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CNTs based improved chlorine sensor from non-
covalently anchored multi-walled carbon
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To study the effect of synergetic interactions between metal-phthalocyanine and carbon nanotubes for
gas sensing characteristics of carbon nanotubes, we synthesized a hybrid of cobalt(i)-
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexa-decafluoro-29H,31H-phthalocyanine/multi-walled  carbon
(F16CoPc/MWCNTs—-COOH). The as-prepared hybrid was characterized through
spectroscopic (FT-IR, UV-vis and Raman), electron microscopic (TEM and FE-SEM) and TGA
investigations that confirmed the successful non-covalent anchoring of F;gCoPc onto MWCNTs—-COOH

nanotubes

through -7 stacking interactions. Further, a highly reversible, reproducible, sensitive and Cl, selective
chemiresistive sensor was fabricated using F;gCoPc/MWCNTs-COOH hybrid, which exhibited
a sensitivity of ~63% for 2 ppm of Cl, and a limit of detection as low as 0.05 ppb. A plausible gas sensing
Received L4th August 2017 hanism for i d ing characteristics of F1CoPc/MWCNTs—COOH towards Cl
Accepted 10th October 2017 mechanism for improved gas sensing characteristics of FigCoPc S sensor towards Cl,
was explained using Raman, X-ray photoelectron spectroscopy (XPS) and electrochemical impedance

DOI: 10.1035/c7ra08987b spectroscopy (EIS) studies. Herein, cobalt metal ion is found to play an important role in enhancing gas
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1. Introduction

Concern for environmental pollution, medical diagnosis,
automobiles and industrial emission monitoring has led to the
development of sensors that can detect chemical species in the
atmosphere."* Thus, it is of great concern for the development
of sensors that are rapid, simple and consume low power. In
this direction, nanostructured CNTs based chemiresistive
sensors stand out due to their unique and interesting proper-
ties, such as large specific surface area, gas adsorption capa-
bility and high electrical conductivity.®> Chemiresistive sensors
are comparatively rapid, cheap and simple to use having low
power consumption and temperature requirements* in
comparison to analytical procedure based on high-performance
liquid chromatography-mass spectrometry (HPLC-MS) or gas
chromatography-mass spectrometry (GC-MS), both of which are
quite laborious, expensive and cumbersome.®> A number of
gases such as NO,, NH;, NO, CO and Cl, have been tested using
CNTs based chemiresistive sensors.®® However, poor sensing
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sensing characteristics of the fabricated sensor.

characteristics (lack of selectivity, irreversibility and slow
response/recovery time) due to low charge transfer between the
pristine CNTs and gas molecules hamper commercialization of
CNTs based sensors. Further, a variety of methods have been
developed for making CNT networks, such as direct growth on
substrates, dispersions, electrophoresis and Langmuir-Blodg-
ett.> However, limitations to these methods are the requirement
of expensive and specific equipment for mounting CNTs
directly on substrates. The primary hurdles in solution-based
methods are poor solubility of CNTs in solvents and very less
stability of dispersions of CNTs. To improve the solubility and
gas sensing characteristics of CNTs based sensors, hybrids of
CNTs with materials, such as metal oxides, noble metal nano-
particles and organic semiconductors, have been explored.'*"?

The CNTs based hybrid gas sensors have attracted extensive
attention due to synergic effects of two or more components
through the strong electron transfer interaction.**

Hsu et al.’® have monitored the residual chlorine concen-
tration using phenyl-capped aniline tetramer (PCAT) doped
with SWCNTs in drinking water with detection range of 0.06—
60 mg 17'. Mufoz et al** demonstrated the capability of
modified MWCNTs nanocomposite sensors with CuO nano-
particles for the sensitive sensing of free chlorine. Li et al.’” have
reported the Cl, selective hybrid of single-wall carbon nano-
tubes (SWCNTs) with polymers such as chlorosulfonated
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polyethylene and hydroxypropyl cellulose as chemiresistive
sensors but were having primary issues of response and
recovery time with these sensors. Furthermore, Gohier et al.*®
have reported MWCNTs as well as nitrogen-doped and poly-
ethyleneimine (PEI) functionalized MWCNTs based room
temperature Cl, sensor that can detect a Cl, concentration
down to 27 ppb, but sensor recovery could only be possible by
heating it up to 75 °C for 60 min. In spite of various efforts, the
characteristics such as gas response, selectivity and stability are
still not ideal.

These challenging issues of improving carbon nanotube
sensing characteristics have initiated to explore hybrids of
carbon nanotubes with metallo-phthalocyanines (MPcs). MPcs
are extensively used as excellent sensing materials as they
exhibit remarkable gas sensing characteristics due to their
fascinating chemical and physical properties and good thermal
and chemical stability.'® Moreover, solubility of hybrids is better
in comparison with pristine CNTs, which make them more
attractive for different applications.>® The simple solution pro-
cessing methods such as solution assembly, dip dropping and
spin coating can be used for deposition of hybrid films.
Recently, we have fabricated ppb level chemiresistive Cl, sensor
using substituted phthalocyanine and CNTs based hybrids.”**
Further, the central metal ion, substitution of functional groups
on phthalocyanine ring, influences the morphology and
remarkably tunes the gas sensing characteristics of phthalocy-
anine molecules.?

In the present study, multi-walled carbon nanotubes
(MWCNTs-COOH) are non-covalently functionalized with
Co(u)-1,2,3,4,8,9,10,11,15,16,17,18,24,25-hexa-decafluoro-
29H,31H-phthalocyanine (F;,CoPc) for fabrication of ppb level
Cl, selective chemiresistive sensor. In comparison to our earlier
reports, F;,CoPc molecule proved to be a better material for
CNTs functionalization because of tuneable electronic proper-
ties due to shorter w—m stacking inter-molecular distance (~3.23
A).2%?” Moreover, molecular functionalization causes molecular
orbitals to get closer to the Fermi level that leads to an increase
in its ionization potential and electron affinity.*

2. Experimental

The commercially available MWCNTs and F;,CoPc samples
were procured from Sigma-Aldrich Pvt. Ltd., India. Further-
more, acidification of MWCNTs bearing an acidic group
(-COOH) was carried out according to the multi-step procedures
developed by Smalley and co-workers.”® F;,CoPc/MWCNTSs—
COOH hybrid was synthesized using solution assembly method
through w-m stacking between MWCNTs-COOH and F;sCoPc
in DMF. Herein, varied amount of F;,CoPc (0.1 to 0.5 wt%) was
dissolved in 5 ml of dimethylformamide (DMF) and subjected to
ultra-sonication, to form F,,CoPc solution in DMF. This solu-
tion was then added dropwise to MWCNTs-COOH suspensions
in DMF and the resulting mixtures were sonicated at room
temperature (25 °C) for 3 h and subsequently stirred in dark for
6 h at 80 °C. The mixture was filtered through a PTEF filter (0.22
pm, Millipore) and washed thoroughly with DMF to remove
excess of F;,CoPc derivative, subsequently rinsed with ethanol
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for several times and finally dried to acquire desired, F;,CoPc/
MWCNTs-COOH hybrid.

Fourier transform infrared (FT-IR) spectra were acquired on
Perkin Elmer Frontier FT-IR spectrometer. Raman spectro-
scopic measurements were carried out using Renishaw invia
micro-Raman spectrometer. Ultraviolet-visible (UV-vis) spectra
were recorded on the UV-1601PC (Shimadzu, Japan) spectro-
photometer. The morphology of F;,CoPc/MWCNTs-COOH
hybrid is obtained by field-emission scanning electron micros-
copy (FE-SEM, Carl Zeiss, supra 55) and transmission electron
microscopy (TEM, Jeol, TEM-2100). Thermo gravimetric anal-
ysis (TGA) was carried out using a thermogravimetry analyzer
(Hitachi STA 7200) under a nitrogen atmosphere from 40 to
900 °C at a scan rate of 10 °C min~'. X-ray photoelectron
spectroscopy (XPS) was performed using Mg K, X-ray beams as
the excitation source (1253.6 eV) and MAC2 electron analyzer
system attached to MBE machine (EVA-32 Riber, France). The
binding energy scale was calibrated to Au 4f,,, line of 84.0 eV.

The gas sensing studies were performed in a home-built
stainless steel test chamber (1000 ml) containing sample
holder geometry as shown in Fig. 1. To fabricate the gas sensor,
2 mg of the as-prepared F;sCoPc/MWCNTs-COOH hybrid was
dispersed in 1 ml of DMF and then 30 pL of the above solution
was poured onto the glass substrate with two pre-coated gold
electrodes (3 mm x 3 mm at a spacing of 1 mm) and then
allowed to dry at ambient temperature. The silver wires were
connected to the gold electrodes using silver paste. The effective
area of the sensor was 3 mm x 1 mm. Sensor resistance was
recorded continuously by applying a constant bias of 3 V during
both dosing and purging cycles as a function of time using
computer interfaced Keithley electrometer 6517A. The internal
temperature of test chamber is monitored by a thermocouple. A
desired concentration of (Cl,, NO,, NO, C,HsOH, H,S, CO and
NH;) gases in the test chamber was achieved by injecting
a known quantity of gas using a micro-syringe. After exposure,
once a steady state was achieved, sensor resistance was recov-
ered by opening the lid of the test chamber. The response of the
gas sensor was calculated using the eqn (1);

S (O/U) = |(Ra - Rg)/Ra

x 100 (1)

here, R, and R, represent the sensor resistance in air and gas
environment, respectively. The response time is the time
required for sensor resistance to reach 90% of its equilibrium

Resistance [ e y ,
Lo .-
system — w )’\k
X A4
I -'\fﬁj’
g St eSS st I
P N housing
[N
Neoprene gasket
;__’\I\llmm] container
N\ J/
Syringe }

Fig. 1 Gas sensing set-up used in the present study.
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value after the gas is introduced into the test chamber and the
recovery time was measured as the time required for the sensor
resistance to regain 90% of its original value after the removal of
gas. XPS study of exposed samples was performed by ex situ
exposure of gases to the samples in gas sensing set-up (Fig. 1)
and transferring them to XPS analysis chamber. Electro-
chemical impedance spectroscopy study was performed using
a frequency response analyzer (FRA) attached with a potentio-
stat (Autolab) in the frequency range of 10 Hz to 1 MHz.

3. Results and discussion
3.1 Characterization of F;,CoPc/MWCNTs-COOH hybrid

Fig. 2 shows the FTIR spectra of F;,CoPc, MWCNTs-COOH and
F16CoPc/MWCNTs-COOH hybrid. The observed IR peaks for
F16CoPc (Fig. 2(a)) at positions 498, 605, 754, 845, 965 and
1158 cm ™' correspond to hexa-decafluoro substituents and two
strong bands at 1496 and 1325 cm ' correspond to the
stretching of C=C and C=N, respectively; the other observed
characteristic peaks at 1283, 1529 and 1622 cm ™" are attributed
to phthalocyanine macrocycles.'***** The MWCNTs-COOH
(Fig. 2(b)) shows a peak at 1037 cm™ " corresponding to C-O
stretching vibration, a peak at 3440 cm ' due to the O-H
stretching; the characteristic peak at 1637 cm™ ' due to C=C
stretching confirmed the graphitic structure of CNTs.*> The
presence of peaks at 2855 and 2921 cm ™ are attributed to the
asymmetric and symmetric CH, stretching in CNTs.**** The
peaks appearing in F,,CoPc and MWCNTs-COOH (Fig. 2(c)) can
be found in F,,CoPc/MWCNTs-COOH hybrid and are observed
to be red shifted in the wave-numbers in comparison to their
individual peaks due to electron delocalization by -7 inter-
action between F;cCoPc and CNTs. This observation demon-
strates that F,sCoPc molecules were successfully anchored onto
the surface of MWCNTs-COOH.**

To study the interaction between F;sCoPc molecules and
MWCNTs-COOH, Raman spectra of F;,CoPc/MWCNTs-COOH
hybrid was compared with those of F;,CoPc and MWCNTs—
COOH (Fig. 3). The peaks at 143, 176, 208, 283, 470, 513, 587,
680, 738 and 965 cm ! in F;sCoPc sample were obtained due to
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Fig. 2 FTIR spectra of (a) FigCoPc; (b) MWCNTs-COOH and (c)
F16CoPc/MWCNTs—-COOH hybrid.
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Fig. 3 Raman spectra of (a) FigCoPc; (b) MWCNTs-COOH and (c)
F16CoPc/MWCNTs—-COOH hybrid.

vibrations of isoindole moieties.*® The peaks between 1200 and
1600 ¢cm " correspond to pyrrole groups and a band at
1544 cm™ " corresponds to cobalt ion, which is in good agree-
ment with reported studies.***” Raman spectra of MWCNTs-
COOH exhibit the characteristic G-band (related to C-C vibra-
tion of the carbon material with a sp® orbital structure) around
1593 cm ' and D band (associated with sp®> C with defects)
around 1360 cm™'.***® Comparison of Raman spectra of the
hybrid with F;,CoPc and MWCNTs-COOH shows a combina-
tion of their individual characteristic Raman peaks with
a change in peak positions and their intensities. The intensity
ratio of D band to the G band (Ip/Is), known as a ratio of sp’-
hybridized carbon atom relative to sp*>-bonded carbon atom, is
found to be 1.16 and 1.31 for MWCNTs-COOH and hybrid
sample, respectively.*®** This small variation of Ip/Ig ratio
indicated that F;sCoPc were attached to the surface of
MWCNTs-COOH through a non-covalent modification.*’

Fig. 4 depicts the UV-visible absorption spectra of F,5,CoPc,
MWCNTs-COOH and F;,CoPc/MWCNTs-COOH hybrid. The
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Fig. 4 UV-visible absorption spectra of (a) FigCoPc; (b) MWCNTs—
COOH and (c) F16CoPc/MWCNTs—COOH hybrid.
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UV-visible spectrum of F,,CoPc exhibited two strong absorption
bands; one broad B band in the wavelength at around 307 nm
due to the electronic transitions from the highest occupied
molecular orbital (HOMO) a,, to the lowest unoccupied
molecular orbital (LUMO) e, level and the other Q band doublet
at around 632 nm arising from the electronic transitions from
HOMO a,, level to LUMO e, level.*> The UV-visible absorption
spectra of MWCNTs-COOH has been found to be featureless.*
However, in case of hybrids, the Q-band is found to be
comparatively broadened and red shifted by 20 nm as compared
to that of F;;CoPc. This observation is concomitant with an
expanded macrocyclic conjugated structure of F;cCoPc and
reduced energy difference between the HOMO and the LUMO to
facilitate charge transfer between the F;,CoPc macrocycle and
CNTs due to the -7 interaction.***

Fig. 5(a) shows TEM image of MWCNTs-COOH which are
primarily empty long tubes with a mean diameter of 14 nm. The
morphological features of the investigated hybrid (Fig. 5(b))
highlight the exo-hedral coverage of F;sCoPc molecules on the
sidewalls of MWCNTs-COOH with a mean diameter of about
40 nm in comparison to MWCNTs-COOH, confirming the
anchoring of 26 nm thick F;sCoPc molecules on MWCNTSs-
COOH. Further, Fig. 5(c) shows the SEM image of MWCNTs-
COOH arranged in the groups of long tubular-shaped struc-
tures. The SEM image of F;,CoPc/MWCNT-COOH hybrid
(Fig. 5(d)) reveals that F;,CoPc molecules are anchored on the
surface of MWCNTs-COOH matrix making MWCNTs-COOH
surface thicker and are in consonance with the TEM
investigations.

The weight loss as a function of temperature for F;,CoPc,
MWCNTs-COOH and F,;,CoPc/MWCNTs-COOH hybrid mate-
rials was investigated using TGA plots (Fig. 6). An overall weight

Fig. 5 TEM images of (a) MWCNTs-COOH and (b) FigCoPc/
MWCNTs-COOH hybrid (inset shows magnified view), and SEM
images of (c) MWCNTs-COOH and (d) F;sCoPc/MWCNTs-COOH
hybrid.
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loss of 49.05% up to 900 °C is observed for F;sCoPc (Fig. 6(a))
comprising major weight losses between 200 to 330 °C and 366
to 604 °C, corresponding to desorption of adsorbed water and
the decomposition of F,,CoPc, respectively.>>***> TGA plots of
MWCNTs-COOH (Fig. 6(b)) exhibit a weight loss of about 8.11%
due to destruction of the residual carbon and decarboxylation of
oxidized species,* whereas F,,CoPc/MWCNTs-COOH (Fig. 6(c))
shows a weight loss of 23.93% on heating the hybrid to 900 °C,
corresponding to decomposition of the F;,CoPc on MWCNTs-
COOH surface.”

Further, the amount of F;csCoPc molecule absorbed on the
MWCNTs-COOH was calculated using the ratio of difference in
weight loss between MWCNTs-COOH and F;,CoPc/MWCNTs-
COOH hybrid to weight loss for F;,CoPc and was found to be
32.23%.

3.2 Gas sensing properties of F;,CoPc/MWCNTs-COOH
hybrid

To discuss the gas sensing characteristics of fabricated sensors
(F16CoPc/MWCNTs-COOH), we exposed them to 500 ppb of
different test gases (Cl,, NO,, NO, H,S, C,H;OH, NH; and CO) at
room temperature (25 °C). The selectivity histogram for the
observed responses of the sensor for these test gases is shown in
Fig. 7(a). It can be noted from the histogram that 0.3 wt%
F16CoPc/MWCNTs-COOH sensor exhibits the best response
among all the prepared sensors towards Cl,, with a sensitivity
value of ~26% and was subsequently chosen for further sensing
characterization. For all other test gases, the sensitivity value
was <4%. Nevertheless, the sensor exhibited an irreversible
behaviour at room temperature as it was not able to recover to
its baseline resistance value even after a long interval of time.
Moreover, recovery characteristics of the sensor were found to
be greatly improved on heating. In such a situation, to make the
sensor reversible, the operating temperature of the sensors was
optimized. To find an optimum operating temperature, we
exposed the sensor to 500 ppb of Cl, at different operating
temperatures ranging from 30 to 200 °C and maximum
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Fig. 6 TGA curves of (a) F15CoPC; (b) MWCNTs-COOH and (c)
F16CoPc/MWCNTs—COOH hybrid.
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(a) Selectivity histogram of F1gCoPc/MWCNTs—-COOH sensors for 500 ppb of Cly, NO,, NO, C,HsOH, H,S, NHs and CO at room

temperature. (b) Sensor response as a function of temperature for 500 ppb of Cl, concentration. (c) Response curves of sensor for different
doses of Cl, at 150 °C. (d) Variation in the response of sensor with Cl, concentration (experimental curve (dotted lines) and fitting curve (solid
lines)). (The standard error bars indicate the response variations using three times repeated testing of three sensor devices).

response of ~41% was obtained at a temperature of 150 °C
(Fig. 7(b)). Furthermore, sensor response was observed to
decrease beyond 150 °C due to desorption of Cl, from sensor
surface. Fig. 7(c) shows the variation of response curve for
different doses of Cl, (40-2000 ppb) at 150 °C. It demonstrates
that there is a decrease in the sensor resistance after exposure to
Cl, and it gets saturated after some time and again starts
approaching to its initial baseline value after removal of Cl,,
which reveals the good reversibility of sensor.

Fig. 7(d) exhibits the response behaviour of F;sCoPc/
MWCNTs-COOH sensor to 40-2000 ppb concentrations of Cl,
at 150 °C, which indicates its increased response with the
increase in Cl, concentration. This behaviour can be explained
on the basis of surface area and the number of effective occu-
pancy of active sites available on the sensor film provided by
phthalocyanine molecules anchored on MWCNTs-COOH,
which is in good agreement with the morphological study of the
hybrid.*

There is lesser coverage of surface area at a lower concen-
tration of Cl, and hence it interacts with lesser number of active
sites available on sensor surface, leading to lower response.

This journal is © The Royal Society of Chemistry 2017

Nevertheless, at a higher concentration, Cl, covers compara-
tively larger surface area and interacts with larger number of
active sites leading to higher sensor response.

Fig. 8 shows the response curves of F;,CoPc/MWCNTSs-
COOH sensor for successive exposures of Cl, in order to
investigate the reproducibility of the sensor. The nearly same
value of sensor response without any drift in the baseline
resistance indicates the reproducible response characteristics
of the sensor.

Furthermore, response variation with the gas concentration
was studied using eqn (2)***

AR

R = a[Clz]ﬁ

(2)
where « and @ are coefficients that depend on operating
temperature and testing material. The constant « is adsorption
capacity and g is the strength of adsorption,*® and they were
calculated by curve fitting of response curve. The smaller the
value of 3, the greater is the expected heterogeneity; the value of
G lies between 0 and 1 for normal adsorption. The values of
a and £ are found to be 1.25 and 0.53, respectively. The value of

RSC Adv., 2017, 7, 49675-49683 | 49679
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Fig. 8 Reproducibility of the response curve of FigCoPc/MWCNTs—
COOH sensor to 500 ppb of Cl, at 150 °C.

G is lesser than one, which indicates the normal mode of
adsorption on the heterogeneous surface of sensor.*

The lowest detectable concentration of the sensor is depen-
dent on the experimental set up used. Further, the limit of
detection (LOD) of the sensor has been derived from signal-to-
noise ratio (S/N). The signal-to-noise ratio is defined as AR/a,
where AR is the maximum resistance change with respect to R,
(baseline resistance) and o refers to the root mean square (rms)
noise of the baseline before exposure to gas.*

LOD is calculated using eqn (3);*°

LOD — 3 x concsentratlon 3)

N

The signal-to-noise ratio of the sensor was 2400 and the
theoretical detection limit of sensor was calculated to be 0.05

ppb.

3.3 Gas sensing mechanism

The underlying gas sensing mechanism of the sensor was inves-
tigated using XPS, Raman and impedance spectroscopy carried
out before and after exposure to Cl,. The comparison of Raman
spectra (Fig. 9) of the unexposed sample with the exposed sample
shows a shift in position of some peaks after Cl, exposure. On Cl,
exposure, the peak corresponding to cobalt-nitrogen bond** at
175 em™ " is found to shift by 7 cm™" and peaks of macro-cyclic
vibrations® (206, 285, 468, 587, 738, 961 and 1192 cm ') are
shifted by 5 em™", whereas D and G band corresponding to
MWCNTs-COOH at 1342 and 1593 cm™ " are shifted by 2 and
1cm ™', respectively.*** The significant shift of 9 cm ™" is observed
for the Raman peak at 1542 cm ™', which is due to displacement of
C-N-C bridge bond, closely linked to the central metal ion of
phthalocyanine molecule.> This observation is concomitant with
the predominant interaction of Cl, with the cobalt ions of the
hybrid sensor. Raman spectrum of the hybrid, recorded after
removing Cl,, exhibits identical peaks as detected in fresh
samples, which indicates the good reversibility of the sensor.
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Fig. 9 Raman spectra of F1gCoPc/MWCNTs—-COOH sensor recorded
(a) before exposure; (b) after exposure to 25 ppm of Cl, and (c) after full
recovery.

Furthermore, X-ray photoelectron spectroscopy (XPS)
(Fig. 10) of fresh F;,CoPc/MWCNTs-COOH hybrid possesses
peaks at 284.8, 532.4, 399.2, 687.0, 780.7 and 795.9 eV corre-
sponding to C-1s, O-1s, N-1s, F-1s, Co-2p3,, and Co-2p4, levels,
respectively.>»* In addition, on Cl, exposure, there is a peak
shift of 0.2 eV in the spectrum of core level C-1s, a shift of 0.1 eV
in spectrum of O-1s and F-1s, a shift of 0.3 eV in spectrum of N-
1s and a prominent peak shift of 0.8 €V in the core level spec-
trum of Co-2p. The major shift of 0.8 eV towards higher BE side
in the Co-2p core level and shifting of peak position of nitrogen,
oxygen and fluorine spectrum towards higher binding energy
confirms that charge transfer interaction occurs upon adsorp-
tion of strong electron acceptor Cl, molecules® onto the hybrid,
leading to decrease in electron density due to transfer of elec-
trons from hybrid to Cl,. Thus, the study of Raman and XPS
spectroscopic investigations demonstrate that on adsorption of
Cl,, charge transfer takes place between Cl, and hybrid through
central metal cobalt ion.”® Herein, the charge can favourably
travel from CNTs to F;,CoPc, leading to an increase in hole
concentration in CNTs and this results in fast variation of
sensor resistance (Fig. 7(c)).>**® Moreover, it has been observed
that XPS spectrum, recorded after recovery shows no shifting of
peak position and absence of any chlorine signal confirms that
the sensing process is highly reproducible.

As demonstrated, in morphological studies, the sensing
layer consists of grains of F;,CoPc/MWCNTs-COOH and their
respective grain boundaries. Nevertheless, exact contribution of
these grains and grain boundaries towards sensing mechanism
can be calculated by impedance spectroscopy of the prepared
sensor. Fig. 11 shows Cole-Cole plot***” between imaginary
components of impedance (—Z") as a function of real compo-
nent (Z') of F;4CoPc/MWCNTs-COOH sensor in the presence of
air and after exposure to 500 ppb of Cl,. These plots exhibit
a single semi-circle before and after exposure to Cl,; their
equivalent circuit consisting of RC network in series with
a resistor R, is shown in the inset in Fig. 11. Herein, R, is the

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 XPS spectra of F16CoPc/MWCNTs—-COOH sensor recorded before and after exposure to 25 ppm of Cl,.
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Fig. 11 Impedance spectra of fresh and Cl, exposed FigCoPc/
MWCNTs-COOH sensor (inset shows the equivalent circuit used for
analysis of data obtained from F1gCoPc/MWCNTs—-COOH sensor).

grain resistance and can be estimated from the intercept of the
semi-circle at high frequency with the real axis. R, and C; are
resistance and capacitance across grain boundaries, where Ry

This journal is © The Royal Society of Chemistry 2017

can be determined from the diameter of the arc in Fig. 11, while
C, can be calculated from the relation w,,xR;C; = 1, where wyax
is the frequency corresponding to the top of the arc.>” The ob-
tained values of Ry, R; and C; for the sensor using equivalent
circuit are tabulated in Table 1.
The mathematical formulation for this equivalent circuit*®
can be given as follows:
Z=7+iz'

(4)
where,

7' = Ry + [R/(1 + R, C1)]
and

Z" = [wR>Ci/(1 + wRC1)*]

It has been observed that the parameter R, remained nearly
the same in air and in the presence of Cl,, whereas R; decreases
and C; increases on exposure to Cl, gas. This can be addressed
on the basis of incoming Cl, adsorbed onto the grains outer
surfaces leading to transfer of electron from hybrid to Cl, and

RSC Adv., 2017, 7, 49675-49683 | 49681
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Table 1 Impedance parameters obtained for FigCoPc/MWCNTs—
COOH sensor by fitting experimental data to the equivalent circuit

Parameters
Sensor Conditions Ry (Q) R, (Q) C, (nF)
F,6CoPc/ Unexposed 192 2108 3.34
MWCNTs-COOH Exposed to 192 792 7.15
500 ppb Cl,

improves the hole-conductivity through charge transfer
between phthalocyanines and MWCNTs-COOH in concomitant
with XPS results.?”

Comparatively, a drastic fall in resistance (R;) across grain
boundary along with larger shift in BE (0.8 eV) and Raman shift
(9 em™) of cobalt ion on exposing the F;sCoPc/MWCNTSs-
COOH?* sensor to Cl, in comparison to F;sCuPc/MWCNTSs—
COOH-?** and F;,ZnPc/MWCNTs-COOH-** based sensor estab-
lish the formation of an efficient charge transfer between
F,16CoPc/MWCNTs-COOH sensor and Cl, to make an improved
chlorine sensor.

4. Conclusions

In conclusion, we have explored F;¢CoPc as functional moieties
for the non-covalent functionalization of CNTs through the
solution assembly method and subsequently the F;sCoPc/
MWCNTs-COOH hybrid was investigated as ppb-level Cl,
sensor. In comparison to F;,CuPc/MWCNTs-COOH and
F16ZnPc/MWCNTs-COOH sensors, the present results demon-
strate that the F,;,CoPc/MWCNTs-COOH sensor exhibits high
sensitivity (62.66% for 2 ppm with LOD of 0.05 ppb), excellent
reproducibility and selectivity. X-ray photoelectron, Raman and
electrochemical impedance spectroscopic studies revealed the
efficient charge transfer between F;sCoPc/MWCNTs-COOH
sensor and chlorine. These outcomes underline the potential of
such hybrid material in developing a new low cost Cl, sensor
with excellent gas sensing characteristics.
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