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Abstract
Graphene has been as of late gotten as a promising shows potential material for energy conversion and storage because of its restrictive properties getting from a two-dimensional layered structure of sp2-hybridized carbon. Graphene, a one-atom layer of graphite, has a particular two-dimensional (2D) structure, high conductivity and charge bearer versatility, high specific surface area, high transparency and extraordinary mechanical strength. A variety of distinctive techniques have been developed to produce graphene sheets and their functionalized subsidiaries or composites. On the other hand, the production of graphene sheets by oxidative exfoliation of graphite can offer the high volume generation of graphene derivatives. Considering the most recent advancements, we completely and fundamentally talk about the syntheses, properties and developing utilizations of the developing family of heteroatom-doped graphene materials. Herewith P-substituted graphene material is developed for its application in hydrogen storage in room temperature. Here we show that a phosphorous doped graphene material throughout a multi layers of graphene shows a nearly ~2.2 wt% hydrogen storage capacity achieved at 298 K and 100 bar. Furthermore this value is higher than that of reduced graphene oxide (RGO without phosphorous). It is endeavored to improve the hydrogen sorption capacity. Moreover, recent reports on graphene for hydrogen storage materials have established performances similar to their carbon materials, the foremost scientific challenge for a aggressive hydrogen storage technology is to extend feasible graphene materials. The difficulties and prospects of graphene based new energy storage materials are additionally outlined. Here we introduce recent developments in the search for imaginative materials with high hydrogen storage capacity.

1. Introduction 
The concept of ecologically acceptable, renewable and sustainable energy worries on the utilization of fossil fuels and their asset imperatives. This has led to the consideration of converting to hydrogen energy from renewable sources [1-4]. Hydrogen is a energy carrier not an energy source and therefore, energy must be converted before hydrogen can be employed as carrier. Be that as it may, one of the obstructions to the advancement of hydrogen fuel cell technology for versatile application is storage [5]. Compressed gas and liquid hydrogen storage systems are unrealistic to meet the forceful US Department of Energy (DOE) standards which focus for on-board Hydrogen storage systems. Hydrogen transport as compressed gas in high pressure cylinders meets with the restriction of included cost. Safe and financially savvy storage are viewed as important for the predominant use of hydrogen in transport sector as well as in stationary and compact gadgets applications; with the transportation segment representing the most serious challenge [5].
Solid state hydrogen storage where a host material is utilized as a hydrogen energy carrier, offers necessary volumetric energy densities. Variety of solid state hydrogen storage media have been analyzed in the previous decades in light of criteria like storage capacity, reversibility and cost [6]. Hydrogen storage in carbon materials has received consideration following the time when a storage capacity (however unimaginatively high) of around 67 wt% was reported by Chambers et al [7]. In any case, till now, the required storage capacity according to DOE specifications for FY 2005 (4.5 wt %), FY 2010 (6 wt %) and 9 wt% for FY 2015, have not been accomplished despite considerable efforts have expanded in this direction. Carbon based materials have been considered for gas sorption, storage, and separation because of the abundance, robust pore structure, tunable porosity and surface area, light-weight, higher chemical and thermal stability, and facile synthesis in industrial scale. There is a lot of enthusiasm for graphene related materials for gas sorption, storage and separation yet an absence of far reaching survey on such a theme [8-11]. 
Since its introduction, graphene has seen critical advances in energy conversion and storage technologies because of its extraordinary properties derived from the two-dimensional layered structure of sp2-hybridized carbon [12]. The properties and uses of graphene have been examined in the previous decade [12-17]. Graphene, a two dimensional structure, a monolayer of carbon molecules stuffed into a honeycomb cross section, has attracted tremendous interest in a variety of fields [14, 18-22]. Basically graphene is folded, as opposed to planar, and that every hydrogen atom bonded to carbon pulls it a small distance out of the plane. which is the mother of all graphitic forms including zero dimensional fullerenes, 1D carbon nanotubes (CNTs), and 3D graphite [23]. Despite the fact that CNTs are formed through the rolling of graphene sheets,   properties of these two materials are entirely diverse. Along these lines, graphene has attracted a lot of consideration in the last years in the field of energy storage materials [24-26]. The electronic and Raman spectra of CNTs and graphene contrast impressively. Electrical conductivity and mechanical strength also differ [27]. Reduction of GO (graphene oxide) for the preparation of graphene has attracted consideration for its enormous yield and minimal effort.  The kind spatial and bonding arrangement of atoms through sp2 hybridization of all of the carbon-carbon bonds across the sheet has imparted fascinating properties for graphene [28]. This prompts unprecedented electron mobility. and inherent material strength and thermal properties. Furthermore, graphene shows interesting properties, one of them being surface-area-to-volume proportion in a layered material [29, 30]. Imperatively, these properties of graphene are fundamentally diverse to those of the stacked three dimensional form of carbon, graphite [31, 32]. Recently, heteroatoms like nitrogen, boron and phosphorous, introduced as dopants into the carbon materials, have been studied to increase the hydrogen storage capacity [33-41]. 
Doping of graphene with different heteroatoms that is the graphitic carbon atoms are substituted or covalently bonded by other atoms has been studied [42-44]. However the substitution of phosphorus in carbon materials has not been examined to the same extent. Graphene has been considered as a potential candidate for hydrogen storage if doped with alkali and alkaline earth metal [45, 46]. Interestingly, recent experimental and theoretical studies in the energy related research fields showed that the doping of N and B atoms on carbon backbones could present a distortion in the nearby sites due to the variation in bond length and atomic size and thus interrupt the electro-neutrality of adjacent C atoms and make charged destinations, which are positive for hydrogen adsorption and oxygen reduction [35, 37, 47-50]. On the other hand, phosphorous has the similar electron numeral as N and frequently shows similar chemical properties [51, 52]. Phosphorus doping into graphene sheets may enhance the chemical activity, and so may also improve hydrogen sorption characteristics [38]. Only limited reports are available for the synthesis of phosphorous substituted graphene and used as hydrogen storage material. However, no report has been found so far on whether or not the P-doping can improve the activity and the hydrogen storage capacity of graphene material. Furthermore, to the best of our knowledge, limited studies have been reported on the influence of the composition and morphology of the phosphorous-doped graphene has been reported. 
In this study, the phosphorous substituted graphene was prepared through a simple and  effective hydrothermal reaction under the assistance of H3PO4 as the phosphorous source. The phosphorous species could be tuned by controlling the hydrothermal reaction time [53]. Furthermore, other researchers have adopted phosphoric acid or phosphate as the phosphorus source for the synthesis of  heteroatom (P) doped graphene or carbon nano materials. H3PO4 is a standout amongst the most cheap and regularly utilized activation and doping agents containing phosphorous [54, 55]. P-doped graphene could likewise be synthesized by other P-containing organics such as triphenyl phosphine or ammonium phosphate [47, 55-57]. The structural, chemical, morphological and textural characteristics of the synthesized materials have been examined by powder X-ray diffraction patterns (PXRD), Fourier transform infrared spectroscopy (FT-IR), Confocal Raman spectroscopy, BET-N2 adsorption/desorption isotherms, high resolution scanning electron microscopy (HRSEM), high resolution Transmission electron microscopy (HRTEM), and X-ray photoelectron spectroscopy (XPS). The hydrogen storage capacity of the phosphorous substituted carbon material has been determined by high pressure volumetric analyzer (HPVA 100).
2. Experimental section
2.1. Materials
Graphite powder (Extra pure), Sulfuric acid 98% (H2SO4), Sodium nitrate 99% (NaNO3), Potassium permanganate 99.5% (KMnO4), Hydrogen peroxide 30% purified (H2O2), Phosphoric acid 88% (H3PO4) were purchased from Sigma Aldrich and used without further purification.
2.2. Synthesis method
The schematic illustration of the preparation of phosphorous substituted multilayered graphene material is shown in Fig..1. The typical synthesis procedure is as follows. Graphene Oxide (GO) was synthesized from graphite by a modified Hummers method [58]. Briefly, graphite powder (2.0 g) was taken in a beaker, added 50 m of concentrated sulfuric acid (H2SO4) 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% H2O2 was dropped into the reaction system. Finally, the product was washed with distilled water three times. The acquired solid was dried in vacuum at 50°C for 48 hours.
The phosphorous doped multilayered graphene materials were synthesized as follows. Typically, 1.5 g of Graphite oxide was taken in a beaker.   GO aqueous dispersion was diluted with 25 mL of distilled water, and then 21 mL of H3PO4 solution was added into the GO dispersion under sonication for 2 hours. The hydrothermal reaction carried out and the solution was sealed in a 100 mL Teflon-lined autoclave and maintained at 180°C for 12 hours. Then, autoclave was naturally cooled to room temperature and the product was taken out. Then again the sample was annealed 500°C for 2 hours under inert atmosphere heating rate employed is 5°C/min. Then, the tubular furnace was allowed to cool automatically. The obtained products were filtered and washed with distilled water for three times. Finally, the collected sample was utilized for the characterization. For comparison, RGO was also prepared under the same experimental conditions but without adding the H3PO4 into the GO aqueous dispersion.
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Fig. 1. Schematic illustration of phosphorous doped multilayered graphene material
2.3. Physical characterization
Wide angle Powder XRD pattern of the calcined carbon materials was recorded using a Rigaku Miniflex II diffractometer with Cu Kα as the radiation source at a wavelength of 0.154 nm with 2θ angle ranging from 10° to 80° with a 0.02 step size. Fourier Transform Infrared Spectra (Perkin-Elmer FTIR spectrophotometer) were collected at room temperature by using the KBr pellet technique in the range of wave numbers 4000–400 cm−1. Fourier Transform Raman spectra were recorded by using the standard Bruker pulse FT-Raman spectrometer instrument. BET N2 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 473K for 6h. FEI Quanta FEG 200-High Resolution Scanning Electron Microscope (HRSEM) was employed for obtaining the micrographs. JEOL JEM-2000 High Resolution Transmission Electron Microscopy (HRTEM) was employed for obtaining the micrographs. X-ray photoelectron spectroscopy (XPS) measurements were performed with an Omicron Nanotechnology spectrometer with hemispherical analyzer. The monochromatized Mg Kα 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 10-10 Torr. The hydrogen adsorption isotherms were carried out on high pressure volumetric analyzer (HPVA-100) from micromeritics particulate systems. The HPVA product operating pressure ranges from high vacuum to100 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 carried out using High pressure volumetric analyzer (HPVA 100). The high pressure 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 pressure 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 500mg – 1g. Earlier to measurement, the samples are degassed and heated at 200oC 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 under the same conditions for reproducibility.

3. Results and discussions

Fig.2. shows the X-ray diffraction patterns of the prepared materials.  There are two broad peaks around 26.30 and 43.60 corresponding to 002 and 100 reflections respectively. The FT-IR studies were carried out for the identification of  functional groups present. The peaks at 1118 and 673 cm-1 can be attributed to P–O and P–C stretching vibrations. This result reveals that phosphorous is doped in the prepared graphene material (See Fig. 3). Raman spectrum (Fig. 4.) shows two broad peaks around 1323 cm-1 and 1575 cm-1 generally designated as D and G bands [59] because of that phosphorous doped multilayered graphene were similar to those of the reduced graphene oxide (RGO), indicating the  graphitic  nature of the  carbon material prepared.  
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Fig. 3. FT-IR Spectrum of the phosphorous doped multilayered graphene material
[image: ]












Fig. 4. Raman spectrum of the phosphorous doped multilayered graphene material.
[bookmark: _GoBack]However, the (002) diffraction peak in the XRD pattern of P-Doped multilayered graphene was  sharper and of higher intensity than that of RGO, and the ID/IG ratio in the Raman spectrum of the P-Doped multilayered graphene was significantly larger than that of RGO. These observations suggested that the systematic restacking of graphene nanosheets in P-Doped multilayered graphene. Probably more defect sites were created by P-doping on graphene material [44, 60]. The P-doped multilayered graphene shows significantly higher BET surface area and high pore volume than RGO, GO and Graphite powder, thus signifying the important role for the coexistence of phosphoric acid  in the synthesis in increasing the surface area and porosity [33]. The typical HRSEM images of the heteroatom (P) doped multilayered graphene can be seen in Fig. 5. As shown in Fig.5a and b these images confirmed that this material sustain the multilayers of graphene, and also surface becomes thin and transparent produced after heteroatom (P) substitution.  The magnified HRSEM image shown in Fig. 5c and d it can be confirmed that a graphene prepared was with multilayers (See Fig. 6c). Furthermore detailed morphological structures of P-doped multilayered graphene were obtained by (HRTEM) and this shows the wavy and transparent layers of graphene (See Fig.6a) and also nano-pores become visible on the surface of P-doped multilayered graphene (See Fig. 6b). In addition the elemental mapping images confirmed the heteroatom (P) doping of the graphene (See Fig.6 (f, g and h)). X-ray photoelectron spectra (XPS) were obtained to investigate the surface species of graphene. These studies confirm that phosphorus is incorporated in the Graphene material. The hydrogen adsorption isotherms of the prepared graphene materials shows the hydrogen storage capacity of  ~2.2 wt% at 298 K and 100 bar is shown in Fig. 9. All the obtained hydrogen sorption isotherms measured the representative physical adsorption profile, signifying that hydrogen adsorption on the prepared material essentially proceeds via the physisorption method. Heteroatom doping, high surface areas are favorable to promoting hydrogen storage that proceeds during a physisorption method [41, 42, 61]. Obviously, the phosphorous-doped graphene material show enhanced hydrogen storage capacity compared to their reduced graphitic oxide materials (without P). The enhancement of hydrogen storage should be attributed to the spillover of hydrogen from the phosphorous doped graphene layers to the receptors, and also the surface area difference since the Phosphorous doped materials have higher surface areas than the plain reduced graphene materials [37, 62]. It is conceivable that the greater part of the heteroatom (P) may be segregating to the surface, accordingly encouraging hydrogen dissociation of this phosphorous doped multilayered graphene material [92]. The synthesis process of heteroatom (P)-doped multilayered graphene is shown in Schematic illustration of Fig. 1. and also the resulting graphene materials were characterized by various analytical techniques.

3.2. X-Ray Diffraction patterns
The X-ray diffraction pattern obtained for the synthesized phosphorous containing graphene material, reduced graphite oxide (RGO), Graphite Oxide (GO) and Graphite is shown in Fig. 2. The prepared materials shows two broad peaks around 26.3° and 43.6 for phosphorous doped graphene and 25.1 and 43.1 for RGO then the peaks around 26 and 42.2 for GO this all corresponds to 002 and 100 planes respectively. The (002) reflections between 26 and 43°, corresponding to coherent and parallel stacking of graphene like-sheets [63]. The (100) reflection corresponds to the honeycomb structure which is formed by sp2 hybridized carbons, and tends to be more intense of after the heteroatom (P) doping for this material. Which is confirmed by the SAED pattern of this prepared material is shown in Fig. 7d. On the other hand, Herein the phosphorous doped graphene materials corresponds to an interlayer distance of 0.33 nm, which is due to the accommodation of various oxygen-containing groups and water molecules during the oxidation process of graphite [64]. Subsequently, this peak completely disappeared after annealing and was replaced by a well defined peak at 2θ = 26.3 ° for Phosphorous doped graphene suggesting the successful reduction from GO to graphene with a perfect graphitic crystalline structure [51, 53]. Here in the reduced graphene oxide (without P) getting a broad peak due to less crystalline in nature. The addition of phosphoric acid optimistic the doping of heteroatom. Generally, the heteroatom (P) doping in graphene induces defect sites and destruction in the carbon lattice, this result reveals low crystallinity [54]. But in this case adding of the phosphoric acid slightly induces in crystallinity for this phosphorous doped multilayered graphene material. It is may be due to the structural corruption by P-doping will be more effective than other heteroatoms because of Phosphorous has a much larger covalent radius than that of carbon. Which is further confirmed by the Raman spectrum of prepared material shown in Fig. 4. Furthermore, the addition of heteroatom (P) for the RGO its make small changes for 2θ values slightly shifted. These results reveal successfully prepared the phosphorous doped multilayered graphene material.   
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Fig. 2. X-Ray diffraction patterns of the phosphorous doped multilayered graphene material


3.4. FT-IR Spectroscopy
The FT-IR spectra of the synthesized phosphorous containing multilayered graphene material, reduced graphene oxide (RGO), Graphite Oxide (GO) and Graphite is shown in Fig. 3. The FTIR spectrum exhibits five pronounced bands at 3448, 1623, 1571, 1118, and 673 cm-1, respectively. The peak at 3448 cm-1 can be assigned to O-H stretching vibration of the water molecules chemisorbed on the material surface. While no significant peak was found in graphite, the presence of different type of oxygen functionalities in graphene oxide was confirmed at 3400 cm-1 O-H stretching vibrations, at 1720 cm-1stretching vibrations from C=O at 1600 cm-1, at 1220 cm-1 C-OH stretching vibrations, and at 1060 cm-1 C-O stretching vibrations [65-67]. FTIR peak of reduced graphene presents that O-H stretching vibrations observed at 3400 cm-1 was significantly reduced due to deoxygenation. However, stretching vibrations from C=O at 1720 cm-1 were still observed and C-O stretching vibrations at 1060 cm-1 became sharper, which were caused by remaining carboxyl groups even after hydrazine reduction [16]. The peaks around 1571 and 1623 cm-1 were caused by the skeletal vibrations from the graphitic domains of graphene [68], while the peaks at 1118 and 673 can be attributed to P-O/C–O–P and P-C stretch, respectively [42, 46, 69, 70]. These observations reveal the presence of P in the graphene lattice.
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Fig. 3. FT-IR Spectrum of the phosphorous doped multilayered graphene material

3.5. Raman spectroscopy 
Raman spectroscopy could provide clear evidence of P-doping in the graphene lattice. Fig. 4. shows the raman spectra of P-doped multilayered graphene, RGO, GO and graphite powder. The spectrum of the phosphorous containing multilayered graphene material showed two broad peaks around 1323 cm-1 and 1575 cm-1 generally designated as D and G bands corresponds to sp2 bonded carbon atoms in graphitic carbon sheets, respectively [59, 71, 72]. The G band corresponding to the first-order scattering of the E2g mode observed for sp2 domains, while the D band is associated with the sp3 defect sites [59]. The G-band is the no more than band coming from a typical first order raman scattering process in graphene. Followed by Reduced graphitic oxide showed two broad peaks around 1329 cm-1 1572 cm-1 and GO showed two peaks around 1345 cm-1 and 1589 cm-1 and also pure graphite showed two peaks around 1324 cm-1 1564 cm-1. Here in these all peak values (RGO, GO and pure graphite) compared to phosphorous doped version slightly shifted to lower wave number side. Here we calculated the intensity ratio (ID/IG) of these prepared materials as follows phosphorous doped graphene (ID/IG=1.23), RGO (ID/IG=1.02), GO (ID/IG=1.0) and Graphite powder (ID/IG=0.7). The intensity ratio of the D and G bands (ID/IG) is inversely proportional to the in-plane crystallite sizes [71, 73]. The ID/IG ratio, used to evaluate the disorder in the graphene materials, here ID/IG=0.7 for Graphite powder, and increases to 1.0 for GO and 1.02 for RGO and to 1.23 for phosphorous doped graphene which is normal and could be attributed to a symmetry breakdown at the edge of graphene sheets (D band) and the E2g species of the infinite crystal (G band), respectively [72, 74]. Usually, (ID/IG)  is a measure of disordered carbon, as expressed by the sp3/sp2 carbon ratio and an increase of ID/IG means the degradation of crystallinity of graphitic materials [75]. These values exhibit higher concentration of structural defects in the phosphorous doped graphene material. Moreover, the intensity ratio of D and G band (ID/IG) in phosphorous doped graphene material is observed to be higher than for the comparison of RGO, GO and pure graphite, suggesting that the degree of disorder increases after heteroatom (P) substitution. The more disordered site means more edge carbon atoms in presence of the carbon matrix. It also means that more P atom incorporation of the carbon matrix via the addition of H3PO4 [42]. Two differences in the ID/IG ratio show that the graphene structure turns out to be more disordered with addition of phosphorous [70]. These characteristics are of great significance for improving the hydrogen storage capacity. [image: ]









Fig. 4. Raman spectrum of the phosphorous doped multilayered graphene material.

3.6. BET–N2 adsorption/desorption isotherm
The Brunauer–Emmett–Teller (BET) and adsorption/desorption isotherms were conducted to measure the specific surface area and the Barrot-Joyner-Helenda (BJH) method were utilized to measure the porous nature of these phosphorous doped multilayered graphene materials the results are shown in Fig. 5. P-doping has also an important effect on the surface area and pore structure of the product .The nitrogen adsorption/desorption isotherms of all prepared materials (Fig. 5) correspond to type IV isotherm with a hysteresis loop were observed according to the classification of the International Union of Pure and Applied Chemistry (IUPAC), which is the characteristic feature of a porous graphene material [76]. The doping of heteroatom (P) into graphene is make the changes of surface area and pore size of the prepared material. Herein phosphorous doped multilayered graphene shows a vertical uptake under P/P0 = 0.02, and a hysteresis loop from P/P0 = 0.44 to P/P0 = 1.0 which is due to the co-existence of both micropores and mesopores presence in this material. Furthermore, the reduced graphene material (RGO) possesses a BET surface area (24 m2 /g) smaller than that of the heteroatom (P) doped graphene material (75 m2 /g) See Table.1. Addition of phosphoric acid for this material decrease in surface area is related to considerable restacking of graphene sheets. These differences may be due to H3PO4 is one of several extensively used activation agents for carbon materials, it burns the carbon surface and outcome in the creation of many pores and also increased the surface area [77]. Furthermore, these changes may be caused by the variation of bond length/angle and structural distortion due to the transformation from C–C bonds to P–C bonds after P atoms were doped into the graphene sheet [57]. Therefore, it can be summarized that after the addition of phosphoric acid on the graphene material would increase the surface area of this material prepared. As a comparison, RGO and GO without P-dopants is also included. The surface area, total pore volume, micropore volume, and this all data summarized in Table.1.
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Fig. 5. BET-Nitrogen adsorption/desorption isotherm of the phosphorous doped multilayered graphene material




Table 1 BET-N2 sorption isotherm results and also the hydrogen adsorption/desorption results are summarized. 
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3.7. High resolution scanning electron microscopy (HRSEM)
The high resolution scanning electron micrographs (HRSEM) of the phosphorous substituted multilayered graphene material is shown in Fig. 6. These images show the morphological aspects of this synthesized phosphorous doped multilayered graphene material . Fig. 6. (a, b, c and d) shows a graphene sheets like uniformed morphology and this images obtained different magnifications respectively. Fig. 6. shows the SEM images of hydrothermally reduced phosphorous doped graphene sheets. It was found that the graphene sheets an approximately 10-15 layer stacking of the monatomic graphene sheets, as per an interlayer spacing of 0.33 nm for graphite. These images show thin and wrinkled sheets arranged one by one and also transparent to electrons. Some differences should be noted for phosphorous doped graphene and reduced graphene (See supplementary information Fig. S1). The low hydrothermal temperature (180° C) gives the leaf like graphene with relatively flat feature, while the annealing process cause some aggregation of crinkly graphene sheets. This stacking graphene structure proposes that the inherent ripples of phosphorous doped multilayered graphene may form into wavy structures in the plainly visible scale. A monolayer of the oxidized graphene nanosheets after the addition of phosphoric acid and followed by hydrothermal method it proposes a layer-by-layer exfoliation process of graphene monatomic sheets from the graphite [78]. To investigate the percentage of element, the SEM–EDAX investigation was carried out. The amount of phosphorous observed in the carbon matrix was ~3 at % (See supplementary information Fig. S2). These results reveal phosphorous doped graphene prepared with multilayer. 
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Fig. 6. (a) (b) (c) and (d) High resolution scanning electron microscopy (HRSEM) images of the phosphorous substituted graphene material

3.8. High Resolution Transmission electron microscopy (HRSEM)
The high resolution transmission electron micrographs (HRTEM) of the phosphorous doped multilayered graphene is shown in Fig. 7 (a, b, c and d). A high-resolution TEM image (Fig. 7a) shows crumpled and wavy sheets (Fig. 7b) shows that the porous graphene sheet surface. However that the edge of the graphene sheets is composed of a stacking of graphene with the number of layers ranging from 2 to more than 10 (See Fig. 7c). Continuous, transparent and crumpled graphene sheets were stacked together, forming the multilayered structure. Therefore, a complicated reorganization of graphene sheets should take place for this heteroatom (P) doping under the hydrothermal environment [53]. Fig. 7d. shows the selected area electron diffraction (SAED) patterns of phosphorous doped multilayered graphene yields a ring-shaped pattern consisting of many diffraction spots for each order of diffraction. Which is corresponds to 002 and 100 planes respectively. Moreover, these spots make regular hexagons with different rotational angles, indicating the essentially random overlapping of graphene sheets. Fig. 7e. shows the Scanning transmission electron microscopy (STEM) images confirmed crumbled, wavy and transparent graphene multilayered sheets prepared. Fig. 7 (f, g and h) shows the elemental mapping has been carried out to confirm the phosphorous doping in the graphene material and to describe the uniformity of substitution. To investigate the percentage of element, the TEM–EDAX analysis was carried out. The amount of phosphorus in the carbon matrix to be ~3 atomic percent (See supplementary information Fig. S3.). It is reveal that prepared graphene material a successful doping of heteroatom (P). 
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Fig. 7. (a) (b) (c) HRTEM images elemental and (d) SAED pattern (e) STEM image (f) (g) (h) elemental mapping images of the phosphorous doped multilayered graphene material

3.9. XPS (X-Ray Photoelectron Spectroscopy)
To elemental compositions and phosphorus bonding modes in PG, X-ray photoelectron spectroscopy (XPS) measurements were completed. The XPS survey spectrum of PG given in Fig. 8a. shows three characteristic peaks around at 285, 532 and 131 eV, relating to the C1s, O1s and P2p, respectively. The C1s peak can be deconvoluted into three different components positioned at about 284.1, 285.3 and 288.1eV, which can be ascribed to C–C, C–O, and C–P bonding, respectively [54]. The high resolution spectra can give extra information about the bonding configurations and chemical environments for the P-doped multilayered graphene. As shown in Fig. 8d, The P2p XPS spectrum of Phosphorous doped graphene was then gathered to acquire understanding into phosphorus doping of this material prepared. The peaks located at 130.1 and 132.0 eV can be assigned to the P–C and P–O/C–O–P bonding, respectively [44, 51, 79-83, 92]. The high resolution spectra can give more data about the bonding configurations and chemical environments for the P-doped graphene [55, 84]. All materials, aside from display standard carbon and oxygen associations at 284.1 eV for sp2-hybridized carbon bonds (C=C), OR sp3-hybridized carbon bonds (C–C), 285.3 eV for alcohol/ether groups (C–O) OR carbonyl groups (C=O), 287.5 eV for carboxylic/ester groups (O–C=O), and lastly, 288.1 eV for p–p* interactions between carbon atoms [67, 85, 86]. which were already found to contain the most noteworthy P 2p substance, display peaks for several carbon interactions and an extra C–P peak (288.1 eV) as shown in Figure 4. d. The event of the C–P peak at 288.1 eV was likewise seen in before studies [33, 52, 57, 87, 88]. The O1s peaks were deconvoluted into four components for the graphene materials (See Fig. 8c) The peak in the region of 532.0 –532.1 eV is ascribed to oxygen double bonded to carbon (C=O) and non-bridged oxygen in the phosphate group (P=O). The peak B at BE = 533.0 –532.1 eV be able to assigned to combined belongings of separately bonded oxygen in C–O and C–O–P groups [81, 89, 90].  The presence of the P–C covalent bond, once again, confirms the effective doping of phosphorus atoms into the carbon lattice of graphene sheets [91]. In the mean time, the presence of the P–O phase suggests that the doped P atoms have been mostly oxidized by the active oxygen discharged from Graphitic Oxide during the thermal reduction process [57] It should be noted that phosphorus compounds cannot be evidently determined from C 1s region for the reason that binding energy of C–O–P bonding is comparable to binding energy in alcohol and ether groups [62, 81]. The O1s peaks are broad after that doping of phosphorous signifying the existence of different chemical states of oxygen [81]. However in this phosphorus doped graphene material for the P-doping level is much higher than that (0.26 at.%) of the P-doped graphite [93] and is near to the value (1.36 at.%) of the P-doped OMC [47, 79]. The P-doping level was establish to be simply tuned by adjusting the ratio of  Graphitic oxide (GO) and phosphoric acid [22, 81]. The XPS measurements confirmed the doping of phosphorous in the graphene material prepared.
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Fig. 8. (a) X-ray photoelectron spectroscopy (XPS) survey spectrum of RGO and phosphorous doped multilayered graphene (b) C1s (c) O1s and (d) P2p convolution spectrum of the graphene material




The hydrogen adsorption/desorption isotherm of synthesized phosphorous doped multilayered graphene material is shown in Fig. 9. The hydrogen adsorption isotherm has been carried out 298 K and 100 bar pressure. The phosphorous substituted graphene material is showed nearly ~2.2 wt% hydrogen storage capacity at room temperature and 100 bar pressure. In this extent the reduced graphene oxide (RGO) showed ~0.28 wt% hydrogen storage capacity at room temperature and 100 bar. However this value is very lesser than the phosphorous doped multilayered graphene. The relevant data are given in Table 1. Finally these outcomes can be considered as takes after: the hydrogen storage in these materials is by a process of adsorption and heteroatom substitution expands the capacity limit and about all the adsorbed quantity can be desorbed which is a attractive feature for hydrogen storage materials. take up substitution positions in the lattice, there is facile transport of hydrogen atoms on to the carbon surface. Moreover, it is helpful for improve the hydrogen storage capacity of this graphene and carbon nano materials.
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Fig. 9. Hydrogen adsorption/desorption isotherms of the phosphorous doped multilayered graphene, RGO, GO and Graphite.

4. Conclusion

In summary, we have exhibited feasible routes to the preparation of phosphorous containing graphene material have been successfully produced. In this method efficient, reproducible and rich strategy of producing phosphorous containing graphene material utilizing phosphoric acid as phosphorous source. However we have successfully synthesized the multilayered graphene and carried out the hydrogen storage capacity. Here the heteroatom substituted graphene material achieved hydrogen storage capacity of ~2.2 wt% at 298 K and 100 bar. Obviously carbon nanomaterials including carbon nanotubes, fullerene and its derivatives, porous carbon and graphene have been broadly applied in energy related frameworks. Therefore, the synthesis and utilization of sustainable carbon materials are getting expanding levels of interest, especially as application advantages in the connection of future energy/chemical industry are getting to be perceived. This investigation will acquaint with the per user the latest and critical advancement in regards to the production of sustainable graphene materials, whilst additionally highlighting their application in important environmental and energy related fields. Thus, the proposed synthesis can be an alternative resources for the method of P-doped graphene with developed specific phosphorous species for hydrogen adsorption as well as green energy exploitation and sustainable environmental preservation. This method could offer a caring approach for the synthesis of heteroatom doped graphene materials which might be potentially utilized as reversible hydrogen storage medium at room temperature.
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