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Abstract

:

Porous carbon nanofibers doped with nickel (Ni) were successfully fabricated through electrospinning, carbonization, and CO2 activation techniques using polyacrylonitrile (PAN) and petroleum pitch as carbon sources and nickel acetate as the dopant. During the activation process, Ni was reduced and dispersed in situ on the carbon matrix. The effects of Ni doping content on the morphology and structure of the carbon nanofibers were systematically investigated using SEM, TEM, XPS, XRD, Raman, and BET analyses. The experimental results revealed that the prepared materials had a hierarchically porous structure and that Ni nanoparticles played multiple roles in the preparation process, including catalyzing pore expansion and catalytic graphitization. However, particle agglomeration and fiber fracture occurred when the Ni content was high. In the adsorption/desorption experiments, the sample with 10 wt% Ni doping exhibited the highest specific surface area and micropore volume of 750.7 m2/g and 0.258 cm3/g, respectively, and had the maximum hydrogen storage capacity of 1.39 wt% at 298 K and 10 MPa. The analyses suggested that the hydrogen adsorption mechanism contributed to enhanced H2 adsorption by the spillover effect in addition to physisorption.






Keywords:


carbon nanofiber; petroleum pitch; electrospinning; hydrogen adsorption; spillover












1. Introduction


The demand for global energy has continued to rise, and energy and environmental issues have become increasingly important worldwide. Conventional fossil fuels produce large amounts of greenhouse gases, such as CO2, which contribute to global warming. To mitigate the effects of climate change and address concerns about energy security, it is crucial to develop new energy sources that can replace fossil fuels. Hydrogen (H2) is an ideal clean energy source that produces no carbon emissions during combustion and only water as a byproduct. It is also the most abundant element in the universe, making it a rich source for H2 production [1,2,3,4,5]. Moreover, hydrogen has a higher gravimetric energy density than hydrocarbon fuels such as gasoline and kerosene [6]. As a result, hydrogen energy has become a hot topic in the global energy field and is considered a feasible technology for promoting the global energy transition. European and American governments, as well as important international organizations such as the International Energy Agency, have high expectations for the hydrogen energy economy [7].



The volumetric energy density of hydrogen is quite low compared to that of gasoline or other hydrocarbons, although hydrogen has a high gravimetric energy density [6]. This greatly limits the efficient utilization of hydrogen energy, as the volume of 1 kg H2 is about 11,250 L at atmospheric temperature and pressure, and the volumetric energy density of compressed hydrogen (4.7 MJ/L) at 70 MPa is only about one-sixth of that of gasoline (31.7 MJ/L). Thus, the safe and efficient storage and transportation of hydrogen at ambient temperature and pressure is the biggest challenge for hydrogen energy technology, and how to store hydrogen safely and tightly is the key to its application.



Currently, research on hydrogen storage mainly focuses on improving hydrogen energy density, with methods including (i) compressed hydrogen; (ii) liquefied hydrogen; (iii) chemical hydrogen storage (e.g., metal hydrides or other hydrogen-containing compounds); and (iv) physical adsorption (i.e., adsorption on materials with a high surface area) [8]. Compressed hydrogen, which requires a high-pressure vessel (up to 70 MPa), is the most commonly used method of hydrogen storage. However, this method has a low hydrogen storage density (only 39.1 kg/m3 at 70 MPa) and requires a high storage vessel [9]. Liquefied hydrogen has a high storage density (0.071 kg/L), but it needs to be stored at an ultra-low temperature of 20 K and requires a high level of adiabatic capacity for the storage tank used, and the energy consumed in this process is about 25~45% of the stored hydrogen energy. Therefore, it is mostly used in the aerospace industry at present [6,10].



In recent years, adsorbent materials have been widely studied for hydrogen storage as a potential solution to the limitations of other storage methods. Among these materials, carbon-based materials have gained significant attention due to their simple preparation process, cost-effectiveness, high specific surface area, and fast desorption speed [11]. Various carbon materials have been explored for hydrogen storage, including activated carbon [12,13], carbon nanotubes [14], carbon aerogels [15], and carbon nanofibers [16,17,18]. The hydrogen storage capacity of these materials depends on their physicochemical properties. For instance, carbon nanotubes have hydrogen adsorption sites mainly on their internal/external surface and interplanar spacing, with multi-walled carbon nanotubes having an advantage over single-walled carbon nanotubes for hydrogen storage [19,20]. Moreover, Browning et al. proposed that hydrogen adsorption on carbon nanofibers involves a slow chemisorption process, where the rate of hydrogen adsorption is determined by the rate of hydrogen dissociation on graphite edge sites, and the dissociated hydrogen atoms subsequently migrate into the graphite sheets before adsorbing on the carbon nanofiber surface [21].



Relevant studies on hydrogen storage in carbon-based materials have mainly focused on low-temperature conditions, specifically at liquid nitrogen temperature (77 K), while less attention has been paid to the hydrogen storage performance at ambient temperature. Musyoka et al. [22] synthesized activated carbon with high microporosity from unburned fly ash with high carbon content, which exhibited a hydrogen storage capacity of 1.35 wt% at 77 K and 1 bar. Sevilla et al. [23] obtained activated carbons with ultra-high specific surface areas (3000~3500 m2/g) by chemically activating polypyrrole as a carbon precursor with KOH and showed a maximum hydrogen adsorption capacity of 7.03 wt% (77 K, 20 bar). Moreover, the hydrogen storage capacity of carbon materials can be improved by adding transition metals to the carbon matrix via the hydrogen spillover mechanism. Kim et al. [24] prepared PAN-based palladium-coated porous carbon nanofibers through co-electrospinning and experimentally evaluated their hydrogen storage performance in the presence of Pd particles. The results showed that the hydrogen adsorption capacity of Pd-coated carbon nanofibers was 0.82 wt% at 298 K and 0.1 MPa, with hydrogen spillover contributing 0.23 wt% H2. Computational and simulation studies have also shown that transition metal atoms can act as active sites for H2 dissociation and hydrogen spillover while reducing the energy barrier for H2 dissociation [25].



Among the various raw materials for synthesizing carbon materials, petroleum pitch is undoubtedly one of the cheapest. It is a waste by-product of crude oil refining that offers several advantages, including easy graphitization, high carbon yield, and low cost compared to polyacrylonitrile [26]. In addition, electrospinning is a widely adopted method for fabricating nanofibers, and it stands out as a simple, versatile, and scalable technique specifically for fabricating carbon nanofibers. One of the notable advantages of electrospinning is its capability to adjust various parameters, including solution concentration, flow rate, and applied voltage, to produce nanofibers with specific diameters, surface areas, and porosity, catering to the desired properties and applications [27,28].



This study aims to fabricate hierarchically porous carbon nanofibers with well-dispersed nickel nanoparticles using electrospinning and to investigate their hydrogen storage performance at ambient temperature. Specifically, this study: (1) synthesizes nickel-doped porous carbon nanofibers from polyacrylonitrile and petroleum pitch as carbon sources and nickel acetate as dopant; (2) characterizes the morphology, structure, chemical composition, and pore texture of the prepared materials by various techniques; (3) evaluates the hydrogen adsorption/desorption properties of the prepared materials at 298 K and different pressures by PCT method and compares them with undoped samples; (4) analyzes the effect of nickel doping content on the pore structure and hydrogen storage performance of porous carbon nanofibers and explores the possible adsorption mechanism involving physical adsorption and spillover effect. This study provides a feasible strategy for the fabrication of carbon-based materials for room-temperature hydrogen storage and contributes to the development of clean energy technology. The novelties of this study include the use of petroleum pitch as a carbon source and the multiple roles of Ni particles in pore expansion, catalytic graphitization, and enhanced H2 adsorption.




2. Experiments


2.1. Materials and Fabrication


All chemicals were obtained commercially and used without any purification. Petroleum pitch was bought from Dalian Mingqiang Chemical Materials Co., Ltd. (Dalian, China). Polyacrylonitrile (PAN) with molecular weight of 150,000 g/mol, nickel acetate tetrahydrate (Ni(Ac)2·4H2O) and N, N-dimethylformamide (DMF) were both purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Tetrahydrofuran (THF) was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).



PAN and petroleum pitch were used as carbon sources, DMF and THF were used as solvents, and nickel acetate tetrahydrate was used as the dopant. The homogeneous spinning solution for electrospinning was prepared by adding the solution of pitch in THF to PAN in DMF solution to achieve a mixed solution with a PAN/pitch weight ratio of 75/25 wt%, and then a given amount of Ni(Ac)2·4H2O was added to it and magnetic stirring was performed at room temperature for 8 h. After that, the prepared precursor solution was injected into a syringe with a 0.6 mm inner diameter flat needle, and the PAN/pitch/Ni(Ac)2 spinning solution was electrospun into nanofibers using an electrospinning device (SNZJ-1400, Qingdao Sibeining Intelligent Equipment Co., Ltd., Qingdao, China), and the corresponding spinning parameters were set as follows: flow rate of 0.6 mL/h, applied voltage of 15 kV, and tip-to-collector distance of 13 cm. The prepared electrospun nanofibers were heated from room temperature to 250 °C in a muffle furnace at a heating rate of 2 °C/min and maintained for 90 min to obtain the pre-oxidized precursor. Finally, a tube furnace was used to carbonize at 900 °C in a nitrogen atmosphere for 1 h at a heating rate of 5 °C/min, and subsequent activation was carried out in a CO2 atmosphere for 30 min. The target products obtained were noted as ACNF, ACNF-1, ACNF-2, and ACNF-3 according to the weight ratio of nickel acetate (0, 10, 20, and 30 wt%), respectively (Figure 1).




2.2. Characterizations


The microstructure and surface morphology of samples were examined using a field emission scanning electron microscope (FE-SEM, Hitachi S4800, Hitachi Ltd., Tokyo, Japan) equipped with an energy dispersive spectroscopy (EDS) at an accelerated voltage of 5 kV, and the fiber diameters in the SEM images were measured using Image J software (V1.8.0.112). The lattice striations and Ni particle size of the samples were further observed by transmission electron microscopy (TEM, JEM-2100F, JEOL Ltd., Tokyo, Japan). The crystal structure of the samples was analyzed by X-ray diffraction (XRD, Bruker D2 Phaser, Bruker Corporation, MA, USA), and Raman analysis (Thermo Scientific DXR, Thermo Fisher Scientific Inc., MA, USA) was employed to investigate the relative graphitic characteristics of the samples. The surface chemical state of prepared samples was detected by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Thermo Fisher Scientific Inc., MA, USA) with an Al Kα X-ray source (12 kV, 6 mA). The specific surface area of the samples was determined according to the Brunauer–Emmett–Teller (BET) method using a fully automated surface area and pore size analyzer (Autosorb iQ-3, Anton Paar GmbH, Graz, Austrian) at liquid nitrogen temperature for nitrogen adsorption/desorption testing. The hydrogen adsorption of the prepared material was performed by the PCT method employing an automatic high-pressure gas sorption analyzer (BSD-PH, BeiShiDe Instrument, Beijing, China) at 298 K and a hydrogen pressure range of 0~10 MPa. All samples were degassed in a vacuum degassing station for 3 h at 300 °C before the adsorption analysis. The purity of all gases used for adsorption analysis was 99.999%.





3. Results and Discussion


The microstructure and surface morphology of the samples were characterized by FE-SEM, and the elemental distribution in the samples was analyzed by EDS elemental mapping. Figure 2a–d show the high-magnification SEM images of ACNF, ACNF-1, ACNF-2, and ACNF-3, respectively. The results of fiber diameters and their distribution analysis show that the fiber diameter of all samples is approximately 200 nm, which indicates that the doping of Ni has no obvious effect on the diameter of carbon nanofibers. As for the surface morphology, the surface of the ACNF sample is almost impossible to observe the obvious pore structure (Figure 2a), while abundant pore structures appear in other samples. In ACNF-2 and ACNF-3, especially, both the inside and the surface of the fiber possess an inhomogeneous pore structure, and the carbon fiber is also fractured to varying degrees. Figure 2e,f are the EDS elemental mapping images of ACNF-3 as well as the corresponding spectra. The results indicate that ACNF-3 is mainly composed of C, N, Ni, and O elements, and the weight percentage of Ni nanoparticles dispersed on the surface of the sample is 16.87%. It can thus be deduced that the introduction of nickel during the heat treatment can enrich the pore structure of carbon nanofibers, thereby providing more active sites and radial diffusion channels for hydrogen adsorption [18]. However, the high doping content of Ni in the sample will also lead to interparticle agglomeration, thus reducing the adsorption/desorption performance of hydrogen [29]. Figure 3 shows the TEM images of ACNF-3 at different resolutions. It is obvious from Figure 3a,b that the fiber surface is rough and porous, and the Ni nanoparticles anchored in the fiber with their diameter ranging from 10 to 40 nm. In the high-resolution TEM images of ACNF-3 (Figure 3c,d), the lattice spacing of about 0.356 nm corresponds to the (002) planes of graphitic carbon, suggesting the amorphous carbon is partially converted to graphitic carbon.



The surface chemical structure as well as the valence states of elements for ACNF and ACNF-3 were further analyzed by X-ray photoelectron spectroscopy (XPS). XPS results clearly exhibited signals of C, N, and O elements in all samples, and the presence of Ni was detected in the composition of ACNF-3 (Figure 4a). The Ni atomic content of ACNF-3 was approximately 1.08 at.%, and its C content (92.48 at.%) was slightly higher than that of ACNF (91.18 at.%). The high-resolution C 1s spectrum of ACNF-3 (Figure 4b) could be deconvoluted into three sub-peaks, which were C=C and C-C (184.2 eV), C-O, C-N, and C=N (285.2 eV), and O-C=O (289.2 eV) [30,31,32]. The deconvolution for the N 1s spectrum of ACNF revealed that the nitrogen species were mainly pyridinic-N (397.9 eV), pyrrolic-N (398.7 eV), and graphitic-N (400.4 eV) [33], and pyridinic-N as well as graphitic-N also existed in ACNF-3 (Figure 4c). For nitrogen-containing carbon materials, it has been generally recognized that the introduction of pyridinic-N into the carbon skeleton can interact with the loaded active metal to enhance binding energy between metal particles and the carbon skeleton, which has a positive effect on hydrogen adsorption [32,34]. As shown in Figure 4d, in the high-resolution Ni 2p spectrum of ACNF-3, two dominant peaks are observed at 853.1 eV and 870.6 eV with a spin-orbit splitting of 17.5 eV, which are attributed to Ni 2p3/2 and Ni 2p1/2 of metallic Ni, respectively. Similarly, the peaks at 856.2 eV and 874.6 eV are assigned to the oxidized state of Ni, while the two shake-up peaks at 860.9 eV and 879.3 eV correspond to its satellite peaks [35,36,37].



The crystallographic plane and crystallite size of the samples were analyzed by wide-angle XRD technique, and the corresponding XRD patterns are shown in Figure 5a. A common diffraction peak at 2θ angle of ~25° was observed in all samples, which corresponded to the crystal plane (002) of the amorphous carbon [38]. It is not hard to perceive that the broad diffraction peak at ~23° is red-shifted to a sharp diffraction peak at ~26° as the nickel content increases, and the corresponding interlayer spacing (d002) of the samples calculated by the Bragg equation decreases from 0.385 nm to 0.342 nm, indicating that the nickel doping improves the graphitization degree of the carbon matrix to a certain extent [17,39]. Moreover, the diffraction peaks observed at 2θ angles of 44.5°, 51.8°, and 76.4° correspond to the (111), (200), and (220) crystal planes of Ni (JCPDS No.04-0850), respectively. This reveals that the Ni species on the surface of the carbon matrix exist in metallic form, and the crystallite size of Ni nanoparticles was calculated according to the Scherrer equation ranging from 35.8 nm for ACNF-1 to 42.8 nm for ACNF-3 [19,40]. The oxidation state of Ni determined in the previous XPS analysis did not observe the corresponding characteristic peaks here. It could be due to the fact that the NiO exposed on the surface of the carbon matrix was reduced to metallic Ni by the CO generated during the CO2 activation, while the NiO present inside it could not be detected by the instrument. This also further confirms that metal nanoparticles move to form pores during the activation process [41].



To further investigate the structural defects of carbon and disordered graphite structure in ACNFs, Raman analysis was performed on the samples. As can be seen in Figure 5b, all samples show two distinct characteristic peaks at 1350 cm−1 and 1580 cm−1, corresponding to the D and G bands, respectively, while other samples except ACNF possess a slight 2D band at around 2700 cm−1. Typically, the D band at 1350 cm−1 is associated with structural defects of sp3 hybridized carbon atoms and reflects the disordered graphite structure, whereas the G band at 1580 cm−1 is related to sp2 carbon atoms and the 2D band represents the interlayer stacking order of carbon atoms in the sample [35,42]. The intensity ratio, R (ID/IG), between the D and G bands reveals the relative degree of disorderedness in the carbon materials, and the lower the R-value, the higher the degree of graphitization of the carbon material [43]. The Raman spectra of ACNF-1 have the minimum R-value, as was also confirmed by the XRD analysis discussed above. Subsequently, the further increase in Ni doping content also leads to the increase in R-value, which may be due to the excessive nickel entering inside the carbon matrix and hindering the construction of the carbon hexagonal network, thus resulting in a decrease in graphitization [44,45].



The nitrogen adsorption/desorption isotherms of the sample and the corresponding pore size distribution are shown in Figure 6. It can be seen from Figure 6a that the N2 adsorption/desorption isotherms of all samples exhibit high adsorption capacities at a low relative pressure (P/P0 < 0.1), indicating the presence of micropores in the samples. The isotherms of ACNF samples correspond to type I according to the IUPAC classification [46]. By contrast, ACNF-1, ACNF-2, and ACNF-3 present a type IV isotherm with obvious type H3-type hysteresis loops, suggesting that the three samples possess a hierarchically porous structure, which implies the existence of micropores, mesopores, and macropores [47,48]. The difference in pore structure of the samples could be further revealed by the pore size distribution calculated by the NLDFT (non-local density functional theory) method. As can be seen in Figure 6b, most of the pores in ACNF and ACNF-1 are micropores below 2 nm. Compared with ACNF, ACNF-1 has a considerable number of mesopores with pore sizes between 3.5 and 4.5 nm. As for ACNF-2 and ACNF-3, except for some micropores, the pore sizes are shifted towards larger pores and are predominantly mesoporous.



The specific surface area and pore texture parameters of the samples are shown in Table 1, and the specific surface area was calculated by the Brunauer–Emmett–Teller (BET) equation. Compared with ACNF, the specific surface area and pore volume of ACNF-1 increased to 750.7 m2/g and 0.515 cm3/g, respectively, indicating that the in situ doped Ni nanoparticles played a significant catalytic role in pore expansion during the activation process [41]. The subsequent increase in pore size with increasing Ni content also confirmed this. However, the excessive doping of nickel also led to the blockage of pore channels in the as-prepared sample, which reduced its specific surface area. Therefore, an appropriate proportion of Ni nanoparticles contributed to increasing the specific surface area and micropore volume, and a higher specific surface area and micropore volume were beneficial for its application in hydrogen storage [49].



Figure 7b displays the hydrogen adsorption isotherms of the prepared material at 298 K and 0~10 MPa. In the absence of Ni nanoparticle doping, hydrogen molecules are adsorbed in the micropores and slits of the porous carbon by van der Waals forces. It has been reported that the hydrogen storage capacity of porous carbon materials is not totally dependent on the specific surface area of the materials themselves, and hydrogen adsorption at high pressure also strongly depends on the pore size of the materials [50]. The kinetic diameter of hydrogen molecules is 0.4059 nm, and hydrogen molecules can be effectively captured when the pore width is 0.6~0.7 nm [51], while nanopores with a size of 1.5~2.5 nm can also provide diffusion pathways and storage space for hydrogen molecules [49]. As for Ni-doped porous carbon materials, hydrogen adsorption occurs in the material via the spillover effect, that is, the hydrogen molecules on the surface of the Ni nanoparticles are dissociated into hydrogen atoms and migrate to the micropore channels of the porous carbon, thereby improving the hydrogen adsorption capacity of the materials [19,38] (Figure 7a). Among the prepared porous carbons, ACNF-1 exhibited the highest hydrogen adsorption capacity, with a high hydrogen adsorption capacity of 1.39 wt% at 298 K and 10 MPa, mainly due to the high microporous specific surface area associated with narrow micropores (0.6~0.7 nm) of ACNF-1 [52].



According to the Chahine rule, the hydrogen adsorption capacity on porous carbon is approximately 1 wt% H2 per 500 m2/g of the surface area at 77 K and 20 bar [54,55]. Considering that the hydrogen storage temperature employed in this study is 298 K, it is necessary to carry out a systematic analysis in conjunction with the data reported in related studies (Figure 7c). In a similar manner to the Chahine rule, the hydrogen adsorption capacity per unit specific surface area of pure porous carbon can be estimated as 1.73 × 10−3 wt% at 298 K [56]. Based on this calculation, the theoretical hydrogen adsorption capacity was determined to be 1.29 wt%. Thus, ~0.1 wt% of hydrogen was dissociated and accumulated on the interface between the Ni nanoparticle–carbon matrix via the spillover effect during the adsorption process.



In addition, a comparison of the hydrogen storage performance of comparable adsorbents (as shown in Table 2) reveals the conclusion that low temperature and high pressure are necessary to improve the hydrogen storage capacity of the materials. Furthermore, elemental doping and increasing the specific surface area (particularly the specific surface area of micropores) are also effective methods for improving the hydrogen adsorption performance of carbon-based materials. The hydrogen storage capacity of Ni-doped porous carbon materials prepared in this study is comparable to or even better than some high specific surface area adsorbents listed in the table, which is of great significance for the subsequent research on materials with higher hydrogen storage performance.




4. Conclusions


In this study, an in situ doping method based on electrospinning was presented to fabricate hierarchically porous carbon nanofibers with well-dispersed Ni nanoparticles using polyacrylonitrile and pitch as precursors by pre-oxidation, carbonization, and CO2 activation processes. The effect of Ni doping content on the structure and hydrogen storage performance of porous carbon nanofibers were systematically investigated. We found that nickel doping improved the pore structure and graphitization degree of carbon nanofibers and enhanced the hydrogen adsorption capacity by the spillover effect. When the Ni doping content was 10 wt%, the sample exhibited the highest specific surface area and micropore volume of 750.7 m2/g and 0.258 cm3/g, respectively. In the hydrogen adsorption/desorption experiments, the sample ACNF-1 presented the best hydrogen storage performance at 298 K and 10 MPa with a storage capacity of 1.39 wt%. This study provides a feasible strategy for the fabrication of carbon-based materials for room-temperature hydrogen storage. However, some limitations of the synthesized material should be noted, such as the low hydrogen storage capacity compared to the DOE target, and the possible agglomeration and fracture of carbon nanofiber at high Ni doping content. Further studies are needed to optimize the synthesis parameters, explore other dopants or modifiers, and evaluate the long-term performance of the material for practical applications.
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Figure 1. The schematic illustration of the fabrication of Ni-doped porous carbon nanofibers. 
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Figure 2. FE-SEM images of (a) ACNF, (b) ACNF-1, (c) ACNF-2, (d) ACNF-3, and (e,f) EDS elemental mapping images and EDS spectra. 
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Figure 3. (a,b) TEM images and (c,d) high-resolution TEM images of ACNF-3. 
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Figure 4. (a) XPS surveys of ACNF and ACNF-3, (b) high resolution C 1s XPS spectra, (c) high resolution N 1s XPS spectra, and (d) high resolution Ni 2p XPS spectra of ACNF-3. 
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Figure 5. (a) XRD patterns and (b) Raman spectra of ACNF, ACNF-1, ACNF-2, and ACNF-3. 
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Figure 6. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distributions of ACNF, ACNF-1, ACNF-2, and ACNF-3. 
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Figure 7. (a) Schematic illustration of hydrogen spillover mechanism on Ni-dispersed carbon nanofibers, (b) hydrogen adsorption isotherms of ACNFs at 298 K, and (c) comparison with hydrogen storage capacity of carbon-based materials (measured at 298 K, 10 MPa) [24,29,32,53]. 
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Table 1. Pore structure parameters and hydrogen storage of samples.
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	Sample
	SBET a (m2/g)
	Vtotal b (cm3/g)
	Smicro c (m2/g)
	Vmicro d (cm3/g)
	D e (nm)
	H2 Uptake f (wt%)





	ACNF
	347.1
	0.213
	308.8
	0.120
	2.5
	0.60



	ACNF-1
	750.7
	0.515
	666.8
	0.258
	2.7
	1.39



	ACNF-2
	387.7
	0.527
	218.3
	0.092
	5.3
	0.85



	ACNF-3
	415.8
	0.811
	245.4
	0.101
	7.8
	0.66







a SBET: BET specific surface area. b Vtotal: total pore volume. c Smicro: micropore surface area, calculated by the t-plot method. d Vmicro: micropore volume, determined by the Horvath–Kawazoe (HK) method. e D: average pore width. f H2 uptake: hydrogen uptake capacity at 298 K and 10 MPa.
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Table 2. A comparison of hydrogen adsorption capacity of various materials.
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Absorbents

	
SBET (m2/g)

	
Condition

	
H2 Uptake (wt%)

	
References




	
Temp. (K)

	
Pres. (bar)






	
Cu-impregnated AC

	
1459

	
298

	
80

	
0.34

	
[53]




	
Ni-doped MWNCT

	
-

	
298

	
20

	
0.298

	
[20]




	
B,N-CNTs

	
-

	
77

	
16

	
1.96

	
[57]




	
Ni-ACF

	
774

	
298

	
50

	
0.75

	
[19]




	
N-doped PC

	
2919

	
77

	
1

	
2.71

	
[52]




	
Pd-loaded CF

	
815.6

	
298

	
1

	
0.82

	
[24]




	
Pt-doped CA

	
379

	
77

	
22

	
5.15

	
[54]




	
PC

	
2564.6

	
77

	
1

	
2.67

	
[55]




	
Ni-plated PCNF

	
1310

	
298

	
100

	
2.2

	
[58]




	
Ni-loaded ACNF

	
763.4

	
298

	
100

	
2.12

	
[32]




	
Ni-doped ACNF

	
750.7

	
298

	
100

	
1.39

	
This work
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