Graphene, 2017, 6, 41-60
http://www.scirp.org/journal/graphene
ISSN Online: 2169-3471

ISSN Print: 2169-3439

@,
‘0 s . t.f.
oy Resmts

’0,0

Publishing

Nitrogen Doped Graphene as Potential Material
for Hydrogen Storage

Arjunan Ariharan, Balasubramanian Viswanathan®, Vaiyapuri Nandhakumar

National Centre for Catalysis Research, Indian Institute of Technology Madras, Chennai, India

Email: *bvnathan@iitm.ac.in

How to cite this paper: Ariharan, A,
Viswanathan, B. and Nandhakumar, V.
(2017) Nitrogen Doped Graphene as Po-
tential Material for Hydrogen Storage.
Graphene, 6, 41-60.

https://doi.org/10.4236/graphene.2017.62004

Received: March 20, 2017
Accepted: April 27,2017
Published: April 30, 2017

Copyright © 2017 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

The nitrogen doped graphene was synthesized by hydrothermal route utiliz-
ing 2-Chloroethylamine hydrochloride as nitrogen precursor in the presence
of graphene oxide (GO). Nitrogen-doped graphene material is developed for
its application in hydrogen storage at room temperature. Nitrogen doped
graphene layered material shows ~1.5 wt% hydrogen storage capacity achieved
at room temperature and 90 bar pressure.

Keywords

Carbon Materials, Hydrogen Storage, Graphene, Heteroatom Doped
Graphene, Nitrogen Doped Graphene, Hydrogen Storage Capacity,
The Storage Capacity Observed Is Comparable to Other Carbon Materials

1. Introduction

The low-cost, environmentally acceptable and superior energy storage materials
have been under constant search in recent times [1] [2]. The concern for green
energy sources and over utilization of fossil fuels has prompted in creating hy-
drogen energy from renewable sources [3]. Every one of the three components
of hydrogen economy, namely, generation, storage and the application has re-
ceived attention [3] [4]. The first step in developing novel and nanostructured
materials is in advanced stage in energy research. The second step is reversible
hydrogen storage in suitable materials or adsorbed on appropriate surfaces
which require several issues to be solved [5]. A particularly significant applica-
tion is in hydrogen-fueled vehicles [6]. The storage capacity for possible com-
mercial utilization of hydrogen as energy source is 6.5 wt% as postulated by
US-DOE (Department of energy) [7]. The US-department of energy has chal-
lenged energy storage research scientists to accomplish onboard vehicle hydro-

gen storage systems with 5.5 wt% hydrogen in 2020 with the ultimate target of
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7.5 wt% hydrogen [8]. High surface area adsorbents such as porous carbon ma-
terials, metal-organic frameworks, and porous polymers are considered and as-
sessed for this application [7] [9]. No candidate till today has possibly reached
the US-DOE targets for hydrogen storage. Any figure up to 67 wt% has been re-
ported as storage capacity in solids particularly in carbon based materials [1] [2]
[10] [11]. Obviously carbon nanomaterials including carbon nanotubes, fulle-
rene and its derivatives, porous carbon and graphene have been applied in ener-
gy storage applications [12] [13] [14]. Carbon materials have been widely inves-
tigated for hydrogen storage due to their well-developed porosity, chemical and
physical properties [15]. It was reported that the favorable pathway of hydrogen
absorption in carbon materials is dissociation and chemisorption on the carbon
sites and in particular isolated hydrogen is reasonably easier to diffuse on the
carbon materials [16]. Modifying the carbon surface has been considered as one
of the techniques for accomplishing higher hydrogen storage capacity. In spite of
the fact that the addition of metal or metal oxides improves the hydrogen sto-
rage capacity to certain extent, the retrieval of hydrogen requires higher temper-
atures. The loading of metals and intermetallics to the hydrogen storage mate-
rials adversely affects the storage capacity and the reversibility of the hydrogen
[17] [18] [19]. For decades graphitic nanocarbon is remained at the frontier of
materials as promising functional materials [20]. In recent years, the family of
carbon materials studied for hydrogen storage properties was extended to in-
clude graphene. Graphene, a one-atom layer of graphite, has a particular
two-dimen- sional (2D) structure; it is utilized as a potential material for energy
conversion and storage because of its high conductivity and charge bearer versa-
tility, high specific surface area, high transparency and extraordinary mechanical
strength [12] [21] [22] [23] [24] [25]. On the other hand, graphene is an attrac-
tive medium for hydrogen storage for the reason that it is readily available also
in large quantities and potentially at low cost. These materials have been ex-
plored for potential applications in energy storage, catalysis and sensing [17]
[21] [23] [26] [27] [28].

The possibility of preparation of graphene materials in various structures and
phases enhances the application in hydrogen storage [29] [30] [31] [32]. One of
the possibilities to enhance the hydrogen storage capacity in graphene material is
to incorporate an active site on a graphene that is to substitute carbon atom by
another element. The doping elements include N and B, however doping with P
and S have also been reported [33]-[44]. It has been proposed that heteroatom
might be the alternate active centers for hydrogen activation and this activated
hydrogen might move to the carbon surface by spill over [45]. As of late, mate-
rials with an assortment of morphologies that incorporate heteroatom have been
pursued after for the reason of their unexpected hydrogen adsorption properties
[37] [46] [47] [48] [49] [50]. At the same time nitrogen-doped carbonaceous
materials have been investigated for energy storage applications. A nitrogen
doped carbon catalyst with low price, high activity and fabulous durability has

attracted numerous research efforts and is currently becoming one of the hot
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topics in the fuel cell field [51] [52] [53]. However, most of the compensating
positive charge is distributed on the adjacent carbon atoms, which create the net
positive charge centers on the adjacent carbon atoms to readily facilitate carbon
surface to enhance the hydrogen adsorption property [54] [55].

In this study, we report an approach to realize the synthesis of heteroatom (N)
doped graphene material at a large scale by stepwise hydrothermal reaction that
takes place at low temperature (180°C) under ambient pressure in an autoclave
followed by thermal annealing at (500°C) of 2-Chloroethylamine hydrochloride
as source of nitrogen coordinated with graphitic oxide (GO) under an inert at-
mosphere. The structural, chemical, morphological and textural characteristics
of the prepared materials have been examined by different characterization me-
thods. Besides the hydrogen storage capacity of the nitrogen doped graphene

material is also reported.

2. Materials and Methods
2.1. Materials

Graphite powder (Extra pure), Sulfuric acid 98% (H,SO,), Sodium nitrate 99%
(NaNO,), Potassium permanganate 99.5% (KMnO,), Hydrogen peroxide 30%
purified (H,0,) and 2-Chloroethylamine hydrochloride (99%) were purchased
from Sigma Aldrich and used without further purification. Deionized (DI) water

was used in all the experiments.

2.2. Experimental Method

2.2.1. The Graphitic Oxide Was Synthesized as Follows

Graphitic Oxide (GO) were synthesized from graphite by a modified Hummers
method [56] Briefly, graphite powder (2.5 g) was taken into a beaker added 50
mL concentrated sulfuric acid (H,SO,) under vigorous agitation in an ice bath.
Afterwards, sodium nitrate (2.0 g) and potassium permanganate (6.0 g) were
slowly added in a sequence. Then, the mixture was transferred into a water bath
and kept at 35°C for 2 hour. After that, 100 mL of distilled water was slowly
added, causing a temperature rise to 98°C. Later, 140 mL of 4% H,O, was
dropped into the reaction system. Finally, the product was washed with distilled
water for three times. The acquired solid was dried in vacuum at 50°C for 48

hours.

2.2.2. The Nitrogen-Doped Graphene Material Was Synthesized as
Follows

Typically, 2 g of Graphitic oxide was taken into a beaker and was diluted with 50
mL of deionized water then 6.5 g of 2-Chloroethylamine hydrochloride (nitro-
gen source) was added into the GO dispersion under sonication for 2 hours and
then the mixture stirred for 12 hours under room temperature. The mixture was
then transferred and sealed into 150 mL Teflon-lined steel autoclave in which
hydrothermal reaction was carried out at 180°C for 12 hours. Then, the autoc-
lave was naturally cooled to room temperature and the product was taken out.

The final homogeneous mixture was placed in a quartz boat and subsequently
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transferred to a tubular furnace for carbonization. The tubular furnace was
purged with nitrogen gas at room temperature for 1 h. Then the temperature
was increased at a rate of 5°C/min up to 200°C for 1h to remove traces of ad-
sorbed contaminants. After that, the temperature was increased to target tem-
perature of 500°C for 3 h under nitrogen using heating rate of 5°C/min. After
the calcination process the furnace was automatically cooled to room tempera-
ture in presence of nitrogen. The obtained product was washed with distilled
water thoroughly. Finally, the collected sample was dried in a vacuum oven at
70°C for 6 hours. The obtained nitrogen doped graphene material was subjected
to detailed characterization for its textural and structural parameters (see Figure

1 and Figure 2).

2.3. Physical Characterization

Wide angle Powder XRD pattern of the calcined carbon materials was recorded
using a Rigaku Miniflex II diffractometer with Cu Ka as the radiation source at a

wavelength of 0.154 nm with 26 angle ranging from 10° to 80° with a 0.02 step

2-Chloroethylamine
hydrochloride

Annealing | .
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w Hydrothermal

reaction

Nitrogen doped graphene eNuC

Figure 1. Schematic representation of the stepwise synthesis of nitrogen doped graphene

material.
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Figure 2. The graphical representation shows the conversion process from graphite to graphitic oxide and chemically derived
nitrogen doped graphene.
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size. Fourier Transform Infrared Spectra (Perkin-Elmer FTIR spectrophotome-
ter) were collected at room temperature by using the KBr pellet technique in the
range of wave numbers 4000 - 400 cm™'. Raman spectroscopy and measurements
were performed using HORIBA Lab RAM HR microscope. BET N, adsorption
and desorption isotherms were measured with surface area and porosity analyzer
(Micromeritics Accelerated Surface Area and Porosimetry System (ASAP 2020)
for the determination of surface area and total pore volume at 77 K. Prior to the
adsorption measurements, the sample was degassed at 473 K for 6 h. FEI Quanta
FEG 200-High Resolution Scanning Electron Microscope (HRSEM) was em-
ployed for obtaining the micrographs. JEOL JEM-2000 High Resolution Trans-
mission Electron Microscopy (HRTEM) was employed for obtaining the micro-
graphs. X-ray photoelectron spectroscopy (XPS) measurements were performed
with an Omicron Nanotechnology spectrometer with hemispherical analyzer.
The monochromatized Mg Ka X-source (E = 1253.6 eV) was operated at 15 kV/
and 20 mA. For the narrow scans, the analyzer pass energy of 25 eV was applied.
The base pressure in the analysis chamber is 5 x 107'° Torr. The hydrogen ad-
sorption isotherms were carried out on high pressure volumetric analyzer
(HPVA-100) from micromeritics particulate systems. The HPVA product oper-
ating pressure ranges from high vacuum to 100 bar. The span of the sample
temperature during analysis can be from cryogenic to 500°C. Sample analysis
data collection is fully automated to assure quality data and high reproducibility.

2.4. Hydrogen Adsorption/Desorption Isotherm

High Pressure Volumetric hydrogen adsorption measurements have been car-
ried out using High pressure volumetric analyzer (HPVA 100). The high pres-
sure adsorption analyzer consists of a cylindrical sample cell of known volume
(2cc and 10cc). All possible care for the possible sources of leak was carefully
taken and long blank run tests were carried out. Care has been taken to avoid the
errors due to factors such as temperature instability, leaks and additional pres-
sure and temperature effects caused by expanding the hydrogen to the sample
cell. The measurements were carried out by utilizing the systematic procedure as
follows: Typically the mass of the carbon samples used for hydrogen sorption
measurements is in the range of 500 mg - 1 g. Earlier to measurement, the sam-
ples are degassed and heated at 200°C for approximately 8 h in vacuum. The
whole system has been pressurized at the desired value by hydrogen and change
in pressure was monitored. All the hydrogen adsorption measurements have
been carried out at room temperature. The experiments have been repeated un-

der the same conditions for reproducibility.

3. Results and Discussions

3.1. X-Ray Diffraction Patterns
The X-ray diffraction patterns obtained for the synthesized nitrogen doped gra-

phene material, Graphitic Oxide (GO) and Graphite are shown in Figure 3. The

prepared material shows two broad peaks around 25.1° and 43.5° for nitrogen
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Figure 3. X-ray diffraction patterns of the nitrogen doped gra-
phene, Graphitic Oxide and Graphite powder.

doped graphene and 26.4 and 42.3 for GO these correspond to 002 and 100
planes respectively. The (002) reflections, corresponding to coherent and parallel
stacking of graphene like-sheets, become broader, signifying the increase of
amorphous nature which agrees with the results of HRTEM measurements.
However the (100) reflection corresponds to the honeycomb structure which is
formed by sp” hybridized carbons [57]. Generally, the heteroatom (N) doping in
graphene induces defect sites and destruction in the carbon lattice, these results
in low crystallinity. Furthermore, Addition of heteroatom (N) in GO, causes

small changes in 2@ values.

3.2. FT-IR Spectra Analysis

FT-IR spectrum of the nitrogen doped graphene material is shown in Figure 4.
The spectrum exhibits six bands at 3448, 2919 1642, 1462, 1382 and 1087 cm™,
respectively. FT-IR spectrum of the nitrogen doped graphene shows some cha-
racteristic bands of surface oxidized groups at 3448 cm™'. Partial removal of
oxygen functional groups during thermal treatment at 180°C is noticed. The
bands at 2919 and 2850 cm™" were designated as the C-H stretching vibration of
the CH, groups [36] [58]. The C=N and C=C stretching vibration peaks of the
quinonoid and benzenoid units are located at 1642 and 1543 cm ™' while the C-N
stretching and N-H stretching presents at 1382 and 1462 cm™ respectively [59]
[60] [61]. Because of the overlapping of peaks for C=C and C=N, and the relative
low ratio of nitrogen to carbon atom. The oxygen functionalities found for the
carbonyl oxygen of quinone peaks. Peaks at 1087, assigned the existence of subs-
tituted benzene ring C-O stretching vibration of graphene sheets [62] [63]. The
above observation indicated that the nitrogen doped graphene material was

synthesized on the surface of the honeycomb rings of graphene.
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Figure 4. FT-IR spectroscopy of the nitrogen doped graphene,
Graphitic Oxide and Graphite powder.

3.3. Raman Spectroscopy

Raman spectrum of the nitrogen doped graphene, Graphitic Oxide and Graphite
powder is shown in Figure 5. Raman spectroscopy is a valuable characterization
method for investigating graphene materials. Two bands were observed at 1338
and at 1592 cm™, corresponding to the disorder-induced D band and crystalline
graphitic G band, respectively [64] [65]. These bands can confirm the characte-
ristic of graphitic carbon nanostructured materials; it is further confirmed with
the XRD and HRTEM analysis. These bands can be considered as G-band and
D-band of the carbon material, breakage of carbon rings activated by several de-
fects incorporated by incorporation of nitrogen atoms. The intensity ratio (I/I)
of nitrogen doped graphene (I,/I; = 1.32) is higher than Graphitic Oxide (I,/I; =
0.94), representing the development of defects and disordered carbon during the
calcination process. Nitrogen doping tends to decrease the size of graphene
structural units and introduce higher disorder in the structure of graphene.
When nitrogen atoms were doped into the graphene sheets, the substitution of
nitrogen atoms is accompanied by the introduction of defects such as bonding
disorders and vacancies in the graphene lattice, and consequently these defects

would raise the intensity of D-band of nitrogen doped graphene [66].

3.4. BET-N; Adsorption/Desorption Isotherm

The Brunauer-Emmett-Teller (BET) and adsorption/desorption isotherms were
conducted to measure the specific surface area and the Barret-Joyner-Halenda
(BJH) method was utilized to measure the porous texture of these nitrogen
doped graphene, Graphitic Oxide and Graphite powder and the results are
shown in Figure 6. The N, adsorption/desorption isotherms of the nitrogen
doped graphene material (see Figure 6(a)) is of the type IV isotherm as per the
classification of the International Union of Pure and Applied Chemistry (IUPAC)
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Figure 5. Raman spectrum of the nitrogen doped graphene, Graphitic Oxide
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Figure 6. (a) BET-N, adsorption/desorption isotherm and (b) Poresize distribution of the nitrogen doped graphene, and also

Graphitic Oxide and Graphite powder.

[67]. Herein nitrogen doped graphene shows a vertical uptake under P/P, = 0.04,
and a hysteresis loop from P/P; = 0.5 to P/P, = 1.0 which is due to the

co-existence of both micropores and mesopores. It can be seen that there are lit-

tle ultramicropores in the nitrogen doped graphene material [68]. It is believed

that the porous materials with a surface area would provide more active sites and

thus improve the hydrogen storage capacity [69]. The pore size distribution
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curves shown in Figure 6(b), estimated according to the Barrett-Joyner-Halenda
(BJH) model, confirm the greater part of the pores in the synthesized graphene
materials have size below 5 nm. The doping of heteroatom (N) into graphene is
making the changes of surface area and pore size of the prepared material. Fur-
thermore, the graphitic Oxide (GO) possesses a BET surface area (78 m?/g)
smaller than that of the nitrogen doped graphene material (580 m?/g). Therefore,
it can be stated that after the incorporation of nitrogen on the graphene material,
would increase the surface area of this material. Nevertheless, heteroatom (N)
doped graphene is shown the prerequisite of high specific surface area makes
heteroatom (N) doped graphene readily aligned in a layered framework [70]
[71]. The values of surface area, total pore volume, micropore volume, are sum-

marized (see Table 1).

3.5. High Resolution Scanning Electron Microscopy (HRSEM)

The High Resolution Scanning Electron micrograph (HRSEM) of the nitrogen
doped graphene material is shown in Figure 7. The morphological aspects of the
graphene shows transparent, thin graphene sheets with wrinkled (see Figure
7(a) and Figure 7(b)), crumbled (see Figure 7(c)) and folded are effectively
seen in the synthesized graphene material for different magnifications, the gra-
phene sheet can self-arrange into a structure, comprising of a head embeddings
into a paper like graphene sheet (see Figure 7(b) and Figure 7(c)). The waves
like morphology in graphene may begin from the heteroatoms or defects stayed
in the plane of graphene, and the dispersing focal point of waves should contain
heteroatoms or defects [72]. However, crumpled graphene sheets randomly ag-
gregated and connected with each other. These crumpled nitrogen containing
graphene sheets were able to prevent restacking between layers when they were
utilized as adsorbents [73]. The essential graphene smooth flake surface was to a
certain extent exposed, while it is positioned that the rough division was func-
tionalized with heteroatom (nitrogen) containing graphene structure. For com-
parison HRSEM images of the Graphitic oxide (GO) are shown in Figure 7(d)
and Figure 7(e) for different magnifications. To investigate the percentage of

element, the SEM-EDAX investigation was carried out for this material. The

Table 1. BET-N, adsorption/desorption isotherm results and also the hydrogen adsorp-
tion/desorption results are summarized.

. H, adsorption
. Total pore ~ Micropore .
Samples  Surface area  Micropore capacity at 298 K

S. No Volume volume

%%
035: Scientific Research Publishing

name (m?/g) Area (m?/g) and 90 bar
(cm’/g) (cm’/g) (Wt%)

N-Doped

1 580 396 0.416 0.192 1.5
graphene

2 Graphitic 78 10.8 0.119 0.004 0.21

Oxide (GO) ’ ’ ’ ’

Graphite

3 0.65 1.55 0.012 0.008 0.14
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Figure 7. (a), (b), (c) and (d) High resolution scanning electron microscopy (HRSEM) images of the nitrogen doped graphene
material for different magnifications.
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amount of nitrogen observed in the carbon matrix was ~7.5 at % (see Figure
7(f)). This value is higher than those of most doped graphene materials. Moreo-
ver, the emergence of this behavior of surface morphology is responsible for the
improvement in hydrogen adsorption properties.

3.6. High Resolution Transmission Electron Microscopy (HRTEM)

The high resolution transmission electron micrograph (HRTEM) of the nitrogen
doped graphene is shown in Figures 8(a)-(d). A high resolution TEM image
Figures 8(a)-(c) shows crumpled and wavy sheets like images observed. Figure
8(d) shows that the porous graphene sheet is shows amorphous in nature. This
observation is in agreement with the observation of HRSEM images (see Figure
7). The selected area diffraction pattern (SAED) of the nitrogen doped graphene
material shows two diffraction rings belonging to (002) and (100) planes respec-
tively (see Figure 8(d) inset figure) and also some diffraction spots for each or-
der of diffraction. These spots compose ordinary hexagons with unusual rota-
tional angles [73]. It indicates the essentially random overlapping of the gra-
phene sheets. This result is in conformity with the observation of XRD patterns
(see Figure 2). However this TEM characterization confirmed the existence of
an amorphous surface and less crystalline disorder of this prepared nitrogen
doped graphene material. Simultaneously scanning TEM (STEM) with elemental
mapping has been carried out to confirm the nitrogen substitution in the carbon

lattice and to characterize the uniformity of substitution (see Figures 9(e)-(h)).

I
500'nm X

Figure 8. (a), (b), (c) and (d) High resolution transmission electron microscopy
(HRTEM) images for different magnifications and (d-inset figure) SAED patterns of the
nitrogen doped graphene material.
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These results confirm the carbon (Red) nitrogen (yellow) and oxygen (blue)
atoms have been uniformly distributed in the framework. However, the elemen-
tal percentage of the prepared material was investigated by TEM-EDAX analy-
sis. The total percentage of nitrogen observed in the carbon matrix was ~7.5 at%

(see Figure 9(i) and Figure 9(j)).

3.7. X-Ray Photoelectron Spectroscopy (XPS)

XPS analysis was carried out to determine the exact amount of functional com-
ponent and is shown in Figure 10. The XPS-survey scan of the graphene materi-
al show three peaks corresponding to Carbon (Cls), Nitrogen (N1s) and Oxygen
(O1ls) respectively (see Figure 10(a)). Cls scans show an intense peak at around
284.6 eV assigned to sp’>-hybridized carbon and carbon atoms single or double
bonded to nitrogen or oxygen, respectively [74] [75]. The Cls peak can be de-
convoluted into three different components positioned at about 284.1, 285.3 and
288.1 eV, which can be ascribed to C-C/C=C, C-O/C=0, and C-N/O-C=0
bonding, respectively (see Figure 10(b)). The main peak at 284.6 eV is asso-
ciated to the graphitic carbon. This means that the majority of the carbon atoms
are arranged in conjugated honeycomb lattices [76] [77] [78] [79]. Accordingly,
the carbon 1s spectrum reveals N-functionalized carbon in which the nitrogen
atoms are anchored within carbon with a graphitic microstructure. The high-
resolution N1s spectra of the nitrogen doped graphene material can also be de-

convoluted into three component peaks, namely pyrrolic nitrogen (399.1 eV),

Quantitative results

Element
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Figure 9. (e) STEM image (f) (g) and (h) Elemental mapping of C, N, O and (i), (j) HRTEM-EDAX analysis images of the nitro-
gen doped graphene material.
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Figure 10. X-ray Photoelectron Spectroscopy (XPS) images of the nitrogen doped graphene material.

graphitic nitrogen (399.8 eV) and pyridinic nitrogen (401.8 eV), respectively [80].
These results indicate that most of the nitrogen was embedded in the graphitic
structure in the form of pyrrolic-N, pyridinic-N and graphitic-N in the nitrogen
doped graphitic layer (see Figure 10(c)). The O1s peaks are broad after that doping
of nitrogen signifying the existence of different chemical states of oxygen. Generally
oxygen arises from the thermally constant groups in the carbon with the exception
of that of oxygen or water absorbed on the graphene surface. The existence of the
oxygen is a characteristic phenomenon as the surface of graphene tends to be oxi-
dized somewhat when handled at ambient conditions. The oxygen functionalities
found for the main Ols peak (See Figure 10(d)) are carbonyl oxygen of quinone
(532.5 eV), after deconvolution of two peaks attributed to non-carbonyl oxygen
atoms in esters (533.0 eV), and oxygen atoms in carboxylic groups (531.8 eV) re-
spectively [81]. These abundant oxygen and nitrogen functional groups on the sur-
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face of graphene materials combined with specific surface area and micropores of-
fer a strong tendency to distribute exciting adsorption sites [36]. The high nitrogen
content in the carbon materials is advantageous to the arrangement of defects and
the improvement of adsorption properties, which are able to enhance the hydrogen

storage capacity of this nitrogen-doped graphene material.

3.8. The Hydrogen Adsorption/Desorption Isotherm

The hydrogen adsorption/desorption isotherm of the nitrogen doped graphene,
Graphitic Oxide and Graphite powder is shown in Figure 11. The hydrogen ad-
sorption isotherm has been carried out 298 K and 90 bar pressure. The nitrogen
doped graphene material showed nearly ~1.5 wt% hydrogen storage capacity at
room temperature and 90 bar pressure. In this extent the graphitic oxide (GO)
showed ~0.21 wt% hydrogen storage capacity at room temperature and 90 bar.
This value is lesser than that of nitrogen doped graphene material. However ni-
trogen doping of graphene materials takes up substitution positions in the car-
bon lattice, there is transportation of hydrogen atoms on to the graphene sur-
face. Furthermore, these results reveal that the nitrogen doping on graphene
materials can extensively modify the catalytic effect of the graphene materials for
hydrogen dissociative adsorption, foremost for the improvement of the dissocia-
tive hydrogen adsorption [82]. This observation suggests that the nitrogen atoms
take part in a role in the hydrogen adsorption capacity at room temperature. A
previous study recommended that the presence of nitrogen atoms in graphene
sheets increases the enthalpy of hydrogen adsorption [48] [49]. Potentially al-
most all the adsorbed amount can be desorbed which is an interesting characte-

ristic expected for hydrogen storage materials.

—®— N-doped graphene
—4&— Graphitic oxide (GO)
—¥— Graphite powder
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Figure 11. Hydrogen adsorption/desorption isotherm of the nitrogen doped
graphene, Graphitic Oxide and Graphite powder at 298 K and 90 bar Pressure.
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4. Conclusion

An efficient, reproducible nitrogen doped graphene material utilizing 2-Chlo-
roethylamine hydrochloride as nitrogen source has been prepared. It is estab-
lished that nitrogen content in graphene layers up to ~7.5 at % can be achieved.
The nitrogen doped graphene material achieved hydrogen storage capacity of
~1.5 wt% at 298 K and 90 bar.
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