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Abstract: In this account the most relevant advancements in 

hydrogen storage in porous materials are presented. These 

include the current state-of-the-art, the challenges which have 

been overcome, and the hurdles which still remain. The most 

important milestones which will be discussed in this work will be 

the development of new apparatuses capable of delivering 

reliable results under a broad range of operational conditions, in 

which analysis temperature and pressure are critical parameters. 

Other aspects such as the materials storage capacity in 

gravimetric and volumetric terms will be critically discussed to 

identify the conditions required from an ideal material. Finally, 

different upgrade possibilities from modifying the adsorbate-

adsorbent interaction to using rigid or flexible materials will be 

presented and put into perspective with current literature. 

1. Introduction 

Among the commodities which became essential during the 20 th 

century and will most likely dominate the 21st are information[1] 

and energy[2]. Focusing on the latter and due to stricter 

environmental regulations, there is an increasingly strong drive 

towards the implementation and use of clean, efficient fuels. 

From this perspective, Hydrogen stands out as a promising 

energy vector because apart from its aforementioned virtues it is 

abundant, well distributed worldwide, and presents a flexible and 

efficient energy conversion. As a result, it is a firm candidate as 

fuel in mobile applications (e.g. cars, buses…) for devices 

powered by conventional (i.e. internal combustion engines) 

and/or fuel cells, which results in a much more efficient 

conversion (60% versus 20% for combustion engines). 

Furthermore, fuel cells imbue these devices with added benefits 

like portability which would in turn allow their applications in 

portable electronics or even to produce heat and electricity for 

stationary applications in domestic, industrial and energy sectors. 

Despite these characteristics, Hydrogen is far from an ideal 

energy source. That is mainly due to its inherent issues in 

production and storage. On the former, unlike coal or natural gas 

Hydrogen is not a primary source. In the atmosphere, it is 

combined to a large degree (forming mostly water leaving less 

than 2% of hydrogen as molecular hydrogen). As a result, in 

order to meet current and future demands, Hydrogen has to be 

produced. The good news is, Hydrogen can be obtained through 

several different routes, using a wide range of technologies 

including primary energy sources, such as fossil fuels, nuclear 

power and renewable energy[3]. From this perspective, Hydrogen 

is close to being an ideal fuel and energy carrier since (i) it can 

be generated from several different feedstocks and (ii) it can be 

converted into energy without releasing harmful emissions at the 

point of use, thus reducing the emissions of greenhouse gases 

and other pollutants thus decreasing the dependence on fossil 

fuels[4]. 

The other (major) drawback comes with storage. This is 

especially relevant considering the case of mobile and portable 

applications where storage is one of the main problems for use 

in such applications as fuel[2-6]. Hydrogen has a chemical energy 

per mass (on a gravimetric basis) of 120 MJ/kg (33.3 kWh/kg), 

which is approximately three times greater than that of gasoline 

(44.4 MJ/kg or 12.4 kWh/kg). However, the energy density of 

hydrogen (on a volumetric basis) is very low compared to 

gasoline or other hydrocarbons. Thus, two examples are: i) at 

room temperature and at atmospheric pressure, 1 kg of 

hydrogen occupies 11250 L and ii) gasoline has a volumetric 

energy of 31.7 MJ/L (8.8 kWh/L) which is approximately six 

times more energy than hydrogen compressed at 70 MPa (4.7 

MJ/L, 1.3 kWh/L).Therefore, great efforts have been carried out 

in order to increase the volumetric energy of hydrogen.  

When it comes down to its use as an energy source, Hydrogen 

must be competitive with already available fuels (namely 

gasoline), and thus storage techniques must meet the 

appropriate standards. These were initially set by the U.S. 

Department of Energy (DOE, USA)[7,8] and while they were 

revised recently[9], the target figures for implementation 

remained unchanged. While more detailed information on the 

requirements might be found in Refs. [2, 7-9] and references 

therein, there are two figures that demand mention: (i) For a 

Hydrogen-powered vehicle to be competitive, it must possess a 

range of 500 miles (804.7 km) and (ii) in order to reach that 

figure, the “Ultimate Full Fleet” (i.e. meant to capture virtually all 

light-duty vehicle platforms) target is set at 7.5 wt%. H2 in terms 

of gravimetric capacity (target was 5.5 wt% H2 for 2015) and 

0.07 kg H2/L (2015 target = 0.04 kg H2/L). While we have 

already reported H2 storage values on gravimetric basis that 

meet this criterion[2], it must be noted that the figures values 

refer to the complete storage system, including material, tank, 

and auxiliary systems (pipes, valves, gauges, flanges, etc..). 

Therefore, our figures, which were calculated purely on a 

materials basis (as all reports found in the literature) should be 

significantly higher. In addition, other requirements to be met by 

storage system have been established: loading/unloading 

should be reversible below 85ºC, consume <10% in the process 

of unloading and the loading must be rapid (<3.3 min according 

to the 2017 target). 

In a nutshell, while all the Hydrogen storage technologies 

revolve around increasing the fuel energy density they follow 

four different avenues to reach their goal, namely (i) H2 

compression, (ii) H2 liquefaction, (iii) chemical storage (i.e. 

formation of metal hydrides or other hydrogen containing 

compounds), and (iv) physical adsorption (i.e. adsorption on 

different types of porous materials). The first one involves the 

use of very high pressures (up to 70 MPa) which delivers a 

hydrogen density just under the 2015 DOE target (0.039 kg/L), 
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but falls short of the mark if the “Ultimate Full Fleet” target is 

sought. Furthermore, the design on materials that can withstand 

such pressures further adds to the challenge. Storing Hydrogen 

as a liquid requires reaching very low temperatures (under 20 K) 

and thus is an extremely energy-demanding process. Formation 

of metal hydrides is an interesting means towards achieving high 

Hydrogen capacities by chemical storage, but since the process 

is based on an exothermal formation process, heat exchange 

issues arise. Besides, release of Hydrogen for its use as fuel 

requires heating of the storage tank. Under this perspective, 

adsorption on porous materials is an alternative to solve these 

problems. Research on hydrogen storage in porous materials 

has grown significantly over the last two decades. Thus, in this 

Personal Account, we will review the state of the art in the field 

of hydrogen storage by adsorption in porous solids, focusing in 

the use of different porous solids concerning their chemical 

composition, porous texture, pore network. Special attention will 

be paid to recent developments on new materials which have 

shown promise in this application of great current environmental 

relevance. 

2. Gas Adsorption at High Pressures: 
Fundamentals and Experimental 
Considerations 

While not as demanding in terms of pressure or energy, 

adsorption of Hydrogen on a porous matrix still requires the 

application of pressures (around 4 MPa) and the use of 

cryogenic temperatures (77 K) to reach acceptable levels of 

energy density. Given the critical point of Hydrogen (33.1 K and 

1.28 MPa), the aforementioned working conditions lie in the 

supercritical regime. Thus special attention must be paid in this 

regard. 

It is well-known that the isotherm obtained experimentally in 

conventional gravimetric or volumetric systems is the Gibbs 

isotherm or excess adsorption isotherm. In other words, the 

amount of adsorbed gas determined is that whose density is 

higher than the density of the gas at the same pressure and 

temperature. Figure 1 shows a schematic representation of the 

Gibbs adsorption where the relation between excess adsorption 

and absolute adsorbed amounts are shown. 

The relationship between the excess, ne (region I in Fig. 1), and 

the absolute adsorbed amount, na (sum of region I + II), is given 

by the following equation: 

adgasae Vnn ·           (1) 

where gas is the gas density and Vad is the volume of the 

adsorbed phase. Both ne and gas are experimentally 

measurable parameters, but the other parameters must be 

obtained indirectly. 

Under subcritical conditions (which are the standard for most 

routine adsorption experiments such as for example N2 at 77 K 

or CO2 at 273 K), it is generally accepted that the density of the 

adsorbed phase, ad is equal to the density (solid or liquid) of the 

adsorbate[10]. Under these conditions, the absolute adsorbed 

amount can be obtained using the following equation: 
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where M is the molecular weight, Z is the compressibility factor, 

R is the gas constant, P is the pressure and T is the temperature. 

Now, under supercritical conditions (vide supra), the problem 

lies in establishing ad since it is not equal to the liquid or solid 

adsorbate density because it cannot condense under these 

conditions. There are essentially two different theoretical 

approaches to obtain the absolute adsorption isotherm[11]: those 

which assume that the density of the adsorbed phase is 

constant and, therefore, use the previous equation and those 

which consider that the volume of the adsorbed phase is 

constant and thus use equation (1). 

In any case, to obtain the total amount of gas stored in a tank 

filled with an adsorbent, it is not mandatory to calculate the 

absolute isotherm. A simple method to obtain the total storage 

capacities using only measurable parameters will be discussed 

in a forthcoming section. For the moment, we shall focus on the 

direct measurement of excess isotherms by different 

methodologies, being gravimetric and volumetric methods those 

most widely used. 

 

Figure 1. Schematic representation correlating excess adsorption (Region I) 

and absolute adsorbed amount. Regions II and III represent the fluid with a 

density given by the conditions (P and T) inside and outside of the adsorption 

volume, respectively. Absolute adsorption is given by the sum of regions I and 

II. L is the thickness of the adsorbed phase. 

In the gravimetric method, a previously outgassed sample is 

introduced into a suitable sample holder (i.e. it must not react in 

any way with the adsorbent under the adsorption conditions). 

The holder is situated inside an isolated chamber, in which 

temperature remains constant and which can be submitted to 
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the pressures at which the analysis will be carried out. The 

chamber is pressurized with the gas (i.e. hydrogen) and the 

amount adsorbed is measured by reading the change of weight 

of the sample when thermodynamic equilibrium of adsorption is 

reached (the weight of the sample does not change anymore). 

The advantage of this method is that the weight change can be 

directly related to the amount of hydrogen that is adsorbed. The 

main error source is the buoyancy (which can be determined in 

different ways[12]) that the gas has on the volume occupied by all 

mechanical parts connected to the balance, including the 

sample itself as well as the adsorbed phase. Once the correction 

is made due to the balance components, sample volume and 

sample holder, the excess or Gibbs isotherm is obtained. In the 

gravimetric method, taking into account that Hydrogen is the 

lightest of all gases, using high purity gases is critical to avoid 

severe experimental errors.  

The volumetric (or Sieverts) method is the most widespread 

methodology to obtain adsorption isotherms. In this case, the 

adsorbed gas is quantified indirectly by measuring the pressure 

variation inside a given (cell) volume and using an appropriate 

gas equation of state (EOS). A typical device consists of two 

parts: the sample cell and the manifold (from which the gas 

expands into the cell). Both sample cell and manifold volumes 

must be known and the temperature of the system must be 

measured with sufficient accuracy and precision to warrant 

reliable results.  

There are two main error sources to account for: the volume of 

the manifold and the presence of leaks. Concerning the former, 

since all calculations refer to this volume, it is essential to 

calibrate it with high accuracy. On the latter, a very small leak 

can be interpreted as gas adsorption if the equilibrium time is 

larger than the rate of gas release due to the leak. Given the 

small size and high diffusivity of Hydrogen, this source of error is 

also of high relevance. 

There is a common source of error shared by both methods 

which is incorrect data analysis. For example, in the volumetric 

system, the use of a suitable EOS is essential to obtain reliable 

data (the higher the pressure, the greater the importance of the 

EOS selection). As shown in Fig. 2, important differences exist 

in the same experimental adsorption data depending on the 

EOS used, being the Lee-Kesler and mBWR equations the 

recommended by NIST[2]. In any high pressure adsorption study, 

it is very important to mention the EOS used when reporting 

hydrogen storage data. This will avoid reporting unrealistic 

values of hydrogen storage since the data may experience a 

variation that may be fourfold, which is of course critical given 

the end-user application intended for the resulting devices. 

 

 

 

 

 

Figure 2. Excess hydrogen adsorption isotherms at 298 K and up to 20 MPa 

(200 bar) for an activated carbon obtained using different EOS indicated in the 

figure legend. 

Last, but definitely not least, another key parameter must be 

mentioned that enables a correct interpretation of the adsorption 

data as well as correctly determining the volumetric adsorption 

capacity and total amount of stored Hydrogen, which is the 

density of the material used. A thorough description of the 

different definitions of density used in the literature is detailed in 
[2], but in brief these densities are (in growing order): 

 Bulk density and tap density 

 Packing density 

 Crystal density 

 True (skeletal or Helium) density 

As it will be shown below, the density used will have a great 

influence in the calculation of the amount of adsorbed hydrogen 

in volumetric basis and, hence, in the resulting total hydrogen 

storage capacity. 

3. Hydrogen storage in porous materials: 
State of the art 

Carbon materials raised great expectations following on the 

reports of Dillon et al.[13] who predicted gravimetric adsorption 

values for Single-Wall Carbon Nanotubes (SWCNTs) between 5 

and 10 wt% in samples containing very low amounts of this 

carbon nanomaterial. The anticipation surged even further when 

Chambers et al.[14] reported hydrogen adsorption capacities at 

11.2 MPa on different Carbon Nanofibers (CNFs) which 

surpassed the energy density of liquid gasoline. These findings 

spurred the initial efforts on H2 storage in carbon nanomaterials, 

including CNTs, CNFs, carbide-derived carbons, templated 

carbons, etc. As minutely reviewed by Cazorla-Amorós et al.[2], 

the results on the adsorption capacities of different carbon-

based materials, from classical activated carbons to 

nanostructured carbons, can be plotted in terms of their 

hydrogen adsorption capacity versus their textural properties 
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giving good correlations, provided that the effect of impurities 

from either the sample or the gas used are discarded and a 

reliable equipment is used. In this respect, a good correlation 

may be found between BET surface area or narrow 

microporosity volume and hydrogen uptake at 77K and up to 30 

bar or 298K up to 200 bar, respectively. Nevertheless, when it 

comes to the “record” values reported in the literature, the 

influence of the aforementioned experimental (including material 

and gas purities) and analytical results has produced a large 

scattering of the values, which makes these advanced carbon 

materials significantly less reproducible than the so-called 

“classical” carbon materials such as activated carbons (ACs) or 

activated carbon fibers (ACFs).  

While carbon materials spearheaded the research on hydrogen 

storage in its early stages, other materials have also attracted 

significant attention, such as zeolites[18], MOFs (metal organic 

frameworks)[19], PCPs (porous coordination polymers), or COFs 

(covalent organic frameworks)[20]. Given the highly promising 

results obtained for these two latter kinds of materials (see for 

example [21]), research on gas storage has focused on them to a 

very significant degree. This can be clearly seen by plotting the 

number of published items on hydrogen storage per material as 

Figure 3 shows. It must be mentioned that the large entry for 

“graphene” (which the reader may consider surprising since this 

material is not intrinsically porous, let alone microporous) is 

because under this term you may find works related to graphite 

oxide, graphene oxide, or more generally „graphene-like 

materials“, and thus the term labelled as “graphene” can be 

misleading, hence the clarification. Furthermore, it should also 

be noted that in a significant portion of these works graphene (or 

graphene-like materiales) is used as part of a composotie or as 

support. If we combine all the entries related to carbon-based 

materials their number is higher than that of MOFs. 

Nevertheless, it is undeniable that these materials have shown 

great promise in gas storage applications. It must be noted, 

however, that this consideration is true for storage on 

gravimetric basis, but as we will show in a later section, the 

picture changes dramatically when storage is considered on a 

volumetric basis.  

While they are not the object of the current work, mention must 

also be made to other Hydrogen storage materials in which 

storage takes place by absorption (as it is the case of certain 

alloys made of light elements) or chemically (as in ammonia 

borane or formic acid). The reader is referred to a recent review 

on such materials for further reading[22]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Publications under topics ‘‘hydrogen storage’’ and “various 

adsorbent names” from 1997 to May 2017 (source: ISI Web of Knowledge). 

 

In this personal account, we will focus on the results obtained in 

our previous works, which have dealt with a wide range of 

porous materials comprising different chemical composition, 

structural characteristics and porous texture, as will be detailed 

below. This analysis will be extended to other (novel) materials. 

Thus, in the following sections, the hydrogen adsorption values 

found in the literature for those materials at different 

temperatures and pressures conditions will be compared with 

our results. 

3.1. Hydrogen adsorption at 298K.  

Under “high” temperature conditions (at least as compared to 

cryogenic Hydrogen storage), a wide range of pressure has 

been analyzed for energy storage. In this sense, the pressure 

range from 5 to 50 MPa at 298K has been the dominant trend to 

analyze the behavior of many different materials. Focusing first 

on (nano)porous carbon materials, which have hitherto been the 

main source of our expertise, some valuable general 

considerations may be drawn[2]. At room temperature, a good 

correlation can be established between the amount of hydrogen 

adsorbed (in wt%) and the total micropore volume obtained from 

the Nitrogen adsorption isotherm performed at 77K, being the 

best for the amount of hydrogen adsorbed at 50 MPa. What 

should be remarked is that this stands for materials as diverse 

as “classical” activated carbons, ACFs, nanotubes, nanofibers, 

KOH-activated nanotubes, activated amorphous CNFs, and 

zeolite templated carbons which serves to establish the general 

validity of the statement. However, as the adsorption pressure 

decreases (e.g. below 20 MPa), significant deviations to this 

general trend exist. The samples with the largest porosity 

development do not present the highest Hydrogen uptake. In 

this lower pressure range the highest Hydrogen adsorption 

capacity corresponds to samples with lower micropore volume 

but with narrower micropore size, which are those quantified by 

CO2 adsorption at 273K. As an example Fig. 4 shows the 

correlation between the amount of adsorbed Hydrogen at room 

temperature and 20 MPa and the narrow micropore volume for a 
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series of carbon-based samples both in powder and monolith 

form. The adsorption of CO2 has long been established as an 

excellent tool to characterize porous materials with narrow 

microporosity (pore size below about 0.7 nm), not only carbon 

materials[23], but also zeolites[24] and ordered mesoporous 

materials[25]. In any case, taking in the results reported as a 

whole highlight the importance of balancing high micropore 

volumes together with narrow microporosity for pressures below 

20 MPa at room temperature. The specific weight of the 

contribution of the micropore size distribution (MPSD) becomes 

more relevant as the storage pressure is decreased, as we have 

observed in previous reports[2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Amount of hydrogen adsorbed at 298 K at 20 MPa in a wide range 

of carbon-based materials versus their narrow micropore volume.  

 

Our expertise in this field started with the analysis of different 

carbon materials which ranged from “classical” ACs to 

nanostructured carbon materials. These materials included 

KOH-activated carbons, commercial ACs (Maxsorb-A and AX21), 

ACFs, carbon nanotubes, carbon nanofibers, KOH-activated 

nanotubes, and activated amorphous CNFs and they were later 

expanded to MOFs[26-32]. More recently, we have considered the 

possibilities of either improving Hydrogen storage in carbon 

materials from a different perspective, or by selecting new 

materials altogether, some of which are not related to carbon. In 

order to complete this subsection, we shall comment each case 

separately.  

While the first logical approach to increase the Hydrogen uptake 

in a porous sample would be to increase, as already mentioned, 

the micropore volume with a suitable MPSD, there is a lot of 

ground for improvement in different directions. For example 

modifying carbon materials to give rise to pillared graphene 

layers, in which the strength of adsorption of the hydrogen 

molecules could be increased, is one interesting option. The 

isosteric heat of adsorption of hydrogen is usually around 5 

kJ/mol which means that the interaction is weak and explains 

the need of using low temperatures and high pressures to get 

adequate hydrogen storage values. Using graphite oxide 

silylated with methyltrichlorosilane, we obtained samples which 

despite having a comparatively low narrow micropore volume 

(around 0.2 cm3/g measured by CO2 adsorption at 273K) 

adsorbed 0.6 wt% of Hydrogen at room temperature and 20 

MPa, which is almost 50% above the expected value[33]. The 

heat of adsorption measured was around 10 kJ/mol for hydrogen 

adsorption in these materials and it was attibuted to the small 

pore size in which the strength of the interaction is higher 

compared to wider pores. 

Our results using other types of hybrid materials also showed 

interesting results. In this respect, we also analyzed the 

adsorption capacity of differente graphene-clay materials in 

which two different natural silicates such as montmorillonite and 

sepiolite, were impregnated with commercial caramel and heat 

treated under different conditions to give rise to graphene-clay 

hybrids.[34,35] At room temperature, the materials showed 

promising Hydrogen storage values not in terms of exceedingly 

high values, but in terms of showing strong stabilization of the H2 

molecule upon adsorption, which was attributed to a beneficial 

effect arising from the presence of a functionalized fibrous 

silicate (i.e. sepiolite). This might be ascribed to the fact that 

since fibrous materials show a high aspect (surface-to-volume) 

ratio, this results in a large external surface area thus facilitating 

surface diffusion of any adsorbed (in this case Hydrogen) 

species. These materials were especially interesting since its 

preparation using commercial caramel and silicates (which can 

be purchased at affordable prices) resulted in environmentally 

friendly and cost-effective synthesis. 

Moving into non-carbon related samples but still delving on 

hybrid materials, we analyzed the adsorption capacity of layered 

titanosilicates synthesized on commercial glass fibers with a 

high aspect ratio at different temperatures. [36] The prepared 

materials proved to be robust and upon incorporating very small 

amounts of Pd (<0.1 wt%), it was possible to obtain promising 

H2 adsorption capacities. Another layered material that we 

tested recently was based on different stannosilicate samples 

that showed very promising results in terms of Hydrogen 

adsorption at 298K[37]. The best results were obtained for a 

delaminated stannosilicate which presented a H2 uptake 

equivalent to materials possessing 10 times its specific surface 

area, which denoted a very significant adsorption enhancement 

in this layered material. This points out not only the relevance of 

the porous texture, as detailed above, but also the morphology 

and chemical composition of the solid, which have a strong 

influence in the adsorption strength. This was also observed for 

zeolite imidazolate framework (ZIF) samples in which the final 

morphology, was strongly influenced by the preparation 

method.[38] In this particular paper, the preparation of ZIF-11 with 

very small crystal size resulted in an impoverishment in their 

adsorption performance. 

Since, in general, the interaction between the hydrogen 

molecules and the adsorbent is weak, in order to increase the 

amount of Hydrogen stored in a given porous sorbent, the most 

widely studied alternative is to decrease the adsorption 

temperature. This means the use of cryogenic conditions, which 

is discussed in the next section. 

3.1. Hydrogen adsorption at 77K.  
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One of the advantages of working under cryogenic conditions is 

that significantly lower adsorption pressures are required and 

higher Hydrogen loadings are reached. Thus, pressures ranging 

from 0.1 to 6 MPa have been reported in the literature when 

using 77K, reaching adsorption values which have gone over the 

8 wt% barrier on a materials basis. The most widespread results 

are those obtained up to 0.1 MPa due to the relatively easy 

access to the required instrumentation. As described in the 

previous section, the good correlation between the Hydrogen 

uptake and the micropore volume still applies at 77K. In our 

previous review[2], we already mentioned that, at low pressure 

(0.1 MPa), the contribution of the narrow microporosity becomes 

more relevant (i.e. pores with size below 0.7 nm) and the 

correlation is better when the amount of H2 adsorbed is plotted 

versus the narrow micropore volume[26]. On the other hand, 

when the working pressure is 4 MPa very little effect of the 

MPSD is observed and samples with high total micropore 

volumes are desired. In this respect, Fig. 5 shows the correlation 

between the excess H2 stored in different porous materials and 

their total micropore volume [31]. In addition, as observed in Fig. 5, 

this relationship is independent of the adsorbent used, showing 

that hydrogen storage at these conditions occurs through a 

physical adsorption process. 

In order to understand the observed trend, which applies to both 

adsorption temperatures, we need to consider the fundamentals 

of supercritical adsorption. H2 has a critical pressure (Pc) equal 

to 1.28 MPa and a critical temperature (Tc) of 33.1 K. Under 

these conditions, hydrogen behaves as a supercritical fluid 

under the given conditions. Thus, no valid approximation may be 

made concerning the density of the adsorbed phase since this 

value will depend on the pressure and the pore size[39]. 

Nevertheless, it is possible to give an estimate of the “saturation 

pressure” under supercritical conditions by using different 

empirical equations. For example, Dubinin proposed a simple 

equation (PS=PC·(T/TC)2),[40] which may be used to obtain 

qualitative interpretation of the experimental data. Using this 

equation, the estimated relative pressure (P/P0) for H2 at 77K 

under 0.1 MPa and 4 MPa of pressure would be 0.014 and 0.56, 

respectively. This evidences how the narrow microporosity is 

dominant at 0.1 MPa and at 4 MPa the MPSD becomes less 

relevant. At 298K, the obtained relative pressures for 50 and 20 

MPa are 0.47 and 0.19, which once again explains the same 

trend. This correlation between the Hydrogen storage capacities 

at 77 K (0.1 MPa) and 298 K (10-20 MPa) and the narrow 

micropores has been also recently discussed by other authors [41]. 

It was reported that H2 adsorption occurs preferentially in smaller 

micropores (diameters <1 nm) at both 77 K (0.1 MPa) and 298 K 

(10 MPa), irrespective of the adsorbent (comparing MOFs and 

microporous carbons). They found and empirical correlation 

between the H2 adsorption capacities at 77 K (0.1 MPa) and 298 

K (10 MPa) which offers a simple method for predicting 

adsorption capacities under otherwise unapproachable 

conditions by many researchers for a given porous material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Excess H2 adsorption on two well characterized series of activated 

carbons (black dots) and MOFs (white dots) at 77K up to 4MPa as a function 

of their surface areas and micropore volumes.  

 

In the case of hybrid materials, the graphene-clay materials 

which we studied[34] revealed that graphene supported on 

sepiolite produced structures that bring forth beneficial effects 

affecting Hydrogen storage capacity at low temperatures, and 

this might be further improved by favouring Hydrogen spill-over 

by adding a suitable dopant to the fibrous material which may 

add up to the aforementioned surface diffusion enhancement[36]. 

Deepening into this concept, we observed that delaminated 

stannosilicate samples could adsorb Hydrogen up to over 4 wt% 

at 77K despite the fact that these materials only have BET 

surface areas around 250 m2/g. For other non-fibrous materials 

which we have analyzed recently[38], namely a ZIF material (ZIF-

11) versus its nanoparticulate counterpart, a detrimental effect 

was observed when the particle size was reduced. These results 

point out that working with nanostructure, morphology and 

chemical composition, optimized materials can be designed for 

this application.  

3. Hydrogen Storage Capacity.  

3.1 Volumetric versus Gravimetric basis. 

While the ultimate goal concerning Hydrogen storage in porous 

materials is clear (to reach a sufficiently high value to make 

Hydrogen powered devices economically viable), the underlying 

matter is that the fuel tank (filled with the long-sought material) 

must fit into the device if it is meant for mobile applications. This 

is crucial, especially where mobile devices and vehicles are 
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concerned. In this respect, it must be noted that adsorption 

isotherms are normally expressed on gravimetric basis (amount 

of gas adsorbed per weight of sample). However, from a purely 

practical point of view, hydrogen adsorption capacities should be 

expressed on a volumetric basis. This in turn should make 

comparison between different samples a simpler and more 

straightforward task. However, providing storage capacity values 

requires knowing a suitable sample density (see Section 2). In 

the literature reporting hydrogen adsorption, data are expressed 

on gravimetric basis, and data on volumetric basis or density of 

the material are harder to find (whenever reported which is 

hardly the case).  

The relevance of presenting Hydrogen storage in volumetric 

basis was already pointed in our earlier report[2], but the first 

papers highlighting its importance data back from the 1990s. 

Chahine and Bose[42] reported it back in 1994 and other 

researchers followed suit a decade later[43,44]. Despite the 

importance of reporting the gas storage capacity in volumetric 

terms, this value is not frequently reported in the literature. In 

order to accurately report such value the only requirement is to 

know the material density with sufficient precision, which might 

be not altogether straightforward. 

In order to illustrate this, we should consider Fig. 6 in which the 

excess Hydrogen adsorption isotherms at 77K are plotted up to 

a final pressure of 4 MPa in volumetric basis (i.e., g/l) using 

three different measurable densities. 

Figure 6. Excess hydrogen adsorption isotherm at 77K and up to 4 MPa for a 

commercial activated carbon (Maxsorb 3000) expressed in volumetric basis by 

using different densities. 

 

From Figure 6, it becomes evident that the density of the 

material used for obtaining the isotherms on volumetric basis 

has a significant effect on the obtained values. Hydrogen 

adsorption capacities may range from under 20 to over 25 g/l 

depending on the type of density used. In this respect, it is 

important to elaborate on the fundamentals of adsorption at high 

pressure (Section 2). Bulk (bulk) and tap density (tap) are 

defined as the mass of solid divided by total volume occupied by 

the solid. The two densities include the volume occupied by the 

solid atoms, the particle internal pore volume and the 

interparticle void space volume. They are determined by putting 

a solid mass in a container (e.g. in a measuring cylinder) and 

measuring the volume it occupies. The sample can be subjected 

to a specified compaction, usually involving vibration of the 

container, from which the tap density may be obtained. In the 

case of packing density (packing), it refers to a bulk density in 

which the sample is subjected to a compression process by 

applying uniaxial pressure in order to reduce the interpart icle 

space. This density also includes the volume occupied by the 

solid atoms, the particle internal pore volume and the (now 

greatly reduced) interparticle space volume. In order to 

represent Figure 6 we also calculated the crystal density for the 

material according to the XRD diffraction pattern. This last value 

was merely used to show how the H2 storage capacity might be 

overestimated by more than 25% by mistakenly using this latter 

density value, which would only be valid if a large (huge in fact) 

single crystal was used as adsorbent, which is obviously never 

the case. Only density values which include the interparticle void 

space should be considered in order to report volumetric 

capacity values. In this respect, and as we reported in an earlier 

study [31] failure to do this results in incorrect data which initially 

favoured the MOFs versus “classical” activated carbons, but 

upon representing the H2 capacity in volumetric basis using true 

packing density values, the activated carbon materials 

surpassed the MOFs by a very significant margin.  

It must be remarked that recent studies have shed some 

additional light in this respect, predicting very high H2 adsorption 

capacities in volumetric basis for a family of MOFs[45]. Then 

again, their results were obtained at high pressure (10 MPa) 

under cryogenic conditions, which are significantly more 

demanding than the ones reported in this study. Other authors 

have also estimated that certain porous coordination polymers 

based on Nickel might have very promising Hydrogen uptake 

capacities[46], but these studies have yet to be confirmed 

experimentally as they are based in computational calculations. 

It should be noted, however, that these values are based on 

calculated crystal densities, which, as discussed above, may 

give rise to overestimations in the final volumetric capacity. 

It must also be remarked, due to its importance from an 

application point of view, that the packing density (or tap and 

bulk densities) of a material decreases with increasing the 

porosity development. This means that since the hydrogen 

uptake in volumetric basis is proportional to the density, an 

increase in porosity does not necessarily produce an increase in 

hydrogen uptake in volumetric basis and this parameter goes 

through a maximum[2]. However, hydrogen uptake in gravimetric 

basis does increase with porosity development as we have 

already explained. Thus, it is very important from a porous 

material design point of view to produce an adequate balance 

between porosity development and packing (or tap/bulk) density 

to reach the highest hydrogen uptake in volumetric basis. 
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In short, a main point to maximize hydrogen storage in 

volumetric basis is to increase the packing density of the porous 

adsorbents. In the case of carbon materials, this might be done 

by a suitable selection of the carbon precursor, the activation 

method used and the variables of the activation protocol[47] 

followed by making pieces, pellets or monoliths of these 

selected porous materials. It must be noted that from an 

application point of view, pieces offer advantages compared to 

powdered samples because they can present good mechanical 

properties, they are easier to handle than powder and 

appropriately prepared pieces, pellets or monoliths can give 

materials with density values around or above 1 g/cm3 while 

retaining a suitable porous texture. In the case of other types of 

materials, Yeon et al.[48] prepared highly dense monoliths of 

Carbide-Derived Carbon (CDC) by treating titanium carbine 

plates, reaching very interesting Hydrogen storage results. In the 

case of MOFs, ZIFs, or PCPs, pressing or conforming the 

material may result in a collapse of the structure, as we have 

reported earlier[31], and thus a flexible, shapeable framework is 

desired. 

3.2. Total hydrogen storage capacity 

The total hydrogen storage capacity refers to the total amount of 

hydrogen gas that can be stored in a tank filled with the 

adsorbent at a given conditions of pressure and temperature. 

This is probably the most important parameter from an 

application point of view and it includes the amount of gas 

adsorbed in the porous material and the gas that remains 

compressed in the inter-particle space. This means that the total 

amount of hydrogen stored in the tank, considering that the 

adsorption hydrogen excess is measured, corresponds to the 

sum of regions I, II, and III in Fig. 1.  

From the experimental data that can be obtained, the total 

amount of hydrogen stored in the tank can be easily calculated 
[2,27]. The packing (or tap/bulk) (ρp) and the true densities (ρt) can 

be used to obtain the volume of free space in the tank 

(Vf=Vtank(1-ρp/ρt)). And then, the total amount of hydrogen stored 

in the tank can be calculated from the following equation, where 

ns and ne correspond to the total amount of hydrogen stored and 

to the excess hydrogen adsorption, respectively, both in 

volumetric basis. 

𝒏𝒔 =  𝒏𝒆 +  𝝆𝒈𝒂𝒔(𝟏 −
𝝆𝒑

𝝆𝒕
) 

With this simple equation, the total amount of hydrogen stored 

by a material which is loaded in a tank can be easily calculated. 

For example, we can consider an activated carbon monolith 

(ACM) with a piece density of 0.61 g/cm3, a true density of 2.2 

g/cm3 (i.e., helium density), an apparent surface area SBET of 

2374 m2/g, a micropore volume of 1.04 cm3/g and an excess 

hydrogen adsorption at 77K and 4MPa of 30 g/l [27]. From these 

data it can be calculated that the total hydrogen storage capacity 

of a 1 l tank filled with this carbon monolith is 39.5 g H2 at 77 K 

and 4 MPa, which is around three times the amount stored in the 

same container just by compression (13.2 g of H2). This concept 

can be applied to any experimental conditions and can be very 

useful to evaluate the interest of a material for this application.  

From an application point of view, it is desirable to prepare the 

porous material with the highest packing (or tap/bulk) density in 

order to maximize the storage due to adsorption. 

4. Avenues towards improvement: Where to 
from where we stand? 

At this point, and while very significant advancements have been 

and are being made in the field of Hydrogen storage towards its 

implementation for end-user applications, there is still a long way 

to go. The immediate answer to the question “How do we 

improve H2 storage capacity?” would of course be to probe 

deeper into developing materials with an even more developed 

porosity but with highest packing density. Then again, as this 

has been under intense research for several decades (especially 

in the case of carbon materials), other avenues have appeared 

which pave new ways of boosting hydrogen storage capacity. In 

the first place, we have observed that it is possible to modify the 

heat of adsorption of Hydrogen by using carbon modified using 

sylilated graphite oxide precursors[33] which result in enhanced 

H2 storage capacities. As mentioned above, modifying the 

morphology and outer surface structure of the different 

adsorbents, it is also possible to bring about very significant 

changes in their hydrogen storage capacity. In this respect, the 

preparation of different graphene-clay hybrids[34,35] enabled us to 

identify a strong stabilisation of the H2 molecule in the composite 

material, possibly arising from the fibrous morphology of the 

sepiolite material used in combination with the graphenic 

structure generated by the pyrolysis of commercial caramel. In 

this respect, the morphology of the adsorbent seemingly also 

plays a role in terms of Hydrogen accessibility and stability, as 

we have observed when using layered structures which upon 

delamination give rise to materials with rather high H2 storage 

capacities.[37] Concerning other possible ways for improvement, 

doping of the adsorbent material with the aim to improve H2 spill-

over to boost Hydrogen capacity is another alternative which we 

have reported recently[36]. It must be noted that this surface 

structure modification does not always result in positive changes, 

since we have observed that when certain structures are 

obtained in nanocrystalline form, a detrimental effect is observed 

in absolute terms[38].  

Concerning the design of the material itself, there are two key 

issues that must be considered, and these two are intimately 

related to the material stability. This stability must be understood 

from two different perspectives: mechanical stability and 

chemical stability. Concerning the former, it is important to note 

that while most carbon materials can withstand significant 

compression forces while retaining their adsorption capacity 

(with notable exceptions as discussed below), other inorganic 

materials (namely several MOFs which have been highlighted 

for their outstanding adsorption capacity) suffer from severe 
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drawbacks when under pressure. As we have reported in a 

detailed manner[31], when adsorption capacities are reported in 

volumetric basis, unrealistically high values were reported for 

some MOFs which claimed superior H2 capacities. As we 

reported, this was due to the fact that the packing density 

(critical in this aspect) was far larger than the reported crystal 

density, which ultimately gave rise to the observed anomalies. In 

this respect, and in agreement with other reports [49], as the MOF 

sample was compressed at higher pressures, this gave rise to a 

collapse in its structure, resulting in diminished H2 storage 

capacities. Several reports have highlighted that MOFs are 

largely flexible structures,[50,51] being able to expand by over 

300% depending on the solvent used (as is the case of the 

material known as MIL-53), but in the light of experimental 

evidence, this does not guarantee their mechanical stability.  

On the latter, it must be noted that carbon materials are 

exceedingly stable except under strongly oxidizing conditions, 

which is sometimes not the case of other inorganic materials 

such as MOFs. In this respect, we reported that certain MOFs [31] 

suffered severe decreases in their adsorption capacity when 

submitted to high humidity conditions for several days (denoted 

as “steaming” of the material) or even when stored under open 

bench conditions for prolonged periods of time. While this 

characteristic seems to have been overcome with recent 

reports[45] in which the samples do not lose performance over 

time, their mechanical stability remains an issue. 

Since the pore size becomes critical at specific adsorption 

conditions, the possibility of decreasing the pore size of the 

material under an exterior stimulus could be of great interest to 

maximize the adsorption (i.e, the density of the adsorbed phase 

increases with decreasing the pore size). The release of this 

stimulus could increase the pore size favouring the delivery of 

the gas. This could be a novel option for the design of materials 

for energy storage. In this sense, we have shown by using 

Synchrotron radiation that ACFs present a flexible porous 

network which pore size is modified by applying uniaxial tensile 

forces along the fiber main axis, being this change reversible[52] 

A recent report by Nishihara et al.[53] has shown a highly flexible 

graphene mesosponge (GMS) which might be very interesting 

for H2 storage applications considering that it has the possibility 

of tailoring the porosity. 

5. Conclusions and Outlook 

Whenever Hydrogen storage is considered, there are many 

aspects that must be considered, going from the very 

fundamentals of adsorption at high pressure down to (almost) 

the atomic arrangement of the material itself. Considerations 

and definitions about high-pressure adsorption under 

supercritical conditions and about the experimental procedures 

used to measure excess hydrogen adsorption isotherms (mainly 

gravimetric and volumetric methods) have been given in this 

Personal Account. We have also remarked the importance of 

properly measuring the material density in order to accurately 

report the experimental data, since it is necessary to express the 

data in volumetric basis which is the most relevant from an 

application point of view in mobile applications. Comparison of 

the adsorption data at several temperatures and pressures on a 

wide range of materials allows us to draw some general 

conclusions: in absence of effects brought forth by certain 

modifications of the described materials, H2 storage is governed 

by the microporous texture of the adsorbent, and the range of 

the microporosity playing a role in the adsorption process will be 

determined by the hydrogen pressure used. Combining both 

aspects, it can be concluded that materials with a proper 

balance between porosity development, pore size distribution 

and packing (or bulk/tap) density are the most useful for this 

application.   

If we refer specifically to the materials, since from a strictly 

applied point of view, the sample density is a critical parameter 

that requires careful consideration, “classical” carbon materials 

seem to gain the upper hand thanks to their structure and 

mechanical properties. While novel MOFs, ZIFs, and PCPs 

show outstanding promise, they still have a significant amount of 

ground to cover in terms of overall performance and production 

costs. The design of the material with the highest porosity and 

packing density, with the adequate surface chemistry that 

assures a sufficiently high heat of adsorption and which pore 

size can be precisely modulated by an external stimulus like 

application of a stress, could be considered as a future goal to 

succeed in hydrogen storage in porous materials. 

 

 

 

Dr Ángel Berenguer-Murcia obtained his 

Degree in Chemistry at the University of 

Alicante in 2000, and in 2005 he obtained 

his PhD under the supervision of Profs. 

Ángel Linares-Solano and Diego Cazorla-

Amorós. In 2006 he moved to the 

University of Cambridge (UK) to work under 

the supervision of Prof. Brian F.G. Johnson 

on the design of “smart materials”. In 2009 

he moved back to the Materials Institute of 

the University of Alicante where he is a Research Fellow. His research 

interests include the development of membranes, nanoparticle synthesis, 

energy storage, and the design of porous materials for (micro)reactor 

applications. 

 



PERSONAL ACCOUNT          

 

 

 

 

 

Dr Juan Pablo Marco-Lozar obtained his 

Degree in Chemistry at the University of 

Alicante in 1999, and in 2008 he obtained 

his PhD under the supervision of Profs. 

Diego Cazorla-Amorós and Ángel Linares-

Solano. Since 2011, he works on Gas to 

Materials Technologies as R&D Manager, 

designing and developing automatic 

analysis systems focused on the 

characterization of materials and gas 

storage, mainly by adsorption processes. 

His research interests include carbon materials synthesis, energy and gas 

storage, carbon capture and storage (CCS) and high pressure adsorption 

processes. 

Prof. Diego Cazorla-Amorós was born in 

Elche (Alicante) and graduated in Chemistry 

from the University of Alicante in 1988, 

obtaining his PhD from this University in 

1991. He spent pre- and postdoctoral stays 

at the Université Claude Bernard (France), 

Tohoku University (Japan) and Brown 

University (USA), among others. He 

became Associate Professor in 1994 at the 

University of Alicante and promoted as Full 

Professor in 2002. He is coauthor of more 

than 230 papers and book chapters and 13 patents and has supervised 22 

PhD students. His research interests include the design of a wide range of 

materials, including carbon materials, zeolites, mesoporous materials, 

metal-containing nanoparticles and their use in energy storage and 

production and pollutant removal. He is also very much interested in the 

development and improvement of chemical technologies where these 

materials can be used. For this reason, he pays strong attention to the 

preparation of nanostructured thin films, to be used as coatings in 

microreactors or electrodes, and fillings to be used in microreactors   

 

Acknowledgements 

We thank the MINECO, GV, and FEDER (Projects CTQ2015-

66080-R MINECO/FEDER and PROMETEOII/ 2014/010) for 

financial support. 

Keywords: Hydrogen storage • Porosity • Adsorption • Carbon 

materials • MOFs 

[1] (a) B. Allen, Am. Econ. Rev. 1990, 80(2), 268-273; B. Allen, Econ. 

Theory 2005, 25(1), 3-20. 

[2] D. Lozano-Castelló, F. Suárez-García, Á. Linares-Solano, D. Cazorla-

Amorós in Renewable Hydrogen Technologies: Production, Purification, 

Storage, Applications and Safety (Eds. L. M. Gandía, G. Arzamendi, P. 

M. Diéguez), Elsevier, Amsterdam, 2013, pp. 269–291. 

[3] A. Züttel, A. Remhof, A. Borgschulte, O. Friedrichs, Phil. Trans. Math. 

Phys. Eng. Sci. 2010, 368(1923), 3329-3342. 

[4] S. McWhorter, C. Read, G. Ordaz, N. Stetson, Curr. Opin. Solid State 

Mater. Sci. 2011, 15(2), 29-38. 

[5] A. Züttel, Naturwissenschaften 2004, 91(4), 157-172. 

[6] M. Pumera, Energy Environ. Sci. 2011, 4(3), 668-674. 

[7]  DOE Targets. 2010 [cited; Available from: 

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/freedomcar_tar

gets_explanations.pdf]. 

[8] DOE Targets Light-Duty vehicles. 2010 [cited; Available from: 

http://www1.eere.energy.gov/hydrogenandfuelcells/storage/pdfs/targets

_onboard_hydro_storage_explanation.pdf]. 

[9] DOE Targets Light-Duty vehicles. May 2015 Revision [cited; Available 

from: 

https://energy.gov/sites/prod/files/2015/05/f22/fcto_targets_onboard_hy

dro_storage_explanation.pdf]. 

[10] F. Rouquerol, J. Rouquerol, K.S.W. Sing, in Adsorption by Powders & 

Porous Solids. Principles, Methodology and Applications, Academic 

Press, New York, 1999. 

[11] K. Murata, M. El Merraoui, K. Kaneko, J. Chem. Phys. 2001, 114(9), 

4196-4205. 

[12] S. Sircar, AIChE J. 2001, 47(5), 1169-1176. 

[13] A.C. Dillon, K.M. Jones, T.A. Bekkedahl, C.H. Kiang, D.S. Bethune, M.J. 

Heben, Nature 1997, 386(6623), 377-379. 

[14] A. Chambers, C. Park, R.T.K. Baker, N.M. Rodriguez, J. Phys. Chem. 

B 1998, 102(22), 4253-4256. 

[15] Z. Ma, T. Kyotani, A. Tomita, Chem. Commun. 2000, 23, 2365-2366. 

[16] Z. Ma, T. Kyotani, Z. Liu, O. Terasaki, A. Tomita, Chem. Mater. 2001, 

13(12), 4413-4415. 

[17] Z.X. Ma, T. Kyotani, A. Tomita, Carbon 2002, 40(13), 2367-2374. 

[18] D. Fraenkel, J.J. Shabtai, J. Am. Chem. Soc. 1977, 99(21), 7074-7076. 

[19] G. Ferey, Chem. Soc. Rev. 2008, 37(1), 191-214. 

[20] H. Furukawa, O.M. Yaghi, J. Am. Chem. Soc. 2009, 131(25), 8875-

8883. 

[21] O.K. Farha, A.O. Yazaydin, I. Eryazici, C.D. Malliakas, B.G. Hauser, 

M.G. Kanatzidis, S.T. Nguyen R.Q. Snurr J.T. Hupp Nat.Chem. 2010, 

2(11), 944-948. 

[22] L. Wang, R.T. Yang, J. Yang, in New and Future Developments in 

Catalysis: Batteries, Hydrogen Storage and Fuel Cells (Ed. S.L Suib), 

Elsevier, Amsterdam, 2013, pp. 137-164. 

[23] D. Cazorla-Amorós, J. Alcañiz-Monge, M. A. de la Casa-Lillo, A. 

Linares-Solano, Langmuir 1998, 14, 4589-4596. 

[24] J. Garcia-Martinez, D. Cazorla-Amorós, Á. Linares-Solano, Stud. Surf. 

Sci. Catal., 2000, 128, 83-89 

[25] Á. Berenguer-Murcia, A.J. Fletcher, J. Garcia-Martínez, D. Cazorla-

Amorós, Á. Linares-Solano, K.M. Thomas, J. Phys. Chem. B 2003, 107, 

1012-1020. 

[26] M. Jordá-Beneyto, F. Suarez-Garcia, D. Lozano-Castelló, D. Cazorla-

Amorós, Á. Linares-Solano, Carbon, 2007, 45(2), 293-303. 

[27] M. Jordá-Beneyto, D. Lozano-Castelló F. Suarez-Garcia, D. Cazorla-

Amorós, Á. Linares-Solano, Microporous Mesoporous Mater. 2008, 112 

(1-3), 235-242. 

[28] Á. Linares-Solano, M. Jordá-Beneyto, M. Kunowsky, D. Lozano-

Castelló , F. Suarez-Garcia, D. Cazorla-Amorós, in Hydrogen Storage 

in Carbon Materials. In Carbon Materials: Theory and Practice (Eds. 

A.P. Terzyk, P.A. Gauden, P. Kowalczyk) Research Signpost: Kerala, 

2008, pp 245-281. 

[29] F. Suarez-Garcia, M. Jordá-Beneyto, D. Lozano-Castello, D. Cazorla-

Amoros, Á. Linares-Solano, in Recent Advances in Adsorption 

Processes for Environmental Protection and Security, (Eds. J.P.L.S. 

Mota, S. Lyubchik); 2008, pp. 165-175. 

[30] Á. Linares-Solano, M. Jordá-Beneyto, D. Lozano-Castello, F. Suarez-

Garcia, D. Cazorla-Amorós, in Materials Innovations in an Emerging 

Hydrogen Economy; (Ed. G.G.S.J. Wicks), pp 77-90. 

 

 

http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/freedomcar_targets_explanations.pdf
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/freedomcar_targets_explanations.pdf
http://www1.eere.energy.gov/hydrogenandfuelcells/storage/pdfs/targets_onboard_hydro_storage_explanation.pdf
http://www1.eere.energy.gov/hydrogenandfuelcells/storage/pdfs/targets_onboard_hydro_storage_explanation.pdf
https://energy.gov/sites/prod/files/2015/05/f22/fcto_targets_onboard_hydro_storage_explanation.pdf
https://energy.gov/sites/prod/files/2015/05/f22/fcto_targets_onboard_hydro_storage_explanation.pdf


PERSONAL ACCOUNT          

 

 

 

 

 

[31]  Á. Linares-Solano, D. Cazorla-Amorós, J.P. Marco-Lozar, F. Suarez-

Garcia, in Coordination Polymers and Metal Organic Frameworks: 

Properties, Types and Applications; (Eds. O.L. Ortiz, L.D. Ramírez),  

Nova Science Publishers, New York, 2012; pp 197-224. 

[32]  M. Kunowsky, J.P. Marco-Lozar, D. Cazorla-Amorós, Á. Linares-Solano, 

Int. J. Hydrogen Energy, 2010, 35(6), 2393-2402. 

[33] Y. Matsuo, S. Ueda, K. Konishi, J.P. Marco-Lozar, D. Lozano-Castelló, 

D. Cazorla-Amorós, Int. J. Hydrogen Energy, 2012, 37, 10702-10708. 

[34] C. Ruiz-García, J. Pérez-Carvajal, Á. Berenguer-Murcia, M. Darder, P. 

Aranda, D. Cazorla-Amorós, E. Ruiz-Hitzky, Sci. Adv. Mater., 2014, 6, 

1-8 

[35] C. Ruiz-García, J. Pérez-Carvajal, Á. Berenguer-Murcia, M. Darder, P. 

Aranda, D. Cazorla-Amorós, E. Ruiz-Hitzky, Phys. Chem. Chem. Phys., 

2013, 15, 18635-18341. 

[36] J. Pérez-Carvajal, P. Aranda, Á. Berenguer-Murcia, D. Cazorla-Amorós, 

J. Coronas, E. Ruiz-Hitzky, Langmuir, 2013, 29(24), 7449-7455. 

[37] C. Rubio, B. Murillo, C. Casado-Coterillo, Á. Mayoral, C. Téllez, J. 

Coronas, Á. Berenguer-Murcia, D. Cazorla-Amorós, Int. J. Hydrogen 

Energy, 2014, 39, 13180-13188. 

[38] J. Sánchez-Laínez, B. Zornoza, Á. Mayoral, Á. Berenguer-Murcia, D. 

Cazorla-Amorós, C. Téllez, J. Coronas, J. Mater. Chem. A, 2015, 3, 

6549-6556. 

[39] Q.Y. Wang, J.K.J. Johnson, Chem. Phys., 1999, 110(1), 577-586. 

[40] M.M. Dubinin, in Progress in Surface and Membrane Science, (Eds. 

D.A. Cadenhead, J.F. Danielli, M.D. Rosenberg), Academic Press, New 

York, 1975, pp. 1-70. 

[41] S.J. Yang, J.H. Im, H. Nishihara, H. Jung, K. Lee, T. Kyotani, C.R. Park, 

J. Phys. Chem. C, 2012, 116(19), 10529-10540. 

[42] R. Chahine, T.K. Bose, Int. J. Hydrogen Energy, 1994, 19(2), 161-164. 

[43] B. Buczek,L. Czepirski, J. Zietkiewicz, Adsorption, 2005, 11, 877-880. 

[44] L. Zhou, Y.P. Zhou, Y. Sun, Int. J. Hydrogen Energy, 2004, 29(3), 319-

322. 

[45] D.A. Gómez-Gualdrón, T.C. Wang, P. García-Holley, R.M. Sawelewa, 

E. Argueta, R.Q. Snurr, J.T. Hupp, T. Yildirim, O.K. Farha, ACS Appl. 

Mater. Interf., 2017, DOI: 10.1021/acsami.7b01190 

[46] V.A. Blagojevic, V. Lukic, N.N. Begovic, A.M. Maricic, D.M. Minic, Int. J. 

Hydrogen Energy, 2016, 41, 22171-22181. 

[47] Á. Linares-Solano, D. Lozano-Castelló M.A. Lillo-Ródenas, D. Cazorla-

Amorós, in Chemistry and Physics of Carbon, (Ed. L.R. Radovic) CRC 

Press: Boca Raton, 2007; pp. 1-62. 

[48] S.-H. Yeon, I. Knoke, Y. Gogotsi, J.E. Fischer, Microporous 

Mesoporous Mater. 2010, 131(1-3), 423-428. 

[49] R. Zacharia, D. Cossement, L. Lafi and R. Chahine, J. Mater. Chem. 

2010, 20, 2145-2151. 

[50] P. Serra-Crespo, E. Gobechiya, E.V. Ramos-Fernandez, J. Juan-

Alcañiz, A. Martinez-Joaristi, E. Stavitski, C.E.A. Kirschhock, J.A. 

Martens, F. Kapteijn, J. Gascon, Langmuir, 2012, 28(35), 12916-12922. 

[51] G. Férey, C. Serre, Chem. Soc. Rev., 2009, 38(5), 1380-1399. 

[52] D. Cazorla-Amorós; D. Lozano-Castelló; M. Müller in Lecture notes in 

Physics,. (Eds. M.C. García-Gutiérrez, A. Nogales, M. Gómez, T. 

Ezquerra) Springer, Berlin, 2008 p. 189. 

[53] H. Nishihara, T. Simura, S. Kobayashi, K. Nomura, R. Berenguer, M. Ito, 

M. Uchimura, H. Iden, K. Arihara, A. Ohma, Y. Hayasaka, T. Kyotani, 

Adv. Func. Mater., 2016, 26(35), 6418-6427. 

 

 

 

 



PERSONAL ACCOUNT          

 

 

 

 

 

 

Entry for the Table of Contents (Please choose one layout) 

 

Layout 1: 

 

PERSONAL ACCOUNT 

Text for Table of Contents 
   

Author(s), Corresponding Author(s)* 

Page No. – Page No. 

Title 

 

  

 

 

Layout 2: 

PERSONAL ACCOUNT 

Text for Table of Contents 

 
Author(s), Corresponding Author(s)* 

Page No. – Page No. 

Title 

 

 

 

 

((Insert TOC Graphic here)) 

((Insert TOC Graphic here)) 




