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Development of light-weight materials with high hydrogen
storage capacity is a great challenge in hydrogen economy.
Here, we report high pressure hydrogen adsorption-
desorption studies of platinum-hydrogen exfoliated graphene
sheets (Pt-HEG). Pt-HEG shows a maximum hydrogen
uptake capacity of 1.4 wt% at 25 °C and 3 MPa. Analysis of
isosteric heat of adsorption provides evidence to spillover
mechanism.

1. Introduction

Hydrogen is one of the energy sources for future by certain
advantages such as abundance, easy synthesis and nonpolluting
nature. Wide spread use of proton exchange membrane fuel cell
for on board vehicular applications demand efficient and cost
effective hydrogen storage methods. Commonly used methods for
storing hydrogen are (1) Liquid hydrogen at very low
temperatures (at 20 K for H,), which suffers cost of liquefaction
and boil off problem, (2) gas storage at extremely high pressures
(200-300 atm), which raises safety concerns'.

Hydrogen storage by adsorption is one potential strategy for
effective and relatively safe hydrogen storage. An efficient
hydrogen storage material must have high volumetric/
gravimetric capacity, fast sorption kinetics at relatively low
temperatures, high tolerance to recycling and low cost 2.
Materials with large surface area and porosity can be good
candidate for hydrogen storage. Carbon nanotubes, > * carbon
nanofibers >, activated carbon ©, metal-organic frameworks 7 and
zeolites ® have been studied as hydrogen storage material by their
lightweight and high surface area.

Recently, graphene has received enthusiastic attention as a
potential hydrogen adsorbent due to its high surface area and
chemical stability. The maximum predicted theoretical
gravimetric densities are up to 8 wt % .’ Experimental and
theoretical studies reveal that, hydrogen can absorb on graphene
either by physisorption or by chemisorptions.” '*!. Chemical
functionalization has been proposed to enhance the hydrogen
uptake capacity of graphene at ambient conditions. Transition
metal loaded graphene can improve the interaction between
molecular hydrogen and graphene.”* It has been demonstrated
in experiments that palladium (Pd) or platinum (Pt) dispersed
graphene can enhance the hydrogen uptake by spillover
mechanism. > %, Further, Vinayan er al. studied the hydrogen
storage in nitrogen doped graphene as well as palldium

deocorated nitrogen doped graphene experimentally*” 2%,
Nachimuthu et al. investigated the hydrogen storage capacity of
transition metal decorated boron doped graphene using first
principle calculations®® and Wu et al. investigated the spill over
mechanism on boron doped graphene by DFT calculations®.

In the present study, we have synthesized few layer graphene
sheets by hydrogen exfoliation technique. Platinum nanoparticles
are dispersed over hydrogen exfoliated graphene sheets by polyol
reduction technique. High pressure hydrogen adsorption studies
of the present material have been carried out by Sieverts’
apparatus. Present study elucidates adsorption mechanism of
hydrogen on platinum-hydrogen exfoliated graphene.

2. Materials

Commercial graphite (sigma aldrich, 99%) was used as the
graphene precursor. sodium nitrate (NaNO3, 99.5%), potassium
permanganate (KMnO,, 99.5%), concentrated sulphuric acid
(H,SO4, 98%) and ethylene glycol were purchased from Rankem
Chemicals, India. Hydrogen peroxide (H,O,, 30%) was
purchased from S D Fine-Chem. Ltd., India. Hexachloro platinic
acid hexahydrate was purchased from Rankem Chemicals, India.
D. I. water was used for all reactions.

3. Materials synthesis

Graphitic oxide (GO) was synthesized from natural graphite by
Hummers’ method *'. Initially, graphite powder (2g) was
dispersed in conc. H,SO, (46ml) under stirring in an ice bath.
Thereafter, 1 g of NaNO; and 6 g KMnO, were added slowly.
Then, ice bath was removed and the resulting product was stirred
in room temperature. Then 92 ml of water was added to above
mixture. After 15 min, 280 ml warm water (45-50°C) was poured
to dilute the mixture. Further, 3% H,0, was added, above
mixture was turned in to yellow colour. Then, the mixture was
filtered and washed with warm water. The residue was diluted
further using water. The resulting product was centrifuged,
decanted and vacuum dried.

HEG was synthesized by exfoliation of graphite oxide.
Required amount of GO was sprinkled over a quartz boat and it
was loaded to the centre of a quartz tube. Then the quartz tube
was inserted in a tubular furnace. Both ends of the quartz tube
were closed with coupling arrangements have gas flow provision.
Argon was allowed about 15 minutes to create an inert
environment. The temperature of the furnace was raised to 250
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°C and hydrogen was allowed at this temperature for the
exfoliation to happen. The resulting product was named as
HEG.”
Then HEG was dispersed in EG by ultrasonication. Next,
s 1wt% aqueous solution of hexachloroplatinic acid was added
drop by drop to the above suspension and it was stirred for 12
hours. Reduction was carried out at 130 °C for 4 hours. Finally,
the suspension was washed filtered and dried in a vacuum oven.
The final product was labeled as Pt-HEG.

0 4. Experimental methods
4.1 Characterization methods

Fourier transformed Infrared spectroscopy experiment was
conducted by a Perkin Elmer FT-IR spectrometer. Raman
spectroscopy was carried out on a WlTec alpha 300 instrument

15 (confocal Raman spectrometer) with an excitation source of
Nd:YAG laser (532 nm). Powder X-ray diffraction (XRD)
analysis was conducted using PANalytical X’PERT Pro X-ray
Diffractometer with nickel-filtered Cu Ko radiation as the X-ray
source. Field emission scanning electron microscopy (FESEM)

20 was carried out on FEI QUANTA 3D instrument operated at 30
kV. Sample was supported on a carbon tape. Transmission
electron microscopy (TEM) was carried with a TECNAI F 20 (S-
Twin) microscope operating at 200 kV. Sample dispersed in
ethanol by mild ultrasonication was drop casted onto thin film of

25 carbon coated Cu grids and dried (SPI supplies, 200 meshes) was
used for TEM analysis. X-ray photoelectron spectroscopy (XPS)
analysis was performed by Specs spectrometer with
polychromatic Mg Ka (1253.6 eV) as the photon source. The
vacuum maintained was 107'° Torr. Brunauer-Emmer-Teller

s0 surface area and pore size distribution were calculated using
micromeritics ASAP 2020 physisorption analyzer.

4.2 Hydrogen adsorption isotherms measurement

Hydrogen adsorption studies at different temperatures and
pressures were conducted using a Sieverts’ apparatus. The
35 instrument was assured leak free. About 100 mg of the sample
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Fig.1 Schematic of Sievert’s apparatus
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Fig.2A Raman spectra of (a) graphite, (b) GO and (c) HEG, 2B FTIR
spectra of (a) graphite, (b) GO and(c) HEG

was loaded for the measurement. The residual impurities were
removed by degassing the sample in vacuum environment at

45 200°C for a time period of 2 hours prior to the measurement. At
high pressures, van der Waals correction factors such as
a=2.48x107 Pa m*%mol’> and b=2.66x10 m*/mol for hydrogen
have been applied to the ideal gas equation. Schematic of Sieverts
apparatus is shown in Fig. 1.

s0 5. Results and discussion

Raman spectroscopy is a well known tool for characterization
of graphene. Fig. 2A (a—c) shows the Raman spectra of graphite,
GO and HEG respectively. D band at 1350 cm', the breathing
mode of x-point phonons with A, symmetry is attributed to the
defects or disorder. The presence of peak at 2717 cm™ is the
overtone of the G band called 2D band. G band corresponds to
the E,, mode of sp carbon atoms at 1584 cm™**. Absence of D
band in Fig. 2A (a) indicates that graphite is defect free. High
intense D bands in GO and HEG says that defects can be induced
on graphite by oxidation and on HEG by exfoliation of GO.
Functional groups in graphite, GO and HEG were identified by
FTIR analysis. Fig. 2B (a -c) shows the FTIR spectra of Graphite,
GO and HEG respectively. In Fig. 2B (a), broad peak centered at
3454 cm’' and 1624 cm’' were assigned to the stretching
6 vibrations of OH functional groups. The peaks at 2924 cm™ and
2858 cm™! were assigned to the symmetric and anti symmetric
stretching vibrations of —CH, *®. In Fig. 2B (b), broadening of
peaks at 3454 cm™ and at 1624 cm™ indicates that GO samples
contain more OH groups *’. Peaks at 1725 cm™ and 1390 cm’
attributed to C=0 and C-O, stretching vibrations of COOH 38,
After exfoliation, Intensities of peaks correspond to —OH
functional group (3454 cm™’, 1624 cm™), C=0 (1725c¢m’™"), C-O
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75 Fig. 3A XRD of (a) graphite, (b) GO, (c) HEG and (d) Pt-HEG, 3B
TGA of Pt-HEG
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Fig. 4(a) Nitrogen adsorption-desorption isotherm and (b) pore-size
distribution for Pt-HEG

(1370 cm™) and —OH (1390 cm™ ) of COOH were drastically

s reduced (Fig. 2B (c) ) *, The peaks at 2924 cm™ and 2858 cm
indicates the vibrations of —CH, *°.

Structural identification was done by XRD analysis. XRD
patterns were recorded for graphite, GO, HEG and Pt-HEG are
shown in Fig. 3A (a-d). Graphite, GO and HEG shows distinct

10 XRD pattern. The intense crystalline peak (002) at 26=26.5° (Fig.
3A (a)) is attributed to the plane of hexagonal graphite with a d
spacing of 0.34 nm. This peak indicates the presence of long
range order and crystalline nature of hexagonal graphite. Shift of
peak corresponds to (002) plane towards 26=10° is observed in

15 Fig. 3A (b) when the graphite is converted to graphite oxide.
Exfoliation of GO is confirmed by the reappearance of (002)
broad peak centered around 24 ° (Fig. 3A(c)). The broadening
indicates the loss of long range order in few layered HEG, which
is a basic characteristic of graphene. Intense peaks at 26= 39.7°,

20 46.2°, 67.4° and 81.2° (Fig. 3A(d)) are the reflection planes of fcc
structure of crystalline platinum (JCPDS 04-0802).

Platinum loading was estimated from TGA. Fig. 3B shows the
TGA curve of Pt-HEG. TGA was carried out in air atmosphere
within a temperature range of room temperature to 800 °C. The

25 weight loss below 200 °C was due to water content as well as
residual EG remaining on the sample. When the temperature was
increased further, residual functional groups were removed.
Since the carbon material was oxidized completely below 700 °C,
the residue remaining after 700 °C was Pt.

0 BET surface area and porosity were examined through
nitrogen adsorption and desorption. Fig. 4(a and b) shows the
nitrogen adsorption-desorption isotherms and BJH pore-size
distribution for Pt-HEG. Isotherm looks like type IV as per
IUPAC nomenclature. BET specific surface area obtained for Pt-

s HEG is 298 m%g. BJH pore distribution says that maximum
number of pores have size of 3.6 nm, which indicates mesoporous

]
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particle size histogram of Pt/HEG

Fig. 5A (a) FESEM image of HEG, (b) FESE
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Fig.6(a) Deconvoluted C1s peak and (b) Deconvoluted Pt 4f peak of
45 Pt-HEG

characteristic of HEG.

FESEM and TEM imaging revealed morphological features.
Fig. 5A (a and b) shows the typical FESEM images of HEG and
PYHEG. HEG contains highly wrinkled architecture with few

so layers. This structural feature was further confirmed by TEM
analysis (panel a in Fig. 5B). Energy dispersive X-ray (EDX)
analysis spectra of HEG and Pt/HEG recorded are shown in Fig.
5A (c and d). EDX spectra indicated the presence of carbon and
oxygen in HEG (Fig. 5A(c)), presence of carbon, oxygen and

ss platinum in Pt-HEG (Fig. 5A(d)). The element oxygen was due to
the presence of oxygen containing functional groups. Decoration
of Pt nanoparticles over HEG was confirmed from the FESEM
(panel b of Fig. SA) and TEM images of Pt/HEG displayed in
Fig. 5B (b and c). Size distribution of Pt particles on HEG is

¢ shown in Fig. 5B(d).

Further, XPS measurement was performed to detect the
composition of Pt-HEG. XPS peak fit analysis was carried out
using casa XPS software. Fig. 6(a) shows the deconvoluted Cls
spectra of PtHEG. The binding energies were calibrated with

os respect to Cls peak at 284.7 eV *!. The peak positions of C-O,
C=0 and COOH for Pt-HEG are at 286 eV, 287.7eV and
289.1eV * respectively. Platinum 4f core-level spectrum of Pt-
HEG was de convoluted in to three pairs of doublets are shown in
Fig. 6(b). The peaks observed at 71.6 and 74.9 eV indicates Pt

70 exist in zero valent metallic state *. The second pair of doublets
at 73.1 and 76.4 eV were assigned to to +2 oxidation state of
platinum. The doublets observed at 74.8 and 78.1 eV were
assigned to to +4 oxidation state of platinum.** *

High pressure hydrogen adsorption-desorption measurement

75 was done for Pt-HEG. Fig. 7 (a) shows the hydrogen adsorption
isotherms of Pt-HEG at different temperature and pressures. The
isotherms were nearly linear. Pt/HEG shows a maximum
hydrogen adsorption capacity of 1.4wt % at 25 °C and 3MPa
pressure. Hydrogen storage capacity of pristine HEG reported by

so vinayan et al 245 0.5 wt% at 25 °C and 2 MPa, while Pt-HEG
(present work) shows 1 wt% at 2 MPa and 25 °C. Hydrogen
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Table 1 Hydrogen uptake capacity of different materials.

Material Hydrogen uptake capacity
HEG 0.5wt% at 2MPa and 298K*
Pt-HEG 1 wt% at 2 Mpa and 298K (present
study)
Gr 0.067 wt% at 303 K and 5.7 Mpa®®
Gr-Pt 0.15 wt% at 303 K and 5.7 Mpa®®

Pt nanoparticles doped on 1.2 wt% at 10 MPa and 298K*
superactivated carbon (Pt/AX-21)
Pt doped ordered mesoporous

carbon

1.49 wt% at 30 MPa and 298K*’

uptake capacity of Pt-HEG surpasses that of HEG?, graphene
(Gr) %, Pt-Gr >, Pt nanoparticles doped superactivated carbon*’,
Pt doped ordered mesoporous carbon*’. For clarity, details are
shown in tablel.

The isosteric heat of adsorption IAH,4,l was calculated from the
adsorption isotherms using the equation

OlnP
o(1/T)

“R( ) (1)

‘AHads =

where, IAH 4 is the isosteric heat of adsorption and R is the ideal
gas constant. High pressure hydrogen adsorption isotherms
recorded at 25 °C and 50 °C was used for calculating the isosteric
heat of adsorption. Fig. 7(b) shows the variation of estimated
isosteric heat of adsorption with adsorption amount. Isosteric heat
of adsorption reported for pristine HEG at 0.6 wt% and 0.7 wt%
are 6.78 kJ/mol and 6.03 kJ/mol respectively %, Pt-HEG exhibits
14.7 kJ/mol at 0.6 wt%, which is higher than that of HEG.

Carbon based materials with high surface area and appropriate
pore size are well-known for hydrogen storage by physisorption
and the interaction between hydrogen and host material is weak
van-der Waals forces. Carbon based materials cannot meet the
operational targets at ambient temperature due to its low heat of
adsorption. Hydrogen spillover has been proposed to enhance the
storage capacity of carbon-based nanostructures at room
temperature. First, Hydrogen molecules interact with catalyst
particles and dissociate in to hydrogen atoms. H atoms then
migrate from the catalyst particles to the receptor material and
further diffuse throughout the entire receptor *. Here Pt acts as
the catalyst for H, dissociation and HEG is the receptor. The high
adsorption capacities as well as heat of adsorption of Pt-HEG in
comparison to HEG are direct evidences to spill over of
hydrogen.

Fig.8 Schematic of Hydrogen spill over in Pt-HEG
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95

H/Pt ratio for platinum of approximately 3 nm is 0.35 *°. For
PYHEG at 3MPa and room temperature, 71% of the hydrogen
uptake is by HEG. Optimization of the Pt loading may help to
improve the hydrogen uptake. Schematic of hydrogen spillover in
Pt-HEG is shown in Fig.8.

Conclusions

In summary, we have investigated the existence of Pt-HEG as
hydrogen adsorbent. HEG was obtained from GO by hydrogen
exfoliation technique. Polyol reduction method was used to
disperse platinum on HEG. We estimated the hydrogen adsorbed
on Pt-HEG at elevated temperatures and moderate pressures,
provided direct evidence to hydrogen spill over. By spill over,
adsorption capacity was enhanced by a factor of two at 298K and
2 MPa in comparison to HEG. The overall isosteric heat of
adsorption of hydrogen in Pt-HEG lies in the range of 17-8
kJ/mol. Our results revealed the feasibility of Pt-HEG as a
practical light-weight hydrogen storage material.
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