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Abstract

:

The development of efficient hydrogen storage materials is crucial for advancing hydrogen-based energy systems. In this study, we prepared a highly innovative palladium-phosphide-modified P-doped graphene hydrogen storage material with a three-dimensional configuration (3D Pd3P0.95/P-rGO) using a hydrothermal method followed by calcination. This 3D network hindering the stacking of graphene sheets provided channels for hydrogen diffusion to improve the hydrogen adsorption kinetics. Importantly, the construction of the three-dimensional palladium-phosphide-modified P-doped graphene hydrogen storage material improved the hydrogen absorption kinetics and mass transfer process. Furthermore, while acknowledging the limitations of primitive graphene as a medium in hydrogen storage, this study addressed the need for improved graphene-based materials and highlighted the significance of our research in exploring three-dimensional configurations. The hydrogen absorption rate of the material increased obviously in the first 2 h compared with two-dimensional sheets of Pd3P/P-rGO. Meanwhile, the corresponding 3D Pd3P0.95/P-rGO-500 sample, which was calcinated at 500 °C, achieved the optimal hydrogen storage capacity of 3.79 wt% at 298 K/4 MPa. According to molecular dynamics, the structure was thermodynamically stable, and the calculated adsorption energy of a single H2 molecule was −0.59 eV/H2, which was in the ideal range of hydrogen ad/desorption. These findings pave the way for the development of efficient hydrogen storage systems and advance the progress of hydrogen-based energy technologies.






Keywords:


palladium phosphide; P-doped graphene; hydrogen storage; hydrogen adsorption












1. Introduction


Energy is one of the key ingredients in every nation’s economic prosperity. As a consequence of population expansion and evolving lifestyles, global requirements are progressively escalating while encountering environmental problems and an alarming resource depletion rate. The damage that fossil fuel usage has caused to the environment has increased the demand for clean, sustainable energy [1,2,3]. Hydrogen, as a promising new energy source to replace fossil fuels, possesses the advantages of high energy density and zero carbon emissions [4,5]. Hydrogen is expected to be a highly effective alternative fuel with a wide range of applications in the future. The key to applying hydrogen energy in the market is to develop a safe and economical hydrogen storage technology [6]. Compared with gaseous and liquid hydrogen storage, solid hydrogen storage, with its much higher safety, is regarded as the most promising hydrogen storage method [7,8,9]. Among all hydrogen storage materials, carbon materials, especially graphene, have been widely investigated because of their excellent physical and chemical properties [10,11,12,13,14]. Recent studies have also shown the promising photocatalytic activities of various nanocarbon-based materials for hydrogen production. Carbon-based nanomaterials such as graphene, carbon nanotubes, and carbon nitride have been extensively investigated due to their unique properties and high surface area [15,16]. However, pure carbon materials have low reactivity, which is limited to promoting hydrogen dissociation and subsequent chemical adsorption [17,18]. Graphene, when doped with various metal-based elements, has shown promising catalytic properties for hydrogen production. Recent research has focused on investigating different metal dopants to enhance the catalytic activity of graphene. For instance, Wang et al. demonstrated efficient hydrogen evolution using platinum-deposited N-doped graphene, attributing the enhanced activity to the strong metal–support interaction [19]. With the spillover effect of transition group elements such as palladium, the reversible hydrogen storage capacity of carbon materials can be further improved [20,21]. The spillover process primarily involves the dissociation of hydrogen molecules on the catalyst, the migration of hydrogen atoms from the catalyst to the substrate, and the subsequent diffusion of hydrogen atoms on the surface of the substrate. The introduction of heteroatoms in doped nanomaterials has also been studied extensively to understand their impact on the selectivity and yield of hydrogen production. In their review article, Putri et al. highlighted the significant role of heteroatom formation in modulating photocatalytic activities [22]. Additionally, Dobrota et al. explored the effect heteroatoms such as phosphorus atoms doped on the carbon matrix, which could modify the structure of carbon-based materials, thus increasing the adsorption sites of spillover hydrogen atoms and further enhancing the hydrogen storage capacity of carbon materials [23]. In our previous work, a 2D Pd3P/P-rGO composite was prepared that showed an improved hydrogen storage capacity compared with pure graphene [24].



However, as a two-dimensional material with a thin sheet structure, graphene sheets tend to stack together spontaneously due to van der Waals forces and π-π bond interactions [25,26]. Irreversible aggregation and accumulation could happen, which are unfavorable for gas diffusion. Thus, their hydrogen storage kinetics and capability may deteriorate seriously. Therefore, hindering the aggregation of graphene sheets is a crucial challenge when realizing the application of graphene as a promising solid hydrogen storage material.



Furthermore, adsorption is also a mass transfer process. Increasing the specific surface area of materials can improve the adsorption sites and subsequent capacity. Constructing a three-dimensional graphene network may provide a valid solution to prevent the graphene sheets from aggregating. The unique three-dimensional lamellar folds and pore structure of graphene can effectively prevent this interlayer accumulation, which is the intrinsic reason for the stable existence of 3D graphene [27]. Bi et al. constructed a three-dimensional B-doped graphene framework decorated with Li ions. It possessed an excellent hydrogen storage capacity of about 12.9 wt%, calculated using DFT (density function theory) [28]. Tylianakis et al. designed a novel 3D nanostructured porous nanotube material with a high hydrogen storage capacity of 20 wt% at 77 K by a multiscale theoretical approach [29]. In addition, three-dimensional graphene with multilevel porous structures can also effectively promote mass transfer [30]. Yan et al. researched a 3D rGO-Mn3O4 nanosheet hybrid decorated with Pd for hydrogen evolution. They confirmed that the 3D network architecture was favorable for the mass transport of produced hydrogen [31]. Jiang et al. designed a new theoretical type of 3D graphene bubble structure for hydrogen storage, and the molecular dynamics of hydrogen storage were enhanced because of the 3D structure [32]. Thus, since 3D graphene has an excellent porous structure, during hydrogen absorption/desorption, the movement of hydrogen molecules to/from the active centers could become easier in 3D graphene, which would result in accelerated kinetics for hydrogen storage compared with 2D graphene [32].



Based on our previous work, herein, a 3D Pd/P co-modified graphene hydrogel material was successfully prepared by a hydrothermal method, and 3D Pd3P0.95/P-rGO was obtained by thermal reduction in a H2/Ar atmosphere. Palladium phosphide was grown directly on the three-dimensional graphene substrate. This 3D structure could effectively promote mass transfer. The multi-stage gap structure helped the gas be transported to/separate from the reaction center to promote molecular dynamics. Therefore, the as-prepared 3D Pd3P0.95/P-rGO-500, which was calcinated at 500 °C, achieved a hydrogen storage capacity of 3.79 wt% at 298 K/4 MPa. Meanwhile, the hydrogen absorption rate of the material increased obviously in the first 2 h compared with 2D sheets of Pd3P/P-rGO.




2. Material Preparation


2.1. Preparation of GO Solution


The modified Hummers method was used to produce graphene oxide. Briefly, 5 g of graphite powders and 1 g of NaNO3 were first added to a 1000 mL beaker. After that, 100 mL of concentrated sulfuric acid was slowly added to the beaker, and 12 g of KMnO4 was slowly incorporated with continuous high-speed stirring. The as-obtained mixture was thoroughly stirred in an ice water bath for 8 h. Afterward, 3 vol% H2O2 solution was added to the beaker to completely reduce the excess KMnO4 until the brown solution turned yellow. The GO solution after the reaction was kept static at room temperature and was observed to change from bright yellow to brown with obvious stratification. The supernatant was poured out, and the precipitate was washed twice with concentrated hydrochloric acid. Then, deionized water was added repeatedly for cleaning until the pH value of the solution was close to neutral. The GO solution with 3 wt% content was obtained after filling to a constant volume of 1000 mL.




2.2. Preparation of 3D-Configuration Pd3P0.95/P-rGO at Different Thermal Reduction Temperatures


We mixed 33 mL GO solution, 78 mg Pd(OAc)2, 120 μL phytic acid, and 33 mL deionized water in a 100 mL beaker using ultrasound for 30 min. Then, the above solution was transferred to a 100 mL Teflon lining. After that, the lining was sealed in a stainless-steel high-pressure reaction kettle for 12 h for the hydrothermal reaction, and the temperature was kept at 160 °C. After the reaction, the cylindrical hydrogel material was freeze-dried and then heated to 900 °C, 700 °C, 500 °C, and 300 °C for 1 h in a 10 vol% H2/Ar atmosphere. The 3D-configuration Pd3P0.95/P-rGO prepared at different thermal reduction temperatures is denoted as 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900), where the numbers 300, 500, 700, and 900 represent the reduction temperatures.




2.3. Computational Methodology


A graphene surface model consisting of 60 atoms was utilized in this study, and a vacuum layer of 15 Å was added along the Z-direction to avoid any interactions between neighboring layers. The single graphene model with 59 atoms was obtained by substituting a carbon atom with a phosphorus atom from the graphene sheet and attaching the oxygen atom to the slab, thus creating phosphorus-reduced graphene oxide (P-rGO). The structure was subsequently optimized. The study employed density functional theory (DFT) to calculate the binding energy, H2 adsorption energy, transition state, and energy barrier, with a focus on characterizing the hydrogen migration through the Pd3P cluster sites to the P-rGO surface. The Vienna Ab initio Simulation Package (VASP) was used to perform the calculations. Ab initio molecular dynamics (AIMD) was utilized to study the model. The exchange and correlation interactions were described using generalized gradient approximation (GGA) in the form of the Perdew–Burke–Ernzerhof (PBE) functional. The calculations used a Brillouin region of 5 × 5 × 1 as the k-point value; the geometry optimization structure was obtained by relaxation until the force on each atom was less than 0.02 eV/Å; and the convergence criterion for energy was set as 1 × 10−4 eV. The cutoff energy was 450 eV, and all calculations considered spin polarization. The study employed an equation to determine the adsorption energy of the H2 molecule, taking into account the vibration effect for a gas phase, only as it is nearly negligible for a solid system.


   E    a d s     =    E    H 2 + C l u s t e r + s u b s t a r t e     + △ Z P E   −  E    c l u s t e r + s u b s t r a t e     −    E    H 2     + △ Z P E    








where    E    a d s       represents the H2 adsorption energy,    E    H 2 + c l u s t e r + s u b s t a r t e       represents the total energy of a system,    E    c l u s t e r + s u b s t a r t e       is the total energy of the cluster decorated substrate,    E    H 2       is the total energy of a single H2 molecule, and   △ Z P E   is the zero-point energy correction.





3. Results and Discussion


It can be seen from the model diagram that the configuration was an accumulation of 2D graphene sheets with different shapes, as revealed in Figure S1a,b. In Figure S1c,d, the optical images display the morphology of the 3D Pd3P0.95/P-rGO, mainly showing a fluffy columnar structure. The SEM images of the as-prepared materials (Figure 1) show that there were obvious large particles in the Pd3P0.95/P-rGO-900 and Pd3P0.95/P-rGO-700 samples, which may have been caused by high-temperature agglomeration. It has previously been reported that increasing the thermal reduction temperature leads to the formation of larger particles [33]. Compared with the former two samples, the nanoparticles in the Pd3P0.95/P-rGO-500 sample were significantly finer and more evenly distributed, which indicated that reducing the thermal reduction temperature could hinder the growth of the particles and agglomeration in the material. When the thermal reduction temperature dropped to 300 °C, Pd3P0.95 with an obvious hydrogen spillover capacity could not be obtained, which was not conducive to improving the hydrogen storage performance of the material. Therefore, 500 °C was selected as the final temperature for thermal reduction in the subsequent experiment. According to our previous article, in the synthesis of Pd3P-decorated P-doped materials, the loading of palladium phosphide particles on the surface was predicted using a field emission scanning electron microscope [24].



Figure 2a shows the XRD patterns of Pd3P0.95-modified P-doped graphene prepared at 900 °C, 700 °C, 500 °C, and 300 °C. Through a comparison with the standard PDF card, we found that after adjusting the amount of P, the Pd3P0.95 crystal phase was present in the Pd3P0.95/P-rGO-900 sample. When the thermal reduction temperature decreased, the crystal phase gradually changed into mixed phases of Pd and Pd3P0.95. However, the Pd content was trivial, and the main phase was still Pd3P0.95. The thermal reduction temperature had an obvious influence on the grain size, which was calculated by the Scherrer formula, and the average grain sizes were as follows: 29.8 nm at 900 °C > 27 nm at 700 °C > 25.7 nm at 500 °C > 23.5 nm at 300 °C. The characterization of the material’s crystal structure can be found in our previous TEM analysis [24], as the synthesis conditions were similar in both studies; the TEM analysis revealed the crystallinity. Jiang et al. also reported the influence of the thermal reduction temperature on the crystallite size; as the thermal reduction temperature of the Ni2P/Na-M41 samples increased from 450 to 600 °C, the crystallite size also increased [33].



Figure 2b shows the Raman spectra of the 3D-configuration Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) prepared at different thermal reduction temperatures. With the increase in the thermal reduction temperature, more oxygen-containing groups in the graphene were reduced, thus forming defects similar to vacancies. At the same time, the doping degree of P atoms further increased, leading to an increment in the ID/IG value of the sample (see Figure S4), indicating that the defect degree was greatly improved, favoring hydrogen occupancy.



Figure 3 exhibits the N2 adsorption–desorption curves of the 3D-configuration Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900) prepared at different thermal reduction temperatures, and the inset shows the particle size distribution. The N2 adsorption–desorption curves of the Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900) at 77 K showed the characteristics of a type IV isothermal adsorption line, and an obvious hysteresis phenomenon occurred during the N2 desorption of the four samples, which indicated that the material had a rich pore structure, that is, a large number of mesopores existed. We found that the average pore sizes of the four samples were all distributed around ~3.8 nm, except for Pd3P0.95/P-rGO-300, in which the number of 3.8 nm mesopores was lower, as shown in the inset in Figure 3a. Figure 3b shows the specific surface area and pore volume of Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900). Pd3P0.95/P-rGO-900 had the largest surface area and pore volume at 339.67 m2/g and 0.379 cm3/g, respectively. The specific surface area and pore volume of Pd3P0.95/P-rGO-300 decreased to 50.51 m2/g and 0.130 cm3/g, respectively, when the thermal reduction temperature dropped to 300 °C. With the decrease in the thermal reduction temperature, Pd ions could not be reduced to obtain the expected palladium phosphide, and nor could the oxygen-containing groups be completely reduced.



Combined with the Raman test results in Figure 2b, the defects in the Pd3P0.95/P-rGO-300 were reduced, leading to an obvious reduction in the specific surface area and pore volume. This showed that both the defect degree and the micro-structure in the material were closely related to the thermal reduction temperature. The influence of metal and non-metal doping on the surface area and pore characteristics of particles was investigated by Safia et al. [34]. In a separate study, Vieira and colleagues [35] demonstrated that the addition of 0.5 wt% Ce and 0.15 wt% Nd resulted in a significant enhancement of over 100% in the SBET of the catalysts. Furthermore, Sahoo et al. [36] reported an increase in both the surface area and volume porosity following the introduction of dopants into the catalyst. Ting et al. highlighted in their publication that the catalyst was profoundly influenced by a reduction in temperature, consequently impacting its catalytic activity. The authors found that excessively low reduction temperatures, such as 350 °C, led to a significant decrease in catalytic efficiency. However, when the catalysts were calcined at 450 °C and subsequently reduced at 600 °C, they exhibited remarkable catalytic activity, achieving an efficiency of up to 74.76% [37].



To further study the electronic structure and chemical valence of the elements on the surface of the material, X-ray photoelectron spectroscopy (XPS) was performed on the 3D-configuration Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900) samples, as shown in Figure 4. Figure 4a shows the total XPS spectrum, in which the peaks corresponding to the P 2p (~130 eV), C 1s (~280 eV), Pd 3d (~330 eV), and O 1s (~530 eV) orbitals can be observed, indicating that these elements were present on the surface of the sample. Figure 4b exhibits the relative content of each element on the sample surface. With the increase in the thermal reduction temperature, the relative content of O in the material decreased, indicating that more oxygen-containing groups in the GO were reduced. At the same time, the relative content of Pd increased, which indicated that a higher thermal reduction temperature could make the Pd more fully reduced and phosphated. In the C 1s spectrum displayed in Figure 4c, the peaks at 284.0 eV and 285.2 eV correspond to the C=C bond and C=O bond, respectively, which are characteristic peaks of rGO, while the peak located at 284.1 eV corresponds to the C-P peak, indicating that P was successfully doped into the rGO. In the P 2p spectrum, the peaks at 132.5 eV and 133.5 eV correspond to P-C and P-O bonds, respectively, which indicate P doping in the graphene [38]. The peaks at 129.4 eV and 130.3 eV came from P 2p3/2 and P 2p1/2, respectively, which corresponded to Pd-P bonds, indicating the successful synthesis of Pd3P0.95 particles in the material [39]. The EDX analysis also confirmed the presence of C, O, Pd, and P in the sample; see Figure S5 for elemental analysis. The Pd 3d spectrum is exhibited in Figure 4e, and the peaks located at 335.1 eV and 340.2 eV belong to the 3d5/2 and 3d3/2 orbits of Pd(0), respectively. The peaks located near 336 eV and ~342 eV correspond to the 3d5/2 and 3d3/2 orbitals of Pd(II), indicating that Pd with a high valence state existed due to the formation of a Pd-O bond [40].



Figure 5a,b show the hydrogen absorption kinetic curves of the 3D-configuration Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900) prepared at different thermal reduction temperatures under the conditions of 4 MPa/298 K and the corresponding hydrogen storage capacity. With the decrease in the thermal reduction temperature, the hydrogen storage capacity of the material increased first and then decreased, reaching the maximum value (3.79 wt%) when the thermal reduction temperature was 500 °C. This was because reducing the thermal reduction temperature could effectively prevent the nanoparticles in the material from agglomerating and subsequently falling off. Thus, the size of the modified nanoparticles in the material was well controlled, and the hydrogen spillover capacity was enhanced, contributing to an obvious increase in the hydrogen storage capacity. However, we found that the Pd could not be fully phosphatized at 300 °C. Therefore, the hydrogen spillover effect of the Pd3P0.95/P-rGO-300 was greatly reduced, and the hydrogen storage performance decreased sharply.



Figure 5b shows the percentage hydrogen storage capacity in the first 2 h during the hydrogen absorption process over the total hydrogen storage capacity, to compare the hydrogen absorption kinetics of the materials. We found that the hydrogen absorption rate decreased with the increase in the thermal reduction temperature, and Pd3P0.95/P-rGO-900 showed the lowest hydrogen absorption amount of 72.5% in the first 2 h, indicating that the hydrogen absorption rate was directly related to the particle size of the modified particles in the material. The smaller the particle size, the higher the hydrogen absorption rate. The hydrogen absorption rates of the four samples were significantly higher than in our previous work for 2D Pd3P/P-rGO (61.8%) [24]. The improvement in the hydrogen absorption kinetics of Pd3P0.95/P-rGO was mainly due to the formation of a 3D structure, which could greatly enrich the pore structure in the material and provide channels for hydrogen diffusion, thus accelerating the hydrogen absorption process. During the spillover process, the hydrogen molecules underwent dissociation on the Pd3P0.95 nanoparticles and subsequently migrated to the surface of the graphene. The dissociated hydrogen species, chemisorbed onto the surface, involved covalent interactions, whereas the absorption of hydrogen molecules onto the graphene was governed by weaker van der Waals forces, which represented non-covalent interactions. Additionally, it is noteworthy that the environmental temperature and pressure exerted a significant influence on the hydrogen storage capacity. Experimental results indicate that reducing the test temperature and increasing the pressure of hydrogen has a favorable effect on hydrogen adsorption [41].



The binding energies of Pd3P, P-rGO, and P-doped graphene (P-G) were calculated based on DFT, and the optimized structures are shown in Figure S5a,b. The calculated binding energies were −1.71 between Pd3P and P-rGO and −2.14 eV between Pd3P and P-G. The results showed that the reduction of the oxygen atoms could increase the binding energy of the cluster and slab. The higher the binding energy, the lower the chance of the agglomeration of transition metal (TM) atoms and vice versa. DFT simulations were performed at 0 K, and the structural integrity of the system had to be checked at room temperature (300 K). In our case, wherein Pd3P was attached to the P-rGO, it was critical that the TM atoms did not dislodge from the P-rGO at higher temperatures. The AIMD simulations considered these concerns. The simulations were carried out at a temperature of 300 K in a canonical ensemble (NVT) for 1 ps with a time step of 1 fs. The MD snapshots of Pd3P/P-rGO are shown in Figure S6, indicating that the material was quite stable. Even at 300 K, the movement of the Pd3P cluster and the change in the C-C bond length were negligible, highlighting the thermal stability of the structure and supporting the material’s practical application in hydrogen storage systems. Because the probability of metal atoms or clusters aggregating on supports is a major downside of transition metals in graphene-based materials, we know that the metal–metal interactions are stronger than chemical interactions between metal atoms and carbon atoms in the support [42]. This MD investigation demonstrated the material’s thermal stability, which showed its ability to store hydrogen. Additionally, in unstable materials, metal–hydrogen complex desorption often competes with H2 desorption [43]. In our previous study, it was observed that the hydrogen storage capacity of the material decreased from 3.66 wt% to 2.63 wt% at a temperature of 298 K and a pressure of 4 MPa after undergoing four cycles of hydrogen adsorption. This reduction in capacity could be attributed to the formation of metal hydrides within the material [24].



The optimized structure of a single adsorbed H2 molecule is shown in Figure 6a, and the calculated adsorption energy was −0.59 eV/H2 when the zero-point energy correction was taken into account. A negative adsorption energy value indicates the attraction of H2 molecules to the cluster, implying favorable adsorption. Adsorption mechanisms that fall between physical and chemical adsorption are required for the successful implementation of hydrogen storage in ambient conditions. Previous research has suggested an adsorption energy range of −0.20 to −0.60 eV [44], which agrees with our calculated adsorption energy. This system’s adsorption energy range corresponded to an intermediate physisorbed–chemisorbed state, which was advantageous for working under ambient conditions. Interestingly, the observed H-H bond length was 0.85 Å, longer than that of the free hydrogen molecule (0.75 Å), and the bond length between Pd and H ranged from 1.76 to 1.77 Å. However, when compared to an isolated H2 molecule, the stretching of the H-H bond length was found to be minimal, with a difference of less than 0.3 Å [45], indicating that the molecular nature of H2 was preserved during adsorption and the association between the H2 molecule and the Pd atom was of the Kubas type.



A crucial stage in hydrogen storage is the hydrogen spillover mechanism, which involves the dissociation of H2 molecules and the migration of H atoms from the site of dissociation to the supporting substrate. In this study, the spillover process of a single hydrogen molecule adsorbed on Pd3P/P-rGO was computed using the nudged elastic band (NEB) and climbing image nudged elastic band (CINEB) [46] methods. The minimum energy path is plotted as a function of the reaction coordinates in Figure 6b. With a total reaction energy of −1.31 eV and a calculated migration barrier of 1.57 eV for a single H2 adsorbed on Pd3P/P-rGO, spillover occurred at higher temperatures due to the higher energy migration barrier. The DFT results were in line with experimental data showing that Pd3P0.95/P-rGO-300’s hydrogen spillover effect was substantially reduced. The relationship between temperature and spillover reaction time is depicted in Figure 6c. The migration time decreased as the temperature increased, and the relationship between the temperature and the energy barrier was inverse. The hydrogen storage capacities of the 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) samples were much higher than those of some graphene-based materials previously reported in the literature (see Table 1) under ambient conditions. Furthermore, the scarcity of research on 3D graphene-based materials for hydrogen storage underscores the novelty of this work. Notably, there is a lack of literature reporting the absorption kinetics and mass transfer properties of 3D configurations.




4. Conclusions


In conclusion, this study presented a highly innovative approach to the development of hydrogen storage materials by preparing a three-dimensional configuration of palladium-phosphide-modified P-doped graphene (3D Pd3P0.95/P-rGO) using a hydrothermal method followed by calcination. The three-dimensional network structure of the material hindered the stacking of graphene sheets and provided channels for improved hydrogen diffusion, thereby enhancing the hydrogen adsorption kinetics and mass transfer process. The research findings demonstrated that the constructed three-dimensional palladium-phosphide-modified P-doped graphene material exhibited significantly higher hydrogen absorption rates in the initial 2 h compared to its two-dimensional counterparts, highlighting the advantages of the three-dimensional configuration. Specifically, the 3D Pd3P0.95/P-rGO-500 sample, calcinated at 500 °C, achieved an optimal hydrogen storage capacity of 3.79 wt% at 298 K/4 MPa. The thermodynamic stability of the structure was confirmed by molecular dynamics simulations, which also revealed an adsorption energy of −0.59 eV/H2 for a single H2 molecule, falling within the ideal range for efficient hydrogen adsorption/desorption. The significance of this research lies in its addressing the need for improved graphene-based hydrogen storage to overcome the limitations of pure graphene in hydrogen storage. By exploring three-dimensional configurations, this study opened up new possibilities for the development of efficient hydrogen storage systems and advanced the progress of hydrogen-based energy technologies. The innovative approach presented in this study has the potential to contribute significantly to the advancement of hydrogen-based energy systems, offering a promising avenue for further research and development in this field.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma16124219/s1.





Author Contributions


Conceptualization, Y.C. (Yungui Chen), X.G. and C.W.; Validation, G.X., C.J., Y.W., Y.Y., X.G., Y.L. and C.W.; Formal analysis, Y.C. (Yiwen Chen) and Habibulah; Investigation, Habibullah, Y.W., X.G. and C.W.; Writing—original draft, Y.C. (Yiwen Chen) and Habibullah; Writing—review & editing, Y.C. (Yiwen Chen), Habibullah, G.X., C.J., Y.Y. and Y.L.; Visualization, Y.W., X.G. and C.W.; Supervision, G.X. and C.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the National Natural Science Foundation of China (U2030208, U2130208); the National Key R&D Program of China (no. 2022YFB3803700); the State Key Laboratory of Clean and Efficient Turbomachinery Power Equipment (DECSKL202110); and the Fundamental Research Funds for Central Universities, China.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, H.-M.; Li, G.-X.; Li, L. Comparative investigation on combustion characteristics of ADN-based liquid propellants in inert gas and oxidizing gas atmospheres with resistive ignition method. Fuel 2023, 334, 126742. [Google Scholar] [CrossRef]

	



Liu, F.; Sun, Z.; Bian, H.; Ding, M.; Meng, X. Identification and classification of the flow pattern of hydrogen-air-steam mixture gas under steam condensation. Int. J. Therm. Sci. 2023, 183, 107854. [Google Scholar] [CrossRef]

	



Gao, X.; Li, B.; Sun, X.; Wu, B.; Hu, Y.; Ning, Z.; Li, J.; Wang, N. Engineering heterostructure and crystallinity of Ru/RuS2 nanoparticle composited with N-doped graphene as electrocatalysts for alkaline hydrogen evolution. Chin. Chem. Lett. 2021, 32, 3591–3595. [Google Scholar] [CrossRef]

	



Staffell, I.; Scamman, D.; Abad, A.V.; Balcombe, P.; Dodds, P.E.; Ekins, P.; Shah, N.; Ward, K.R. The role of hydrogen and fuel cells in the global energy system. Energy Environ. Sci. 2019, 12, 463–491. [Google Scholar] [CrossRef]

	



Sun, Q.M.; Wang, N.; Xu, Q.; Yu, J.H. Nanopore-Supported Metal Nanocatalysts for Efficient Hydrogen Generation from Liquid-Phase Chemical Hydrogen Storage Materials. Adv. Mater. 2020, 32, 2001818. [Google Scholar] [CrossRef]

	



Tarkowski, R. Underground hydrogen storage: Characteristics and prospects. Renew. Sustain. Energy Rev. 2019, 105, 86–94. [Google Scholar] [CrossRef]

	



Li, X.; Kong, Q.; An, X.; Zhang, J.; Wang, Q.; Yao, W. Enhanced cycling stability and storage performance of Na0.67Ni0.33Mn0.67-xTixO1.9F0.1 cathode materials by Mn-rich shells and Ti doping. J. Colloid Interface Sci. 2023, 633, 82–91. [Google Scholar] [CrossRef]

	



Yang, F.S.; Wang, J.; Zhang, Y.; Wu, Z.; Zhang, Z.X.; Zhao, F.Q.; Huot, J.; Novakovic, J.G.; Novakovic, N. Recent progress on the development of high entropy alloys (HEAs) for solid hydrogen storage: A review. Int. J. Hydrogen Energy 2022, 47, 11236–11249. [Google Scholar] [CrossRef]

	



Kumar, P.; Singh, S.; Hashmi, S.A.R.; Kim, K.H. MXenes: Emerging 2D materials for hydrogen storage. Nano Energy 2021, 85, 105989. [Google Scholar] [CrossRef]

	



Tao, H.; Fan, Q.; Ma, T.; Liu, S.; Gysling, H.; Texter, J.; Guo, F.; Sun, Z. Two-dimensional materials for energy conversion and storage. Prog. Mater. Sci. 2020, 111, 100637. [Google Scholar] [CrossRef]

	



Qin, X.; Ola, O.; Zhao, J.; Yang, Z.; Tiwari, S.K.; Wang, N.; Zhu, Y. Recent Progress in Graphene-Based Electrocatalysts for Hydrogen Evolution Reaction. Nanomaterials 2022, 12, 1806. [Google Scholar] [CrossRef]

	



Dillon, A.C.; Jones, K.M.; Bekkedahl, T.A.; Kiang, C.H.; Bethune, D.S.; Heben, M.J. Storage of hydrogen in single-walled carbon nanotubes. Nature 1997, 386, 377–379. [Google Scholar] [CrossRef]

	



Liu, C.; Fan, Y.Y.; Liu, M.; Cong, H.T.; Cheng, H.M.; Dresselhaus, M.S. Hydrogen storage in single-walled carbon nanotubes at room temperature. Science 1999, 286, 1127–1129. [Google Scholar] [CrossRef] [PubMed]

	



Lei, X.; Tang, Q.; Zheng, Y.; Kidkhunthod, P.; Zhou, X.; Ji, B.; Tang, Y. High-entropy single-atom activated carbon catalysts for sustainable oxygen electrocatalysis. Nat. Sustain. 2023. [Google Scholar] [CrossRef]

	



Chen, L.; Liang, X.; Wang, H.; Xiao, Q.; Qiu, X. Ultra-thin carbon nitride nanosheets for efficient photocatalytic hydrogen evolution. Chem. Eng. J. 2022, 442, 136115. [Google Scholar] [CrossRef]

	



Li, Z.; Li, K.; Du, P.; Mehmandoust, M.; Karimi, F.; Erk, N. Carbon-based photocatalysts for hydrogen production: A review. Chemosphere 2022, 308, 135998. [Google Scholar] [CrossRef]

	



Yildirim, T.; Ciraci, S. Titanium-decorated carbon nanotubes as a potential high-capacity hydrogen storage medium. Phys. Rev. Lett. 2005, 94, 175501. [Google Scholar] [CrossRef] [PubMed]

	



Gross, A.F.; Vajo, J.J.; Van Atta, S.L.; Olson, G.L. Enhanced hydrogen storage kinetics of LiBH4 in nanoporous carbon scaffolds. J. Phys. Chem. C 2008, 112, 5651–5657. [Google Scholar] [CrossRef]

	



Yang, H.; Yang, Z.; Han, Z.; Chu, D.; Chen, C.; Xie, X.; Shang, L.; Zhang, T. Highly dispersed platinum deposited on nitrogen-doped vertical graphene array for efficient electrochemical hydrogen evolution. 2D Mater. 2022, 9, 045011. [Google Scholar] [CrossRef]

	



Zheng, Y.; Jiao, Y.; Li, L.H.; Xing, T.; Chen, Y.; Jaroniec, M.; Qiao, S.Z. Toward Design of Synergistically Active Carbon-Based Catalysts for Electrocatalytic Hydrogen Evolution. ACS Nano 2014, 8, 5290–5296. [Google Scholar] [CrossRef]

	



Xiong, M.; Gao, Z.; Qin, Y. Spillover in Heterogeneous Catalysis: New Insights and Opportunities. ACS Catal. 2021, 11, 3159–3172. [Google Scholar] [CrossRef]

	



Putri, L.K.; Ong, W.-J.; Chang, W.S.; Chai, S.-P. Heteroatom doped graphene in photocatalysis: A review. Appl. Surf. Sci. 2015, 358, 2–14. [Google Scholar] [CrossRef]

	



Dobrota, A.S.; Pasti, I.A.; Mentus, S.V.; Johansson, B.; Skorodumova, N.V. Altering the reactivity of pristine, N- and P-doped graphene by strain engineering: A DFT view on energy-related aspects. Appl. Surf. Sci. 2020, 514, 145937. [Google Scholar] [CrossRef]

	



Jin, C.; Li, J.; Zhang, K.; Habibullah; Xia, G.; Wu, C.; Wang, Y.; Cen, W.; Chen, Y.; Yan, Y.; et al. Pd3P nanoparticles decorated P-doped graphene for high hydrogen storage capacity and stable hydrogen adsorption-desorption performance. Nano Energy 2022, 99, 107360. [Google Scholar] [CrossRef]

	



Mao, S.; Lu, G.; Chen, J. Three-dimensional graphene-based composites for energy applications. Nanoscale 2015, 7, 6924–6943. [Google Scholar] [CrossRef]

	



Kuang, P.; Zhu, B.; Li, Y.; Liu, H.; Yu, J.; Fan, K. Graphdiyne: A superior carbon additive to boost the activity of water oxidation catalysts. Nanoscale Horiz. 2018, 3, 317–326. [Google Scholar] [CrossRef]

	



Jiang, H.; Lee, P.S.; Li, C. 3D carbon-based nanostructures for advanced supercapacitors. Energy Environ. Sci. 2013, 6, 41–53. [Google Scholar] [CrossRef]

	



Bi, L.; Yin, J.; Huang, X.; Wang, Y.H.; Yang, Z.H. Graphene pillared with hybrid fullerene and nanotube as a novel 3D framework for hydrogen storage: A DFT and GCMC study. Int. J. Hydrogen Energy 2020, 45, 17637–17648. [Google Scholar] [CrossRef]

	



Tylianakis, E.; Dimitrakakis, G.K.; Melchor, S.; Dobado, J.A.; Froudakis, G.E. Porous nanotube network: A novel 3-D nanostructured material with enhanced hydrogen storage capacity. Chem. Commun. 2011, 47, 2303–2305. [Google Scholar] [CrossRef]

	



Lei, Y.P.; Shi, Q.; Han, C.; Wang, B.; Wu, N.; Wang, H.; Wang, Y.D. N-doped graphene grown on silk cocoon-derived interconnected carbon fibers for oxygen reduction reaction and photocatalytic hydrogen production. Nano Res. 2016, 9, 2498–2509. [Google Scholar] [CrossRef]

	



Yan, D.F.; Li, F.; Xu, Y.Z.; Liu, C.B.; Wang, Y.; Tang, Y.H.; Yang, L.M.; Wang, L.L. Three-dimensional reduced graphene oxide-Mn3O4 nanosheet hybrid decorated with palladium nanoparticles for highly efficient hydrogen evolution. Int. J. Hydrogen Energy 2018, 43, 3369–3377. [Google Scholar] [CrossRef]

	



Jiang, H.; Cheng, X.L.; Zhang, H.; Tang, Y.J.; Wang, J. Molecular dynamic investigations of hydrogen storage efficiency of graphene sheets with the bubble structure. Struct. Chem. 2015, 26, 531–537. [Google Scholar] [CrossRef]

	



Jiang, N.; Zhang, F.; Song, H. Effect of reduction temperature on the structure and hydrodesulfurization performance of Na doped Ni2P/MCM-41 catalysts. RSC Adv. 2019, 9, 15488–15494. [Google Scholar] [CrossRef] [PubMed]

	



Mohtar, S.S.; Aziz, F.; Ismail, A.F.; Sambudi, N.S.; Abdullah, H.; Rosli, A.N.; Ohtani, B. Impact of Doping and Additive Applications on Photocatalyst Textural Properties in Removing Organic Pollutants: A Review. Catalysts 2021, 11, 1160. [Google Scholar] [CrossRef]

	



Gao, X.; Zhou, B.; Yuan, R. Doping a metal (Ag, Al, Mn, Ni and Zn) on TiO2 nanotubes and its effect on Rhodamine B photocatalytic oxidation. Environ. Eng. Res. 2015, 20, 329–335. [Google Scholar] [CrossRef]

	



Sahoo, C.; Gupta, A.K. Characterization and photocatalytic performance evaluation of various metal ion-doped microstructured TiO2 under UV and visible light. J. Environ. Sci. Health Part A 2015, 50, 659–668. [Google Scholar] [CrossRef]

	



Tan, T.Q.; Geng, L.; Yao, C.L.; Lin, Y.; He, Y. Study on the Effect of Reduction Temperature on the Catalytic Activity of Fe-Mo/Al2O3 Catalyst and the Microstructure of Carbon Nanotubes. Mater. Sci. Forum 2021, 1036, 114–121. [Google Scholar] [CrossRef]

	



Chen, Y.-Y.; Zhang, Y.; Jiang, W.-J.; Zhang, X.; Dai, Z.; Wan, L.-J.; Hu, J.-S. Pomegranate-like N, P-Doped Mo2C@C Nanospheres as Highly Active Electrocatalysts for Alkaline Hydrogen Evolution. ACS Nano 2016, 10, 8851–8860. [Google Scholar] [CrossRef]

	



Wang, T.-J.; Jiang, Y.-C.; He, J.-W.; Li, F.-M.; Ding, Y.; Chen, P.; Chen, Y. Porous palladium phosphide nanotubes for formic acid electrooxidation. Carbon Energy 2022, 4, 283–293. [Google Scholar] [CrossRef]

	



Qiu, B.; Li, Q.; Shen, B.; Xing, M.; Zhang, J. Stober-like method to synthesize ultradispersed Fe3O4 nanoparticles on graphene with excellent Photo-Fenton reaction and high-performance lithium storage. Appl. Catal. B Environ. 2016, 183, 216–223. [Google Scholar] [CrossRef]

	



Spyrou, K.; Gournis, D.; Rudolf, P. Hydrogen Storage in Graphene-Based Materials: Efforts Towards Enhanced Hydrogen Absorption. ECS J. Solid State Sci. Technol. 2013, 2, M3160–M3169. [Google Scholar] [CrossRef]

	



Cabria, I.; López, M.J.; Alonso, J.A. Theoretical study of the transition from planar to three-dimensional structures of palladium clusters supported on graphene. Phys. Rev. B 2010, 81, 035403. [Google Scholar] [CrossRef]

	



López, M.J.; Cabria, I.; Alonso, J.A. Palladium Clusters Anchored on Graphene Vacancies and Their Effect on the Reversible Adsorption of Hydrogen. J. Phys. Chem. C 2014, 118, 5081–5090. [Google Scholar] [CrossRef]

	



Yoon, M.; Yang, S.; Wang, E.; Zhang, Z. Charged Fullerenes as High-Capacity Hydrogen Storage Media. Nano Lett. 2007, 7, 2578–2583. [Google Scholar] [CrossRef] [PubMed]

	



Kubas, J. Dihydrogen Complexes as Prototypes for the Coordination Chemistry of Saturated Molecules. Proc. Natl. Acad. Sci. USA 2007, 104, 6901–6907. [Google Scholar] [CrossRef]

	



Henkelman, G.; Jónsson, H. A climbing image nudged elastic band method for finding saddle points and minimum energy paths. J. Chem. Phys. 2000, 113, 9901–9904. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, K.; Guan, C.; He, Z.; Lu, Z.; Chen, T.; Liu, J.; Tan, X.; Yang Tan, T.T.; Li, C.M. Surface functionalization-enhanced spillover effect on hydrogen storage of Ni–B nanoalloy-doped activated carbon. Int. J. Hydrogen Energy 2011, 36, 13663–13668. [Google Scholar] [CrossRef]

	



Chen, C.-H.; Chung, T.-Y.; Shen, C.-C.; Yu, M.-S.; Tsao, C.-S.; Shi, G.-N.; Huang, C.-C.; Ger, M.-D.; Lee, W.-L. Hydrogen storage performance in palladium-doped graphene/carbon composites. Int. J. Hydrogen Energy 2013, 38, 3681–3688. [Google Scholar] [CrossRef]

	



Li, J.; Jin, C.; Qian, R.; Wu, C.; Wang, Y.; Yan, Y.; Chen, Y. Hydrogen absorption-desorption cycle decay mechanism of palladium nanoparticle decorated nitrogen-doped graphene. Prog. Nat. Sci. Mater. Int. 2021, 31, 514–520. [Google Scholar] [CrossRef]

	



Wei, L.; Mao, Y. Enhanced hydrogen storage performance of reduced graphene oxide hybrids with nickel or its metallic mixtures based on spillover mechanism. Int. J. Hydrogen Energy 2016, 41, 11692–11699. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, Z.; Wang, T. Enhanced hydrogen storage performance of three-dimensional hierarchical porous graphene with nickel nanoparticles. Int. J. Hydrogen Energy 2018, 43, 11120–11131. [Google Scholar] [CrossRef]








[image: Materials 16 04219 g001 550] 





Figure 1. SEM images of 3D Pd3P0.95/P-rGO prepared at different thermal reduction temperatures (300, 500, 700, 900 °C): (a,e) Pd3P0.95/P-rGO-300, (b,f) Pd3P0.95/P-rGO-500, (c,g) Pd3P0.95/P-rGO-700, and (d,h) Pd3P0.95/P-rGO-900. 
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Figure 2. (a) XRD patterns and (b) Raman spectra of 3D Pd3P0.95/P-rGO prepared at different thermal reduction temperatures (300, 500, 700, 900 °C). 
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Figure 3. (a) N2 adsorption–desorption curves (inset shows pore size distribution) and (b) summary of specific surface area and pore volume of 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) prepared at different thermal reduction temperatures. 






Figure 3. (a) N2 adsorption–desorption curves (inset shows pore size distribution) and (b) summary of specific surface area and pore volume of 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) prepared at different thermal reduction temperatures.



[image: Materials 16 04219 g003]







[image: Materials 16 04219 g004 550] 





Figure 4. XPS spectra of 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) prepared at different thermal reduction temperatures: (a) survey spectra, (b) the relative content of each element, (c) C 1s, (d) P 2p, and (e) Pd 3d orbitals. 
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Figure 5. (a) Hydrogen adsorption kinetic curves and (b) hydrogen adsorption rate in the first 2 h of 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) and 2D Pd3P/P-rGO from [24] at 4 MPa/298 K. 
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Figure 6. (a) The optimized structure of H2 adsorbed on Pd3P/P-rGO; (b) the minimum energy path (MEP) for the spillover of hydrogen on Pd3P/P-rGO; and (c) single H2-Pd3P/P-rGO spillover reaction time as a function of temperature (TS: transition state, FS: final state). 
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Table 1. Comparison of hydrogen storage capacities of 3D Pd3P0.95/P-rGO-Y (Y = 300, 500, 700, 900 °C) presented in the present work with those of previously reported graphene-based materials.
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	Materials
	Temperature (K)
	Pressure a
	H2 Storage (wt%)
	Ref.





	3D graphene
	77
	1 bar
	1.4
	[47]



	Pd-graphene/carbon
	298
	8 MPa
	0.82
	[48]



	Pd/N-rGO
	298
	4 MPa
	2.90
	[49]



	Ni/Pd-rGO
	293.15
	800 mmHg
	0.13
	[50]



	3DHPG-Ni-7.5 nanocomposite
	77
	5 bar
	4.22
	[51]



	3DHPG-Ni-7.5 nanocomposite
	298
	5 bar
	1.95
	[51]



	3D Pd3P0.95/P-rGO-300
	298
	4 MPa
	2.43
	This work



	3D Pd3P0.95/P-rGO-500
	298
	4 MPa
	3.79
	This work



	3D Pd3P0.95/P-rGO-700
	298
	4 MPa
	3.31
	This work



	3D Pd3P0.95/P-rGO-900
	298
	4 MPa
	3.05
	This work







a 1 bar = 0.1 MPa, 1 bar = 750.1 mmHg.
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