra (EIS) of rGO, bA-Fc and bA-Fc/rGO nanocomposite.

Table 1
Values of the equivalent circuit elements based on the EIS analysis of rGO, bA-Fc and
bA-Fc/rGO nanocomposite.

Sample Rs Rct CPE

CPE-T CPE-P

rGO 20.35 5153 0.000128 0.836
bA-Fc 62.11 1.81E12 0.00029 0.815
bA-Fc/rGO 16.81 14866 0.0004 0.767

Fig. 8. (a) Charge-discharge curves at various current densities rGO, (b) Charge-discharge cu
capacitance versus charge and discharge current density.

R. Teimuri-Mofrad et al. / Journal of Organometallic Chemistry 880 (2019) 355e362 361
bonds on rGO sheets significantly decreased the resistance of
interface.

At higher current densities, the discharge time is down, which
may be due to the limited availability of electrolyte ions [26]. The SC
of the electrode bA-Fc/rGO nanocomposite is computed from the
galvanostatic profiles of discharge using equation (2) [27], in which
I is defined as the discharge current (A),Dt is the discharge time (s)
and m is the mass of the active material (g).
rves at various current densities for bA-Fc/rGO nanocomposite and (c) Average specific
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Csp ¼
�
IDt
mDV

�
(Eq 2)

The potential window shows with DV (V). The SC of the bA-Fc/
rGO electrode is lower at high current density and higher at low
current density (Fig. 8c), and this is due to the following reason: at
higher current density, electrolytes do not accessibility to the in-
ternal surface of the electrode material due to time constraints,
while at low current density, the electrolyte ions have appropriate
time to adsorb/desorb on the internal and external surface of the
active material [26].

It is clear that all the curves have a small ohmic drop at the
beginning of the discharge state, and this clarifies that the nano-
composites have an equivalent series resistance (ESR). However,
the potential drop became smaller with the functionalization the
reduced graphene oxide by 1,10-bis(4-azidobutyl)ferrocene,
benefiting from the good electrical conductivity of them. The
chargeedischarge curves in Fig. 8 are linear, triangular shaped, very
sharp and symmetric. These indicate the reversible behavior.

4. Conclusions

In summary, we have functionalized the reduced graphene ox-
ide by 1,10-bis(4-azidobutyl)ferrocene, using nitrene chemistry for
applying in electrode materials. Systematic electrochemical ex-
periments show that the bA-Fc/rGO nanocomposite significantly
improves the cycling resistance, with much better capacitance
retention than the GO, rGO and bA-Fc. The electrochemical be-
haviors of bA-Fc/rGO nanocomposite were characterized by CV,
GCD and EIS measurements. The high capacitance and rate capa-
bility of the synthesized bA-Fc/rGO supercapacitor is due to the low
resistance response and very reversible faradaic redox of the bA-Fc/
rGO nanocomposite.
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