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Abstract: An overview is given of the development of sorbent materials for hydrogen storage.
Understanding the surface properties of the adsorbed film is crucial to optimize hydrogen storage
capacities. In this work, the lattice gas model (Ono-Kondo) is used to determine the properties
of the adsorbed hydrogen film from a single supercritical hydrogen isotherm at 77 K. In addition,
this method does not require a conversion between gravimetric excess adsorption and absolute
adsorption. The overall average binding energy of hydrogen is 4.4 kJ/mol and the binding energy at
low coverage is 9.2 kJ/mol. The hydrogen film density at saturation is 0.10 g/mL corresponding to a
local pressure of 1500 bar in the adsorbed phase.
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1. Introduction

The standard physical-based methods for the transport and storage of hydrogen are compressed,
liquefied, and cryo-compressed hydrogen. Hydrogen storage in materials emerged as a safe and
practical alternative for vehicles. Hydrogen can be stored by physisorption or chemisorption in
materials. In chemisorption, hydrogen is absorbed in metal hydrides through ionic, covalent,
or metallic-type bonds. Chemical hydrides are liquids or solids which release hydrogen when heated or
exposed to a catalyst [1,2]. However, chemisorption is not reversible. Metal hydrides release hydrogen
at high temperature and chemical hydrides require recycling for each charging cycle. In physisorption,
hydrogen molecules are attracted to sorbents through weak van der Waals forces, without developing
a chemical bond. Activated carbon (AC), zeolites, and metal-organic framework (MOF) are the
leading materials for reversible hydrogen storage [3–9]. However, hydrogen storage capacities at
ambient temperatures are relatively low due to the weak binding energy. In fact, the heat of hydrogen
adsorption in such materials is in the range of about 4–8 kJ/mol [10–15].

The US Department of Energy (DOE) has set the 2020, 2025, and ultimate hydrogen storage targets
listed in Figure 1 [16]. Despite tremendous research efforts, no material developed until now meets the
technical system target set by US DOE. It is important to differentiate between material and system
storage capacities. While many materials in Figure 1 meet the ultimate DOE target, the system-based
storage is still below the DOE target. For instance, when the mass and volume of the engineering
components (tank, pipes, valves, vents, etc.) are considered, all storage metrics will fail to meet the
DOE targets.

Increasing the hydrogen storage capacities of an adsorbent material to meet the DOE targets
requires a high specific surface area and an optimal binding energy of 15 kJ/mol [17]. A low binding
energy results in low storage capacities and a high binding energy results in non-reversible storage as
in the case of chemisorption. In our previous work, we have discussed methods to optimize the binding
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energy by modifying the surface chemistry and the pore size distribution [18,19]. The binding energy of
hydrogen is usually determined using two isotherms at nearby temperatures using Clausius-Clapeyron
equation. The determination of the experimental binding energy of hydrogen has been a challenge
since it requires a conversion from experimental excess adsorption to absolute adsorption using the
volume of the adsorbed film [20]. Firlej et al. proposed a method to determine the high-coverage
binding energy using a single isotherm and the pore-size distribution [21]. Aranovich and Donohue
were the first to explore the Ono-Kondo model for slit-shaped pores [22]. Chahine et al. applied
it to supercritical gas using a linear fit to excess adsorption [23]. In this work, the average binding
energy at low coverage and the overall average binding energy are extracted from a single supercritical
hydrogen adsorption isotherm using the lattice gas model and chi-squarre minimization algorithm.
In addition, the film density at maximum capacity and the local pressure in nanopores are determined
using the Ono-Kondo model.

Figure 1. Volumetric vs. gravimetric storage capacities in MOFs (red) and activated carbon (blue).
Metal (green) and chemical (violet) hydrides data are calculated based on the atomic composition.

2. Material and Methods

A commercial high-surface area carbon Maxsorb MSC-30 [24], produced by Kansai Coke and
Chemical Co., Ltd. (Hyogo, Japan) have been selected for this study. Samples are prepared for scanning
transmission electron microscopy (STEM) by dispersing the carbon in methanol and depositing it on
holey carbon support film. STEM micrographs in Figure 2 are taken using were performed on a Nion
UltraSTEM 100 with a third-generation C3/C5 aberration correction. 60 keV was used to avoid beam
damage on carbon. Figure 2 shows that activated carbon grains are formed of corrugated carbon sheets
with typical dimensions of 2–5 nm. The absence of graphitic components indicates that the carbon
has been completely activated. Consequently, using the slit-shaped pores structure for MSC-30 is a
suitable model for hydrogen adsorption on activated carbon.

Nitrogen adsorption isotherms were measured on an Autosorb instrument (Quantachrome,
Boynton Beach, FL, USA). The total pore volume (Vtot) is measured at a pressure of 0.995 P/P0 while
the specific surface area Σ is measured using the Brunauer-Emmett-Teller (BET) theory in the pressure
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range of 0.01 to 0.03 P/P0, which is suitable for nanoporous activated carbon. The surface area was
rounded to the nearest hundred. The intragranular porosity is calculated as follows:

φ =

[
1 +

(
ρskel ·

Vtot

ms

)−1
]−1

(1)

where ρskel = 2 g/cm3 is the skeletal density of activated carbon. The porosity φ is calculated from the
total pore volume (Vtot) using Equation (1).

ρapp = ρskel (1 − φ) (2)

Figure 2. STEM micrograph of MSC-30.

The apparent density ρapp is determined using Equation (2). Quenched solid-density functional
theory (QSDFT) for infinite slit-shaped pores is used to calculate the pore-size distribution. QSDFT is
a modified version of the non-local density functional theory (NLDFT). NLDFT, which assumes
a flat graphitic pore structure, has a significant drawback when applied to activated carbons
where heterogeneities obstruct layering transitions, thus leading to false minimums in the pore-size
distribution. This artifact has been completely eliminated with QSDFT by considering surface
roughness and heterogeneity. The surface is modeled using the distribution of solid atoms rather than
the source of the external potential field [25,26]. As a consequence, the resulting QSDFT pore-size
distributions are more reliable for high-surface area carbon.

The performance of an adsorbent is often measured by collecting an excess adsorption isotherm
and converting that into gravimetric and volumetric storage capacities by knowing the pore volume
of the adsorbent. Gravimetric excess adsorption is the mass of the adsorbed film minus the mass of
an equal volume of gas [27,28]. The output of computational adsorption isotherms is the absolute
adsorption. For practical engineering applications, the total storage capacity is the metric of interest.
Figure 3 shows the excess adsoprtion, absolute adsorption, and total storage capacity as a function
of pressure. Methane excess adsorption measurements at 35 bar and ambient temperature were
performed using a custom-built Sievert apparatus described extensively in literature [29–31].

Aranovich and Donohue extended the Ono-Kondo model to gas adsorption on activated carbon [22].
It was applied to supercritical fluid by Chahine et al. [23]. and more recently by Gasem et al. [32]. The excess
adsorption, determined from solving Ono-Kondo equations for slit shaped pores, has four parameters:
energy of the adsorbate-adsorbate interaction EH2−H2 (K), energy of adsorbate-adsorbent interaction E (K),
density of the adsorbed film at maximum capacity ρmc (g/mL), and a prefactor C related to the capacity of



Materials 2018, 11, 2235 4 of 8

the adsorbent for a specific gas. Aranovich and Donohue solved Ono-Kondo equations which relate the
density of each layer to the bulk density and found the following general equation for the excess adsorption.
Moreover, by neglecting the gas-gas interaction, one can reduce the number of parameters to three:

Ge (P, T) = 2C 1−wn

(1−w1)(1+wn−1
1 )

1− ρgas(P,T)
ρmc

(
1−e

E
KT

)
1+
(

ρmc
ρgas(P,T)−1

)
e

E
KT

(3)

where Ge (P, T) is the gravimetric excess adsorption, ρgas(P, T) is the density of hydrogen at pressure
P and temperature T, n is the number of layer in a slit of the microporous material, w1 is a factor which
is a function of three coordination number and the fluid-fluid interaction energy and other variables
discussed in detail by Aranovich and Donohue. For n = 2, the excess adsorption can be written as:

Ge (P, T) = 2C
1− ρgas(P,T)

ρmc

(
1−e

E
KT

)
1+
(

ρmc
ρgas(P,T)−1

)
e

E
KT

(4)

Chi-square Levenberg-Marquardt minimization algorithm was used to fit experimental excess
adsorption with Equation (2) for the Ono-Kondo Model.

Figure 3. Excess adsorption (red), absolute adsorption (orange), and total gravimetric storage capacity (black).

3. Results and Discussion

MSC-30 has BET surface area Σ = 2700 m2/g and an intragranular porosity φ = 0.77. The large
surface area indicates the absence of non-activated graphitic components and validates that MSC-30 is
mainly formed of graphene sheets oriented in random direction. The width of the pores represents the
separation between two graphene sheets. MSC-30 has pores smaller than 40 Å. In addition, Figure 4
shows the sample has a bimodal pore size distribution with peak at 7 Å and another peak at 20 Å.
Consequently, using the lattice gas model for slit-shaped pores is a valid approximation for high-surface
area activated carbon. Figure 5 shows the Ono-Kondo fit for MSC-30. This model provide the average
binding energies from a single isotherm. Most binding-energy determinations need two isotherms at
nearby temperatures (Clausius-Clapeyron), and those are known to be tricky at high coverage because
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it requires a good estimates of the film volume to construct accurate absolute adsorption isotherms.
As a consequence, there exist only a few accurate determinations of high-coverage binding energies.
The only other single-isotherm method to get an average or high-coverage binding energy requires
the knowledge of the pore-size distribution [21]. In contrast, this model provide the average binding
energy accurately from one single fit to the excess adsorption isotherm. In addition, it does not require
a conversion between gravimetric excess adsorption and absolute adsorption. The overall average
binding energy of hydrogen on MSC-30 is 4.43 ± 0.40 kJ/mol. This is comparable to the reported
binding energies between 4 and 8 kJ/mol of hydrogen on carbon [21]. In addition, the average binding
energy is 9.2 ± 0.74 kJ/mol at low coverage, which is obtained by fitting the excess adsorption at
densities below 0.01 g/mL. The results obtained in this work match the ones obtained from existing
methods. Using Clausius-Clapeyron equation, Purewal et al. reports an average heat of adsorption of
8–9 kJ/mol at low coverage and 6 kJ/mol at complete coverage for activated carbon [33]. In addition,
Schmitz et al. measured an average heat of adsorption between 4 and 5.7 kJ/mol for several sorbent
materials [34]. The hydrogen film density at saturation is 0.10 ± 0.06 g/mL, larger than the liquid
density of hydrogen at subcritical temperatures. Figure 4 shows the phase diagram of hydrogen
as a function of temperature. The hydrogen density in Figure 6 is from the National Institute of
Standards and Technology (NIST) Thermophysical Properties of Fluid [35]. At 80 K, the density of the
adsorbed film is equivalent to 1500 bar. Hydrogen molecule in the adsorbed phase are subject to local
pressures of 1500 bar due to the average overall binding energy of 4.4 kJ/mol. While the pressure in
the gas phase is between 0 and 200 bar, hydrogen molecules are subject to a pressure of 1500 bar in the
adsorbed phase. This pressure represents the combined average normal and tangential pressure on the
carbon surface. Normal and tangential pressure due to van der Waals force between Argon gas and
graphene in slit-shaped pores has been approximated between 103 and 104 bar [36]. Phases confined
in nanospaces exhibit a behavior that is different behavior from that of the bulk phase. Such difference
arise from reduced dimenionality and from the van der Waals interaction of the adsorbate molecules
with the walls of the porous materials.

Figure 4. Pore size distribution of MSC-30 from QSDFT.
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Figure 5. Ono-Kondo fit of the hydrogen Excess Adsorptionfor MSC-30.

Figure 6. Phase diagram showing the hydrogen density as a function of temperature at different pressures.

4. Conclusions

In summary, we presented a method to determine the properties of the adsorbed hydrogen film
from a single supercritical isotherm. This method does not require a conversion between gravimetric
excess adsorption and absolute adsorption. The average binding energy of hydrogen on nanoporous
carbon is 9.2 kJ/mol at low coverage. In addition, the overall average binding energy is 4.4 kJ/mol.
The hydrogen film density at saturation is 0.10 g/mL, which corresponds to a local pore pressure of
1500 bar.



Materials 2018, 11, 2235 7 of 8

Author Contributions: Conceptualization, J.R. and P.P.; Formal analysis, S.A.D. and R.R.; Funding acquisition,
J.R. Methodology, J.R., S.A.D. and R.R.; Project administration, J.R. and P.P.; Writing—original draft, J.R.;
Writing—review & editing, S.A.D., R.R. and P.P.

Funding: The postdoc salary of S.A.D. is funded by the Lebanese National Council for Scientific Research
(Project Number: 00752).

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Ley, M.B.; Meggouh, M.; Moury, R.; Peinecke, K.; Felderhoff, M. Development of hydrogen storage tank
systems based on complex metal hydrides. Materials 2015, 8, 5891–5921. [CrossRef] [PubMed]

2. Romanos, J.; Barakat, F.; Dargham, S.A. Nanoporous Graphene Monolith for Hydrogen Storage. Mater. Today Proc.
2018, 5, 17478–17483. [CrossRef]

3. Yan, Y.; Lin, X.; Yang, S.; Blake, A.J.; Dailly, A.; Champness, N.R. Exceptionally high hydrogen storage by a
metal–organic polyhedral framework. Chem. Commun. 2009, 1025–1027. [CrossRef] [PubMed]

4. Li, Z.; Yaping, Z.; Yan, S. Enhanced storage of hydrogen at the temperature of liquid nitrogen. Int. J. Hydrogen Energy
2004, 29, 319–322.

5. Furukawa, H.; Ko, N.; Go, Y.B.; Aratani, N.; Choi, S.B.; Choi, E. Ultrahigh Porosity in Metal-Organic
Frameworks. Science 2010, 329, 424–428. [CrossRef] [PubMed]

6. Suh, M.P.; Park, H.J.; Prasad, T.K.; Lim, D.W. Hydrogen storage in metal–organic frameworks. Chem. Rev.
2011, 112, 782–835. [CrossRef] [PubMed]

7. Farha, O.K.; Yazaydın, A.Ö.; Eryazici, I.; Malliakas, C.D.; Hauser, B.G.; Kanatzidis, M.G. De novo synthesis
of a metal–organic framework material featuring ultrahigh surface area and gas storage capacities. Nature
2010, 2, 944–948. [CrossRef] [PubMed]

8. Bénard, P.; Chahine, R. Storage of hydrogen by physisorption on carbon and nanostructured materials.
Scr. Mater. 2007, 56, 803–808. [CrossRef]

9. Nishihara, H.; Hou, P.X.; Li, L.X.; Ito, M.; Uchiyama, M.; Kaburagi, T. High-Pressure Hydrogen Storage in
Zeolite-Templated Carbon. J. Phys. Chem. C 2009, 113, 3189–3196. [CrossRef]

10. Kuchta, B.; Firlej, L.; Mohammadhosseini, A.; Beckner, M.; Romanos, J.; Pfeifer, P. Open carbon frameworks-a
search for optimal geometry for hydrogen storage. J. Mol. Model. 2013, 19, 4079–4087. [CrossRef] [PubMed]

11. Bult, J.B.; Lee, J.; O’Neill, K.; Engtrakul, C.; Hurst, K.E.; Zhao, Y.; Simpson, L.J.; Parilla, P.A.; Gennett, T.;
Blackburn, J.L. Manipulation of Hydrogen Binding Energy and Desorption Kinetics by Boron Doping of
High Surface Area Carbon. J. Phys. Chem. C 2012, 116, 26138–26143. [CrossRef]

12. Sevilla, M.; Mokaya, R. Energy storage applications of activated carbons: supercapacitors and hydrogen
storage. Energy Environ. Sci. 2014, 7, 1250–1280. [CrossRef]

13. Govind, S.; Abdelhamid, S. Activated carbon with optimum pore size distribution for hydrogen storage.
Carbon 2016, 99, 289–294.

14. Yang, S.J.; Im, J.H.; Nishihara, H.; Jung, H.; Lee, K.; Kyotani, T.; Park, C.R. General Relationship between
Hydrogen Adsorption Capacities at 77 and 298 K and Pore Characteristics of the Porous Adsorbents. J. Phys.
Chem. C 2012, 116, 10529–10540. [CrossRef]

15. Aboud, M.A.; Alothman, Z.; Habila, M.; Zlotea, C.; Latroche, M.; Cuevas, F. Hydrogen Storage in Pristine
and d10-Block Metal-Anchored Activated Carbon Made from Local Wastes. Energies 2015, 8, 3578–3590.
[CrossRef]

16. DOE. Revised Hydrogen Storage Targets; United Stated Department of Energy: Washington, DC, USA, 2017.
17. Kuchta, B.; Firlej, L.; Pfeifer, P.; Wexler, C. Numerical estimation of hydrogen storage limits in carbon-based

nanospaces. Carbon 2010, 48, 223–231. [CrossRef]
18. Kuchta, B.; Firlej, L.; Mohammadhosseini, A.; Boulet, P.; Beckner, M.; Romanos, J.; Pfeifer, P. Hypothetical

High-Surface-Area Carbons with Exceptional Hydrogen Storage Capacities: Open Carbon Frameworks.
J. Am. Chem. Soc. 2012, 134, 15130–15137. [CrossRef] [PubMed]

19. Romanos, J.; Beckner, M.; Stalla, D.; Tekeei, A.; Suppes, G.; Jalisatgi, S.; Lee, M.; Hawthorne, F.; Robertson, J.D.;
Firlej, L.; et al. Infrared study of boron–carbon chemical bonds in boron-doped activated carbon. Carbon
2013, 54, 208–214. [CrossRef]

http://dx.doi.org/10.3390/ma8095280
http://www.ncbi.nlm.nih.gov/pubmed/28793541
http://dx.doi.org/10.1016/j.matpr.2018.06.052
http://dx.doi.org/10.1039/b900013e
http://www.ncbi.nlm.nih.gov/pubmed/19225624
http://dx.doi.org/10.1126/science.1192160
http://www.ncbi.nlm.nih.gov/pubmed/20595583
http://dx.doi.org/10.1021/cr200274s
http://www.ncbi.nlm.nih.gov/pubmed/22191516
http://dx.doi.org/10.1038/nchem.834
http://www.ncbi.nlm.nih.gov/pubmed/20966950
http://dx.doi.org/10.1016/j.scriptamat.2007.01.008
http://dx.doi.org/10.1021/jp808890x
http://dx.doi.org/10.1007/s00894-012-1700-0
http://www.ncbi.nlm.nih.gov/pubmed/23224800
http://dx.doi.org/10.1021/jp3066037
http://dx.doi.org/10.1039/C3EE43525C
http://dx.doi.org/10.1021/jp302304w
http://dx.doi.org/10.3390/en8053578
http://dx.doi.org/10.1016/j.carbon.2009.09.009
http://dx.doi.org/10.1021/ja306726u
http://www.ncbi.nlm.nih.gov/pubmed/22897685
http://dx.doi.org/10.1016/j.carbon.2012.11.031


Materials 2018, 11, 2235 8 of 8

20. Mason, J.A.; Veenstra, M.; Long, J.R. Evaluating metal-organic frameworks for natural gas storage. Chem. Sci.
2014, 5, 32–51. [CrossRef]

21. Firlej, L.; Beckner, M.; Romanos, J.; Pfeifer, P.; Kuchta, B. Different Approach to Estimation of Hydrogen-
Binding Energy in Nanospace-Engineered Activated Carbons. J. Phys. Chem. C 2014, 118, 955–961. [CrossRef]

22. Aranovich, G.L.; Donohue, M.D. Adsorption isotherms for microporous adsorbents. Carbon 1995, 33,
1369–1375. [CrossRef]

23. Bénard, P.; Chahine, R. Modeling of High-Pressure Adsorption Isotherms above the Critical Temperature on
Microporous Adsorbents: Application to Methane. Langmuir 1997, 13, 808–813. [CrossRef]

24. Otowa, T.; Tanibata, R.; Itoh, M. Production and adsorption characteristics of MAXSORB. Gas Sep. Purif.
1993, 7, 241–245. [CrossRef]

25. Alexander, V.N.; Yangzheng, L.; Peter, I.R.; Matthias, T. Quenched solid density functional theory and pore
size analysis of micro-mesoporous carbons. Carbon 2009, 47, 1617–1628.

26. Cimino, R.T.; Kowalczyk, P.; Ravikovitch, P.I.; Neimark, A.V. Determination of Isosteric Heat of Adsorption
by Quenched Solid Density Functional Theory. Langmuir 2017, 33, 1769–1779. [CrossRef] [PubMed]

27. Zhou, L.; Bai, S.; Su, W.; Yang, J.; Zhou, Y. Comparative Study of the Excess versus Absolute Adsorption of
CO2 on Superactivated Carbon for the Near-Critical Region. Langmuir 2003, 19, 2683–2690. [CrossRef]

28. Ronny, P. Interpretation of net and excess adsorption isotherms in microporous adsorbents. Microporous
Mesoporous Mater. 2014, 187, 40–52.

29. Beckner, M.; Dailly, A. A pilot study of activated carbon and metal–organic frameworks for methane storage.
Appl. Energy 2016, 162, 506–514. [CrossRef]

30. Nakai, K.; Sonoda, J.; Iegami, H.; Naono, H. High Precision Volumetric Gas Adsorption Apparatus.
Adsorption 2005, 11, 227–230. [CrossRef]

31. Policicchio, A.; Maccallini, E.; Kalantzopoulos, G.; Cataldi, U.; Abate, S.; Desiderio, G. Volumetric apparatus
for hydrogen adsorption and diffusion measurements: Sources of systematic error and impact of their
experimental resolutions. Rev. Sci. Instrum. 2013, 84, 103907. [CrossRef] [PubMed]

32. Sudibandriyo, M.; Mohammad, S.A.; Robinson, R.L.; Gasem, K.A. Ono-Kondo lattice model for high-pressure
adsorption. Fluid Phase Equilib. 2010, 299, 238–251. [CrossRef]

33. Purewal, J.J.; Kabbour, H.; Vajo, J.J.; Ahn, C.C.; Fultz, B. Pore size distribution and supercritical hydrogen
adsorption in activated carbon fibers. Nanotechnology 2009, 20, 204012. [CrossRef] [PubMed]

34. Schmitz, B.; Müller, U.; Trukhan, N.; Schubert, M.; Férey, G.; Hirscher, M. Heat of Adsorption for Hydrogen
in Microporous High-Surface-Area Materials. Chem. Phys. Chem. 2008, 9, 2181–2184. [CrossRef] [PubMed]

35. Lemmon, E.W. Thermophysical Properties of Fluids; CRC Press: Boca Raton, FL, USA, 2009.
36. Long, Y.; Palmer, J.C.; Coasne, B.; Sliwinska-Bartkowiak, M.; Jackson, G.; Müller, E.; Gubbins, K. On the

molecular origin of high-pressure effects in nanoconfinement: The role of surface chemistry and roughness.
J. Chem. Phys. 2013, 139, 144701. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C3SC52633J
http://dx.doi.org/10.1021/jp405375g
http://dx.doi.org/10.1016/0008-6223(95)00080-W
http://dx.doi.org/10.1021/la960843x
http://dx.doi.org/10.1016/0950-4214(93)80024-Q
http://dx.doi.org/10.1021/acs.langmuir.6b04119
http://www.ncbi.nlm.nih.gov/pubmed/28135415
http://dx.doi.org/10.1021/la020682z
http://dx.doi.org/10.1016/j.apenergy.2015.10.110
http://dx.doi.org/10.1007/s10450-005-5928-1
http://dx.doi.org/10.1063/1.4824485
http://www.ncbi.nlm.nih.gov/pubmed/24182129
http://dx.doi.org/10.1016/j.fluid.2010.09.032
http://dx.doi.org/10.1088/0957-4484/20/20/204012
http://www.ncbi.nlm.nih.gov/pubmed/19420660
http://dx.doi.org/10.1002/cphc.200800463
http://www.ncbi.nlm.nih.gov/pubmed/18821561
http://www.ncbi.nlm.nih.gov/pubmed/24116635
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Material and Methods
	Results and Discussion
	Conclusions
	References

