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Abstract: Carbon materials have proven to be a suitable choice for hydrogen storage and, recently,
for hydrogen compression. Their developed textural properties, such as large surface area and
high microporosity, are essential features for hydrogen adsorption. In this work, we first review
recent advances in the physisorption characterization of nanoporous carbon materials. Among
them, approaches based on the density functional theory are considered now standard methods for
obtaining a reliable assessment of the pore size distribution (PSD) over the whole range from narrow
micropores to mesopores. Both a high surface area and ultramicropores (pore width < 0.7 nm) are
needed to achieve significant hydrogen adsorption at pressures below 1 MPa and 77 K. However,
due to the wide PSD typical of activated carbons, it follows from an extensive literature review that
pressures above 3 MP are needed to reach maximum excess uptakes in the range of ca. 7 wt.%. Finally,
we present the adsorption-desorption compression technology, allowing hydrogen to be compressed
at 70 MPa by cooling/heating cycles between 77 and 298 K, and being an alternative to mechanical
compressors. The cyclic, thermally driven hydrogen compression might open a new scenario within
the vast field of hydrogen applications.

Keywords: physical adsorption; characterization; hydrogen storage; hydrogen compression

1. Introduction

Storing hydrogen in carbon-based materials is seen as a viable solution for increasing the density
of hydrogen, which is currently the main issue hampering the hydrogen supply chain [1]. Indeed,
hydrogen becomes denser if it is stored within a porous solid rather than in the form of pure compressed
gas. Several studies [2—4] assume that the density of hydrogen stored in nanoporous carbon materials
can be approximated to the density of liquid hydrogen, i.e., 70 kg m~. To reach such a value, which is
four orders of magnitude higher than the density of gaseous hydrogen at room temperature and
atmospheric pressure (0.089 kg m~3), the temperature of the system must be significantly lowered.
For instance, at 77 K, the adsorption of hydrogen is improved by increasing its interaction with the
carbon surface via van der Waals forces. Fierro et al. [5] proved that adsorption is the most efficient
storage way at 298 K and up to 20 MPa. This means that, under these conditions, the amount of
hydrogen stored is always higher in the presence of an adsorbent than in the case where hydrogen is
stored by simple compression in an empty vessel having the same volume. Therefore, carbon-based
storage would allow the use of a hydrogen tank of lower volume. Indeed, if 5 kg of hydrogen can be
stored at 20 MPa and 298 K in an empty high-pressure tank of volume 340 L, the requested volume is
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lowered to 263 L in the presence of a carbon adsorbent, for storing the same amount of hydrogen under
the same conditions [6]. Such advantages are conferred by the particular texture of porous carbons.
Hence, to assess the potential of adsorbents such as carbons for hydrogen storage, a comprehensive
and reliable textural characterization with regard to surface area, pore size, pore size distribution,
etc. is necessary, and physical adsorption is here considered one of the key methods.

Hence, in this paper, we review, in addition to important aspects of the potential of carbons
for hydrogen storage, some recent advances in the physical adsorption characterization relevant for
nanoporous carbons. In the second part, we review the most relevant studies related to hydrogen
storage on microporous carbon materials such as carbon nanotubes, carbon nanofibers, activated
carbons, and carbons derived from zeolites and metal organic frameworks (MOFs). The third part
of this work is dedicated to discussing the potential of carbon materials in the emerging technology
for hydrogen compression. Hence, this paper should not be considered a comprehensive review,
but we focus on important, selected aspects of the hydrogen storage potential of carbons and their
textural properties.

2. Physical Adsorption: Characterization of Nanoporous Carbons

2.1. General

Physisorption (physical adsorption) occurs whenever a gas (the adsorptive) is brought into contact
with a solid surface (the adsorbent). Adsorption in porous materials is governed by the interplay
between the strength of fluid—wall and fluid—fluid interactions as well as the effects of confined pore
space on the state and thermodynamic stability of fluids in narrow pores [7-9]. This is also reflected
in the shape or type of the adsorption isotherm. IUPAC (International Union of Pure and Applied
Chemistry) has published a classification of six types of adsorption isotherms and proposed to classify
pores by their internal pore width (the pore width defined as the diameter in the case of cylindrical and
spherical pores and as the distance between opposite walls in case of slit pores) [10]. According to their
diameter, the pores are divided into three groups: micropores of width less than 2 nm, mesopores of
width between 2 and 50 nm, and macropores of width greater than 50 nm. These pore size classes are
embedded within the nanopore range, which defines pores up to 100 nm. Furthermore, the micropore
range is often further subdivided into ultramicropores (pores smaller than 0.7 nm) and supermicropores
(pores from 0.7 to 2 nm). The pore size is generally specified as the internal pore width, although for
mesopores it has been customary to refer to the pore radius (or pore diameter). Of course, such terms
have a precise meaning only when the pore shape is properly defined.

Over the last two decades, tremendous progress has been achieved with regard to the
understanding of sorption phenomena in narrow pores, which in turn has led to major progress
in physical adsorption. This progress is greatly associated with the development and application
of microscopic methods, such as the density functional theory (DFT) of inhomogeneous fluids
(e.g., nonlocal density functional theory, NLDFT) or computer simulation methods such as Monte
Carlo (MC) and molecular dynamic (MD) simulations [11,12].

Although itis now possible to use physical adsorption to accurately determine pore size and volume
distributions of ordered nanoporous materials, the in-depth characterization of highly disordered
porous materials remains challenging. Application of characterization techniques to materials consisting
of pores spanning the entire micro-, meso-, and (in some cases) macropore range has revealed new
phenomena such as cavitation processes during desorption and has led to significant refinement of
these techniques. Advanced adsorption methodologies have been developed, which are based on the
combination of various adsorptives at various temperatures coupled with dedicated methods based on
DEFT or molecular simulation. This allows one to differentiate between different types of interconnected
pore networks and to quantify the accessible pore volume [13,14].

Despite this progress, there are still limitations and challenges with regard to the characterization
of nanoporous materials with complex pore networks including nanoporous carbons, and for this
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a combination of advanced physisorption experiments with complementary techniques, including
methods based on digital image analysis, in-situ X-ray, and neutron scattering, is necessary [13-15].
However, within the scope of this paper, we focus only on selected aspects of applying physisorption
for the characterization of nanoporous carbons.

2.2. Choice of Adsorptive

2.2.1. Standard Adsorptives

To perform a reliable surface area and pore structure analysis, choosing the proper adsorptive
is critical. In fact, if the goal is to obtain information about pore structure and surface area, ideally,
the adsorptive and experimental conditions should be chosen in a way that the obtained adsorption
isotherm can be considered as a fingerprint of the texture of the porous material. Although nitrogen
(N3) adsorption at 77 K has been the accepted standard adsorptive for both micropore and mesopore
size analysis for many years, it has been shown that Nj is in many cases less than optimal for surface
area and pore size analysis. Nonpolar materials, and specifically non-functionalized carbons, can be
accurately analyzed using N, at 77 K; however, specific interactions between the quadrupole moment
of the N, molecule and various surface functional groups and exposed ions that are present in
materials such as MOFs or zeolites, lead to inaccurate analyses. This affects both the orientation of
the adsorbed N, molecules and the micropore filling pressure. Such specific interactions shift the
pore-filling pressure of N, to very low relative pressures (a P/Py equal to about 1077) (e.g., [10-13]);
consequently, the pore-filling pressure is not correlated with micropore size. In contrast to the issues
with Ny adsorption, argon (Ar) adsorption at 87 K (the boiling temperature of Ar) does not display any
specific interactions with surface functionality or uncertainty in orientation, and is the recommended
choice by IUPAC for micropore characterization [10]. In addition to using liquid Ar, a variety of
commercially available cryostats and cryo-coolers make it now possible to control the experimental
temperature at 87 K with high precision. Because Ar (87 K) adsorption fills micropores in many cases
at significantly higher P/Py than Ny, it is possible to reliably resolve small differences in micropore
size. However, activated carbons may contain significant amounts of ultramicropores (i.e., often active
carbons exhibit pores <0.5 nm) and access to these micropores is further limited by diffusion. To address
this problem, the use of carbon dioxide (CO,) as adsorptive was proposed for adsorption measurements
at temperatures close to 273 K. It was shown that CO,, with slightly smaller kinetic diameter and high
temperature of adsorption, enables higher diffusion rates, ultimately producing better resolution of
ultra-micropores [16,17]. Because of these experimental advantages, CO, adsorption at 273 K has
become a standard tool for the assessment of microporous carbons [7]. Consequently, advanced DFT
and grand canonical Monte Carlo (GCMC) methods have been developed for calculating the pore-size
distribution from the CO, adsorption isotherm ([12] and references therein). An example is presented
in Figure 1, which shows the micro-mesopore size analysis of a graphene-based nanoporous carbon for
supercapacitor applications by combining N, and Ar adsorption at their boiling temperatures with
CO, adsorption at 273 K coupled with the application of dedicated NLDFT methods.

More recent advances include the development of 2D-NLDFT approaches allowing to assess the
ultramicropores of extremely heterogeneous chars and activate carbons by a combination of N, and
CO; at 77 K and 273 K, respectively [18,19]. Coupling CO, adsorption with N, and Ar adsorption
in order to obtain the combined micro-mesopore analysis is needed because, at 273 K and up to
atmospheric pressure (i.e., the maximum pressure in conventional adsorption equipment utilized
for physisorption characterization), CO; is restricted to the pore filling of pores that are narrower
than about 1 nm because of the high saturation pressure (26141 torr, 1 torr = 133.322 Pa), i.e., ambient
pressure corresponds to a relative pressure of only approximately 1072. Hence, to expand the pore size
analysis of carbon based on CO, adsorption at 273 K, one would need to utilize high pressure CO,
adsorption data, measured up to saturation pressure (ca. 0.35 MPa) [20].
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It is important to note that CO, exhibit an even stronger quadrupole moment compared to Ny,
which affects the adsorption behavior on surfaces with polar surface functionalities and hence prohibits
the use of CO, as adsorptive for a reliable pore size analysis of materials such as zeolites and MOFs.
In addition, caution has to be applied for the characterization of carbons containing appreciable
amounts of oxygen surface functionalities.
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Figure 1. (a) N, at 77 K, Ar at 87 K and CO, at 273 K physisorption isotherms on nanoporous
carbon obtained by activation of graphene (CO; at 273 K isotherm is shown in inset). (b) NLDFT
pore size/volume distribution over the range of micro- and mesopores. Reproduced with permission
from [13]. Copyright© The Royal Society of Chemistry, 2017.

2.2.2. Other Adsorptives for Carbon Characterization

With the recent growing interest in hydrogen storage and fuel cell applications, there has been
increased research on hydrogen adsorption on carbon materials and pore-size determination using
hydrogen at 77 K. Although highly supercritical at this temperature, it has been shown that, by using
hydrogen adsorption at 77 K coupled with a proper NLDFT approach, pore size analysis can be
extended to pore sizes smaller than those that can be characterized with other adsorptives, including
CO; [21]. However, the use of hydrogen as an adsorptive for pore-size analysis is limited to a pore
width range smaller than 0.5 nm [22]. Recently, efforts have been made to develop methodologies for
carbon characterization by combining H, and O, adsorption at 77 K in order to obtain a full pore size
distribution curve. Pore size analysis is performed using molecular models based on classical and
quantum-corrected 2D-NLDFT [23].

To assess the smallest pore dimensions in microporous materials, Kaneko et al. suggested the use
of helium, which is the smallest inert molecule [24]. Of course, the experiments have to be performed
below helium’s critical temperature (ca. 5.2 K) and Kaneko et al. [24,25] measured helium adsorption
at 4.2 K on activated carbon fibers. From these data, micropore volumes 20-50% greater than those
obtained from N, adsorption at 77 K were found. The excess amount of helium adsorption was
ascribed to the presence of ultramicropores, which cannot be accessed by N, molecules.

2.3. Aspects of Surface Area Assessment

2.3.1. BET Method

Surface area is the crucial parameter to optimize porous carbons for many applications, including
hydrogen storage. In fact, as we discuss in more detail below, it has been shown that particularly at low
pressures and at low temperatures (e.g., 77 K) the amount of hydrogen adsorbed on a carbon material
is determined mainly by its accessible surface area coupled with well defined, narrow micropore
size distribution (PSD) [26,27]. For instance, at this temperature, it is assumed that the amount of
hydrogen adsorbed gradually increases by 1 wt.% per 500 m? g~! of surface area for carbon adsorbents.
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This behavior is generally known as “Chahine’s rule” [28]. However, the assessment of reliable surface
area for nanoporous carbons is challenging.

The standard tool, commonly used to calculate it, is the BET method, proposed by Brunauer,
Emmett, and Teller (see [7-10] and references therein). Despite the well-known limitations,
the Brunauer-Emmett-Teller (BET) method continues to be widely used for the evaluation of surface
areas of micro- and mesoporous adsorbents, including nanoporous carbons. Indeed, under certain,
carefully controlled conditions, the BET area of a non-porous, macroporous, or mesoporous solid
giving rise to Type II or IVa isotherms can be regarded as the probe accessible area or the effective
area available for the adsorption of specified adsorptives. A concise critical appraisal of the BET
method is given in the 2015 IUPAC recommendations and in Ref. [10]. In addition to problems arising
from the chemical and geometrical heterogeneity of the surface, the porosity (i.e., existence of micro-
and/or mesopores) plays an important role for the applicability of the BET equation. In the presence
of micropores (i.e., Type I isotherms and combinations of Types I and II or Types I and IV isotherms,
which are characteristic of many micro-mesoporous materials), the application of the BET method
only leads to an apparent surface area (i.e., BET area). This is also correlated with the fact that it is
impossible to separate the processes of monolayer-multilayer adsorption and micropore filling. Within
the same context, it also appears that the BET method is inaccurate for estimating the surface area
of mesoporous materials exhibiting a Type IVb isotherm. Here, pore condensation is observed at
pressures very close to the pressure range where monolayer-multilayer formation on the pore walls
occurs: this may lead to a significant overestimation of the monolayer capacity in a BET analysis.

As already indicated, the BET theory is not applicable in the presence of micropores,
and, by applying the BET method, the linear BET range is often shifted to significantly lower
relative pressures. As a result, for predominantly microporous materials, linear BET plots are typically
found at relative pressures of 0.1 and even lower. A useful procedure was introduced [29-31] which
allows one to overcome this difficulty and to determine the linear BET range in an unambiguous way
for purely microporous materials. However, it should be stressed that the BET area derived from an
isotherm obtained on a microporous should not be treated as a realistic probe accessible surface area
but rather as an apparent surface area (Aggr), which however still may serve as a useful “fingerprint
of the adsorbent.

Furthermore, the heterogeneous nature of many surfaces causes another problem. As mentioned
in the previous sections, it is well known that the quadrupole moment of the N, molecule leads to
specific interactions with potential polar surface sites (such as hydroxyl groups) causing an orienting
effect on the adsorbed N, molecule. Consequently, the effective cross-sectional area is smaller than
the customary value of 0.162 nm?. For a completely hydroxylated surface, a cross-sectional area of
0.135 nm? was proposed [9,10]. Accordingly, these uncertainties concerning the assumption of a
proper cross-sectional may affect the accuracy of BET areas obtained from N, (77 K) adsorption up to
20-30%. Hence, as discussed above, Ar adsorption (at 87 K) may be a useful alternative adsorptive
for surface area determination as the Ar molecule is monatomic and mainly because of the absence
of a quadrupole moment far less reactive than the diatomic N, molecule. Hence, the cross-sectional
area of Ar (0.142 nm? at 87 K) is also less sensitive to structural differences of the adsorbent surface.
Consequently, as also discussed in the 2015 IUPAC recommendations, Ar has significant advantages
compared to N as a probe for the textural characterization of powders and porous materials.

To summarize, one has to take extreme caution when applying the BET method to materials with
appreciable amounts of microporosity such as can be found in many nanoporous carbon materials.
The obtained BET area (preferably calculated from the Ar at 87 K isotherm) can only be considered as
an apparent surface area, which may be regarded as a useful adsorbent “fingerprint”.

17

2.3.2. Other Methods for Surface Area Assessment

Other methods to obtain a specific surface area from gas adsorption are based on the application
of the standard isotherm concept, e.g., t- and alpha-s methods (including the high resolution alpha-s
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analysis) [7-9,30]. A micropore surface area can also be obtained by methods related to the Dubinin
approach (i.e., the Dubinin—-Kaganer method) [7-9]. Another alternative to obtain quite accurate
surface areas of nanoporous carbons and to differentiate between micro- and external surface
area is the application of the DFT method, which calculates the specific cumulative surface area
(specific surface area as a function of pore size) over the complete range of micro- and mesopores.
However, accurate results are obtained only if the given experimental adsorptive/adsorbent system
is compatible with one of the available DFT methods. A systematic study of 190 different porous
carbons suggested that the application of methods derived from the Dubinin-Radushkevitch approach,
methods based on density functional theory (NLDFT and QSDFT), and the application of immersion
calorimetry are useful concerning the surface area determination of microporous carbons [32].

2.4. Pore Size and Porosity Analysis

Purely microporous materials exhibit a Type I isotherm (according to the IUPAC classification)
with a horizontal plateau. In addition, mesoporous materials containing no macropores exhibit Type
IV isotherms, which remain nearly horizontal over the upper relative pressure range. For such cases,
the pore volume, Vy, is then derived from the amount of vapor adsorbed at a relative pressure close to
unity such as P/Py = 0.95, by assuming that the pores are filled with the adsorbate in the bulk liquid
state and applying the Gurvich rule [7-9]. If macropores are present, the isotherm is no longer nearly
horizontal near P/Py = 1 and the total pore volume can no longer be evaluated.

Very often, microporous materials contain additional mesoporosity and in this case the micropore
volume can be obtained by applying the already above-mentioned comparison plot methods.
These empirical methods allow one to determine micropore volume, external surface area and,
in principle, information about the average pore size. For carbon materials, methods based on the
Dubinin-Radushkevich (DR) approach are frequently applied to obtain micropore volume. A more
advanced method which allows for the determination of the micropore size distribution of microporous
carbons up to a pore width of 2 nm was put forward by Horvath and Kawazoe (HK) [33]. The HK
method allows for the calculation of the micropore volume distribution from a low pressure Np
adsorption isotherm obtained on a slit pore carbon. The advantage of the HK methods compared to
methods based on Dubinin approaches is that they are specific with respect to the pore shape and
adsorbate-adsorbent interaction potential. However, a disadvantage is that they do not give a realistic
description of the micropore filling because they neglect the inhomogeneity of the adsorbed molecules
in the micropores. In addition, the modified Kelvin equation, which serves as the basis for many
classical methods of mesopore analysis, including the widely used BJH (Barrett-Joyner-Halenda)
method [7-9] is based on macroscopic, thermodynamic assumptions. However, the validity of the
Kelvin equation becomes questionable for narrow mesopores because macroscopic concepts can
no longer be applied. In fact, it has been demonstrated that the mentioned classical, macroscopic
thermodynamic methods may significantly underestimate the true pore size for pores of up to 20-25%
(particularly for pores <10 nm) [4,6,7].

The problems associated with the above-mentioned macroscopic, thermodynamic methods have
been addressed by applying microscopic methods based on molecular simulation or DFT, which yield
the thermodynamic and density profiles of confined fluids and describe details of the adsorbed phase
on a molecular level [11,12,33]. They capture the essential features of the pore filling mechanism of
micropores and the mechanism of pore condensation, evaporation, and hysteresis. As a consequence,
they allow one to obtain (compared to the classical methods) much more reliable pore size distributions
over the complete range of micro- and mesopores. With such advanced methods it is now also possible
to describe the underlying mechanisms of pore condensation and hysteresis in mesopores and hence
obtain reliable information from both the adsorption and desorption branches of the hysteresis loop
(in case mesopores are present), which is crucial for pore size characterization of carbons consisting of
an interconnected micro-mesoporous network [34-38]. It has been demonstrated that the application of
DFT-based methods provides a much more accurate and comprehensive pore-size analysis compared to
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macroscopic thermodynamic methods (e.g., Kelvin equation, BJH, and Horvath-Kawazoe), i.e., accurate
pore-size and pore-volume information can be obtained over the complete micro- and mesopore
range [10-14].

A drawback of the conventional DFT approaches (such as the non-local density functional theory,
NLDEFT) for the pore size characterization of disordered carbon materials is that the solid surface is
treated as molecularly smooth and its predictions imply pronounced layering steps on adsorption
isotherms, which are not observed in experimental adsorption isotherms on amorphous carbons.
This can cause prominent artifacts in the NLDFT pore size distributions, such as the gap at ca. 1 nm,
which is characteristic of many porous activated carbons. Several approaches have been suggested to
account for the heterogeneity of carbon materials including the development of advanced structural
models of porous carbons by reverse Monte Carlo techniques which, however, are still too complex to
be implemented for routine pore size analyses. Others suggested modeling porous carbons with a
mixed geometry model [38]. Molecular simulations have also demonstrated that the surface roughness
and defects significantly affect the shape of adsorption isotherms on heterogeneous surfaces [39].
Within the framework of the standard slit-pore model of carbons, variability of pore wall thickness
was introduced [39], but it led to just a marginal improvement over the standard NLDFT approach.
To account quantitatively for the effects of surface heterogeneity in carbons in a practical way, quenched
solid density functional theory (QSDFT) was introduced for carbon characterization [40]. In contrast
to the conventional NLDFT models that assume flat, structureless graphitic pore walls, the solid is
modeled using the distribution of solid atoms rather than the source of the external potential field.
The surface heterogeneity in the QSDFT model is characterized by a single roughness parameter that
represents the characteristic width of molecular level surface corrugations. The QSDFT method for
carbons has originally been developed assuming slit-shaped pores, which are typical model pores in
activated microporous carbons. However, due to the emergence of novel materials with pre-designed
pore morphology obtained by synthesis routes which make use of structure directing agents or hard
templates, the QSDFT method has been extended to micro-mesoporous carbons with cage-like and
channel-like pore geometries [40,41]. The development of two-dimensional versions of the NLDFT
theory (2D-NLDFT) can also be considered a major progress with regard to nanoporous carbon
characterization [42,43]. The first models took into account slit pores having parallel disc-shaped
walls “cut” from graphene sheets. Such a model is of finite size in all directions but, due to its circular
symmetry, it can only be treated in two dimensions. A refinement of this model was made to by
considering the energy heterogeneity and the geometrical corrugated surface of carbon pores. With this
much more realistic pore size distributions of nanoporous carbons can be obtained.

Summarizing, it has been shown that both the QSDFT model as well as the novel approaches
based on 2D-NLDFT significantly improve the reliability of the pore size analysis of heterogeneous
carbon nanopores. An example is shown in Figure 2, which shows the QSDFT pore size analysis of
two coal-based active carbons based on high-resolution N; adsorption experiments. The isotherm
data are shown in both linear and semi-log display, which reveals details of the micropore structure.
The obtained QSDFT pore size analysis was used to qualitatively correlate the pore structure of the
carbon to the activation conditions of the material, and allowed determining which pores control the
gas storage (here, COy) filling capacity and selectivity [43].
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Figure 2. High-resolution N, isotherms of activated carbons for gas (CO,) storage shown on: (a) linear
scale; and (b) semi-logarithmic scale. (c) The corresponding QSDFT pore size distribution. Reproduced
with permission from [43]. Copyright© American Chemical Society, 2011.

2.5. Effect of Pore Size Distribution on Hydrogen Storage

Here, we discuss some aspects concerning the correlation between pore size and pore size
distribution (PSD) of nanoporous carbons and their effect on hydrogen storage potential. For this
purpose, we took a published dataset of textural properties and hydrogen capacities of 17 lab-made
activated carbons (ACs) [5]. We already reported [5] results on their textural characterization and
absolute hydrogen uptake, at 77 K and up to 8 MPa, which were obtained in a gravimetric device.
These ACs were prepared by KOH or NaOH activation at temperatures ranging from 973 to 1073 K and
they had BET areas (Aggr) between ca. 1300 and 3300 m? g~! (labeled T1332 and T3297, respectively,
the number after T being the Apgr value). ACs with lower Aggr had pore size distributions (PSD)
shifted to narrower pores while those with larger Aggr showed a higher fraction of wider pores.
Materials with lower Agpr reached their maximum hydrogen adsorption capacities at lower pressures
than those having a larger Aggr, but all of them reached the maximum hydrogen adsorption at about
4 MPa. In this manuscript, we deepen the understanding of hydrogen adsorption on these ACs in light
of their PSD and study the effect of PSD on the pressure at which the maximum hydrogen capacity
was obtained.

Figure 3a shows the absolute hydrogen uptake at 77 K as a function of Aggr when the adsorption
pressure increases from 0.1 to 5 MPa. It can be seen that the determination factor increases with the
storage pressure due to the higher surface coverage, and the trend approaches the Chahine’s rule only
at5 MPa. However, the determination factor is still far from 1, which is certainly reflecting the discussed
limitations of the BET method for surface area assessment. Hence, in Figure 3b, the absolute hydrogen
uptake was plotted as a function of Syy prr (using 2D-NLDFT model) instead of Aggr as in Figure 3a.
The determination factor at each considered pressure increases considerably when compared to those
given in Figure 3a, although at 0.1 MPa it is still quite low (R?= 0.48), which confirms that a more
accurate surface area for these carbons could be obtained by applying 2D-NLDFT instead of the BET
method. In addition, the fact that Sypppr was obtained from a combination of N, and CO, adsorption
allowed assessing pores smaller than 0.6 nm, where hydrogen is preferentially adsorbed [44—46].
Consequently, even more accurate surface areas and correlation with hydrogen storage should be
obtained by using H; instead of CO; (e.g., coupled with Ny) characterization [23]. At pressures higher
than 0.1 MPa, the pores are progressively filled and the effect of the pores that are not accessible to CO,
is less important.

The open literature on hydrogen adsorption reports a significant number of carbon materials
with similar Agpr values but very different H, uptakes [5,44,47-51] at 77 K and at pressures lower
than 3 MPa. This could be explained by their very different PSD, which is unfortunately not often
taken into account. Figure 4a,b, respectively, show the PSD and cumulative pore volumes as a function
of pore width for three ACs having very different values of Aggr, i.e., 1332, 2004, and 3297 m? g‘1
(labeled T1332, T2004, and T3297, respectively). This figure also shows that an increase in Aggr is
accompanied by pore widening if ACs are synthesized by KOH or NaOH activation. T3297 therefore
has higher volume and fraction of wider pores and, on the contrary, the pore volume corresponding



C 2020, 6, 46 9 of 28

to pores narrower than 0.9 is smaller because these pores merged into wider pores. Figure 4c shows
absolute Hj adsorption isotherms for these three ACs. At low pressure (around 0.3 MPa), the ACs
show similar uptake but, at higher pressure, the H, uptake is correlated to the total pore volume.
This figure also shows that ACs with a higher fraction of narrow pores reach the maximum uptake at
lower pressures than those having a greater contribution of wider pores. Based on the H, uptake at
each pressure and the total pore volume of each carbon, it is possible to plot the evolution of the average
density of the adsorbed hydrogen with pressure (see Figure 4d). This graph shows that the carbon
material with the highest percentage of narrowest pores, below 0.6 nm (T1332), has a higher average
density than the one with the largest surface area and wider pores (T3297). T2004, with intermediary
PSD between T1332 and T3297, also shows an intermediary average density of the hydrogen adsorbed.
For the sake of comparison, the evolution of the H, bulk density with pressure at 77 K is also shown in
the same figure. The average densities of adsorbed hydrogen were around 4.6, 3.8, and 3.2 times that
in the bulk phase for the T1332, T2004, and T3297, respectively, at 4 MPa.
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Figure 3. Absolute H, uptake at 77 K and 4 MPa as a function of: (a) Aggt; and (b) SNLDFT.
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Figure 4. (a) Pore size distribution calculated by 2D-NLDFT method; (b) cumulated pore volume;
(c) absolute hydrogen isotherm; and (d) apparent density of the adsorbed phase for three selected ACs
and Hj bulk density as a function of pressure at 77 K.
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A useful empirical approach to understand the effect of the PSD on the absolute H, uptake is to use
a polynomial expression where the hydrogen stored in each range of considered pore diameters [47,52]
reads as follows:

n
H2[Wt.°/o] = Zizl a;V; (1)

where Hj [wt.%] is the absolute H, adsorbed at each pressure; a; (Wt.% g cm™2) and V; (cm? g_l) are
the adsorbed density factor (ADF) and the pore volume of each range of pore diameter, respectively;
and n is the number of pore size ranges. The ADF for each pore class was obtained by mathematical
optimization using the sum of the quadratic error as an objective function and downhill Simplex [53]
as the optimization method.

Equation (1) was applied to four ranges of pore width: narrower than 0.6 nm; between 0.6 and
0.9 nm; between 0.9 and 2 nm; and wider than 2 nm. The first range was based on the kinetic diameter
of the hydrogen molecule, 0.296 nm [23], thus 0.6 nm is approximately the pore width to accommodate
two layers of adsorbed Hj, one on each wall. The second range of pore sizes, 0.6-0.9 nm, was considered
to accommodate three layers of hydrogen molecules between the pore walls. The pore size range
of 0.9-2 nm was considered to complete the micropore range. The fourth pore range corresponds
to the pores wider than 2 nm, i.e., mesopores, which also present in high-surface activated carbons.
Figure 5a,b shows the absolute hydrogen adsorption at 77 K and 0.1 MPa and 7 MPa, respectively,
on each of the 17 lab-made ACs [5], and the contribution of each of the four pore size ranges. From these
figures, it can be concluded that the contribution of the narrow pores to the total hydrogen storage
capacity is more relevant at low pressure, in good agreement with Figure 4c. By increasing the storage
pressure, the absolute hydrogen adsorbed increases and wider pores are necessary to reach such a high
storage capacity. Although the optimal pore width for hydrogen storage should approximately be
0.6 nm [45,46,54-57] and the maximum density in these pores is reached at 1 MPa, it is not possible
to obtain high surface ACs with unimodal PSDs. Therefore, pores wider than 0.6 nm and pressures
higher that 3 MPa are essential to reach high hydrogen storage capacities at 77 K.
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Figure 5. Contribution of each range of pore size to hydrogen adsorption at: (a) 0.1 MPa; and (b) 4.0 MPa.

To understand better the effect of the different ranges of pore sizes at different pressures, Equation (1)
was fitted to the hydrogen adsorption data at 14 pressures between 0.1 and 4.0 MPa. For this purpose,
experimental hydrogen adsorption data were fitted for the 17 ACs at the same pressure using splines.
Figure 6a shows the dependence of the ADF (defined in Equation (1)) on the pressure. The ADF for the
narrowest pores (<0.6 nm) reached the maximum value at around 1 MPa and the pressure at which the
ADEF gets the maximum value increased with the pore width, i.e., 3 MPa for 0.6-0.9 nm, 4 MPa for 0.9-2
nm, and 6 MPa for 2-50 nm. In addition, the value of the ADF for the widest range of pores was much
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smaller (around %) those of the two narrowest classes. H, adsorbed on micropores narrower than
0.6 nm had an ADF almost six times greater than the H, density in the bulk phase at 4 MPa, while the
ADF for pores wider than 2 nm was very similar to the H, density in the bulk phase at 4 MPa.
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Figure 6. (a) Evolution of the adsorbed density factor and H;, bulk density with pressure; and (b) correlation
between experimental and predicted H, uptakes when using the polynomial expression (Equation (1)).

Figure 6b shows the good fit of Equation (1) to the experimental H; isotherms for each pressure
considered. In addition, the global determination coefficient, considering all the pressures, was 0.98.
The ADF values obtained at 1 atm were 40, 37, 9, and 8 mg cm™2 for the four ranges of pore width
<0.6, 0.6-0.9, 0.9-2, and 2-50 nm, respectively. These ADFs are close to the average values, i.e., 58,
38,13, and 8 mg cam™3, respectively, estimated from hydrogen densities calculated for selected pore
widths [23].

To demonstrate the soundness of the ADF approach, we used four commercial carbon materials,
whose PSDs and hydrogen storage capacities were reported elsewhere [47]. These materials were not
used to perform the initial fitting of the ADFs. Using their PSDs (see Figure 7a) and the ADFs (Figure 6a),
the predicted adsorbed phase density was calculated at 7 MPa for each of them. The experimental
average adsorbed phase density was calculated by dividing the hydrogen uptake at 7 MPa (Figure 7c)
by the total pore volume (Figure 7b). Figure 7d shows the good agreement between the values of the
predicted and experimental adsorbed phase densities, the determination factor was 0.96. Therefore,
we clearly demonstrated that the estimation of the maximum hydrogen storage capacity of a carbon
material can be estimated provided that a correct textural characterization is available.

Figure 8a shows the pressure required for each range of pore size to reach 95% of the maximum
adsorption density. It can be observed that the latter is reached with the narrowest pores at only 0.6 MPa,
while pores wider than 2.0 nm require 5.4 MPa to reach 95% of this maximum adsorption density.

To represent better the effect of the PSD on hydrogen adsorption, Equation (1) was applied to a
hypothetical material with a total pore volume of 1.0 cm® g~!. The theoretical absolute adsorptions of
hydrogen on ACs with different PSD were calculated for a pressure of 4 MPa and are presented in
Figure 8b. The results show that a carbon material composed mainly of pores narrower than 0.9 nm can
have a hydrogen adsorption capacity of more than 6 wt.%. On the other hand, a material composed
exclusively of mesopores will have a capacity of less than 2 wt.% for the same total pore volume.

Obviously, the most economical solution would be to have the theoretical maximum surface area
for carbon, 2630 m? g~! [58], with only pores narrower than 0.9 nm because the pressure required for
maximum storage would be lower than 1.5 MPa. However, we have seen that carbons having the
highest fraction of pores of width less than 0.9 nm also have a low surface area.
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Figure 7. (a) Pore size distribution calculated by 2D-NLDFT method; (b) cumulated pore volume;
(c) absolute hydrogen isotherm; and (d) correlation between experimental and predicted H, for five
ACs selected for the validation of the polynomial expression.
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Figure 8. (a) Pressure required for each range of pore size to reach 95% of the maximum adsorption
density; and (b) absolute H2 uptake as function of pore volume at 77 K and 4.0 MPa.

In the next section, we review the hydrogen uptakes obtained in different carbon materials. In most
published works, the textural characterization is limited to Aggr. Sometimes, the micropore and total
pore volumes are given too, but details on the PSD are scarce. For this reason, although we have
clearly indicated the limitations of the BET method, Aggr remains a useful parameter for comparison
purposes, so we have plotted the excess hydrogen uptake as a function of Aggr. The experiments
were done using a volumetric equipment so that the excess hydrogen adsorption is given below.
More information on total, absolute, and excess hydrogen uptakes is given elsewhere [59].
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3. Carbon-Based Materials for Hydrogen Storage

3.1. Graphene-Derived Carbons: Carbon Nanotubes and Nanofibers

The storage of hydrogen in carbon materials received particular attention after the study published
in 1998 by Chambers et al. [60]. These authors measured the hydrogen uptake for different carbon
nanofibers (CNFs), i.e., fibrous carbon materials consisting of graphitized filaments with graphitic
layers that can be arranged in several ways, forming complex structures. They published the highest
value of hydrogen uptake ever reported in the open literature, i.e., 67.5 wt.% at 298 K and 11.3 MPa,
when using CNFs with a herringbone configuration, whose carbon filaments form angles of 45°
with the graphitic sheets. At the same temperature and pressure, the authors obtained an uptake of
53.68 wt.% with a platelet configuration (graphitic sheets perpendicular to the carbon filaments) and
11.26 wt.% with a tubular configuration (graphitic sheets concentric to the filament). These values were
obtained using the temperature-programmed desorption (TPD) method. Many researchers around
the world were unable to confirm the aforementioned values. Rzepka et al. [61] repeated the same
investigation on re-prepared samples precisely following the original specifications. Nevertheless,
they obtained a maximum uptake of 0.4 wt.% using both the volumetric and gravimetric approaches
for the measurements.

Chemical vapor deposition (CVD) is the most commonly used method today to produce large
amount of CNFs. Furthermore, several kinds of CNFs can be produced by CVD using different types of
carbon precursors. The surface area and the pore volume of the CNFs thus produced can be improved
by chemical activation using NaOH and KOH. Jaybhaye et al. [62] obtained excess uptakes equal
to 0.51, 0.42, and 0.65 wt.% at 298 K and 1 MPa, when using acetylene, ethanol, and cotton fibers,
respectively, as carbon precursors followed by chemical activation with KOH. Decoration with Ni
nanoparticles was found to be a good solution for increasing the hydrogen uptake at room temperature.
Indeed, Kim et al. [63,64] obtained total hydrogen uptakes higher than 2 wt.% at 298 K and 10 MPa
using physically activated, Ni-decorated, graphite nanofibers. This material had a relatively low
Aggr of about 200-300 m? g~ compared to other carbon materials. Thus, these high storage values
can be explained by the spillover phenomenon that occurs at room temperature, i.e., the dissociative
chemisorption of molecular hydrogen on metal nanoparticles followed by migration and diffusion of
atomic hydrogen over the carbon surface [65,66].

Similar to CNFs, carbon nanotubes (CNTs) are also considered a possible source of solid-state
reversible hydrogen storage medium due to their high surface area, developed nanoporous texture,
tunable properties, cage-like structure, chemical stability, and easy synthesis methods [67]. Compared
to CNFs, CNTs have a simpler graphite-like structure, consisting of one or multiple graphene sheets
rolled up to form filaments having a cylindrical shape. Depending on the number of layers, CNTs can be
divided into single-walled carbon nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs),
the latter consisting in several graphitic filaments concentric to the same axis. Several SWCNTs
can also be arranged in bundles. The length of CNTs is on the order of microns, whereas the inner
diameter is thousands of times smaller [68]. Dillon et al. [69] first reported the highest hydrogen
uptake of SWCNTs, reaching 5-10 wt.% at 273 K and 0.04 MPa. Chen et al. [70] obtained even higher
values with alkali-doped CNTs. A hydrogen uptake of 20 wt.% was obtained with Li-MWCNTs in
the temperature range 473-673 K and 0.1 MPa, whereas 14 wt.% was obtained with K-MWCNTs for
temperatures lower than 313 K and 0.1 MPa. The aforementioned results were obtained using the
temperature-programmed desorption method. However, a further study of Yang [71] revisited the
aforementioned results, attributing them to the weight gain resulting from the reaction between the
moisture contained in the hydrogen flow used in the experiments and the alkali species on the carbon
surface. Under dry conditions, a hydrogen uptake of 2 wt.% was found instead on the same CNTs and
under the same conditions, using a thermo-gravimetric analysis.

Contradictory values of hydrogen uptake in CNTs have been reported in the literature in recent
years. Indeed, several studies have focused in particular on numerical simulations based on the
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GCMC method and the DFT, in order to evaluate the amount of hydrogen stored on CNTs with
regard to geometric considerations. Among them, particular attention was paid to tube diameter,
tube arrangement, inter-tube spacing of SWCNTs bundles, wall-to-wall distance of MWCNTs, and wall
number. Hydrogen adsorption occurs on both the inner and outer surfaces of CNTs. Furthermore,
a large contribution is given by the amount adsorbed in the interstitial space between different single
tubes. Minami et al. [72] calculated a hydrogen uptake of 6 wt.% at 77 K and 1 MPa for bundles of CNTs
forming a triangular lattice with an average inter-axis distance of 2.159 nm and an average diameter
of 1.227 nm. Saito et al. [73] found that the ideal interlayer spacing between concentric tubes in a
MWCNT structure is 0.34 nm. Ghosh et al. [74] found that hydrogen adsorption takes place especially
in the interstitial spaces of CNTs bundles due to the deformation of the nanotubes caused by the
presence of defects. From their molecular dynamic simulations, the same authors also obtained that
the hydrogen storage capacity of CNTs bundles packed in a square array is higher than that obtained
with a triangular configuration. Wen et al. [75] calculated a hydrogen uptake as high as 10.4 wt.% in a
triplet form of (5,0) CNTs due to both chemisorption and physisorption.

As arule of thumb, the hydrogen uptake in CNTs, as well as in any carbon material, is proportional
to the surface area, especially at cryogenic temperatures. Therefore, chemical activation was found to
be an effective method to increase both the surface area and the pore volume of CNTs. Lee et al. [76]
proved that heat treatment and chemical activation are beneficial for the hydrogen storage capacity.
Indeed, they obtained the highest excess uptake, i.e., 0.54 wt.%, at 77 K and 0.1 MPa, with MWCNTs
chemically activated at 1173 K i.e., three times the value obtained for the pristine MWCNTs under
the same conditions (0.18 wt.%). This enhancement was due to both the increase in Aggt, from 327 to
495 m? g_l, and to the narrower microporosity. Adeniran et al. [77] obtained a maximum of excess
uptake, around 6 wt.% at 77 K and 4 MPa, using CNTs prepared from carbon tetrachloride as a carbon
source and ferrocene/Ni as a substrate/catalyst. Activation by KOH allowed obtaining highly porous
CNT structures with Aggr of 1479-3802 m? g~! and pore volumes of 0.83-2.98 cm?® g~!. The same
authors obtained an excess uptake of 1.3 wt.% at 298 K and 15 MPa for the same sample, which is one
of the highest reported for any porous carbon material under those conditions. The total hydrogen
uptake stored at room temperature reached an impressive 4.43 wt.% at 15 MPa, which is also a new
record for carbon materials.

In addition to the aforementioned, abnormally high results, the hydrogen adsorption capacity
of CNTs barely exceeds 1 wt.% at room temperature [67,78]. Indeed, the hydrogen uptake does not
depend on the textural properties of CNTs as for temperatures close to 77 K. Thus, decorating CNTs
with metal nanoparticles was found to be a good way of improving the hydrogen uptake due to the
spillover phenomenon [79]. The most frequent doping with metal nanoparticles is based on Pd, Mg,
Ni, T, Li, and Al [78] using different types of methods including impregnation, reduction in situ or
sputtering [67]. In this sense, an essential requirement during the functionalization of CNTs is to
prevent the obstruction of the available pores, which would decrease the surface area. Elyassi et al. [80]
showed a drastic reduction in the Aggr of the investigated MWCNTs after a functionalization process
with HSO, and HNO3, from 481 to 23 m? g~!, due to pore blocking. Lee et al. [81] showed that
the Aggr of Ni-decorated CNTs decreased from 370 to 300 m?2 g‘1 by increasing the Ni content from
1.2 wt.% to 4.1 wt.%. Nevertheless, they measured excess uptakes of 0.65, 0.75, and 0.5 wt.% for Ni
contents of 1.2, 2.2, and 4.1 wt.%, respectively, at 298 K and 10 MPa. Thus, an optimum metal loading
exists with respect to the hydrogen uptake. To facilitate efficient hydrogen uptake by the spillover
mechanism, metallic nanoparticles need to be exposed to hydrogen molecules. This is only possible
when these nanoparticles are on the external wall surface of MWCNTs. This feature was proved by the
study of Rather et al. [82], who compared the hydrogen uptake obtained with MWCNTs produced
from different functionalization methods, such as ball milling or sputtering. The authors obtained
a higher excess uptake, i.e., 2 wt.% at room temperature and 1.6 MPa, with MWCNTs decorated
with Ti nanoparticles by the sputtering method, compared to that obtained with MWCNTs decorated
by ball milling. Sharma [83] proposed an efficient chemical process using hexachloroplatinic acid
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(H,PtClg-6H,0) as a precursors to decorate the surface of MWCNTs with Pt nanoparticles. Nevertheless,
the Pt-decorated MWCNTs showed a lower thermal stability than the pristine MWCNTs, suggesting
that Pt nanoparticles have a catalytic effect on carbon decomposition. Moreover, an excess uptake of
only 0.014 wt.% was obtained at 298 K and 0.25 MPa. An alternative to metal nanoparticles for doping
carbon materials can be with heteroatoms such as N, P, 5i, and B [78]. Ariharan et al. [84] synthesized
N-doped CNTs from polymeric precursors, such as polystyrene and polypyrrole, by poly-condensation
followed by carbonization under an inert atmosphere. They obtained an excess uptake of hydrogen of
1.8 wt.% at 298 K and 10 MPa when carbonizing the CNTs thus produced at 1173 K, which allowed
reaching an Aggt of 870 m? g_l.

Thermal exfoliation of graphene oxide (GO) was found to be an efficient method for producing
graphene with high surface area and pore volume, thus enabling promising hydrogen uptakes.
Indeed, exfoliation allows creating a distance between graphene layers such that efficient pathways for
hydrogen diffusion between the graphene layers can be obtained, thus increasing the hydrogen uptake.
Yuan et al. [85] obtained an absolute uptake of 2.7 wt.% at 298 K and 2.5 MPa, with a graphene-based
adsorbent having an Aggt of 1206 m? g_l. Singh et al. [86] obtained an excess uptake of 3.12 wt.%
at 77 K and 3 MPa with exfoliated GO having an Agpr of 248 m? g_l. In this study, the authors
investigated the effect of the exfoliation temperature on the structural properties of the graphene layers.
They found that the GO exfoliated at 573 K had the highest surface area, while a partial damage of
layers was obtained at higher temperatures, such as 773 K.

Figure 9a,b shows the hydrogen uptakes (in excess) at 77 and 298 K, respectively, obtained on
CNFs, CNTs, and GOs reported in recent years.
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Figure 9. Excess hydrogen uptakes on CNFs, CNTs and GOs reported by recent works at: (a) 77 K;
and (b) 298 K. The labels indicate the corresponding references.

3.2. Activated Carbons

With an exceptionally large surface area, a microporous nature and the possibility of an economic
and scalable production, ACs are excellent candidates in efficient hydrogen storage systems [58,87-103].
One of the most important advantages of ACs is that they can be produced from a wide variety of
low-cost and renewable raw materials, such as agricultural waste or lignocellulosic materials in general,
which is an important advantage compared to other carbon materials [104]. The synthesis of ACs
consists in the carbonization of a precursor and the subsequent or simultaneous activation process,
which can be either physical [105,106] or chemical [58,100,107,108]. Physical activation is based on the
gasification at high temperature of the precursor in a stream of CO, or H,O, whereas chemical activation
consists of heating in air or under inert gas the precursor impregnated with a crosslinker/dehydrating
agent (H3PO4) or mixed with an oxidizing agent (NaOH, KOH, etc.). Chemical activation with
hydroxides is known to be more favorable than physical activation for producing ACs with a very
high surface area and a narrow microporosity [100].

Fierro et al. [58] obtained a maximum excess hydrogen uptake of 6.0 wt.% at 77 K and 4 MPa
using ACs prepared by chemical activation of anthracites with alkali hydroxides (NaOH and KOH).



C 2020, 6, 46 16 of 28

The Apgr of the as-produced ACs was around 3220 m? g~!. An absolute uptake, equal to 6.6 wt.%
at 77 K and 4 MPa, was achieved by Zhao et al. [92] using ACs produced by chemical activation of
bamboo-based precursors having an Aggr of 3208 m? g‘l. Blankenship II et al. [99] obtained an excess
of hydrogen uptake of 7.0 wt.% at 77 K and 2 MPa, which is one of the highest results ever reported
for any carbon material. The AC used was prepared from cellulose acetate, and it had an Apgr of
around 3800 m? g~! and a pore volume of 1.8 cm?® g~!. Romanos et al. [103] obtained a maximum
excess uptake of about 5 wt.% at 77 K and 4 MPa with boron-doped ACs, the Aggr of which was equal
to 3100 m? g_l. However, the aforementioned results confirm the limits of the BET method: indeed,
the maximum possible geometric area for a carbon material is estimated at 2630 m? g~! [109]. For this
value of Apgr, the theoretical upper limit of hydrogen storage on ACs is estimated at 6.8 wt.% [58].

As with any carbon material, the hydrogen storage on ACs at 298 K barely exceeds 1 wt.%.
Rowlandson et al. [87] obtained an excess uptake of 1.8 wt.% at 298 K and 0.1 MPa with ACs derived
from lignin having an Aggr slightly higher than 1000 m? g=!. Bader et al. [91] achieved an excess
uptake of 1.22 wt.% at 298 K and 20 MPa with ACs produced from olive stones. Samantaray et al. [88]
prepared ACs from Palmyra sprout by chemical activation. The as-produced ACs exhibited a high
Agg of around 2090 m? g_1 and a pore volume of 1.44 cm’ g_l, which allowed reaching an excess
uptake of 1.06 wt.% at 298 K and 1.5 MPa. AC doping with heteroatoms such as nitrogen, or decoration
with alkali or transition metals, proved to be an efficient way to enhance the hydrogen uptake at room
temperature, due to the spillover phenomenon. Zhao et al. [89] investigated the use of Pt-N-doped ACs
for hydrogen storage at both 77 and 298 K. The previous N doping was proved effective for achieving a
better Pt dispersion and smaller Pt nanoparticles. The hydrogen uptake at 298 K was found to increase
with the Pt loading. Indeed, it increased from 0.30 wt.% (for the pristine AC) to 0.58 wt.% at 4 MPa for
a Pt loading of 2.87 wt.%, and it reached the maximum excess uptake of 0.75 wt.% at the highest Pt
loading investigated, i.e., 6.73 wt.%. This enhancement was attributed to the spillover phenomenon.
However, the hydrogen uptake at 77 K was found to decrease when the Pt loading increased, due to
both the decrease of Aggr (from 3155 to 2734 m? g_l) and pore blocking. The same behavior was
found by Zhao et al. [101] when decorating the surface of ACs with Pd nanoparticles. Wang et al. [90]
obtained excess uptakes of 1.30 and 1.02 wt.% at 298 K and 10 MPa when decorating the surface of
ACs with Ru and Ni, respectively. The hydrogen uptakes were higher than that obtained with the
non-doped counterpart (0.6 wt.% under the same conditions).

Figure 10a shows the hydrogen uptakes (in excess) obtained for ACs at 77 K reported in recent
years. The hydrogen uptakes measured above 1 MPa follow the Chahine’s rule. The data measured at
0.1 MPa do not exceed 3 wt.% for Aggr as high as 3000 m? g~!. Figure 10b shows the hydrogen uptakes
(also in excess) reported for ACs at 298 K. At this temperature, the averaged hydrogen uptake barely
exceeds 1.2 wt.% for any value of ApgT.
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Figure 10. Excess hydrogen uptakes on ACs reported by recent works at: (a) 77 K; and (b) 298 K.
The labels indicate the corresponding references.
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3.3. Templated Carbons

Carbon materials with a hierarchical pore structure and a relatively narrow pore size distribution
can be produced by hard templating, also called nanocasting. This method consists in introducing
an organic precursor into the pores of an inorganic template, for instance by impregnation, followed
by carbonization and elimination of the template by leaching with strong acids [110]. The inorganic
precursors commonly used are zeolites [111-116], silica [117-119], and MOFs [120-127].

Masika et al. [114] prepared porous carbons with ultrahigh surface areas from zeolite 13X using
furfuryl alcohol as a carbon precursor. To better develop the porosity and reach an Aggr of 3332 m?
g~!, the authors applied an additional CVD step using ethylene with the aim of better filling the zeolite.
The excess hydrogen uptake obtained with the as-prepared sample was 6.2 wt.% at 77 K and 2 MPa,
this value being among the highest ever achieved by a carbon material. Cai et al. [115] prepared a
very ordered porous carbon using zeolite 10X as template. The as-produced carbon adsorbent had
an Aggr of 3331 m? g~! and a pore volume of 1.94 cm3 g~!. The absolute hydrogen uptake obtained
with this sample at 77 K and 2 MPa was 6.09 wt.%. Musyoka et al. [111] investigated the possibility
of producing zeolites from cheaper materials, such as fly ash, and used them as carbon templates.
The carbons produced reached an excess uptake of 1.2 wt.% at 77 K and 0.1 MPa, which is lower than
the value obtained with zeolite X under the same conditions (2.4 wt.%). The lower Aggr, 1112 m? g1
compared to 2577 m? g~!, may explain such differences.

Attia et al. [119] produced templated carbon from silica-based materials such as rice husks.
The reported excess uptake of hydrogen was 2.41 wt.% at 77 K and 7 MPa. Carraro et al. [117] prepared
ordered mesoporous carbon known as CMK-3 by a nanocasting method using SBA-15 silica as the
template and sucrose as the carbon source. The measured Aggr of this sample was 972 m? g_1 and
the total pore volume was 0.99 cm g'. The volume of mesopores was 43% of the total pore volume,
whereas the micropores represented 16%. Thus, they obtained an excess uptake of 1.5 wt.% at 77 K
and 0.1 MPa, which is lower than that commonly obtained with zeolites under the same conditions.
Likewise, Juarez et al. [118] obtained an excess uptake of 2.2 wt.% at 77 K and 1 MPa using also CMK-3
synthesized by the nanocasting strategy. On average, it was found that silica-templated carbons
are not relevant for hydrogen storage applications, as they exhibit high mesoporosity rather than
microporosity [128-130].

MOFs have also been studied as templates for the synthesis of carbonaceous materials.
Indeed, the organic bridges connecting the metallic inorganic nodes of the MOFs generally consist
of aromatic rings, which allow reaching high carbon contents after the carbonization process [131].
This feature improves the hydrogen storage capacity of the templated carbons. MOFs based on
organic bridges with a high carbon content generally lead to carbons with a low specific surface area,
whereas high surface areas are produced from MOFs whose linkers present low carbon contents.
Lim et al. [132] found that the surface area of MOF-derived carbons linearly increased with the
Zn/C ratio of the precursors. They obtained Aggr of 900 m? g_1 for a Zn/C ratio equal to 0.07,
whereas 1800 m? g‘1 was obtained when Zn/C was equal to 0.25. Indeed, the Zn metallic nodes can be
easily removed during the carbonization process, without affecting the microporosity [120]. On the
other hand, Segakweng et al. [121] found that carbons derived from Cr-MOFs displayed lower surface
area and pore volume (Aggr = 628 m? g_1 and Vr = 0.54 cm? g‘l, when carbonized at 1073 K) than the
MOF precursor (Aggr = 2619 m? g~! and V1 = 1.36 cm? g~!). This decrease was due to the blocking
of pores by chromium carbides and oxides produced during carbonization. Exceptional hydrogen
uptakes have been reached with MOF-derived carbons. Yang et al. [123] produced a templated carbon
by direct pyrolysis at 1173 K of IRMOEF-1 (IsoReticular Metal Organic Framework). An excess uptake
as high as 3.25 wt.% was achieved at 77 K and 0.1 MPa using, exceeding the average values obtained
with other reference materials. This templated carbon had an Apgr of 3174 m? g_l and a total pore
volume of 4.06 cm® g~!, being one of the highest values ever reported for a carbon material. The same
authors obtained an excess uptake of 2.45 wt.% at 77 K and 0.1 MPa using IRMOF-3 as a template
and sucrose to impregnate it. The corresponding templated carbon had an Aggr of 3120 m? g~! and
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a total pore volume of 1.96 cm® g~!. Jiang et al. [122] reached 2.77 wt.% of hydrogen stored at 77 K
and 0.1 MPa with a templated carbon synthesized using ZIF-8 (Zeolitic Imidazolate Framework) as
a template, impregnated with furfuryl alcohol. An absolute uptake of 6.2 wt.% at 77 K and 2 MPa
was achieved with the same sample but chemically activated with KOH [126]. Pachfule et al. [125]
obtained excess uptakes of 2.37, 2.15, and 1.96 wt.% at 77 K and 0.1 MPa with nanoporous carbons
derived from ZIF-70, ZIF-68 and ZIF-69, respectively, and using furfuryl alcohol to impregnate them.
Figure 11 shows the hydrogen uptakes (in excess) obtained at 77 K from templated carbons
reported in recent years. The literature still lacks data on hydrogen uptake for the same materials at
298 K. The data measured at 2 MPa are on average higher than those predicted by Chahine’s rule.
Furthermore, the increase in hydrogen uptake with Aggr at 0.1 MPa is less than at 2 MPa.
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Figure 11. Excess hydrogen uptakes on ACs reported by recent works at 77 K. The labels indicate the
corresponding references.

3.4. Other Carbon Materials

Other carbon materials have been investigated as promising candidates for hydrogen storage.
Among them, carbon nanospheres have received great attention due to their high surface-to-volume
ratio and their large void space to encapsulate metal nanoparticles. Li et al. [133] obtained an absolute
uptake of hydrogen of 6.4 wt.% at 77 K and 2 MPa with carbon spheres having an Aggr of 3350 m? g~
and a total pore volume of 1.75 cm® g~!. Baca et al. [134] showed that decorating hollow carbon spheres
with metallic nanoparticles can be beneficial for hydrogen storage due to the spillover phenomenon.
They obtained an excess uptake of 0.48 wt.% at 4.5 MPa and 313 K when decorating with Pt, whereas a
significantly lower value of 0.13 wt.% was obtained under the same conditions when decorating with Pd.

Carbon aerogels also received special attention, because they ensure good hydrogen uptakes
due to their developed textural properties, high ultra-microporosity among them. Singh et al. [135]
obtained an excess uptake of 5.65 wt.% at 77 K and 2.2 MPa with carbon aerogels having an Aggr of
only 379 m? g1. These results confirm the limits of the BET method in the evaluation of the surface
area of a porous material. Indeed, it is likely that such a material exhibits a high ultra-microporosity,
which cannot be detected by N, adsorption.

Carbons with developed textural properties have also been synthesized from hyper-crosslinked
polymers (HCPs) by alkylation between an external crosslinker and several aromatic monomers.
Zhang et al. [136] obtained nanoporous carbon materials by pyrolysis of an HCP having formaldehyde
dimethyl acetal as crosslinker. The as-produced carbon had an Aggr of 3101 m? g_1 and a pore volume
of 1.84 cm3 g~!. These features allowed reaching an excess uptake of 3.25 wt.% at 77 K and 0.1 MPa.
This value is not too far from that obtained by Yang et al. [123] when using MOF-templated carbons.
Lee et al. [137] obtained carbons with an exceptional Aggt of 4334 m? g~! and total pore volume of
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3.14 cm?® g1 by carbonization of HCPs. They achieved an excess uptake of 3.6 wt.% at 77 K and
0.1 MPa, which is among the highest ever reached by carbon materials.

Recent numerical simulation by GCMC carried out by Qin et al. [138] have shown that it is
possible to reach 4.5 wt.% of hydrogen uptake at 77 K and 2 MPa with a carbon nanomaterial having a
honeycomb structure. Li et al. [139] obtained excess uptakes in the range 4.70-5.94 wt.% at 77 K and
2 MPa using polyacrylonitrile-based porous carbons with high Aggr, between 2565 and 3049 m? g~

4. Carbon Materials for Hydrogen Compression

An emerging technology for hydrogen compression is based on thermally driven, cyclic,
adsorption—desorption on porous materials [140]. In addition to carbon materials [141], thoroughly
reviewed in the present paper, other candidates for this purpose are: (i) MOFs, with their exceptional
Apgr sometimes higher than 6000 m? g1, thereby allowing excess uptakes of around 10 wt.% at
77 K and 6 MPa [142] (however, the main drawback of MOF for a wide application is their high
price and the degradation of their properties with ageing [143]); (ii) organic polymers, which ensure
hydrogen uptakes of about 4 wt.% at 77 K and approximately 1 MPa [144,145]; and (iii) silicas, aluminas,
and zeolites, but giving amounts of adsorbed hydrogen lower than carbons of similar Agpt [146].

An adsorption—desorption compressor is a non-mechanical compressor, which partly solves
several shortcomings of mechanical compressors, such as the complex structure and the embrittlement
phenomena resulting from the absorption of hydrogen by metals [147]. Moreover, the capital expenditure
(CAPEX) and operational expenditure (OPEX) of a mechanical compressor can represent the largest
contribution to the overall cost of hydrogen facilities such as the hydrogen refueling stations [148].

Figure 12 schematically shows the operating principle of a thermally driven adsorption—desorption
compressor that can be described as a thermodynamic engine in which the compression is controlled by
heat transfer between the compressor tank and the environment of the system. Hydrogen compression
derives from the desorption of a pre-adsorbed amount of hydrogen on a porous material, as a
consequence of the passage of hydrogen from the adsorbed phase, which is denser, to the bulk gas
phase in a confined tank volume. Hydrogen desorption is obtained by increasing the temperature of
the system [149]. The efficiency of an adsorption—desorption compressor is related to the hydrogen
adsorption capacity of the porous material but also to the amount of material that can be introduced
into the tank. Indeed, the higher is the amount of hydrogen adsorbed at low temperature, for instance
at 77 K, the higher is the amount of high-pressure hydrogen discharged by the compressor.

According to the data reported in Section 3, carbon-based materials are good candidates for use
in an adsorption—desorption compressor. In our previous study [150], we compressed hydrogen up
to 70 MPa in a thermally driven adsorption—-desorption device using the activated carbon MSC-30©
(Kansai Coke & Chemicals, Hyogo, Japan). This AC has developed textural properties, such as an
Aggr of 3305 m? g~! and a total pore volume of 1.60 cm® g~!. The microporosity contributes to 60% of
the total pore volume, which allowed reaching an excess hydrogen uptake of 5.8 wt.% at 77 K and
4 MPa [27]. Hydrogen was introduced at 8 MPa into a 0.5 L prototype containing 0.135 kg of MSC-30,
and then adsorption at 77 K was carried out. A high-pressure hydrogen flow, up to 28 NL h™! at 70 MPa,
was obtained in a single step when heating the compressor from 77 to 315 K. Nevertheless, and as
mentioned above, the carbon materials must have an appropriate bulk density, with a high surface area
and pore volume, in order to increase the performance of the thermally driven adsorption—desorption
compressor, hence its efficiency [151].
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5. Conclusions

Carbon materials are potentially suitable candidates for hydrogen storage. In recent years,
several carbon materials have been studied for the storage of hydrogen, such as carbon nanotubes,
carbon nanofibers, activated carbons, and carbons derived from zeolites and MOFs. The data reported in
the open literature can be found in terms of: (i) excess uptake; (ii) absolute uptake; and (iii) total uptake,
when the contribution of compressed hydrogen is added to that of adsorption. Thus, special care should
be taken when comparing hydrogen adsorption data obtained with microporous carbon materials.

The hydrogen storage capacity depends on temperature and pressure coupled with textural
details of the nanoporous carbon. While in the majority of works hydrogen storage is essentially solely
correlated with the BET area (despite the significant limitations of the BET method for surface area
assessment of microporous materials), details of the pore size distribution are crucial for optimizing
nanoporous carbons for hydrogen storage application.

At pressures under 1 MPa and 77 K, both high surface area and narrow pores (<0.6 nm) are
needed. High surface activated carbons present a wide pore size distribution and thus pressures above
3 MPa, necessary to fill larger micro- and mesopores, coupled with a large pore volume are desirable.
Hence, a detailed, reliable physisorption characterization of nanoporous carbons is required and here
major advances have been made during the last decade mainly due to: (i) advances in the development
of methods based on statistical mechanics such as DFT based methods (e.g., NLDFT, 2-D NLDFT,
and QSDFT) and molecular simulation; and (ii) development of high resolution experimental protocols
including the combination of various adsorptives. While significant advances have been made in
analytical tools for carbon characterization, the scientific literature still lacks information on the
correspondence between the PSD of carbon materials and hydrogen storage capacity. In this paper,
we show that the average density of the hydrogen adsorbed in very narrow pores (<0.6 nm) is six times
that of the hydrogen in the bulk phase at 4 MPa. On the other hand, the density of adsorbed hydrogen
in mesopores approaches that of the bulk phase. Understanding the evolution of hydrogen adsorption
with pressure and taking into account the PSD is of primary importance for developing numerical
models predicting the performance of hydrogen storage and compression systems. The empirical
model proposed in Section 2.5 proved to be a better analytical tool than the use of Aggr to predict the
evolution of the absolute hydrogen adsorption with pressure.
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Carbon materials have large surface areas and show high hydrogen storage capacities at 77 K.
A maximum excess uptake of 7 wt.% at 77 K was achieved when using ACs or MOFs-derived carbons.
Chemical activation was found to be essential for developing the microporosity of these materials.
On the other hand, the data reported for carbon nanotubes and carbon nanofibers were so controversial
that they were irreproducible in several cases. However, among the currently available candidates
for hydrogen storage, none can meet the DOE targets for automotive applications (5.5 wt.% by 2025)
by considering not only the weight of the adsorbent but that of the entire system. Indeed, the DOE
targets are valid for ambient temperature, at which excess uptakes of only 1 wt.%, on average, were
found at 298 K for the majority of the reported carbon adsorbents for a pressure range up to 20 MPa.
Even though the use of metallic catalysts to promote the hydrogen spillover has been proposed as a
mechanism to enhance hydrogen storage on nanostructured carbons at 298 K, it seems that hydrogen
uptakes higher than 5 wt.% can be ensured quite exclusively at cryogenic temperatures. Under these
conditions, the hydrogen adsorption strictly depends on textural properties, such as specific surface
area and PSD.

In addition to their use in hydrogen storage applications, microporous carbon materials have
recently been investigated as adsorbents in the context of adsorption—desorption compression
technology. In such a system, compression of hydrogen derives from the desorption of a pre-adsorbed
amount of hydrogen at 77 K triggered by the increase in the temperature of the system. A flow
of high-pressure hydrogen at 70 MPa was obtained by using 0.135 kg of super-activated carbon
(MSC-30, from Kansai Coke & Chemicals, with Agpp = 3300 m? g_l) in a reservoir of volume 0.5 L,
when heating it from 77 to 315 K. This system could become a valid alternative to mechanical
compressors from an industrial point of view.
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