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In the present work, we synthesized graphene oxide/polyaniline (GO-PANI) composites using in situ
chemical oxidative polymerization method and investigate their hydrogen storage properties. The
morphological and structural properties of synthesized composites have been studied using scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD)
and Raman Spectroscopy. SEM images showed the uneven granular shaped structure of GO-PANI
composite, where polyaniline (PANI) wrapped smoothly on the surface of graphene oxide (GO)
flakes. The characteristic peaks appeared in XRD and Raman spectrum clearly revealed the struc-
tural phase and chemical identity of the composite. The hydrogen adsorption capacity of PANI,
GO-PANI and GO composite was determined at room temperature and observed to be 0.47, 0.80
and 1.90 wt.% respectively. The low storage density for GO-PANI nanocomposite might be due to
the PANI matrix which wrapped on the surface of graphene oxide. This results in the reduction of
reactive surface area, porosity and interrupts functional group with aniline molecules and reduces
the interlayer distance. Whereas, for graphene oxide, functional groups work as spacer in between
graphene layers which, in turn, increase the interlayer distance to enhance storage density.
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1. INTRODUCTION

Discovering new perspectives for environment friendly
energy sources and technologies to replace fossil fuels to
meet the ever increasing energy demand is one of the grand
challenges of the world.! In this context, Hydrogen is
a renewable, efficient, environmentally friendly and ideal
green fuel energy source and has potential to substitute
non-renewable carbon based energy system for household
and transport applications.>* Hydrogen is a clean-energy
fuel as during combustion it produces only water as its
byproducts. At the moment, most of the hydrogen is pro-
duced by natural gas reforming. However, novel meth-
ods for hydrogen production namely photo catalytic water
splitting and solar cell-electrolyser combination are not

*Authors to whom correspondence should be addressed.
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very far from reality.* Apart from production, hydrogen
storage is clearly one of the challenges in developing
hydrogen market due to its ultra-lightweight. Three issues
related with the storage should be considered (a) high
storage capacity, (b) storage stability, (c) fast kinetic.>®
Hydrogen can be stored as (i) pressurized gas, (ii) cryo-
genic liquid, (iii) solid fuel as chemical (metal hydrate) or
physical combination (carbonmaterial).”® The high pres-
sure hydrogen storage requires leak-tight high pressure
storage tanks and high mechanical strength piston pump.
Due to the low density of hydrogen and the dangerous
high pressures of the cylinders, it is not viable for on-
board automobile storage. The cryogenic hydrogen stor-
age requires the low temperature for liquefaction that
can consume ~40% of total energy. The high electrical
requirement and the inevitable boil-off rate, this method is
not suitable found for automobile application.” Therefore,
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solid state hydrogen storage® ' is most encouraging tech-
nique which can divide three processes:

(a) chemical absorption in which to the material forming
an atomic bond with the absorbing hydrogen molecules,!!
(b) Composite polymer/metal materials in  which
engineering hybrid materials with physisorption and
chemisorption of hydrogen'? and

(c) Physical Adsorption in high surface area Materials in
which hydrogen molecules physisorption by weak Van der
Waals forces.

Carbon nanostructure is one of the most attractive adsor-
bent for hydrogen storage because of high mechanical
strength, high surface area with highly porous, long life
cycle and effective heat transfer. The second important cri-
terion for an efficient storage system is the appropriate
thermodynamics, fast kinetics. In addition, carbon mate-
rials have advantage of being lighter than other inor-
ganic compounds.'*'® In 2004 Geim and Novoselov used
scotch tape to peel off a new material from graphite
named graphene. Graphene is two dimensional single
layer of sp?> bonded carbon, has many exciting and won-
der properties exploitable for hydrogen storage.'” The
hydrogen storage in graphene has been reported about
to be 1.2 wt.% and 0.1 wt.% under a low pressure
and different temperature.”” However, Liu et al.?! showed
the hydrogen storage capacity of MWCNTs and GO
0.9 wt.% and 1.2 wt.% respectively at room tempera-
ture. On the other hand, conducting polymers also have
been extensively studied and widely applied in various
application.”? PANI is conducting polymers with good
eco-friendly nature, high stability, interesting electro activ-
ity and unusual doping/dedoping chemistry. PANI can be
synthesized through various chemical synthesis methods
and widely used for the engineering biosensors, actua-
tors, memory device, chemical sensors, batteries and super
capacitors.”? Stefano’s et al. investigated a hydrogen
storage property of PANI with multi wall carbon nanotube,
tine oxide and aluminum powder at temperate range of
298-398 K and pressure 6-7 MPa. The hydrogen storage
capacity of pristine PANI has been reported ~0.35 wt.%
which has been enhanced up to 0.5 wt% for PANI-
aluminum nano composite.?® Geckeler et al. reported that
HCI doped Polyaniline nano fiber show a hydrogen stor-
age capacity ~0.46 wt%, whereas Polyaniline-polypyrrole
composite can store 0.91 wt% of hydrogen at room tem-
perature and 8 MPa.”

In the field of hydrogen energy research, many
researchers are focusing to synthesize the different type of
graphene based derivatives and modified them with con-
ducting polymers to make a suitable material for enhance
hydrogen storage. This further increased the porous struc-
ture of the nanocomposites and opening the numbers of
binding sites, which in turn enhances the hydrogen storage
capacity. In this concern, we have synthesized GO-PANI
composite by in-situ chemical oxidative polymerization
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method and used it for hydrogen storage application. Sur-
face morphology and chemical structure of the material
is characterized by SEM, TEM, XRD and Raman Spec-
troscopy. In addition, we have found low storage density of
Go-PANI which may be due to that PANI wrapped on the
surface of graphene oxide nano sheet that reduce the active
surface area and interlayer distance between the graphene
layers.

2. SYNTHESIS OF NANOMATERIAL

In this paper, the synthesis process is achieved in three
steps:

(1) synthesis of PANI nanoparticle by in-situ oxidative
polymerization

(2) Synthesis of GO by chemical oxidation of graphite
powder

(3) Synthesis
polymerization.

of GO-PANI composite by in-situ

2.1. Synthesis of PANI Nanoparticle

PANI nanoparticle synthesized by using chemical oxida-
tive polymerization method.”® In this chemical reaction,
we have used 0.3 M aniline was dissolved in 100 ml of
1 M HCI solution and then cooled in an ice bath. 100 ml
of 0.3 M Ammonium persulphate ((NH,),S,0g) and 1 M
HCI solution was added to the aniline solution drop-wise
over 2 h with continuous stirring. A bright green color
appears. Stirring was continued for 4 hours. Finally, the
solution was centrifuged at 7000 rpm for 20 minutes. The
supernatant was discarded and the filtrate was washed mul-
tiple times with 1 M HCL.

2.2. Synthesis of GO by Chemical
Oxidative Treatment,

GO was synthesized using a well-known modified Hum-
mer’s method.* The-synthesis—of-GO, have used graphite
powder, concentrated sulfuric acid (H,SO,), potassium
permanganate (KMnO,), sodium nitrate (NaNO,), hydro-
gen peroxide (H,0,) (30%). More details of synthesis of
GO has explained in our previous published paper.?

2.3. Synthesis of GO-PANI Composite by
In-Situ Polymerization

The aqueous solution of GO (200 mg/20 mL) was added
in 80 ml of 1 M HCL solution and resultant mixture
was ultra-sonication 30 min until GO was completely dis-
persed. 3.5 mL of aniline in 1 M HCI were introduced
in aqueous solution of GO. The dispersed solution was
ultrasonicated for another 30 min. Then aniline monomer
was drop by drop added into the above solution. The
resultant mixture was continues stirred for 1 h at 0-5 °C.
The 2.23 mg of ammonium per sulfate ((NH,),S,Oy),
was dissolve in 25 ml was—disselved——25-mt aqueous

Adv. Sci. Eng. Med. 9, 1-7, 2017
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HCL solution and the mixture was cooled at 0-5 °C. Fur-
ther polymerization was achieved by drop wise added of
ammonium per sulfate solution in precooled GO solution,
and the mixture was stirred for 24 h at 10 °C. The precip-
itates were collected by filtration and repeatedly washed
with deionized water, ethanol, and dried it at 50 °C in
vacuum for 24 h.3!

2.4. Characterization Technique

2.4.1. Characterization

FEI Techni G20-twin TEM microscope at an accelerat-
ing voltage of 200 kV was used for morphological char-
acterization. A SEM equipment (Carl Zeiss evo-18) with
operating voltage of 20 kV was used and the samples was
coated with gold, Structural analysis was carried out using
BrukerDS8 discover X-ray diffractometer with CuK,, X-ray
source. Raman measurement was done on an in-situ micro
Raman (Renishaw, UK) spectroscope with excitation laser
beam wavelength of 514.5 nm.

2.4.2. Hydrogen Storage Setup

Hydrogen adsorption was measured by homemade fabri-
eated volumetric apparatus wesking—andes 80 bar pres-
sure regions. The configuration, elemental units, detailed
design, various tests and operation of the built instru-
ment are similar to those reported by Yang et al.> Before
measurement storage system was degassed wsees, rotary

Adv. Sci. Eng. Med. 9, 1-7, 2017
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Overall procedures for synthesis and fabricating of (a) PANI nanoparticle (b) graphene oxide nano sheet, and (c) GO-PANI composite.

vacuum weastrerent and all measurement has been done
at room temperature.

3. RESULTS AND DISCUSSION

3.1. Morphology

To visually study of as—synthesized—eompesite; the sur-
face morphologies, topography and configurations of
the prepared PANI, GO, GO-PANI, are revealed in
Figures 1(a)—(f). The PANI Nanoparticle in Figure 1(a)
are showing natural entangled highly dense random shaped
granular structure.®® GO in Figure 1(b) is showing con-
jugated ribbon like highly wavy constitution morphology
was observed. It can be due to that structures notice-
able as red circle exhibits higher roughness than fea-
tures represent in yellow circle as well as red circle area
are showing few number of layer as compere to darker
region indicated by yellow circle area is higher number of
layer with defected and agglomeration region of GO. GO-
PANTI in Figures 1(c)—(d) are showing that PANI nanopar-
ticle smoothly wrapped on each flake of the carbon nano
sheets that is indicate the affecting surface morphology of
GO by in-situ polymerization. The strong affinity between
the negatively charged carboxyl groups, hydroxyl group
and the positively charged amine nitrogen groups firmly
anchors the PANI nanoparticle on GO surface.*3> TEM
image in Figures 1(e)—(f) of Graphene oxide sheet shown
crumpled type structure covered with trimming like regular
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Figure 1. SEM images of (a) PANI nanoparticle (b) as prepared graphene oxide. The difference in color contrast in (b) that is indicated by yellow
area circle and read circle area is showing variation of number of graphene layers. (c, d) are showing PANI nano particle is firmly anchor on surface
of GO nano sheets. The different image contract of GO in (e) is due to surface topography morphology and density of electron. The dark lines near
the edge of graphene oxide in image (f) are indicating the layer thickness and diamond shape is indicating strong deformation lattice of graphene

layers.

carbon. Such type of morphology of GO can be ascribed
to inter layer bonding between graphene layers due to
occurrence of various functional groups that was attached
_chemical oxidative treatment of graphite powder.* Differ-
ent Image contract of the materials in Figure 1(e) are indi-
cated darker region (green circle area) and lighter region
(eranse circle area) is depend on the surface topography
and morphology of as synthesis GO and density of elec-
tron. The lighter area is the top surface part of the sam-
ple as balance to darker is bottom part of the sample are
showing the some defect and impurity in GO nano sheet,
which are remaining during solution, purification and dray-
ing process. Dark lines near the edges of GO sheet are
layer thickness is approximately 8 to 12 nm Figure 1(e),
as specified by the yellow arrow line. The diamond shape
in Figure 1(f) is marked by using red color in image (f)
Shewes strong distortion in lattice by using acid treatment
and accumulation of graphene layers.?’

4

3.2. X-ray Diffraction Analysis

XRD patterns of GO, PANI, GO-PANI Samples gshown
in Figure 2. The as synthesis GO revel the most intense
peak ef-seeming at 20 9.1° with corresponding to inter-
layer spacing at 8.84 A3 This appreachis due treatment
of graphite powder with strong acid and oxidizing agent
which add the more functional group and water moisture
in between interlayer space of GO. This eeeurrenee leads
to rise the inter layer space in graphite layer and pro-
vide more reactive surface area and increasing the porosity.
XRD spectra of PANI nanoparticle show in Figure 2(b)
most sharp at 20 of 14.7°, 20.7°, and 25.3° which cor-
responding to the (001), (002) and (200) plane.** We
observed that for GO-PANI composite in Figure 2(c) is
showing a weak peak with low intensity and appearing
at 26 = 11.38 with agreeing to interlayer distance 7.1 A,
which is lower than GO. The stretched peak of GO-PANI
composite is due to disturbance of GO nano sheet with

Adv. Sci. Eng. Med. 9, 1-7, 2017
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Figure 2. XRD pattern of GO (a) PANI (b) and GO-PANI
composite (c).

anchor of PANI nanoparticles and the interaction of func-
tional group of GO with amine nitrogen groups.*’

3.3. Spectroscopy Analysis

Raman spectroscopy is to further confirm the synthesis
of GO and GO-PANI Nano composite, which is power-
ful technique for the exploring the interaction between
PANI and carbon Nano sheet material. fa Figure 3 show
Raman spectra GO and GO-PANI, The as synthesis GO
show the two prominent peak at 1350 to 1605 cm™' are
shifted to the 1344 and 1596 cm™! in case of GO-PANI
which resemble to well-known D mode, originated by
electron phonons coupling or conversion of sp>-hydridized
to sp* hybridized and the G mode corresponding to an Ey,
mode of graphene in-plane vibration of sp?>-bonded carbon
atoms, respectively. The intensity of D band is lower than
G band in the GO is showing as synthesis GO is high crys-
tal structure of carbon sheet and proposing sheet has low
defect and impurity. In the GO-PANI composite jntensity

5000 —
G —Go
— GO-PANI
4000 4 D
=]
= 30004
=
E 2000 4
5
1000 4
0 T T T T T ¥
1200 1400 1600 1800 2000

Wavenumber (cm-l )

Figure 3. Raman spectral of GO and GO-PANI composite.
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Figure 4. FTIR spectra of GO, PANIL, and GO-PANI composite.

of G and D band decrease as well as width of peak also
increases, suggesting that sheets have high defect content.
Conversely, no clear peak arising from the PANI in com-
Posite, due srelebt—s e P e o
emshe e e Dl

The additional evidence in the synthesis of Graphene
oxide, PANI, and GO-PANI nanocomposites is provided
by the Fourier-transforms infrared spectroscopy (FT-IR)
spectra shown in the Figure 4. The typical FT-IR
of graphene oxide is showing that peaks located at
3130 cm ™', 1406 cm™!, 1124 cm™', and 1640 cm™! which
shows the O-H and C-O (epoxy or alkoxy), and C=0
in carboxylic acid, are present on sample, respectively.*?
The spectrum of PANI in Figure 5(d) shows C=C stretch-
ing vibration band at 1586 and 1498 ¢cm™! is attributable
to the quinonoid and benzenoid, respectively.? In addi-
tion, a stretching band assigned to C-N also appears at
1306 cm~!. The FT-IR spectrum of GO-PANI (Fig. (c))
with peaks of hydroxyl and carbonyl groups from GO
and strong peaks of functional groups from PANI. Based

2.0
= m GO
“g e PANI
< 45| A GO-PANI
=t
S
=
2 1.04
=)
©
{ =
D 0.5
£ Lo
-
>
b o

0.0

0 1000 2000 3000 4000
t(s)

Figure 5. Hydrogen uptakes by GO, PANI and GO-PANI composite.
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on FTIR, XFD and morphology of SEM images, it is
considered that GO-PANI nanocomposites are effectively
synthesized.®3

4. HYDROGEN STORAGE PERFORMANCE
The hydrogen storages of property of PANI, GO, and GO-
PANI have been investigation at room temperature and
80 bar pressure. Outcome—of—the—result,—it-observeq that
hydrogen storage of GO (1.90 wt%) is much higher than
PANI (0.47 wt%) and GO-PANI (0.80 wt%) shown in the
Figure 5.

The Hydrogen storage in PANI are attributing special
Electronic structures of PANI and the delocalization of the
charge along the polymer backbone chain, which might
generate many active sites for interactions with hydro-
gen. In this regard, Geckeler et al. reported that PANI
has outstanding properties such as electronic, thermal,
and chemical properties and electrically conducting make
it promising materials for hydrogen storage. The ther-
mal treatment of PANI before testing of hydrogen stor-
age at desirable temperature is a very appropriate material
for storage because removal of adsorbed water molecules
in PANI, thus generating many active sites that is more
effective for hydrogen storage.** However, high stor-
age capacity of hydrogen in GO, is phenomena that a
chemical oxidative treatment of graphite powder resul-
tant add the more number of functional group that works
as spacer in between the graphite layer and increase the
interlayer distance and porosity which leads to add more
number of hydrogen molecules on the surface of GO. In
this regards, Patchkovskii et al.* stated using ab initio
computations and proposed that H, molecules are stored
between graphene layers and shown that the interlayer dis-
tance plays a key role on the hydrogen storage. They have
been perform many experiment to increasing the interlayer
distance of graphene layers towards a enhance hydrogen
storage capacity. Hydrogen adsorbed graphene in the areas
where the local curvature is maximally convex surface
but not on concave surface.*’” In the reaction chemistry
of synthesis GO, the acid treatment on graphite powder
using H,SO, followed by KMnO, and add on functional
on graphene surface can create topological defect that are
match with SEM and TEM image in Figure 1 Which
might be another region to enrichment of storage density
in GO. In this concern, Singh et al. reported using compu-
tational simulation the topological defect in on graphene
surface play a major role for enriches of hydrogen storage
density.** The low storage density of hydrogen in GO-
PANI composite, it seemed that adding the polymer matrix
in graphene oxide frame work was reducing the reactive
surface area, porosity and interruption of functional group
of graphene oxide with aniline molecules and the interac-
tion of GO and PANI is the reduced the interlayer spacing
that outcome match with XRD spectra in Figure 2.

6

5. CONCLUSION

In summary, The GO-PANI composite has been syn-
thesized using in situ chemical oxidative polymerization
method. The synthesized materials characterized using
SEM, TEM, XRD, Raman spectroscopy. A high pressure
hydrogen storage Sieverts’ setup is indigenously designed,
fabricated and installed in our lab for this purpose. Hydro-
gen storage performance of PANI, GO-PANI and GO at
room temperature and high pressure 80 bar was deter-
mined by the high pressure volumetric hydrogen stor-
age system. The calculated value of the hydrogen storage
capacity for the PANI, GO-PANI and GO are 0.47 0.80
and 1.90 wt.% respectively. The results are explained on
the basis of adding the PANI matrix in GO are reducing the
reactive surface area, porosity, interruption of functional
group with aniline molecules, and reduce the interlayer
distance.

Acknowledgments: All author are gratefully acknowl-
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