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      In the present research, reduced graphene oxide (RGO) and hexagonal boron nitride (h-BN) nanoparticles-decorated RGO sheets for a 

solid-state hydrogen storage medium were synthesized and characterized. The nanocomposite of RGO/h-BN was prepared using the 

ultrasonic-assisted liquid-phase exfoliation approach and the modified Hummer's method was used for the synthesis of graphene oxide (GO). 

Using micro-Raman spectroscopy, XRD, SEM, CHNS elemental analysis, and TGA, the produced RGO and RGO/h-BN nanocomposites 

were analyzed. XRD and micro-Raman validated the RGO and the RGO decorated with h-BN nanoparticles. SEM analysis authorized the               

h-BN nanoparticles that were decorated on the surface of the RGO sheet. Using a hydrogenation system akin to Sievert's, the hydrogen 

adsorption behavior of the RGO and the RGO/h-BN nanocomposite was investigated. With a maximal hydrogen absorption of 2.1 wt% at 

100 °C, RGO/h-BN nanocomposite performed better than the bare RGO. In the temperature ranges of 109° to 140° and 115° to 149°, the 

RGO and RGO/h-BN nanocomposites released 100% of the stored hydrogen. The corresponding binding energy of RGO and RGO/h-BN 

nanocomposites were 0.31 and 0.32 eV, which is adequate for fuel cell applications. The RGO/h-BN nanocomposite is therefore anticipated 

to have a promising future in hydrogen storage situations of fuel cell applications.  
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INTRODUCTION 
 

      The prolonged usage of nonrenewable sources like fossil 

fuel emits greenhouse gases into the environment and is 

considered the root cause of the world’s global warming 

problem. To meet our everyday needs, the scientific 

community is compelled to look for new and clean energy 

sources [1-3]. Water is the only byproduct of hydrogen, 

believed to be the purest and most renewable energy. 

However, the stored hydrogen must fulfill US-DOE's targets 

in 2025 [4]. Intense investigations have been focused on 

realizing a recovering hydrogen-storage system for fuel cell 

technology [5]. 

      Compressed, liquid, and solid-state hydrogen are the 

three most common storage mechanisms currently employed  
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[4]. In compressed and liquid hydrogen storage situations, 

dormancy and safety issues are significant factors in storing 

hydrogen for automobile usage. The best alternative is solid-

state hydrogen storage since it has fewer safety concerns and 

a smaller design than high-pressure storage. Additionally, it 

is more affordable than the low-temperature process [6]. To 

date, massive attempts have been undertaken to store 

hydrogen in solid materials such as zeolites, carbon 

nanotubes, chemical hydrides, complex hydrides, metal 

hydrides, borohydrides, and organic-polymer networks. 

Despite the fact that many solid-state materials have 

substantial hydrogen storage capacities, releasing hydrogen 

can be expensive and requires a high desorption temperature, 

and some systems demonstrate irreversible hydrogen uptake 

[7-9]. Therefore, searching for safe and effective hydrogen 

storage materials is imperative to meet transportation 

requirements. 
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      Graphene, a single or few layers of graphite, is gaining 

popularity as a viable hydrogen storage media. A hexagonal 

honeycomb-shaped lattice of sp2-bonded carbon atoms called 

graphene is a two dimensions (2D) material. [10]. This 

endows graphene's unique structure with excellent 

physicochemical properties such as lightweight, geometry, 

porous structures, high surface area, robustness, and 

chemical and thermal stability. These features make 

graphene a noteworthy candidate for hydrogen-storage 

systems [11-15].  Wang et al. [11] reported that graphene 

could store 0.9 wt% at 10 MPa (298 K). 1.2 wt% of hydrogen 

stored at 77 K and 10 bar in graphene nanosheets was 

observed by Srinivas et al. [12]. The thermal exfoliation of 

graphite oxide led to adsorption of 2.07 wt% at 50 bar (77 K) 

[13]. The hydrogen storage on Pd-N-HEG could be 4.4 wt% 

at 4 MPa and 25 °C [14]. RGO decorated with halloysite 

nanotube (RGO/A-HNT) nanocomposite showed 1.8 wt.% 

hydrogen-uptake capacity at 50 °C [15]. 

      Recent research investigations demonstrate that 

employing BN (boron nitride) nanoparticles as a viable 

hydrogen-storage medium has sparked a lot of interest. H-BN 

(hexagonal boron nitride) is a material that resembles 

graphite in many ways, including its high specific surface 

area and mechanical strength, resistance to oxidation, and 

low density.  Because of these critical tasks, h-BN is a viable 

choice for hydrogen storage [16-21]. Weng et al. [16] 

previously reported that the porous BN microbelts exhibited 

2.3 wt% at 1 MPa and 77 K. The MWCNTs/h-BN 

nanocomposite shows 2.3 wt% hydrogen at 100 °C [17]. The 

hexagonal boron nitride (h-BN) and halloysite nanotubes 

(HNTs) nanocomposite had a 2.88 wt% hydrogen adsorption 

capacity at 50 °C [18]. The hydrogen-update capacity of 

straight-walled BNNTs, bamboo-type BNNTs, and BN 

nanostructures showed 3.0 wt%, 2.5 wt%, and 2.7 wt% at 

about 100 bar pressure. In contrast, [19] in BNNT collapsed 

walls, Tang et al. [20] discovered a hydrogen uptake of             

4.2 wt% at 10 MPa. The BN whisker may absorb 5.6 wt% at 

ambient temperature (3 MPa), according to Li et al. report 

[21]. The challenge of developing a system for hydrogen-

storage safely and effectively still lies ahead. 

      In response to these obstacles, the US-DOE Department 

of Energy aims to obtain 5.5 wt% gravimetric capacity by 

2025 [22]. Only a few of the proposed hydrogen storage 

technologies can meet these criteria. Researchers are looking  

 

 

for an alternative method of producing hydrogen storage 

materials to solve this issue. To address the above-mentioned 

concerns, this research creates a safe, green, lightweight, and 

condensed hydrogen storage media based on RGO and h-BN 

nanoparticles decorated on RGO nanosheets (RGO/h-BN). 

Sonication-assisted liquid-phase exfoliation procedures were 

used to create the RGO/h-BN nanocomposites. Reduced 

graphene oxide (RGO) with a more excellent surface-to-

volume ratio might store more hydrogen at all available 

hexagonal honeycomb structure adsorption sites. Because of 

the dipolar structure of B-N bonds in h-BN, hydrogen 

absorption is enhanced. Indeed, the lightweight RGO                

can absorb additional h-BN sequentially and additional 

hydrogen. Hydrogen-storage experiments at room 

temperature (100 °C) were conducted from the standpoint of 

practical applicability. This study demonstrates that RGO/h-

BN nanocomposite is an excellent, cost-effective, and 

efficient choice for a solid-state hydrogen-storage system of 

fuel cell applications shortly.  

 
EXPERIMENTAL  
 
Chemicals  
      Sisco Research Laboratories and Loba provided h-BN 

(hexagonal boron nitride) nanoparticles and graphite powder. 

Merck offered H2O2 (hydrogen peroxide), DMF (N,N-

dimethylformamide), H2SO4 (sulfuric acid), HCl 

(hydrochloric acid), NaNO3 (sodium nitrate), N2H4 

(hydrazine hydrate) and KMnO4 (potassium permanganate). 

All of these compounds were of analytical grade and were 

not purified further. During these investigations, double-

distilled water (H2O) was utilized. 

 

Synthesis of Reduced Graphene Oxide (RGO) 

      In an ice bath, graphite powder and NaNO3 were added 

to 25 ml H2SO4 and stirred. The mixture above was then 

gradually added to KMnO4 and stirred (1 hour) at 35 °C in a 

water bath. Apart from slowly adding 50 ml of water, the 

solution temperature rose to 98 °C. Finally, H2O (100 ml) and 

H2O2 (10 ml) were further to the solutions described above. 

The solution was centrifuged, then washed by HCl (10%) and 

H2O till the pH of the washing solution was nearly neutral. 

The resulting precipitate was vacuum-dried overnight at           

40 °C  before  being  crushed  into  a  fine  powder.  The fine  
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powder was sonicated for one hour and thoroughly mixed 

with water. After some time, the solution above received the 

proper quantity of hydrazine hydrate. The precipitate was 

then collected and repetitively washed by ethanol and water. 

The powder that was created was then dried at 100 °C. RGO, 

or reduced graphene oxide, was the result. 

 
Synthesis of RGO/h-BN Nanocomposite  
      The RGO/h-BN was prepared via a liquid-phase 

exfoliation process assisted by ultrasonic devices. In the 

conventional procedure, reduced graphite oxide (RGO) was 

fully dissolved in H2O (1 mg ml-1) and ultrasonically 

processed at RT. The solution was supplemented with h-BN 

nanoparticles (5 wt%), which were then stirred magnetically 

for 24 h. The mixture was then centrifuged to recover it 

and repeatedly rinsed in ethanol and water. The finished 

product was vacuum dried (60 °C) for an entire night before 

being annealed at 150 °C. The final product was referred to 

as RGO/h-BN nanocomposite.  

 

Evaluation of Hydrogen Adsorption Activity 
      Hydrogenation setup method akin to Sieverts was used 

for the hydrogenation experiments. The procedure was as 

follows: the hydrogenation setup was examined for leaks 

prior to hydrogenation. In the hydrogenation chamber, the 

prepared RGO and RGO/h-BN nanocomposites were loaded. 

The chamber was then flushed with hydrogen gas three 

times after being vacuum-pumped out. Following the 

flushing procedure, the chamber was heated in a vacuum for 

1 h at 100 °C. After that, hydrogen was applied to the 

prepared samples at a constant flow rate (0.5 l min-1), and 

chamber pressure (1 kg cm-2) was kept for 15 minutes. The 

amount of successfully adsorbed hydrogen was estimated 

once the samples had reached room temperature.   

 

Materials Characterization 
      By an X-ray diffractometer (XRD) with CuKα (X'Pert 

PAN analytical) at 2θ ranges from 10 to 80° at room 

temperature, the produced RGO and RGO/h-BN 

nanocomposite's crystalline structure was studied. Micro-

Raman spectroscopy measurement was performed by 

LabRAM with 633 nm excitation at room temperature. The 

surface morphology was observed by JEOL-MODEL 6390 

scanning electron microscope.  Thermogravimetric  analysis  

 

 

(TGA) was recorded by using SII EXSTAR 6000. The 

CHNS-elemental analysis was made by the Elementar Vario 

EL III model.   

   
RESULTS AND DISCUSSION  
 

Structural and Morphological Analysis  
      The XRD spectra of the RGO and the RGO/h-BN 

nanocomposites are exhibited in Fig. 1. Two diffraction 

peaks obtained in the XRD pattern of RGO at approximately 

25.6° and 43.2°, which are attributed to the (002) and (100) 

planes (JCPDS card no. 75-2078). The diffraction peaks' 

broad nature shows the sheets' uneven arrangement along the 

stacking direction. It comprises a single or few layers of the 

less oxygen-containing functional group graphene sheet 

(RGO) [23]. It was also observed that the (002) plan 

exhibited a small shoulder peak, which might indicate the 

presence of graphite oxide (i.e., thick graphene layer). 

Results for the RGO/h-BN (see Fig. 1b) showed that in 

addition to the RGO peaks, there were additional diffraction 

peaks visible at 26.3, 41.4, 43.5, 49.8, 54.8, and 75.8º, 

belonging to the diffraction crystal planes of (002), (100), 

(101), (102), (004) and (110), accordingly, which correspond 

to the h-BN (hexagonal phase boron nitrite) (JCPDS card no. 

14-0033). No secondary diffraction peaks were observed, 

signifying that the single phase of h-BN nanoparticles exists 

in the prepared sample. The sharp diffraction validated that 

the well-crystalline h-BN nanoparticles were decorated on 

the surface of RGO. The absence of minor extra peaks proves 

the produced nanocomposites' purity and the production of 

RGO/h-BN. 

      The nanocomposite’s crystalline size (D) is computed by 

the following Scherrer’s Eq. (1) [17]:  

 

      D = 0.9/ cos                    (1) 

 

      In above formulation, λ is the X-ray wavelength,  is the 

FWHM (full width at half maximum), and θ is the diffraction 

angle. The estimated crystalline size for RGO and RGO/h-

BN nanocomposites is 7.27 and 7.48 nm, respectively.  

      The most effective method for identifying structural 

alterations in materials based on graphene is Raman 

spectroscopy. The micro-Raman spectra of produced RGO 

and  RGO/h-BN  are  shown  in   Fig. 2. RGO  (Fig. 2a)  and 
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Fig. 1. XRD patterns of (a) RGO (b) RGO/h-BN hybrid 

nanocomposite. 

 

 

RGO/h-BN nanocomposite (Fig. 2b) exhibited the two key 

characteristics, the D and G bands. The 1570 cm-1 (G band) 

is caused by the first-order scatter of the E2g phonon, and the 

1350 cm-1 (D band) is k-point phonons with A1g symmetry 

[24,25]. The in-plane vibration of the B and N atoms (E2g 

mode), which is also shown in Fig. 2b [26], corresponds to a 

new sharp, unique Raman feature at 1355 cm-1 along with the 

D and G band. This finding suggests that h-BN nanoparticles 

were decorated on the surface of two-dimensional RGO 

sheets, which is in agreement with the previously published 

studies. 

      The   structural   quality   and   degree   of    disorder   of 

 

 

 
 

 
Fig. 2. Micro-Raman spectra of (a) RGO (b) RGO/h-BN 

nanocomposite. 

 

 

synthesized RGO and RGO/h-BN nanocomposites were 

determined by the peak intensity ratios of the D band to the 

G band (ID/IG). The estimated ID/IG of RGO and RGO/h-BN 

nanocomposites were 1.22 and 1.33, respectively. From           

Fig. 2, the ID/IG of RGO/h-BN nanocomposites were more 

significant than that of RGO, indicating that the disorder 

amount was more remarkable. A more defective one can help 

to adsorb more hydrogen. 

      With a ramping heating rate of 10 °C min-1, TGA was 

conducted between 50 and 700 °C. Figure 3 shows the TGA 

curves for the RGO and RGO/h-BN nanocomposites. For the 

RGO (see Fig. 3a), the  initial  weight  loss (200 and 230 °C)  
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Fig. 3. TGA curves of (a) RGO and (b) RGO/h-BN 

nanocomposite. 

 

was due to the disintegration of less stable oxygen-containing 

functional groups, whereas the second gradual weight loss 

(230 °C to 700 °C) was prompted by the removal of more 

stable functional groups from the RGO sheets. It began above 

330 °C in the case of the RGO/h-BN (see Fig. 3b). Compared 

to RGO nanostructures, the RGO/h-BN nanocomposite could 

offer greater thermal stabilities. According to the findings            

of the TGA investigations, chemically bonding h-BN 

nanoparticles with RGO could significantly boost their heat 

stability. This outcome is in good agreement with micro-

Raman and XRD assessments.  

      Figure 4 shows the SEM picture of the synthesized RGO 

and RGO/h-BN nanocomposite.  The  SEM  photographs of 

 

 

 
 

 
Fig. 4. SEM images of the (a) RGO (b) RGO/h-BN 

nanocomposite. 

 

 

RGO (Fig. 4a) revealed the crumpled and wrinkled graphene 

sheet structure morphology. From Fig. 4b (RGO/h-BN 

nanocomposite), the uniformly decorated spherical shape and 

noticeable agglomeration of h-BN nanoparticles on the 

surface  of RGO sheets were obtained. This result confirmed 
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that the RGO sheets were anchored with the h-BN 

nanoparticles, in agreement with XRD and micro-Raman 

studies.   

 
Hydrogen Adsorption Analysis  
     The amount of hydrogen stored in the prepared 

nanocomposite was determined by the CHNS-elemental 

analysis. Figure 5 shows how much hydrogen could be 

absorbed in the RGO and RGO/h-BN nanocomposite for            

10 min at 1 l min-1 flow rate and a constant hydrogenation 

temperature of 100 °C. The hydrogen adsorption capacities 

of RGO and RGO/h-BN nanocomposites were 0.8 and              

2.1 wt%, respectively. This finding indicates that adding the 

h-BN nanoparticles improves the RGO's storage capability. 

The explanation for the improved hydrogen-storage capacity 

of the RGO/h-BN is that (i) more hydrogen was adsorbed on 

the two-dimensional surface of the RGO, (ii) more h-BN 

nanoparticles might be present due to the interlayer, and (iii) 

more h-BN nanoparticles might be present due to the dipolar 

nature of B-N. According to the CHNS elemental analysis, 

the RGO/h-BN nanocomposite was a more effective 

hydrogen storage system than pristine RGO. 

 

Hydrogen Desorption Analysis 
      The TGA results revealed the desorption profile of 

hydrogen. The hydrogenated RGO and RGO/h-BN 

nanocomposite TG plots are shown in Figs. 6a and b, 

respectively, and the region linked to the hydrogen 

desorption is shown in the inset. According to Fig. 6b, the 

hydrogenated RGO/h-BN nanocomposite's TG curve has two 

degradation stages: one from 115 to 149 °C and another from 

above 330 °C. The nanocomposite's first weight loss of              

2.1 wt% is ascribed to the desorption of hydrogen that had 

been stored there. RGO started to disintegrate, and the second 

weight reduction began at over 330 °C. Thus, it is confirmed 

that the first weight reduction in the nanocomposite was due 

to the release of hydrogen that had been stored rather than by 

the hydrogen in the RGO/h-BN. The RGO (see Fig. 6a) 

showed a weight reduction of 0.8 wt.% in the 109-140 ºC.  

     Using the Van't Hoff equation, hydrogen's binding energy 

(EB) was determined from the desorption temperature [17]. 

 

      T  = 
∆

−  ln P          (2) 

 

 

 
Fig. 5. Hydrogen adsorption of RGO and RGO/h-BN 

nanocomposite at 100 ºC at 1 l min-1 flow rate. 

 

 
 

 
Fig. 6. TGA curves of (a) RGO (b) RGO/h-BN hybrid 

nanocomposite. 
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      KB, ∆S, R, and P are Boltzmann constant, change in H2
 

entropy from gas to liquid phase, gas constant, and 

equilibrium pressure of 1 atm, respectively. The binding 

energy of RGO/h-BN nanocomposites are 0.30 eV and                

0.33 eV for the desorption temperatures of 115 ºC and           

149 ºC, respectively. 

      Besides, the desorption activation energy (Ed) was 

computed using Eq. (3) [17] 

 

      ln  =                                      (3) 

 

      The activation energy of RGO/h-BN nanocomposite was 

estimated as 20.12 kJ mol-1 and 22.24 kJ mol-1 for 115 ºC and 

149 ºC desorption temperatures, respectively. Table 1 shows 

the hydrogen-desorption activation energy, hydrogen-

desorption temperature, and the binding energies of the RGO 

and RGO/h-BN nanocomposites. As a result, at room 

temperature, the hydrogenated RGO and RGO/h-BN retained 

their stored hydrogen stability. According to Table 1, the 

RGO and RGO/h-BN had weak chemisorption for hydrogen 

storage. The binding energy (EB) of stored hydrogen in a 

perfect hydrogen-storage system of fuel cell application 

should be between 0.2 and 0.4 eV [17]. The prepared RGO 

and RGO/h-BN nanocomposite's hydrogen binding energy 

was within this recommended US-DOE range. The RGO/h-

BN can therefore be utilized in fuel cell applications. 

      The amount of hydrogen desorbed by the prepared RGO 

and RGO/h-BN nanocomposites was equivalent to the 

amount of hydrogen stored, as shown by CHNS elemental 

analysis and TGA. As a result, the created RGO/h-BN 

nanocomposite showed 100% desorption.  

 

Cyclic Performance of Hydrogen Storage Capacity 
      The produced RGO/h-BN nanocomposite underwent 

four hydrogenation cycles to test its cyclic stability. After the 

first hydrogenation cycle, RGO/h-BN was heated for 30 min 
 
 
 
 
 
 
 

 
 

 
Fig. 7. Cyclic hydrogen uptake capacity of rGO/h-BN 

nanocomposite. 

 

 

at 200 °C to release the contained hydrogen. After that, the 

sample was once more hydrogenated using a Sievert-style 

hydrogenation setup at 100 °C, and the CHNS elemental 

analysis was used to determine the sample's hydrogen 

absorption capacity. This process was repeated four times, 

and the final outcome is depicted in Fig. 7. According to             

this finding, the RGO/h-BN nanocomposite showed                

76.2 wt% hydrogen absorption capability during the 

hydrogenations' fourth cycle. 

 

Structural Stability of RGO/h-BN Nanocomposite 
      After cyclic hydrogen storage capacity performance, the 

stability of the RGO/h-BN structure was examined through 

micro-Raman analysis. After the fourth cycle of 

hydrogenations, the RGO/h-BN nanocomposite was heated 

to 200 °C. Then the sample was subjected to micro-Raman 

analysis, depicted in Fig. 8.  From Fig. 8, the ID/IG ratio after 

the fourth cycle of hydrogenations was 1.64. This signifies 

that the ID/IG ratio is slightly increased and comparable with 

 

 

 

 

 

 

 

Table 1. Desorption Characteristics Parameters of RGO and RGO/h-BN 

 

Nanocomposite 
H2 

(wt.%) 

Tm 

(ºC) 

Ed 

(kJ mol-1) 

EB 

(eV) 

RGO 0.8 109-140 17.86-27.12 0.29-0.32 

RGO/h-BN 2.1 115-149 20.12-22.24 0.30-0.33 
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Fig. 8. Raman spectra of dehydrogenated rGO/h-BN 

nanocomposite after the fourth cycles. 

 

 

freshly prepared RGO/h-BN nanocomposite. The outcome 

confirms the RGO/h-BN retains the structure stability and 

releases stored hydrogen alone.  

 
CONCLUSION  
 

      RGO (Reduced graphene oxide) and h-BN (hexagonal 

boron nitride) nanoparticles-decorated RGO nanocomposites 

(RGO/h-BN) were synthesized, and their hydrogen-storage 

performance was examined. The sonication assistance liquid-

phase exfoliation approach was used to make RGO/h-BN 

nanocomposites, while the modified Hummer's process was 

applied to prepare graphene oxide (GO). The structural and 

morphological characterization of prepared RGO and 

RGO/h-BN nanocomposite was performed through XRD, 

micro-Raman, TGA, and SEM analysis. The micro-Raman 

and XRD studies proved the purity and incorporation of the 

h-BN nanoparticles into the RGO sheets. Results of Raman 

spectra showed more structural disorder for the prepared 

RGO sheets and RGO/h-BN nanocomposite. The SEM 

analysis indicated that the h-BN nanoparticles anchored on 

the surface of the RGO sheet. In the Sieverts-like hydrogen 

method, the RGO and RGO/h-BN nanocomposites' hydrogen 

storage capacity was carried out at 100 ºC, and 0.8 and            

2.1 wt.% was achieved, respectively. The hydrogenated RGO 

and  RGO/h-BN  nanocomposites  were  stable  and  did  not 

 

 

release stored hydrogen at room temperature. For the RGO/h-

BN nanocomposites, the stored hydrogen (capacity of             

2.1 wt.%) were released in a temperature range of 115-           

149 ºC and exhibited 100% desorption. It was discovered              

that the hydrogen binding (0.32 eV) in RGO/h-BN 

nanocomposite had a weak chemisorption nature. Hence, the 

present prepared RGO/h-BN nanocomposite offers a facile, 

low-cost synthesis route, and excellent hydrogen storage 

capacity. The binding energy falls in the proposed US-DOE 

target, exhibiting the potential solid-state hydrogen-storage 

system for fuel cell applications. 
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