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� Growth mechanisms of polypyrrole
are controlled by changing monomer
concentration.

� Lamellar structure is formed by using
pristine CNT at high monomer
concentration.

� Homogeneous polymer coating is
achieved on the surface of oxidized
CNT.

� CNT/polypyrrole composite has the
highest hydrogen adsorption capac-
ity (1.66 wt%).

� Polymer coating and chemical
oxidation affects hydrogen sorption
isotherms.
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Sphere-like and layer-by-layer growth mechanisms of polypyrrole are controlled by changing pyrrole
monomer concentration and using carbon nanotubes (CNT) as template. Pristine polypyrrole has sphere-
like structures but remarkable change in types of polypyrrole growth is observed from spherical-like to
layer-by-layer structures in the presence of CNT. Acid treatment enhances polypyrrole coverage on CNT
surface by preventing agglomeration of polypyrrole due to an increase in surface oxygen groups and sp2

bonds in CNT structure. The crystallinity of powders comparably decreases after polypyrrole coating due
to the amorphous structure of polypyrrole and a sharp decrease in the intensity of 002 peak. The in-
fluence of surface functionalization and polymer coating on the structural parameters of multi-walled
CNT and their composites is investigated by tailoring the feeding ratio of polypyrrole. The hydrogen
sorption measurements at ambient conditions by Intelligent Gravimetric Analyzer demonstrate that
hydrogen uptake of CNT/polypyrrole composite is 1.66 wt.% which is almost 3 times higher than that of
pristine CNT. Higher hydrogen uptake values are obtained by keeping the mass ratio of pyrrole monomer
and CNT equal by using non-functionalized CNT in composite production. Hydrogen adsorption/
desorption kinetics of polypyrrole/CNT composites is improved by increasing adsorption sites after
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polymer coating and acid treatment. The desorption curves of these modified surfaces are higher than
their adsorption curves at lower pressures and hysteresis loop is observed in their isotherms since
hydrogen is chemically bonded to the modified surfaces by the conversion of carbon atoms from sp2 to
sp3 hybridization.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructured polypyrrole (PPy) and their composites have
received attention due to their remarkable properties such as high
electrical conductivity, excellent thermal stability, and relative easy
synthesis routes [1,2]. PPy based composites have potential appli-
cations in advanced technologies including chemical sensors [3],
energy storage [4], solar cells [5], supercapacitors [6], and actuators
[7]. PPy is synthesized by electrochemical or chemical oxidative
polymerization methods [8e10]. Although electrochemical poly-
merization provides high controlled morphology and direct depo-
sition of PPy structures, chemical oxidative polymerization is
suitable for mass production and direct application [11]. The
morphology, structure and stability of PPy are influenced by
oxidant type, polymerization medium, dopant, concentration ratio
of monomers and oxidant, temperature and polymerization dura-
tion [12]. However, the main driving force behind the formation of
laminar or spherical PPy structure in different reaction systems still
is not clear. Liu et al. [13] demonstrated that granular structure of
PPy is formed at initial stages of reaction whereas the structure is
turned into short and straight fibers by increasing the reaction
time. Especially the rate of oxidant addition affects on the forma-
tion of different types of PPy structures [14]. In addition, Han et al.
[15] synthesized the hierarchical structure of PPy by adjusting the
concentration of pyrrole and surfactant. He et al. [16] changed the
morphology of the PPy from granules to short coral-like nanowires
by decreasing pyrrole monomer and then produced three-
dimensional nanowire networks by increasing the concentration
of pyrrolemonomer andmixingwith poly(vinyl-alcohol) used as an
additive. Therefore, the addition of polymeric materials during PPy
polymerization brings a new insight to understand the changes in
PPy morphology.

There are some reports on the use of conductive polymers as
hydrogen storage media with acceptable hydrogen storage capac-
ities. Panelle et al. [17] found no hydrogen storage on HCl-treated
polyaniline and PPy by volumetric measurements at room tem-
perature and 77 K. On the other hand, the composites of PAni/CNT
stored just under 0.5 wt.% hydrogen at 125 �C [18]. PPy/CNT com-
posite is generally utilized as a supercapacitor material due to its
high capacitance values [19]. Among recently developed hydrogen
storage materials, CNT have attracted great attention due their
structural and characteristic properties [20e23]. In the first work
on hydrogen storage capacity in CNT reported by Dillion et al. [24],
single walled CNT could store 10 wt.% of hydrogen at room tem-
perature. In the literature, there is a big contradiction in hydrogen
uptake of CNT at room temperature, and the values larger than
1 wt.% cause doubts since the results of the hydrogen uptake for the
same material are not repetitive. To resolve this controversy, there
have been a wide range of studies involving various carbon mate-
rials. Tibbetts et al. [25] showed that the largest hydrogen storage
capacity of CNT at room temperature is less than 0.1 wt.% by
comparing nine different carbon materials at the pressure of
11 MPa and temperature from �80 to þ500 �C.

In the present study, conductive polymer is combined with the
structural properties of CNT in order to increase the hydrogen
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storage capacity of CNT for its utilization in energy storage devices
[11,26]. At this point, PPy is chosen among various conducting
polymers to produce CNT composites due to its relatively easy
synthesis, high electrical conductivity, and environmental stability
[27]. The PPy morphology and its growth behavior were investi-
gated by changing the concentration of pyrrole monomer, and
keeping monomer/oxidant ratio constant, and adding functional-
ized and non-functionalized multi-walled carbon nanotubes
(MWCNT) in the reaction mixture. The surface of CNT was covered
by PPy at different feeding ratios and structural changes were
observed by several characterization techniques. The functionali-
zation of CNT surface was achieved by acid treatment allowing
proper dispersion and providing appropriate interfacial adhesion
between CNT and PPy. Moreover, the effects of polymer coating and
acid treatment on gravimetric hydrogen storage capacities of PPy/
CNTcomposites were examined by Intelligent Gravimetric Analyzer
at room temperature in the range of 1000e9000 mbar.

2. Experimental section

2.1. Materials

Multi-walled carbon nanotubes (MWCNT, Baytubes, purity
>95%), pyrrole (Py, C4H5N, Merck, 98%), potassium dichromate
(K2Cr2O7, Chempur, 99.9%), ferric chloride (FeCl3, Aldrich, 97%),
sulfuric acid (H2SO4, Fluka, 95e97%).

2.2. Chemical oxidation of CNT

Oxidation process was performed for the functionalization of
MWCNT surface. MWCNT (5.0 g) were mixed into the mixture of
potassium dichromate (10.5 g), sulfuric acid (150 mL) and 7.5 mL
distilled water at 45 �C for 24 h [28]. In this process, the samples
were filtered and washed with distilled water several times. All
samples after filtration process were dried in a vacuum oven at
60 �C overnight.

2.3. Synthesis of CNT/PPy composites

PPy was coated on both MWCNTand oxidized MWCNT by in situ
polymerization of pyrrole (Py) monomer by using FeCl3 as an
oxidant in ethanol:water (1:1, v/v) for 24 h through refluxing [27].
Fig. 1 shows the schematic representation of PPy synthesis. In this
reaction, the Fe3þ/Py molar ratio was kept as 2.4 during polymer-
ization [29]. MWCNT-based composites were synthesized at
Fig. 1. Schematic representation of polypyrrole synthesis.
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different feeding ratios of Py. The feeding mass ratios of Py and
MWCNT were 1:1 and 2:1.

2.4. Measurement of hydrogen storage capacity

Hydrogen adsorption measurements were performed by Hiden
Isochema 001 Intelligent Gravimetric Analyzer (IGA) at room
temperature under 9000 mBar pressure. CNT and its composites
were outgassed for 24 h at room temperature.

2.5. Characterization

The layer thickness and the surface of CNT and their composites
were analyzed by a Leo Supra 35VP Field Emission Scanning Elec-
tron Microscope (SEM) by using secondary electron and inlens
detectors and JEOL 2100 Lab6 High Resolution Transmission Elec-
tronMicroscopy (TEM). The degree of oxidation and the ratio of C, O
and N ratios were estimated by Electron Energy Loss Spectroscopy
(EELS). X-ray diffraction (XRD) measurements were conducted by a
Bruker AXS advance powder diffractometer fitted with a Siemens
X-ray gun, using CuKa radiation (l ¼ 1.5406 Å). Crystallite size in
composites was calculated by using the classical DebyeeScherer
equations:

La ¼ 0:89l=b002 cos q002

where La is the stacking height and b is the full width half maxima
(FWHM). Crystallite size in polymers is generally in nano-scale and
in the thickness direction. Structural changes of MWCNT were
investigated by Renishaw InVia Reflex Raman Microscopy System
using (Renishaw Plc., New Mills, Wotton-under-Edge Gloucester-
shire, UK) using a 514 nm argon ion laser in the range of
100e3200 cm�1. The functional groups of composites were deter-
mined by Netzsch Fourier Transform Infrared Spectroscopy (FTIR).
The specific surface area of samples was measured by Quantach-
rome NOVA 2200e series Surface Analyzer by the Bru-
nauereEmmetteTeller (BET) method in the P/P0 range of
0.05e0.35. All samples were outgassed for 24 h at 150 �C. The pore
size distributionwas obtained from the desorption isotherms using
the BarretteJoynereHalenda (BJH) method.

3. Results and discussion

3.1. Synthesis of PPy/CNT composites

In the first stage, non-functionalized MWCNT surface is coated
by PPy with different weight ratios of pyrrole monomer to observe
the structural changes. XRD characterization results show that PPy
is amorphous polymer. After the coverage of functionalized CNT
with different feeding ratios of PPy, the intensity of a crystalline
peak of CNT corresponding to the (002) reflection at around
2q ¼ 26.5� decreases and the peak broadens (Fig. 2). The structure
of CNT based composites becomes more amorphous by increasing
PPy content and thus the crystallinity significantly decreases.

The structural change is also observed by comparing the in-
tensity ratios of D and G bands, ID/IG, in Raman spectra of CNT
samples. These bands are observable in all poly-aromatic hydro-
carbons. ID/IG ratio directly changes with the size of the crystalline
grains or interdefect distance [30]. Also, ID/IG ratio is related to the
atomic ratio of sp2/sp3 that is a measure of the extent of disordered
graphitic structure [31]. Fig. 3 represents the Raman spectra of
pristine CNT, Py:CNT ¼ 1:1 and Py:CNT ¼ 2:1. As the feeding mass
ratio of Py to CNT increases in powders, D and G bands start to
combine each other since the amorphous structure of PPy directly
decreases the crystallinity of CNT. Table 1 gives the intensities of D
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and G bands, and the changes in ID/IG ratios of pristine CNT,
Py:CNT ¼ 1:1 and Py:CNT ¼ 2:1 composites. The ID/IG ratio de-
creases slightly as the polymer concentration increases. This shows
that polymers are bonded noncovalently onto nanotube surface
and thus the degree of disorder of CNT does not change signifi-
cantly. In addition, the disappearance of 2D peak after PPy coating
indicates the formation of amorphous structure [32].

Fig. 4 represents FTIR spectra of pristine CNT, PPy, Py:CNT ¼ 1:1
and Py:CNT ¼ 2:1 composites. There was no observable peak in
FTIR spectrum of pristine CNT due to its high carbon content and
strong CeC bonds. In FTIR spectrum of pure PPy, the peak at
1555 cm�1 is corresponded to the CeC stretching vibrations and the
peak at 926 cm�1 is due to CeN wagging vibration of Py ring [33].
Also, the peaks at 1050 cm�1 and 1197 cm�1 are attributed to CeH
in-plane deformation vibration of PPy and the breathing vibration
of the pyrrole ring, respectively [33]. On the other hand, only the
characteristic peaks of PPy are observable in FTIR spectra of PPy/
CNT composites and the intensities of PPy peaks are changed at
different feeding mass ratios of PPy. However, the presence of CNT
is not detectable because of its relatively high carbon amount and
nonfunctionalized surface.

3.2. Different PPy morphologies in composites

Wire-, ribbon-, and sphere-like structures of PPy are obtained by
using several surfactants and oxidizing agent and tailoring mono-
mer concentrations [34]. Fig. 5a shows sphere-like nanostructures
of PPy obtained by using FeCl3 as an oxidant. Fig. 5c shows a very
dense structure of cross-linked and non-functionalized CNT bun-
dles due to PPy coverage when compared to pristine CNT shown in
Fig. 5b. On the other hand, PPy starts to grow epitaxially on CNT
surface acting as a template by increasing Py monomer concen-
tration and a-layer-by-layer formation in some regions of
Py:CNT ¼ 2:1 composite is seen clearly in Fig. 5d. A lamellar
structure is formed by self-assembly of PPy in CNT based com-
posites due to the saturated monomer concentration [34]. Herein,
higher amount of monomer causes to change in the reaction vol-
ume and growing direction of polymerization process and also
conformational movement of chains, and thus a layer-by-layer
formation is observed in some regions of composite. As it is seen
in Fig. 5c, PPy are still in spherical form and the agglomeration of
PPy nanospheres are observable in some parts due to the excess
amount of Py monomer.

3.3. Synthesis of PPy/oxidized CNT composites

To provide better dispersion and appropriate interfacial adhe-
sion between CNT and PPy, the surface of CNT was modified by
oxidation process. Fig. 6 exhibits XRD patterns of oxidized CNT and
its composites of Py:oxCNT ¼ 1:1 and Py:oxCNT ¼ 2:1.002 peak
intensity values of oxidized CNT decrease significantly and get
wider by increasing PPy amount in the composites since PPy has
amorphous structure and weak diffraction peaks. Furthermore,
crystallite size of CNT based composites calculated by using Debye
Scherer equations from XRD data shows that crystallite size values
of pristine CNT and Py:oxCNT ¼ 1:1 composite are 4.1 nm and
7.1 nm, respectively. After polymer coating on pristine CNT, crys-
tallite size of Py:CNT ¼ 1:1 composite becomes 5.7 nm. This dif-
ference stems from the attachment of oxygen groups on CNT
surface that forms covalent bonds between a reactive pyrrole
monomer and the surface of oxidized CNT bundles and thus in-
creases the binding degree of PPy polymer.

Fig. 7 shows the Raman spectra of pristine CNT, oxidized CNT
(oxCNT) and their composites by controlling the weight feed ratio
of pyrrole and oxCNT as 1:1 and 2:1. Table 2 also represents the
able synthesis and characterization of carbon nanotube/polypyrrole
s Chemistry and Physics (2015), http://dx.doi.org/10.1016/



Fig. 2. XRD patterns of pristine CNT, Py:CNT ¼ 1:1 and Py:CNT ¼ 2:1 composites.
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variations in ID/IG ratios of pristine CNT, oxCNT, Py:oxCNT¼ 1:1 and
Py:oxCNT ¼ 2:1. ID/IG ratio increases slightly after oxidation of
pristine MWCNT since this process leads to the formation of defects
in the structure of CNT because D band shows out of plane vibra-
tions in the presence of structural defects and G band is attributed
to in-plane vibrations of sp2 bonded carbon atoms in aromatic rings
and chains [35,36]. After PPy coating on the surface of oxidized CNT,
ID/IG ratio continues to increase due to the covalent attachment of
polymer onto CNT surface after oxidation process and also
increasing oxygen functional group in CNT structure that result in a
conversion of a small amount of sp2-to-sp3 hybridized carbon. Also,
2D band intensity of PPy/oxCNT composites gradually decreases
and this indicates an increase in the polymer thickness in the
composites. When the ID/IG ratios of non-functionalized CNTand its
composites are compared with the ones of functionalized samples,
functionalized CNT-based composites have higher thickness and
higher quantity of defects due to an increase of covalent bonds in
Fig. 3. Raman spectra of pristine CNT, Py:CNT ¼ 1:1 and Py:CNT ¼ 2:1 composites.
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the presence of surface oxygen groups.
In order to detect the oxygen functional groups on the surface of

CNT, FTIR analysis was conducted for each sample. After oxidation
process, oxygen-containing functional groups are identified in the
range of 2000e700 cm�1 in Fig. 8. The bands at 1040 cm�1 and
1150 cm�1 are assigned to CeCeO stretching in unsaturated hy-
droxyl groups [37]. The strong band at 1700 cm�1 is assigned to
stretching vibration of C]O bonds in carboxylic acid groups while
the weak band at 1615 cm�1 is due to the vibrationmode of C]O in
quinone groups on the surface of oxidized CNT [38]. In FTIR spectra
of PPy/CNT composites, weak infrared peaks at 1780e1600 cm�1

corresponding to carbonyl groups indicate the presence of oxidized
CNT in the structure.

Table 3 gives 13C NMR chemical shifts and type of carbon
environment of functionalized and non-functionalized of CNT
composites with the feeding mass ratio of Py and CNT as 2:1. It is
observed that the peak intensity of oxidized CNT/PPy composites in
the region between 124 ppm and 133 ppm increases by approxi-
mately three times comparing to the 13C NMR peak intensity of
Py:CNT ¼ 2:1 composite since the amount of PPy coated on the
surface of oxidized CNT increases and this leads to an increase in
C]C bond amount coming from PPy structure. Raman spectra of
oxidized CNT composites in Fig. 7 also confirm an increase in sp2

bonds because of oxidation process and PPy coating.
Fig. 9 shows SEM images of oxCNT, Py:oxCNT ¼ 1:1 and

Py:oxCNT ¼ 2:1 composites. Oxidation process leads to the
agglomeration of CNT bundles (Fig. 9a). After the dispersion of
oxidized CNT in reaction mixture and the initiation of PPy poly-
merization, fluffy and porous structure formation is observed as
seen in Fig. 9b. When compared to the results obtained by using
Table 1
The intensities of D and G bands, and ID/IG ratios of pristine CNT, Py:CNT ¼ 1:1 and
Py:CNT ¼ 2:1 composites.

Sample D
(a.u.)

G
(a.u.)

ID/IG

Pristine CNT 6753 6776 1.00
Py:CNT ¼ 1:1 composite 4102 4338 0.95
Py:CNT ¼ 2:1 composite 9945 10,940 0.91

able synthesis and characterization of carbon nanotube/polypyrrole
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Fig. 4. FTIR spectra of pristine CNT, PPy, Py:CNT ¼ 1:1 and Py:CNT ¼ 2:1 composites.
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pristine CNT, as pyrrole monomer concentration increases, PPy
spheres do not aggregate on the surface of oxidized CNT and a
layer-by-layer structure of PPy that is occurred due to high con-
centration of pyrrole monomer in composite is not detected in
Fig. 9c and d. In addition, the thickness of CNT after oxidation and
Fig. 5. SEM images of (a) pristine PPy, (b) pristine CNT, (c) Py

Please cite this article in press as: B.S. Okan, et al., Morphology-controll
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polymer coating wasmeasured by TEM. Fig.10 exhibits TEM images
of oxCNT, Py:oxCNT ¼ 1:1 and Py:oxCNT ¼ 2:1. The wall thickness
of pristine CNT is about 4 nm whereas the thickness of CNT be-
comes 8 nm after coating by PPy in the feeding mass ratio of Py to
oxCNT as 1:1. Then, CNT thickness increases up to 12 nm as Py
:CNT ¼ 1:1 composite and (d) Py:CNT ¼ 2:1 composite.

able synthesis and characterization of carbon nanotube/polypyrrole
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Fig. 6. XRD spectra of oxCNT and its composites of Py:oxCNT ¼ 1:1 and
Py:oxCNT ¼ 2:1.
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monomer is doubled in the reaction mixture. An increase in wall
thickness is also proved by the comparison of ID/IG ratio in Fig. 7.
Oxidation process of CNT surface prevents the agglomeration of PPy
spheres and starts the layer-by-layer coating and thus gradual in-
crease in wall thickness of CNT is observed.

EELS measures the elemental composition of CNT and its com-
posites by measuring the energy loss during the interactions be-
tween incident electrons and CNT atoms [39]. EELS spectra in the
carbon K-edge region, Fig. 11, are used to detect the changes in
carbon content and observe the attachment of oxygen groups on
the surface of pristine CNT, oxCNT, Py:oxCNT ¼ 1:1 and
Fig. 7. Raman spectra of pristine CNT, oxCNT, Py:oxCNT ¼ 1:1 and Py:oxCNT ¼ 2:1.
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Py:oxCNT ¼ 2:1. The peak at 285 eV belongs to the 1s to the p*
states and the peak at around 291 eV shows the transitions from the
1s to the s* states. Quantitative analyses of C, O and N ratios by EELS
measurement prove the changes in surface oxygen groups on the
surface after oxidation and polymer coating that is given in Table 4.
MWCNT contain 98.5% C and 1.5% O but oxCNT consist of 89.9% C
and 10.4% O on its surface after oxidation process. Accordingly, the
oxidation process changes the hydrophilic nature of MWCNT by
increasing oxygen groups on the surface and thus provides ho-
mogenous dispersion in reaction media during polymerization.
After coating the surface of MWCNT by PPy, Py:oxCNT ¼ 1:1
composite has 89.4% C, 7.8% N and 2.8% O whereas Py:oxCNT ¼ 2:1
composite contains 85.9% C, 13.5% N and 0.6% O due to an increase
in PPy amount on the surface of CNT.

3.4. Surface area measurement

In surface area analysis, BrunauereEmmett and Teller method
(BET) provides specific surface area of CNT based samples and
BarretteJoynereHalenda Method (BJH) is applied to measure pore
radius (Mode Dv(r)) and pore volume in the mesopore and mac-
ropore ranges. BET surface area, BJH desorption pore radius and BJH
desorption pore volume of CNT samples are given in Table 5. As PPy
content increases in both pristine CNT and oxidized CNT compos-
ites, their BET surface area, BJH desorption pore radius and pore
volume values drastically decrease due to the amorphous structure
of PPy. Strong interactions cause localized adsorption which re-
stricts the adsorbate to a specific site [40]. Chemical oxidation and
polymer coating change the surface chemistry and thus a strong
decrease is observed in the measured BET surface areas because of
insufficient adsorption and incomplete monolayer coverage of the
surface with molecules during analysis. These changes in pore
radius and surface area affect directly the hydrogen adsorption
capacities of CNT-based composites during IGA measurements.

3.5. Hydrogen sorption measurements by IGA

The IGA system uses the gravimetric technique to measure the
magnitude and dynamics of hydrogen sorption on samples accu-
rately. Fig. 12 shows hydrogen sorption curves of pristine CNT, PPy,
oxCNT and Py:CNT ¼ 1:1 composite in the range of 0e9000 mbar
pressure at room temperature. IGA measurements indicate that
pristine CNT, PPy, oxCNT and Py:CNT ¼ 1:1 adsorb 0.46 wt.%,
0.14 wt.%, 1.03 wt.% and 1.66 wt.% hydrogen, respectively.
Comparing the adsorption curves of these mentioned samples in
Fig. 12a, one can observe that pristine samples of PPy and CNT have
lower hydrogen uptake amounts whereas surface modification
processes enhance hydrogen storage capacity significantly. An in-
crease in hydrogen uptake values of oxidized CNT and PPy/CNT
composites stems from the surface modification of CNT, the
reduction in the pore size and an increase in unsaturated adsorp-
tion sites for hydrogen. During oxidation process, oxygen amount
increases on the surface of CNT due to chromate ions and this leads
to the increase in hydrogen uptake capacity. The comparable
Table 2
The intensities of D and G bands, and ID/IG ratios of pristine CNT, oxCNT,
Py:oxCNT ¼ 1:1 and Py:oxCNT ¼ 2:1.

Sample D
(a.u.)

G
(a.u.)

ID/IG

Pristine CNT 6753 6776 1.00
oxCNT 6309 6033 1.04
Py:oxCNT ¼ 1:1 8236 7212 1.14
Py:oxCNT ¼ 2:1 3996 3832 1.05
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Fig. 8. FTIR spectra of pristine CNT, oxidized CNT, Py:oxCNT ¼ 1:1 and Py:oxCNT ¼ 2:1 composites.

Table 3
Chemical shifts of 13C NMR spectra of Py:CNT ¼ 2:1 and Py:oxCNT ¼ 2:1 composites.

Sample type Chemical shift (ppm) Peak intensity (a.u.) Types of carbon environments

Py:CNT ¼ 2:1 109e130 11 C]C
Py:oxCNT ¼ 2:1 124e133 32 C]C

Fig. 9. SEM images of (a) oxCNT, (b) Py:oxCNT ¼ 1:1 composite, (c) and (d) Py:oxCNT ¼ 2:1 composite at different magnifications.

B.S. Okan et al. / Materials Chemistry and Physics xxx (2015) 1e10 7
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Fig. 10. TEM images of (a) oxCNT, (b) Py:oxCNT ¼ 1:1 composite and (c) Py:oxCNT ¼ 2:1 composite.
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increase in hydrogen uptake value of Py:CNT ¼ 1:1 composite
originates from a decrease in pore size of CNTand an increase in the
distance of CNT bundles [41]. In Fig. 12b, hydrogen adsorption/
desorption isotherms of pristine CNT show good reversibility, and
adsorbed hydrogen is released completely from the pores of CNT at
room temperature due to relatively weak van der Waals bondings
between hydrogen molecules and walls of CNT. In other words,
complete reversibility and the absence of hysteresis loop between
adsorption and desorption isotherms are observed since no
chemical bonds are formed during physisorption. On the other
hand, irreversible hydrogen sorption is observed in oxCNT and
Py:CNT ¼ 1:1 composite, as seen in Fig. 12c and d. Herein, adsorbed
hydrogen is not released completely from the structure during
Fig. 11. EELS spectra of pristine CNT, oxCNT, Py:oxCNT ¼ 1:1 and Py:oxCNT ¼ 2:1.
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desorption and hysteresis loop is occurred because of accumulation
of chemisorbed hydrogen atoms in the structure. This means that
hydrogen is stored chemically in the pores of CNT and induces sp3-
like hybridization and higher chemical potential is required to pull
the adsorbed molecules out of their sites and obtain reversible
adsorption/desorption isotherms [18]. Therefore, surface modifi-
cation and polymer coating directly change the release behavior of
adsorbed hydrogen from the pores. Furthermore, equilibrium time
for each pressure point is adjusted as 3 h in the gravimetric sorption
process. It is seen that adsorption kinetic of hydrogen is much faster
than its desorption kinetic in the samples of oxCNT and
Py:CNT ¼ 1:1 at room temperature. Desorption process becomes
faster at a pressure of zero at ultra high vacuum level (10�6 mbar)
and thus sharp decrease is observed in the desorption isotherms of
oxCNTand Py:CNT¼ 1:1 composite. The hysteresis loop of oxCNT is
wider than one of Py:CNT¼ 1:1 because the desorption from oxCNT
surface is prevented by high amount of oxygen functional groups.

It is also expected that hydrogen uptake capacity increases with
increasing surface area [42,43]. However, CNT-based composites
having lower BET surface area adsorb much more hydrogen atoms
than the samples having higher BET surface area since hydrogen
uptake for CNT is not only determined by surface area, pore size and
chemical environment are also important parameters that affect
hydrogen uptake. In our study, both polymer coverage and
Table 4
EELS elemental analysis results of CNT, oxCNT and their composites.

Samples C (%) O (%) N (%)

Pristine CNT 98.6 1.4 e

oxCNT 89.9 10.1 e

Py:oxCNT ¼ 1:1 89.4 2.8 7.8
Py:oxCNT ¼ 2:1 85.9 0.6 13.5
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Table 5
Surface area analysis results of CNT and its composites.

Sample BET surface area
(m2/g)

BJH desorption pore radius
(Å)

BJH desorption pore volume
(cc/g)

Pristine CNT 198.5 149.5 1.4
Py:CNT ¼ 1:1 57.0 98.4 0.2
Py:CNT ¼ 2:1 25.8 88.1 0.3
oxCNT 107.8 138.3 0.7
Py:oxCNT ¼ 1:1 74.2 10.7 0.5
Py:oxCNT ¼ 2:1 67.8 8.4 0.4
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oxidation process cause the reduction in pore size, and polymer
coating forms new adsorption sites between the tube arrays in
addition to the pores within CNT and thus the hydrogen storage
properties of the produced composites are improved considerably.

4. Conclusions

Spherical PPy structures are synthesized on CNT surface by
keeping identical mass ratio of pyrrole monomer and CNT. On the
other hand, a layer-by-layer formation is observed at higher
amount of pyrrole monomer in the structure of non-functionalized
CNT composites. In order to figure out the effect of surface func-
tionalization of CNT on the structural properties of PPy based
composites, pristine CNT and functionalized CNT are coated by
oxidative polymerization of PPy. After oxygen functionalization of
CNT by acid treatment, homogeneous PPy coverage is observed and
Fig. 12. (a) The comparison of adsorption isotherms of pristine CNT, PPy, oxCNT and Py:CNT ¼
oxCNT and (d) Py:CNT ¼ 1:1 composite.
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the agglomeration of PPy spheres is prevented and thus wall
thickness increases gradually by increasing the feeding mass ratio
of pyrrole. Also, acid treatment leads to the reduction in the weight
ratio of carbon and oxygen and the formation of hydrophilic sur-
face. Increasing PPy amount causes to decrease the crystallinity of
CNT composites and also BET surface area and BJH pore size. On the
other hand, polymer coated CNT bundles form newadsorption sites
between the tube arrays for hydrogen molecules. Therefore,
hydrogen uptake values of CNT measured by IGA are improved
significantly by surface oxidation and polymer coating and PPy
coated CNT stores three times more hydrogen than pristine CNT at
room temperature. Untreated CNT shows good reversibility in
hydrogen adsorbtion/desorption isotherms due to theweak van der
Waals interactions between hydrogen molecules. However, in the
desorption isotherms of oxidized CNT and Py:CNT ¼ 1:1 composite,
hydrogen does not release from the pores and is chemically stored
1:1 composite, and hydrogen adsorptionedesorption isotherms of (b) pristine CNT, (c)
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in CNT structure and thus a hysteresis loop is occurred between
adsorption and desorption curves. This originates from an increase
in sp2 bonds after oxidation process, defective and amorphous
surfaces, and higher binding energies of chemisorbed hydrogen.
Consequently, it is possible to enhance hydrogen storage properties
of PPy/CNT composites by applying surface treatments. These
modified composites become the most promising solid state sys-
tems for hydrogen storage due to their high volumetric/gravimetric
capacity and fast adsorption kinetics at ambient conditions.
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