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Abstract

The fabrication and testing of new materials for energy storage applications is slowly gaining impetus amidst the constantly
developing technological sector. Carbon-based materials have been extensively used for their high surface area, conductivity
and good mechanical properties. Here, acid functionalized carbon nanotubes and its ZnO composite have been prepared using
a facile microwave assisted technique and their electrochemical performances have been compared. The samples have been
characterised using spectral techniques such as UV—-Visible, FTIR and Raman spectroscopy. Their surface morphology has
been studied using Scanning electron microscopy. X-ray diffraction analysis has been performed on the samples to further
characterise the synthesised nanomaterials. Their electrochemical properties were investigated using cyclic voltammetry,
chronopotentiometry and AC impedance techniques. The samples exhibit enhanced specific capacitance and good cycling
stability. A high value of specific capacitance was achieved for CNT-COOH/ZnO thereby reinforcing the improvement of
electrochemical characteristics of acid functionalized carbon nanotubes through composite formation.
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1 Introduction

The present industrial scenario relies greatly on the pro-
ficient storage and utilisation of energy. To enable these
demands, energy storage devices have been extensively
studied in order to develop high performance novel sys-
tems [1-4]. Also, the rapid depletion of the non-renewable
sources of energy leads us to shift our focus on harvesting
and storing the energy from the available renewable sources
[5, 6]. Supercapacitors have emerged as devices which can
store and deliver energy efficiently thereby enabling the con-
cept of sustainable energy storage [7]. Tremendous empha-
sis has been laid on modifying the existing materials and
discovering new materials for energy storage applications.
Electrical double layer capacitors depends mainly on the
high surface area of the carbonaceous material while pseu-
docapacitors such as conducting polymers and metal oxides
rely on redox reactions for energy storage [8—10]. The proper
combination of both these mechanisms ensures the fabrica-
tion of highly stable electrochemical supercapacitors.
Carbon nanotubes (CNT) have been used to a great
extent as electrode materials for supercapacitors due to its
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high surface area, charge transport ability, high conductiv-
ity and mesoporous nature [11]. Efforts have been made to
functionalise the molecular backbone of these nanotubes
to enhance its properties [12, 13]. The specific capaci-
tance is expected to improve greatly with functionalisa-
tion. Strong oxidation of CNT has been reported to greatly
improve its capacitance [14]. Functionalisation also pro-
vides the advantage of introducing polar groups on the sur-
face of CNT which can increase its hydrophilicity thereby
imparting high values of specific capacitance in aqueous
electrolytes [15, 16]. In addition to this, it also eases the
formation of composites with metal oxides through elec-
trostatic interactions [17]. Hybrid electrodes of functional-
ized CNT and metal oxides employ dual mechanisms of
pseudocapacitance and double layer capacitance to allow
the ions to diffuse easily throughout the network.
Amongst the metal oxides, ruthenium oxide has been
widely used for supercapacitor applications [18]. How-
ever, due to its high cost and low abundance, alternative
materials have been investigated for these applications.
Zinc oxide with its good electrical and optical properties
has been used as an alternative to develop these devices
[19, 20]. High specific capacitance values can be obtained
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when they are incorporated into the interconnected net-
work of CNT. The mechanical property which is an impor-
tant parameter for device fabrication also improves with
the formation of composites [21, 22]. Various other super-
capacitor electrodes have also been developed using the
combination of a metal oxide and carbonaceous materials.
Zhang et al. has reported the synthesis of nickel molybdate
and reduced graphene oxide/multiwalled CNT nanocom-
posites using the solvothermal method. NiMoO,/rGO and
NiMoO,MWCNTs electrode materials exhibited altered
morphology and higher capacitive properties with capac-
itance retention of 66.7 % for NiMoO,/MWCNTs even
after 1000 cycles [23]. NiMoO, has also been modified
with MnMoO,, ZnMoO, and CoMoO, to prepare elec-
trode materials with distinctive morphologies to obtain
high capacitance retention and specific capacitance [24].
Ammonium nickel-cobalt phosphate (NNCP) which is a
versatile binary transition metal compound often used as
an inorganic catalyst has also been explored for its elec-
trochemical properties. Composites of NNCP with metal
oxides such as CuO, MnO, and Co;0, exhibited very high
specific capacitances. NNCP/MnO, with its unique flower-
like interfacial characteristic displayed the highest specific
capacitance and enhanced rate capability [25]. All these
reports emphasize that composite formation with other
transition metal oxides and carbonaceous materials greatly
influence the electrochemical behaviour of the fabricated
electrodes.

In the present work, CNT has been acid functionalized
(CNT-COOH) and CNT-COOH/ZnO composite has been
synthesised. The effective functionalisation and incorpo-
ration of ZnO has been studied through characterisation
techniques. The electrochemical properties of these two
materials have been compared and the effect of composite
formation on the specific capacitance has been studied in
details. These results signify that on combining the dou-
ble layer capacitance of CNT and the pseudocapacitance
of ZnO through effective composite formation, novel
materials with high electrochemical performance can be
developed.

Scheme 1 Schematic repre-
sentation of synthesis of acid
functionalized carbon nanotubes
(CNT-COOH)

MWCNT

)
5mi
Con.HNO,

2 Materials and methods
2.1 Materials used

Multiwalled carbon nanotubes (MWCNT, 110-170 nm
diameter and 5-9 pm length), polytetrafluoroethylene pow-
der and Zinc nitrate were procured from Sigma Aldrich and
were used without further purification. All the solutions
were prepared using millipore water.

2.2 Synthesis of acid functionalized carbon
nanotubes (CNT-COOH)

MWCNT was acid functionalized using a microwave
assisted technique as per a reported procedure [26]. To 0.1 g
of MWCNT, 5 ml of concentrated nitric acid was added as
an oxidant and the entire solution was kept in a microwave
oven at an operating power of 600 W and a temperature of
160 °C for 30 min. Subsequent oxidation of MWCNT took
place after the stipulated time period. The obtained product
was filtered and dried at 50 °C in a hot air oven for an hour.
Scheme 1 represents the preparation of CNT-COOH.

2.3 Synthesis of ZnO and acid functionalized
carbon nanotubes composites (CNT-COOH/ZnO)

ZnO and MWCNT-COOH composite was prepared by the
co-precipitation method [27]. CNT-COOH prepared by the
above method was dissolved in millipore water and soni-
cated for an hour. 0.5 g of Zinc Nitrate was dissolved in
20 ml of deionised water and was added dropwise to the
sonicated CNT-COOH with constant stirring at a tempera-
ture of 50 °C. 1 M NaOH was added to the above mixture
and the pH level was maintained at 10 in order to precipi-
tate Zn(OH), and stirring was continued for an hour. The
mixture was kept aside and the precipitate was allowed to
settle. It was then filtered and washed with deionised water,
dried at 70 °C for an hour and calcined at 350 °C to obtain
CNT-COOH/ZnO. Scheme 2 represents the preparation of
CNT-COOH/ZnO.

CNT-COOH
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Scheme 2 Schematic represen-
tation of synthesis of composite
of ZnO and acid functionalized
carbon nanotube (CNT-COOH/
Zn0)
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2.4 Characterization techniques

The UV-Visible spectra of the samples were recorded in the
wavelength range of 200-800 nm using a Jasco V-750 solid
UV-Visible spectrometer. The FTIR spectra were obtained
using a Bruker ATR-FTIR Model Alpha-T in the range
of 400-4500 cm™! at a scan rate of 24 per second. X-ray
diffraction analysis of the samples was performed using a
Bruker D8 Advance diffractometer. The Raman frequencies
were studied using Bruker RFS 27 FT-Raman Spectrometer
at a scan range of 50-4000 cm™~! with a resolution of 2 cm™".
The surface morphology was studied using the FEI Quanta
FEG 200 - High Resolution Scanning Electron Microscope
(HR-SEM) and the electrochemical measurements were car-
ried out using a CH 608 E Electrochemical Workstation (CH
Instruments, USA).

2.5 Electrochemical measurements

The electrochemical studies were performed using a CH
608 E electrochemical workstation. A three electrode sys-
tem comprising of a modified glassy carbon electrode as
the working electrode, Ag/AgCl as the reference electrode
and Pt wire as the counter electrode was used to perform
the electrochemical studies. The studies were carried out
at room temperature (25 °C + 1) and 1 M H,SO, was used
as the electrolyte. The working electrode was coated with
the samples using the drop casting technique. A dispersion
of 1 mg mL™! of the samples was prepared by ultrasoni-
cation using Polytetrafluoroethylene (PTFE) as the binder
and ethanol as the solvent. 3 pL (0.003 mg) of the sample
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was then coated on the polished surface of the glassy car-
bon electrode and it was used as the working electrode. The
cyclic voltammograms were recorded at the potential range
of — 0.2 to 0.4 V at a scan rate of 5-100 mV s~ !, the galva-
nostatic charge-discharge measurements were performed at
the current densities of 1 Ag~! and 2 Ag™! and the imped-
ance measurements were carried out at the frequency range
of 107 to 10° Hz.

3 Results and discussion
3.1 UV-Visible spectroscopy

Figure 1 shows the UV-Visible spectra of CNT-COOH
and CNT-COOH/ZnO. A ad absorption band is observed
at 200-250 nm for both the samples. This can be attributed
to the n-nt* transition characteristic of MWCNTSs [28]. An
additional peak at 400-450 nm is observed in the spectra of
CNT-COOH/ZnO which indicates the efficient incorporation
of ZnO nanoparticles into the matrix of acid functionalized
MWCNT. A red shift is observed in this case which can be
ascribed to the interaction between the carbonyl oxygen of
the carboxyl group and the ZnO nanoparticles [29]. This
interaction results in a change in polarisability of the envi-
ronment leading to the shift in wavelength [30]. The peak
intensity for CNT-COOH/ZnO is depicted to be slightly less
than that of CNT-COOH. The inclusion of ZnO nanoparti-
cles into the matrix of acid functionalized MWCNT results
in interactions with the = electrons of MWCNT which in
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Fig. 1 UV-Visible spectra of CNT/COOH and CNT-COOH/ZnO

turn influences the extended conjugation system resulting
in inappreciably lower absorbance values.

3.2 FTIR spectroscopy

The FTIR spectra of CNT-COOH and CNT-COOH/ZnO are
depicted in Fig. 2. In Fig. 2a, a highly intense absorption
peak is observed at 3409 cm™! which is due to the stretch-
ing vibration of the hydroxyl functional group. The peak
at 1744 cm™! can be ascribed to the carbonyl stretching
vibration of the carboxyl group and the peak at 1638 cm™"
is due to the C-O stretch from the quinine ring structure
formed during the oxidation of MWCNT. The broad peak
at 1253 cm™! can be attributed to the C—C stretching vibra-
tion [31].

Figure 2b represents the FTIR spectra of CNT-COOH/
ZnO. On addition of ZnO to the matrix of functionalized
CNT, polar bonds are formed between ZnO and the oxygen
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Fig.2 FTIR spectra of a CNT-COOH and b CNT-COOH/ZnO

containing groups of functionalized CNT which results in a
shift in absorption to higher wave numbers. Thus the C=0
stretching frequency shifts from 1638 to 1646 cm™! due to
the presence of interaction between the carbonyl oxygen and
the metal oxide. The O-H vibrational frequency appears at
3423 ¢cm~!. In addition to all the above absorption bands,
an additional band is observed between 400 and 500 cm™!
which can be attributed to the stretching vibration of Zn-O
[32].

3.3 X-ray diffraction analysis

Figure 3 shows the X-ray diffraction plots of the samples.
They appear to be highly crystalline in nature with the pres-
ence of sharp diffraction peaks. The diffractogram of CNT-
COOH (Fig. 3a) exhibits two intense peaks at a 20 =26.672°
and 42.127° which can be attributed to the (002) and (100)
diffraction planes characteristic to acid functionalized
MWCNT [33]. The peaks for functionalized MWCNT is
observed along with peaks at 31.26°, 33.5°, 36.4°, 47.8°,
54.2°, 58.5° corresponding to (010), (002), (011), (012),
(110) and (013) diffraction planes which can be correlated
to the hexagonal wurtzite structure of the ZnO nanoparticles
which are consistent with the JCPDS data number 36-1451
for CNT-COOH/ZnO (Fig. 3b) [34].

3.4 Raman spectroscopy

Figure 4 illustrates the Raman spectra of the samples. The
spectra is characterised by two main modes of vibrations,
G and D. The D band occurs at 1303 cm™! and 1397 cm™!
while the G band occurs at 1613 cm™" and 1623 cm™! for
CNT-COOH and CNT-COOH/ZnO, respectively. D band is
usually related to the non-crystalline sp® hybridised carbon
while G band corresponds to the stretching modes of sp>
carbon atoms of graphitic materials. Functionalisation of
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Fig.3 X-Ray diffraction studies of a CNT-COOH and b CNT-COOH/ZnO
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Fig.4 Raman spectra of a CNT-COOH and b CNT-COOH/ZnO

CNT results in the loss of aromaticity caused by defects
induced by the oxygen atoms from the carboxyl function-
alities introduced in the structure. These groups can bind
with the carbon atoms on the exterior walls and change the
hybridisation state from sp? to sp>. These changes can be
observed by calculating the ratio of the intensities of the
D band and the G band (Ip/I;). This ratio increases with
the number of disordered carbon atoms. The ratio is 0.64
for CNT-COOH and it increases to 0.85 for CNT-COOH/
ZnO [35].

In Fig. 4b, the basic phonon modes of hexagonal ZnO has
been obtained at 121, 378, 462 and 595 cm™! which repre-
sents the E,; , A}, E,; and A /E; symmetry, respectively. The
second order phonon mode has been observed at 149 cm™!
which can be assigned to 2E,; . The multi phonon scattering
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modes are observed at 328, 604, 681 and 1078 cm™". The
acoustic combination of A; and E, is observed at 1276 cm™'
[36].

3.5 Scanning electron microscopy

The SEM micrographs in Fig. 5 shows the surface morphol-
ogy of CNT-COOH and CNT-COOH/ZnO. The nanotubes
form a well-interconnected network as is observed in Fig. 5a.
The interconnected conductive framework on nanotubes is
expected to greatly influence its electrochemical properties
[37]. ZnO nanoparticles are exhibited to be distributed on
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Fig.5 SEM micrographs of a CNT-COOH b CNT-COOH/ZnO
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Fig.6 TEM image of a CNT-COOH and b CNT-COOH/ZnO

the surface of the nanotubes in a nanoflake arrangement as
observed in Fig. 5b.

3.6 Transmission electron microscopy

Figure 6 shows the TEM image of CNT-COOH and CNT-
COOH/ZnO. The nanotubes in Fig. 6a are observed to form
interconnected channels and its fracture surface is found to
be smooth. The nanoflakes of ZnO can be observed to be
distributed almost uniformly all along the length and breadth
of the nanotubes of CNT-COOH/ZnO in Fig. 6b. The profi-
cient attachment of the ZnO onto the walls of the nanotubes
results in the formation of an interface which is beneficial
in improving the overall capacitive properties of the nano-
composite [38, 39].

3.7 BET analysis

BET is an efficient technique for determining the porosity
of an amorphous microporous material. It helps in identify-
ing the amount of surface area that is available for physical
adsorption and is very helpful in precisely characterising
the physical surface of a material. The BET isotherms of
the samples are depicted in Fig. 7. The specific surface area
of CNT-COOH/ZnO and CNT-COOH is found to be 28.55
m? g~! and 18.68 m? g~!, respectively. The acid treatment
followed by subsequent introduction of carboxyl groups has
been reported to reduce the surface area to a great extent as
it blocks the entry of the adsorbed gas [40—43]. The increase
in surface area of CNT-COOH/ZnO can be attributed to
the synergistic effect of CNT and ZnO. CNT-COOH and
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Fig.7 BET isotherm of CNT-COOH and CNT-COOH/ZnO

CNT-COOH/ZnO exhibit a type IV isotherm with a hyster-
esis loop in the P/P, range of 0.8-1.0 and 0.7-1.0, respec-
tively [44]. This indicates the mesoporous behaviour of the
synthesised samples.

3.8 Electrochemical studies

The applications using the cyclic voltammetry and galva-
nostatic charge-discharge techniques. Figure 8 represents
the cyclic voltammograms of CNT-COOH and CNT-
COOH/ZnO. The CV curves in Fig. 8a are displayed to
have a quasi-rectangular nature along with the presence
of redox peaks. The acid functionalisation of MWCNT
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Fig.8 Cyclic voltammograms of a CNT-COOH and b CNT-COOH/ZnO

@ Springer

results in the presence of surface functional groups which
render psuedocapacitance to the material. It has been
reported that the presence of oxygen containing functional
groups increases the surface wettability of CNTs making
them more susceptible towards the physisorption of elec-
trolyte ions which in turn enhances the ionic conductivity
at the electrode-electrolyte interface [45]. In the case of
CNT-COOH/ZnO (Fig. 8b), a more rectangular shaped
loop is observed and the current response is also much
higher than that of CNT-COOH indicating a more efficient
capacitive behaviour. The humps in the voltammogram
can be attributed to the redox-active nature of ZnO nano-
particles [46]. The combined effects of the electrical dou-
ble layer capacitance of acid functionalized CNT and the
psuedocapacitance of ZnO greatly influences the capaci-
tive properties of the material.

To understand more effectively the enhanced specific
capacitance of CNT-COOH/ZnO over CNT-COOH, the
voltammograms have been compared at 5 mV s~! and is
represented in Fig. 9.

The specific capacitance of the samples has been calcu-
lated from CV using the formula:

v2
[ idv

Cv= i
Vxmx((V2-V1)

Where i =instantaneous current (A), m =mass of electrode
(g), V=potential scan rate (V s~'), V1 =high potential of
CV (V), V2 =low potential of CV (V) and CV is the specific
capacitance (F g7 ).
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The plot of specific capacitance versus scan rate has
been represented in Fig. 10. A specific capacitance of
311.11 F g~ and 628.88 F g~ ! has been observed for CNT-
COOH and CNT-COOH/ZnO, respectively. These values
indicate a significant enhancement of specific capacitance
for the composite of CNT-COOH with ZnO. The values
of specific capacitance at different scan rates are tabulated
in Table 1.

Figure 11 shows the chronopotentiometric response of
the samples. The shape of the curves can be observed to
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Fig. 10 Plot of specific capacitance versus scan rate of CNT-COOH
and CNT-COOH/ZnO

Table 1 Specific capacitance of CNT-COOH and CNT-COOH/ZnO
at different scan rates

SL.No. Sample code Scan rate (mV  Specific
s7h capacitance
(Fg™h
1. CNT-COOH 5 311.1
10 280.55
25 227.77
50 199.25
75 165.55
100 148.55
2. CNT-COOH/ZnO 5 628.88
10 588.88
25 520
50 500.74
75 474.44
100 447.77

be nearly triangular indicating good capacitive behaviour
of the samples [47].
The specific capacitance can be calculated using the for-
mula below:
At
P mAV

Where Csp = specific capacitance (F g~'), i =instantaneous
current (A), Ar=discharge time (s), m =mass of electrode
(g) and AV =potential window (V).

The specific capacitances of CNT-COOH were found
out to be 360.25 F g~! and 23245 Fg~'at 1 A g7! and
2 A g7!, respectively. For CNT-COOH/ZnO, the specific
capacitances are 612.2 F g~! and 454.5 F g~! at the current
densities of 1 A g7'and 2 A g™, respectively.

From the values of specific capacitance, it can be inferred
that these materials serve as efficient platforms for electro-
chemical applications. The specific capacitance values are
observed to be highly enhanced on incorporation of ZnO
nanoparticles to CNT-COOH. This can be attributed to the
combined pseudocapacitive properties of ZnO and the dou-
ble layer capacitance of CNT in CNT-COOH/ZnO.

The cycling stability of the samples was evaluated at the
current density of 1 A g=! for 1000 segments (Fig. 12). The
samples show good cycling stability with maximum capaci-
tance retention.

The electrochemical impedance spectra of the samples
are represented in Fig. 13. The samples exhibit a depressed
semicircle at the high frequency region and a vertical spike
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Fig. 12 Cycling stability of CNT-COOH/ZnO and CNT-COOH

at the low frequency region [48]. The Nyquist plot obtained
was fitted into the Randle’s equivalent circuit using the
ZsimpWin software (Version 3.21) and the values obtained
are tabulated in Table 2.

Rs is the solution resistance, Rct is the charge transfer
resistance, C is the double layer capacitance and W is the
Warburg resistance. From the table it can be concluded
that the capacitance is greater for CNT-COOH/ZnO when
compared to CNT-COOH indicating better electrochemical
performance of the sample. The charge transfer resistance
can also be observed to be very low for CNT-COOH/ZnO
which implies that it has greater conductivity than CNT-
COOH. The Warburg resistance which is mainly associated
to psuedocapacitance is found to be greater for CNT-COOH/
ZnO which is due to the faradaic properties of the ZnO nano-
particles [49-51].
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Fig. 13 Impedance spectra and the equivalent Randles circuit of
CNT-COOH and CNT-COOH/ZnO

Table 2 Fitting parameters as obtained for the samples

Sample code Rs(Q) C@Ecm™?)  Ret(Q) W(Qs!"?)
CNT-COOH 43.63 8.36x107° 0.6128  0.0001808
CNT-COOH/ZnO  6.62  8.962x10™* 0.06678  0.0005781
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4 Conclusions

Acid functionalized carbon nanotubes and ZnO coated
acid functionalized carbon nanotubes have been prepared
using a microwave assisted technique. Both the samples
have been extensively characterised and their electrochem-
ical properties have been studied in details. A comparison
has been made to analyse the effect of ZnO incorpora-
tion on the electrochemical efficacy of the sample. CNT-
COOH/ZnO shows an enhanced specific capacitance of
628.88 F g~! at 5 mV s~! whereas CNT-COOH exhibits a
specific capacitance of 311.1 F g~' at 5 mV s~!. Moreo-
ver, the sample also shows a good chronopotentiometric
response coupled with a high cycling stability. The high
electrochemical performance of CNT-COOH/ZnO indi-
cates that it can be utilised for energy storage applica-
tions. Therefore, it can be concluded that the approach
of composite formation can be very effective in elevating
the electrochemical properties of materials which can be
exploited greatly in the commercial aspect of developing
electrochemical supercapacitors.
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