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1. Introduction  
 

1.1. The alternative of hydrogen energy 
 

The efficient storage of energy combined with a minimum carbon footprint as well as the 

effective capture and conversion of unwanted greenhouse emissions are considered the 

major challenges towards a progressive, sustainable and environmental friendly society 

on a global scale [1]. Besides the classic route of storing energy by electrochemical means 

using batteries, supercapacitors and hybrid devices, energy can be also stored in pure 

chemical form using gaseous substances with high heating values (energy per mass 

content). In this respect, hydrogen (H2) is considered the ideal carbon-free energy carrier 

for future stationary and mobile power applications as well as the most promising 

alternative to the combustion of finite, carbon-rich and environmental harmful fossil fuels, 

such as diesel and gasoline. H2 is not characterized as an energy source because it cannot 

be found at a free-state in nature, but as a highly-dense carrier of chemical energy it needs 

to be produced by other sources (same as electricity) [2]. The most remarkable features 

that H2 exhibits include: (a) abundancy in various chemical compounds, such as water 

(H2O) and different forms of organic matter (hydrocarbons, biomass, etc.), (b) 

environmental friendliness, as its combustion produces only pure H2O with almost no 

pollutants to the environment; only a small concentration of nitric oxides (NOx) may be 

produced, (c) highly-efficient electrochemical combination with oxygen (O2) in a fuel cell 

to produce electricity; efficiencies up to 60 % can be reached, while an ultimate efficiency 

of 90 % is possible if the waste heat from the fuel cell is captured [3], (d) greater energy 

per mass content than other fuels, as it exhibits the highest heating value of ~143 MJ/kg in 

ambient conditions; in comparison 1 kg of H2 has the same energy content with ~3 kg of 

gasoline [2].  

The transition to a worldwide energy network based on H2 could resolve both the 

environmental and energy issues arising from the use of fossil fuels. Such a vision is widely 

known as Hydrogen Economy [4] and its principles are based on the operation of the water-

H2 cycle, as shown in Fig. 1. According to this closed cycle, H2 is first generated from the 

electrolysis of H2O (dissociation into H2 and O2) by applying a direct electric current. The 

necessary energy input for electrolysis should be produced only by renewable energy 

sources (solar, wind, geothermal, hydroelectric and waves) to minimize the carbon 

footprint. In a following stage, the O2 produced from the electrolysis is released to the 
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atmosphere, while the produced H2 could be stored in a molecular or atomic form using 

solid materials. The cycle is completed by using the stored H2 as a fuel either in internal 

combustion engines (ICEs) or fuel cells (FCs) to produce mechanical work or electric 

power, respectively. For both cases, H2 reacts with the atmospheric O2 and emits only pure 

water to the environment. Through this concept, H2O and H2 can be exchanged renewably 

and indefinitely, with H2O acting as a H2 carrier and H2 as an energy carrier. 

 

 
 

Fig. 1.1: The closed water-hydrogen cycle as a vision of the Hydrogen Economy [2]. 

 
The dynamic transition from a fossil fuel-based economy to a H2 economy requires 

significant progress in all four fields of the H2 technology, including production, storage, 

distribution and use. The industrial production of H2 is mainly achieved by fossil fuels, 

while renewable sources are also used on a small scale. The worldwide H2 production is 

estimated to more than 50 million metric tons/year with most of it consumed in petroleum 

refining and production of chemicals, such as ammonia (NH3) and methanol (CH3OH) [5]. 

Steam reforming of natural gas and gasification of coal are the most common methods of 

producing H2 [4]. It is obvious that such non-renewable fossil fuel-based production routes 

will deteriorate even more the existing problems by reducing the available fossil fuel 

reserves and emitting more pollutants to the environment. Instead, H2 production by clean 

and renewable means (e.g. electrolysis using solar energy) does not have a negative impact 

to the environment. Theoretically, electrolysis of water under ambient conditions requires 

a minimum energy of 39.7 kWh in order to produce 1 kg of H2 [2]. Currently, large 

electrolyzers can dissociate water with more than 80 % efficiency, as they consume 47 
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kWh/kg of (H2) by operating at 90 oC [6]. In any case, a further development of the 

renewable energy technologies is required in order to increase their energy conversion 

efficiency.  

The field of distribution requires a reliable H2-delivery infrastructure, which includes a 

pipeline network, transportation-supply vehicles and refueling stations. The storage 

process implies the reduction of the great volume that H2 occupies as a gas. The 

conventional methods of H2 compression and liquefaction cannot offer a convenient, safe, 

low-cost and efficient storage. In contrary, storing H2 in solid materials with the ability to 

physically or chemically bind molecular H2 is considered an attractive and promising 

alternative [7-10]. Finally, using H2 in fuel cells is the most efficient and environmental 

friendly method of converting chemical energy into electricity, as efficiencies of up to ~60 

% can be reached in comparison to a gasoline engine that produces mechanical work with 

much lower efficiencies of 25-30 %. However, the cost of the fuel cells is 100 times higher 

to that of a conventional gasoline engine due to the use of precious metal catalysts (e.g. 

platinum) and membranes [3]. In addition, H2 can power internal combustion engines with 

a minor NOx emission. Thus, the high specific energy of H2 in combination with its 

compatibility with electricity makes it quite attractive for several applications, such as 

replacing conventional fuels in transportation, producing electricity in power stations and 

replacing batteries in portable electronic devices. 

Each field of the H2 technology exhibits important challenges and further advancements 

are required in its production, distribution and use with the aim to (a) reduce the cost of 

electrolysis and increase the efficiency of renewable energy technologies, (b) develop a 

global infrastructure for H2 delivery and (c) reduce the cost and enhance the performance 

and durability of fuel cells. However, the field of H2 storage still exhibits the most 

significant technical challenges, especially for on-board automotive applications. This is 

attributed to the close-to-absolute zero boiling point of H2 (~20 K) and its extremely low 

density in gaseous state (~0.084 kg/m3) under atmospheric conditions. More precisely, H2 

tends to occupy large volumes as a gas (i.e. 1 kg of H2 occupies ~12 m3), has the lowest 

energy per volume content compared to other fuels (i.e. 0.01 MJ/L for H2 vs. 34.2 MJ/L for 

gasoline) and requires large amounts of energy for liquefaction (i.e. 30-35% of its energy 

content) [2]. The currently available technologies of compression using high-pressure 

cylinders (up to 700 bar) and liquefaction using cryogenic tanks (operating at 20 K) cannot 

be considered as viable storage solutions due to practical reasons related to the large 
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weight and volume of these systems, as well as other issues arising during their operation 

(e.g. large pressure-drops, evaporation losses, safety issues, etc.). Hence, the transition to 

a worldwide H2-fueled community necessitates an innovative, convenient, efficient and 

safe H2 storage method. 

 

1.2. The unique properties of hydrogen 
 

Hydrogen is the simplest, lightest and most abundant chemical element in nature. Its 

monatomic form (H) corresponds to the 75 % of the known mass in the universe; even the 

stars are composed of hydrogen in a plasma-state. The most common isotope is protium 

(1H or H) which consists of a single proton in its nucleus. The other two isotopes, which are 

found rarely in nature, are deuterium (2H or D) having a proton and a neutron and the 

unstable-radioactive tritium (3H or T) with one proton and two neutrons. All three 

hydrogen isotopes form covalent diatomic molecules (H2, D2 and T2) due to the single 

electron of their atoms. Hydrogen’s physical and chemical properties are described in 

detail within the H2-related modules provided by the United States Department of Energy 

(US DoE) [11-14]. At standard temperature and pressure (STP) conditions (i.e. 0 oC or 273 

K and 100 kPa or 1 bar), it is a colorless, odorless, tasteless, non-toxic, non-metallic and 

highly flammable diatomic gas with a molecular formula H2. Diatomic H2 is rarely found in 

a free-state on earth because it tends to form mainly covalent bonds with other elements. 

Hence, it can be found in various chemical substances, as for example Η2O and organic 

compounds, such as carbohydrates (biomass) and fossil hydrocarbons (crude oil, natural 

gas and coal). It can also exhibit a metal-like behavior by forming intermetallic compounds 

or behaving as an anion (H-) or cation (H+) in ionic compounds. It demonstrates a very 

small volumetric density (i.e. 0.084 kg/m3) in ambient conditions (i.e. 25 oC or 298 K and 

100 kPa or 1 bar) and therefore it tends to occupy large volumes; i.e. 1 kg of H2 under those 

conditions occupies a volume of ~12 m3. In addition, it exhibits a low boiling point at -252.8 

oC (or 20.3 K) and a melting point at -259 oC (or 14 K) under ~1.01 bar. This means that H2 

can exist as a liquid below 20.3 K and as a solid below 14 K under atmospheric pressure. 

The density of liquid H2 at its boiling point (20.3 K) under 1 atm is 70.8 kg/m3 (i.e. ~843 

times higher than its gas form in ambient conditions). The point of temperature and 

pressure at which the three states of H2 (gas, liquid and solid) coexist in a thermodynamic 

equilibrium is known as the triplepoint and can be found at      -259.3 oC (or 13.8 K) and 

~0.07 bar. The boiling point of H2 can be increased up to a certain point by increasing the 
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applied pressure. Thus, the critical point of H2, representing the temperature and pressure 

above which it can only exist as a gas, is located at -240.2 oC (or 32.9 K) and ~12.87 bar. 

The strong repulsion interactions between H2 molecules are responsible for this low 

critical point [15]. Beyond that point, H2 cannot maintain its liquid state even by further 

increasing the pressure (> 12.87 bar). As shown in the phase diagram of Fig. 1.2, H2 can 

only exist as a liquid in a narrow temperature region between its triplepoint (13.8 K) and 

its critical point of (32.9 K). 

 

 
 

Fig. 1.2: Primitive phase diagram of hydrogen [15].  
 

Regarding the specific energy content of H2, it is characterized by a higher (HHV) and a 

lower heating value (LHV) of ~142 MJ/kg and ~120 MJ/kg, respectively, in ambient 

conditions. The first value represents the amount of heat produced upon complete 

combustion of H2, while the latter results by subtracting the latent heat of vaporization of 

water vapor formed by the combustion [4]. Hydrogen’s specific energy is the highest 

compared to all the other conventional fuels (see Fig. 1.3). Characteristically, based on the 

HHV, 1 kg of H2 has the same energy content with 3.1 kg of gasoline or 2.6 kg of natural gas. 

However, in terms of volume, H2 has a very low energy density of ~0.01 MJ/m3 (or 10-5 

MJ/L) under ambient conditions, a fact that is attributed to its small volumetric density and 

hence to its large occupied volume. In fact, the energy density of H2 is the lowest among all 

conventional fuels (see Fig. 1.3). Based on the HHV, 1 L of H2 has ~3400 times smaller 

energy content than 1 L of gasoline. A comparison between the gravimetric and volumetric 

energy densities of several type of fuels is shown in Fig. 1.3. 
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Fig. 1.3: Volumetric and gravimetric energy densities of several fuels based on their LHVs [16]. 

 

Hydrogen can be used as a fuel for the exploitation of its chemical energy either by 

employing modified ICEs and turbines or FCs. In the case of ICEs, H2 reacts with the O2 of 

the air and releases only heat and pure water. In some cases a small amount of NOx may 

also be produced at quite high temperatures (~2000 oC). The combustion of H2 at 25 oC is 

quite exothermic as it demonstrates a reaction enthalpy of - 286 kJ/mol and can be 

described by the following reaction: 

 

2H2(g) +  O2(g)  →  2H2O(l) +  [572 kJ/mol] 
 

In the case of FCs, the electrochemical combination between H2 and O2 produces electricity, 

H2O and heat. The simplest FC type has a proton exchange membrane (PEM). The function 

of a PEM fuel cell, as shown in Fig. 1.4, is based on two electrochemical reactions, (a) 

oxidation of H2 in the anode and (b) reduction of H2 in the cathode, both due to the presence 

of a platinum (Pt) catalyst. Both reactions can be described as, 

 

H2 →  2H+ + 2e− (oxidation) 
 

4H+ + 4e− +  O2 → 2H2O (reduction) 
 

During oxidation, molecular H2 dissociates in the anode into protons (H+) and electrons            

(e-). The released e- generate electric current by traveling through an external circuit to the 

cathode, while H+ enter through the PEM and reach the cathode due to ionic conduction. 

During reduction, H+, e- and molecular O2 react all together in the cathode and form H2O 

molecules.  
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Fig. 1.4: The basic function of a PEM fuel cell using H2 and O2 [3]. 
 
 

H2 is a highly flammable gas and can be burned in the presence of air in concentrations 

ranging from 4 to 75 % by volume; for comparison gasoline needs 1-7.5 % by volume. The 

thermal activation energy of H2, defined as the minimum energy needed to ignite a 

stoichiometric H2/O2 mixture, is only 0.02 mJ. This value is quite small compared to those 

of other fuel mixtures (e.g. the gasoline/O2 mixture requires 0.2 mJ). On the other side, the 

auto-ignition temperature of H2, corresponding to the lowest temperature at which it can 

spontaneously ignite without any external ignition source, is as high as 585 oC. This 

temperature is the highest compared to all the other fuels (e.g. gasoline auto-ignites at 280 

oC). Table 1.1 summarizes the most important physical properties of H2. 

 
 

Table 1.1: Selected properties of H2 in ambient conditions (25 oC and 1 bar). 
 

 

Atomic number  
 

1 
 

Atomic mass  
 

1.00784 amu 
 

Molecular mass  
 

2.01568 amu 
 

Volumetric density 
 

0.08376 kg/m3 
 

Boiling point 
 

-252.87 oC 

 

Melting point 
 

-259 oC 
 

Triple point 
 

-259.3oC at 0.07 atm 
 

Critical point 
 

-240.2oC at 12.7 atm 
 

Auto-ignition point 
 

585 oC 
 

Higher heating value  
 

141.86 MJ/kg 
 

Lower heating value  
 

119.93 MJ/kg 
 

Energy density 
 

10.05 MJ/ m3 
 

Minimum Activation Energy 
 

0.02 mJ 



 



 

“The secret of change is to focus all of your energy, not on fighting the old, but 

on building the new.” 

 
Socrates, Classical Greek Philosopher (470-399 B.C.)
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2. The challenge of hydrogen storage 
 

2.1  Terminology and definitions  
 

An increased research activity in the field of H2 storage has been observed since the early 

2000’s, mainly due to the need for a practical storage method that could be applied in the 

residential, industrial, and more importantly, automotive sector. The use of H2 as a fuel in 

internal combustion engine and fuel cell vehicles requires a reliable and effective storage 

medium. The storage of H2 as a process implies the minimization of its great volume with 

a high efficiency and minimal losses. The ultimate challenge is the development of a safe, 

low-cost and lightweight on-board storage system with a rapid refuel rate that could store 

large amounts of H2 (about 4-7 kg) [17,18]. The technical specifications of an ideal H2 

storage system should be comparable to those of a conventional fossil fuel-based storage 

technology to enable a similar driving performance.  

There are certain concepts in the comparison of different H2 storage technologies towards 

their efficiency and performance. The H2 content of a storage system can be expressed on 

the basis of its mass or volume. The gravimetric capacity is defined as the amount of stored 

H2 relative to the total mass of the system, expressed as wt.% or kg (H2)/kg (system). The 

volumetric capacity is defined as the amount of stored H2 relative to the total volume of the 

system, expressed as kg (H2)/m3 or kg (H2)/L. Otherwise, the H2 content can be expressed 

as energy content in terms of mass or volume. The gravimetric energy density is defined as 

the amount of stored energy relative to the mass of the system (kWh/kg), while the 

volumetric energy density is the amount of stored energy relative to the system’s volume 

(kWh/L). Another important term is the reversibility of the storage system, which 

corresponds to the ability to switch between the H2 charge and discharge processes. 

Therefore, the sorbed/desorbed H2 amount between the lower and upper operating 

pressure is known as reversible storage capacity. The cyclic stability represents the ability 

of the storage system to retain its reversible capacity during its lifetime (charge/discharge 

cycle performance). According to their reversibility, H2 storage systems can be 

distinguished into reversible and non-reversible. Reversible systems can release H2 and in 

reverse store it without any external intervention, while non-reversible systems can only 

release H2 and then must be re-charged again through a regeneration process. Thus, 

reversible systems are convenient for on-board applications, in contrast with the non-

reversible ones that need to be regenerated off-board. More specifically, H2 compression 
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and liquefaction systems, as well as metal hydrides and porous materials, are considered 

reversible technologies, while chemical storage methods are non-reversible. Finally, the 

kinetics represents the rate at which a storage system can take and release H2. 

Alternatively, it can be defined as the time period required for H2 charge and discharge 

between a minimum and a maximum operating pressure. 

 

2.2 Technical targets and milestones 
 

The US DoE and the Council for Automotive Research have established the FreedomCAR 

partnership [19] a program for developing energy efficient and environmentally friendly 

highway-transportation technologies. The technical targets for the year 2020 concerning 

the on-board H2 storage systems in light-duty vehicles, as shown in Table 2.1, are 

summarized in the renewed version of the Multi-Year Research, Development and 

Demonstration Plan (2015). The main target is the design of a lightweight storage system 

(5-13 kg) that could enable a conventional driving range of 500 km (or ~300 miles). The 

minimum H2 gravimetric capacity is set to 5.5 wt.% or 0.055 kg (H2)/kg (system) which is 

equivalent to 1.8 kWh/kg, while the minimum H2 volumetric capacity is set to 0.04 kg 

(H2)/L or 40 g (H2)/L which is equivalent to 1.3 kWh/L. The system should have a 90 % 

on-board efficiency, which describes the energy efficiency for delivering H2 from the 

storage system to the fuel cell and a 60 % well-to-power plant efficiency, which includes 

both the on-board and off-board energy efficiency (i.e. accounting also for H2 production, 

delivery, compression, etc.).  

Furthermore, the minimum and maximum delivery temperatures should be -40 and 85 oC, 

respectively, while the minimum and maximum delivery pressures from the storage 

system should be 5 and 12 bar, respectively. Additionally, a refueling time of 3.3 min is 

needed for 5 kg of H2 which is equivalent to a charging/discharging rate of 1.5 kg (H2)/min, 

as well as a minimum lifetime of 1500 charge/discharge cycles which is equivalent to 5000 

operating hours or 150.000 miles (~240.000 km). Finally, the storage system should have 

a cost of 10 $/kWh or 333 $/kg (H2). Besides the aforementioned targets, there are also 

the so called ultimate targets for H2 storage systems. Meeting these targets will contribute 

to the faster commercialization and significant penetration of the H2-fueled vehicles in the 

automotive market. The ultimate H2 gravimetric capacity is set at 7.5 wt.% or 0.075 kg 

(H2)/kg (system) that is equivalent to 2.5 kWh/kg, while the ultimate H2 volumetric 

capacity is set at 0.07 kg (H2)/L (system) or 70 g (H2)/L (system) that is equivalent to 2.3 
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kWh/L. It should be noted that these targets are based on hydrogen’s LHV which is 120 

MJ/kg (or 33.3 kWh/kg). In addition, they refer to a complete H2 storage system and not 

only to the storage material itself. Α complete system may consist of a tank, storage 

material, valves, regulators, piping, mounting brackets, insulation, cooling system and 

other components. 

 
Table 2.1: Technical targets for the on-board H2 storage systems in light-duty vehicles set by the 

US DoE for the year 2020 [19]. 
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2.3  Technologies and methods   
 

The existing H2 storage methods can be classified on the basis of their (a) reversibility, (b) 

H2 storage mechanism and (c) operating conditions. The reversibility describes the ability 

to switch between the H2 charge and discharge processes and thus reversible or non-

reversible/irreversible systems can be distinguished. The H2 storage mechanism refers to 

the method of storing/releasing H2 and is distinguished to physical H2 storage via 

compression or liquefaction, solid-state H2 storage in metal hydrides and porous materials 

by absorption or adsorption, respectively, and chemical H2 storage via chemical reactions 

with other substances. The operating conditions refer to the necessary temperature 

(cryogenic, ambient or elevated) and pressure (atmospheric or higher) for H2 storage. 

On the one side, H2 can be stored and fully released in a reversible manner by three 

methods, (a) as a gas in high-pressure cylinders, (b) as a liquid in cryogenic tanks and (c) 

by physical or chemical interaction with solid materials, a method known as solid-state or 

materials-based H2 storage [7-10]. By combining the first two methods, H2 can be stored in 

a cryo-compressed form as well. Nevertheless, the techniques of H2 compression and 

liquefaction are considered only as temporary storage solutions mainly due to their large 

weight and volume as well as high operating cost. H2 storage materials, however, seem to 

be more promising, as they minimize the great volume that H2 occupies as a gas by binding 

it reversibly onto their porous surface or inside their bulk structure and possess a more 

convenient and safe method for transportation.  

On the other side, irreversibility is encountered in chemical H2 storage [20]. Materials 

known as chemical hydrides can generate H2 through a chemical reaction with H2O or 

alcohol-based solutions (i.e. hydrolysis or alcoholysis, respectively). Such hydrides can 

release large amounts of H2 upon their oxidation since their structure possesses a high H-

content. Characteristic examples are the sodium borohydride (NaBH4), lithium hydride 

(LiH) or sodium hydride (NaH). Other techniques involve H2 generation either by reacting 

such hydrides between each other (destabilization) or by heating solid compounds or 

organic liquids up to their decomposition temperature (thermolysis) [3]. Nevertheless, 

chemical H2 storage is a one-way route, as H2 can only be released by the material, while it 

requires a regeneration process under very high temperatures and pressures in order to 

be recharged again. Therefore, such an approach cannot have a viable character for on-

board H2-fueled applications as regeneration can only take place off-board. All the 
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available H2 storage technologies in terms of reversibility, storage mechanism and 

operating conditions (temperature and pressure) are summarized in Table 2.2. 

 
Table 2.2: Main characteristics of the available H2 storage methods. 
 

 

H2 storage 

 technologies 

 

 
Reversibility 

 
 

 

H2 storage 

mechanism 

 
Operating conditions  

Temperature  

(K) 

Pressure  

(bar) 

*High-pressure  

gas cylinders 

 
Fully reversible 

 
Physical storage 

 
298  

 
350-700 

*Cryogenic liquid 

tanks 

 
Fully reversible 

 
Physical storage 

 
20  

 
1  

Conventional metal 

hydrides 

Reversible upon 

heating 

 
Absorption 

 
298  

 
0-100  

Complex metal 

hydrides 

Usually 

reversible 

 
Absorption 

 
373-673  

 
0-100  

Porous  

materials 

 
Fully reversible 

 
Adsorption 

 
77  

 
0-100  

Chemical  

hydrides  

 
Non-reversible 

 
Chemical reaction 

 
 298  

 
1  

 
*Cryo-compression can be also included as a combination of compressed gas and cryogenic liquid 

H2 storage. 

 

2.3.1 Compressed hydrogen   
 

In the method of compression, H2 gas is pressurized from 350 up to 700 bar (or 35 to 70 

MPa) inside high-pressure cylinders at room temperature (Fig. 2.1). The cylinders are 

made of carbon fiber reinforced plastic (CFRP) to withstand these pressures. The 

volumetric capacity of compressed H2 can reach 17.6 g/L at 350 bar and 27.2 g/L at 700 

bar [20]; i.e. it increases by increasing the pressure. Instead, the H2 gravimetric capacity 

can reach 5.5 wt.% at 350 bar and 5.2 wt.% at 700 bar [20]; i.e. decreases by increasing the 

pressure as the walls of a 700 bar CFRP cylinder are thicker (larger mass for the system). 

Based on hydrogen’s HHV (~142 MJ/kg), the equivalent volumetric energy density is 2.5 

MJ/L (or 0.7 kWh/L) at 350 bar and 3.9 MJ/L (or 1.1 kWh/L) at 700 bar, while the 

gravimetric energy density is 7.8 MJ/kg (or 2.2 kWh/kg) at 350 bar and 7.4 MJ/kg (or 2.1 
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kWh/kg) at 700 bar. In comparison, gasoline has a volumetric capacity equivalent to 31.6 

MJ/L (or 8.8 kWh/L); i.e. 8 times higher than compressed H2 at 700 bar. The technology of 

H2 compression is already applied in demonstration FCVs, but is generally considered a 

bulk storage method due to the significant space occupied inside a conventional vehicle 

and the large weight of the cylinders. In addition, high costs are involved in manufacturing 

a 700 bar vessel, as well as in compressing H2 at 700 bar which requires almost 15 % of its 

energy content [17]. Other important issues arising during operation are the large 

pressure-drops as well as the H2 embrittlement phenomena; i.e. the metallic parts become 

more brittle upon long-term exposure to H2.  

 

 
 

Fig. 2.1: Components of a high-pressure cylinder for compressed H2 storage [21]. 

2.3.2 Liquefied hydrogen 
 

In the method of liquefaction, H2 is cooled down to 20.3 K (boiling point of H2) under 

atmospheric pressure using cryogenic tanks to maintain its liquid state (Fig. 2.2). Liquid 

H2 has a greater volumetric capacity than compressed H2, reaching 70.8 g/L that is 

equivalent to 10 MJ/L (or 2.8 kWh/L) in terms of energy density [20]; i.e. 2.6 times higher 

than compressed H2 at 700 bar. The gravimetric capacity, however, is dependent on the 

size of the tank. The most important issues associated with liquefaction are the non-viable 

requirements of the process in terms of energy and cost. More specifically, liquefaction 

requires 30-35 % of hydrogen’s energy content [17], i.e. 10 kWh are needed to liquefy 1 kg 

of H2. Furthermore, it is considered a bulk storage method because the tanks have a 

significant volume and weight (similar to compressed cylinders). Another major issue 

refers to potential losses due to evaporation of H2 from the tank, usually described as a 
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boil-off mechanism [7]. As the heat enters into the system due to thermal conduction 

through the tank’s components (e.g. pipes and cables) or thermal radiation from the 

environment, it causes a significant evaporation of the liquid H2. In its turn, the evaporated 

H2 gas causes an increase of pressure inside the tank and therefore some of the H2 must be 

ventilated by opening a valve as soon as the pressure reaches a maximum level (usually at 

~10 bar). 

 
 

Fig. 2.2: Components of a cryogenic tank for liquid H2 storage [22]. 

2.3.3 Cryo-compressed hydrogen 
 

Both methods of compression and liquefaction can be combined in hybrid tanks of cryo-

compressed H2. The technology of cryo-compression may include (a) pressurized liquid H2, 

(b) cooled-compressed H2 gas or (c) two-phase systems of liquid-vapor H2. On the one side, 

compressing liquid H2 at ~240 bar (~24 MPa) increases the volumetric capacity up to 87 

g/L [20], which is equivalent to 12.3 MJ/L (or 3.4kWh/L) in terms of energy density; i.e. 

additional 2.3 MJ/L (or 0.6 kWh/L) to the non-compressed liquefaction. On the other side, 

upon cooling the compressed H2 gas using liquid N2 at 77K, it becomes denser and more H2 

can be stored inside the tank; i.e. ~3 times more than the non-cooled compression. A novel 

technique also involves the incorporation of microporous adsorbents (carbon substrates) 

inside the tank in order to decrease further the storage pressure of H2 gas. Therefore, the 

necessary temperatures for cryo-compression are higher than the temperature of liquid 

H2 (i.e. 77 K instead of 20 K) and consequently less energy is required for liquefaction, 

while fewer evaporative losses are observed. 
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2.3.4 Solid-state hydrogen storage 
 

There are several solid materials with the ability to store H2 onto their porous surface or 

inside their crystal structure and reversibly release it by varying the pressure and 

temperature conditions. The requirements of this method seem to be more viable than 

compression and liquefaction. The associated materials can be classified primarily by their 

H2 storage mechanism and the required operating temperatures into two main groups, the 

metal hydrides and the porous adsorbents. As indicated in previous studies [3,4,22], the 

ideal H2 storage material should satisfy the following requirements in order to be 

commercialized on a larger scale: 
 

 H2 gravimetric and volumetric capacity greater than that of liquid H2. 

 Complete reversibility of the H2 charge and release cycle. 

 Operation under moderate pressures and ambient temperatures. 

 Fast kinetics with minimum energy demands in H2 charge and release. 
 

Several materials have been found to satisfy certain of those requirements, but none has 

proven to satisfy them all. Nevertheless, abundance, low-cost, lightweight, reliable 

lifetime/performance, safety and non-toxicity are some additional factors that should be 

taken into consideration. The H2 gravimetric capacities of various materials versus their 

operating temperatures are shown in Fig. 2.3, in comparison to the US DoE targets. 

 

 
 

Fig. 2.3: Gravimetric capacity of the existing H2 storage materials relative to their operating 

temperature and capacity targets described by the US DoE [23]. 
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2.3.4.1 Metal hydrides 
 

Metal hydrides (MHs) store atomic H inside their crystal structure by the mechanism of 

absorption. Molecular H2 is attached onto the surface of the metal, where it dissociates into 

atomic H and then diffuses into the bulk of the metal by occupying interstitial sites of the 

crystal lattice [9]. Most MHs store H2 exothermically by releasing heat upon absorption, 

while in reverse H2 desorption is an endothermic process requiring a heat input, as shown 

in Fig. 2.4. There are two main categories of MHs, the conventional and the complex ones. 

The first retain their crystal structure upon H2 absorption/desorption, while for the latter 

a crystal structure exists as long as the H atoms are bonded in the ionic compound (metal 

cation-complex anion) and then decomposes in two or more substances upon H2 

desorption [20].  

Conventional MHs are distinguished into (a) those containing a single metal (MHx) and (b) 

intermetallics containing two or more metals (AxByHz) [24]. The most promising 

conventional MH is magnesium hydride (MgH2) that demonstrates a H2 gravimetric 

capacity of up to ~7.5 wt.% combined with a good reversibility, but it needs to be heated 

at high temperatures (> 300 oC) to release the stored H2 under atmospheric pressure and 

also demonstrates slow kinetics. In contrary, some intermetallics operate at temperatures 

close to ambient, but they exhibit H2 gravimetric capacities below 2 wt.% and have a high 

cost as they consist of heavy and rare earth metals (e.g. lanthanum (La)). Therefore, the 

advantages of storing H2 in conventional MHs are the high volumetric capacities, good 

reversibility and indefinite storage without losses, while major drawbacks are related to 

low gravimetric capacities, heavy weight, high cost, increased decomposition 

temperatures to H2 release and heat conductivity issues [25]. Complex MHs are 

distinguished into (a) alanates (Al-based) (b) amides or imides (N-based) and (c) 

borohydrides (B-based) [24]. The most promising is sodium alanate (NaAlH4) that 

reversibly stores ~5.5 wt.% H2 but requires high temperatures (i.e. 240-300oC) to release 

it in a two-step decomposition process under atmospheric pressure; using a catalyst can 

lower significantly the desorption temperatures (i.e. 30-110oC). Complex MHs show 

sufficient gravimetric and volumetric capacities but exhibit slow absorption/desorption 

kinetics, release H2 in two or more decomposition stages under elevated temperatures, 

may produce toxic byproducts and usually require the presence of a catalyst upon 

absorption to be reversible [25].  
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Fig. 2.4: Representation of H2 absorption and desorption in a metal hydride crystal [26]. 

 

2.3.4.2 Porous adsorbents  
 

Porous materials, the subject of the current thesis, can store H2 onto their surface by the 

mechanism of physical adsorption or physisorption. Molecular H2 is attached onto the 

external surface and fills the pores of the material by increasing the pressure (see Fig. 2.5). 

A great variety of adsorbents have been already investigated in the literature as potential 

H2 storage mediums, including amorphous activated carbons, various carbon 

nanostructures (e.g. nanotubes, nanofibers, fullerenes, etc.) and zeolites, while novel 

materials currently draw attention, such as porous graphene or graphene oxide, metal-

organic frameworks (MOFs) and polymers of intrinsic microporosity [8-10,20]. The 

physical adsorption and desorption of H2 is fully reversible and characterized by fast 

kinetics due to the weak nature of interactions between the solid surface of the porous 

material and the molecular H2 gas (i.e. van der Waals interactions) [15]. The structure of 

the porous surface (e.g. pore size distribution, average pore size, etc.) has an important 

impact on the adsorption mechanism. Specifically, microporous materials characterized by 

pore widths less than 2 nm are more desirable for H2 storage as they demonstrate large 

specific areas and provide stronger binding sites for the H2 molecules [9]. However, the 

cryogenic temperatures (i.e. less than 100 K) required to reach sufficient H2 gravimetric 

capacities is the most important drawback of the physisorption method. Liquid nitrogen 

(LN2) is usually employed to cool down the operating temperature to 77 K.  
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Even though cryogenic adsorbent-based systems operating at 77 K are more favorable in 

terms of energy and cost than cryogenic tanks of liquid H2 operating at 20 K, the efficient 

H2 storage at room temperature (298 K) still remains the ultimate challenge. However, the 

H2 storage capacity of porous materials in ambient conditions is considered too low for 

practical applications, a fact mainly attributed to the weak quadrupole moment and poorly 

polarizable nature of the molecular H2 gas [27]. Different strategies have been suggested 

in the literature during the past years to enhance the interactions between the H2 gas and 

the solid surface and consequently increase the available H2 storage capacity at 298 K, but 

none has been found to be of great significance. These include (a) high-specific area 

materials with optimized interlayer distance (e.g. graphene stacks, metal-organic 

frameworks, etc.) [28], (b) formation of complexes between molecular H2 and various 

transition metals, known as Kubas complexes [29], (c) functionalization of porous surfaces 

with active heterogeneous groups [30] and (d) doping of carbon materials with catalytic 

nanosized metal additives (nanoparticles) [31]. The latter has been proposed to initiate 

weak chemical adsorption mechanisms and/or potential synergetic effects between the 

carbon support and the hosted nanoparticles, allegedly known as “spillover” effect; i.e. the 

nanoparticles act as catalysts for the dissociation of H2 molecules into H atoms, which in 

turn migrate onto the carbon surface and form covalent bonds with the carbon atoms. 

 

 
 

Fig. 2.5: Physical adsorption of gas molecules inside the pore cavities by gradually increasing the 

applied pressure (from left to right). 

 



 



 

“Yes my friends, I believe that water will one day be employed as fuel, that 

hydrogen and oxygen which constitute it, used singly or together, will furnish 

an inexhaustible source of heat and light, of an intensity of which coal is not 

capable.... When the deposits of coal are exhausted we shall heat and warm 

ourselves with water. Water will be the coal of the future.” 

 

Jules Verne, The Mysterious Island (1874)
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3. Hydrogen adsorption in porous materials 
 

3.1  Terminologies and definitions  
 

According to the International Union of Pure and Applied Chemistry (IUPAC) [32], the 

general term adsorption is defined as the enrichment of one or more components in an 

interfacial layer. The specific term of H2 adsorption describes the phenomenon at which 

molecular H2 is attracted onto or close to the surface of a solid material. In other words, 

the density of the H2 gas increases as it gets closer to a solid surface. The inverse process 

in which the H2 molecules are removed from the solid surface while the H2 gas density 

decreases is known as H2 desorption. The adsorbed H2 gas is the adsorbate, the solid 

material that adsorbs H2 is the adsorbent and the free H2 gas which is capable of being 

adsorbed is known as the adsorptive. However, the general term sorption can be used to 

describe either the adsorption on a porous surface or the absorption inside the crystal 

structure of a metal hydride. There are two types of H2 adsorption, (a) physical adsorption 

or physisorption, which occurs due to weak Van der Waals interactions between the 

molecular H2 and the solid surface, and (b) chemical adsorption or chemisorption which 

involves the formation of strong covalent bonds due to dissociation of molecular H2 onto 

the solid surface [9]. Physisorption is characteristic in porous materials where H2 

molecules are adsorbed weakly onto their external surface area and inside their pores, 

while chemisorption is encountered in metal hydrides or metal-doped adsorbents due to 

the fact that metal catalysts cause the dissociation of molecular H2 into atomic H.  

From a thermodynamic aspect, adsorption is an exothermic process that involves an 

interaction potential between the adsorbate and the adsorbent, while desorption is an 

endothermic one. The heat or enthalpy of H2 adsorption describes the strength of 

interaction between the H2 molecule and the solid surface. Physisorption mainly occurs at 

low temperatures (< 100 K) due to the weak nature of interactions and exhibits an 

adsorption enthalpy of 1-10 kJ/mol, while chemisorption is observed at higher 

temperatures (above ambient) due to the strong nature of interactions with an adsorption 

enthalpy of 50-100 kJ/mol [33]. The optimum interaction/binding energy for reversible 

and effective H2 storage at room temperature and moderate pressures lies between 

physisorption and chemisorption (i.e. 10-50 kJ/mol), as illustrated in Fig. 3.1. The isosteric 

enthalpy of H2 adsorption (Qst) at a constant surface coverage (θ) can be estimated by using 

the Clausius-Clapeyron equation [34]. Hence, 
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Qst = −R [
∂ ln(P)

∂(1 T)⁄
]

θ

          (3.1) 

 

where R is the universal gas constant (i.e. 8.314 J mol−1 K−1), P is the pressure and T is the 

temperature. To sum up, physisorption has the advantages of complete reversibility and 

fast adsorption/desorption kinetics and allows H2 to retain its molecular form with a 

minimum activation energy, but the cryogenic temperatures needed to achieve significant 

H2 storage capacities represents a major drawback. Chemisorption on the other hand 

results in larger amounts of stored H2 but is not fully reversible and high temperatures are 

needed to release the stored H2 gas. Therefore, the ideal H2 adsorbent material should be 

microporous (pore widths < 2 nm), combine a high specific area and micropore volume as 

well as exhibit strong adsorbate-adsorbent interactions (between 10-50 kJ/mol) to satisfy 

the basic requirements for an effective H2 storage under ambient conditions. 

 

 
 

Fig. 3.1: The binding energies of the currently available H2 storage material [33]. 

 

3.2  The basic principles of adsorption 
 

On a molecular level, the physical adsorption of H2 gas by a solid adsorbent is due to weak 

interaction forces between the H2 molecules and the atoms or ions of the solid surface, 

known as van der Waals forces, arising from resonant fluctuations in charge distributions 

[15]. In fact, a H2 molecule interacts with several atoms on the adsorbent’s surface. These 

interactions include both attractive dispersion forces, known as London dispersion forces, 

and short-range repulsion forces. The dispersion forces arise due to the rapid fluctuation 

in the electron density within each individual atom, which induces an electrical moment in 

a near neighbor atom and leads to an attraction between the two atoms [35]. If the solid 

adsorbent is polar, which means that its atoms have a permanent electrical dipole moment, 
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then electrostatic forces are arising too, known as Coulomb forces. The potential energy 

(Ur) between two individual atoms separated by a distance (r) is known as Lennard-Jones 

potential [35] and its simplified form is given as following,  

 

𝑈(𝑟) = −
𝐶

𝑟6
+

𝐵

𝑟12
        (3.2) 

 

where C is the dispersion constant associated with the dipole-dipole interactions  (the 

negative sign implies attraction) and B is an empirical constant associated with the short-

range repulsive forces due to the overlapping of the electron clouds (the positive sign 

implies repulsion). In the case of physisorption, the potential energy of the H2 molecule 

shows a minimum value of 1 to 10 kJ/mol (or 0.01 to 0.1eV) at a distance equal to its 

molecular radius (r) [15]; i.e. half of the distance between the two atomic nuclei of the 

molecule. There is no energy barrier for the H2 molecule to be adsorbed on the surface 

which leads to fast kinetics [37]. On the other hand, chemisorption is associated with an 

activation energy, which means that the attracted-to-the-surface gas molecules must 

overcome an energy barrier before becoming strongly bonded to the surface. The 

difference in the potential energy between physisorption and chemisorption as a function 

of the distance from the adsorbent’s surface is shown in Fig. 3.2.  

 

 
 

Fig. 3.2: Potential energy curves for physisorption (Ep) and chemisorption (Ec) of molecular H2 as 

a function of the distance from the solid surface [37]. 
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3.3  Classification of porous materials  
 

The term porous medium describes a solid material that contains pores (i.e. voids, cavities, 

slits, channels, etc.) on its surface with a depth greater than their width. Many physical 

properties of the solid, such as density, thermal conductivity and mechanical strength are 

dependent on its pore structure. The term porosity (ε) describes the pore space inside a 

material and is defined as the ratio between the total pore volume (Vp) and the apparent 

volume (V) of the material. The opposite of porosity is roughness that describes the 

external non-porous surface of the material. The total specific area (SA) is defined as the 

accessible area of solid surface per unit mass of material given in m2/g units and represents 

the sum of external surface area and internal pore surface area.  

According to IUPAC [32], the pores of a material can be classified based on their size, shape 

and availability to an external fluid. Based on their size, pores can be distinguished in three 

main types, (a) micropores with widths less than 2 nm, (b) mesopores with widths between 

2 and 50 nm and (c) macropores with a width of more than 50 nm. A further subdivision of 

the micropores leads to super-micropores with widths between 0.7 and 2 nm and the ultra-

micropores with a width less than 0.7 nm. In general, pores with widths less than 100 nm 

are commonly referred as nanopores. The H2 physisorption mechanism is enhanced in 

materials with microporous structure due to the fact that the attractive potential fields 

from the opposite pore walls can overlap each other creating stronger binding sites for the 

adsorbed H2 molecules [35]. Besides stronger physisorption, microporous materials 

exhibit larger specific areas and micropore volumes and thus can store effectively much 

more H2. Based on their shape, pores can be cylindrical (as (c) and (f) in Fig. 3.3), ink-bottle 

(as (b) in Fig. 3.3), funnel-shaped (as (d) in Fig. 3.3) or slit-shaped. Thus, the pore size, 

which is the distance between the two opposite walls of a pore, can be defined as width in 

the case of a slit-shaped pore or as a diameter in the case of a cylindrical pore. The opposite 

of a pore is the external rough surface (as (g) in Fig. 3.3). Based on the availability to an 

external fluid, pores can be either closed (as (a) in Fig. 3.3) (a) or opened (as (b), (c), (d), 

(e) and (f) Fig. 3.3). Characterization techniques involving the use of a fluid such as N2 

adsorption at 77 K can evaluate only the open porosity of a material and not the closed one. 

Many porous materials can exist as an assemblage of rigid macroscopic particles known as 

agglomerates, while other particles can be less rigid and more loosely packed known as 

aggregates. 
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Fig. 3.3: Possible pore shapes in the cross-section of a porous material [40]. 

 

3.4  Physical adsorption mechanisms 
 

There are four mechanisms of physical gas adsorption that can occur in a solid surface 

based on the geometrical characteristics of the pores and the operating temperature and 

pressure conditions, including (a) micropore filling, (b) monolayer adsorption, (c) 

multilayer adsorption and (d) capillary condensation [35], as seen in Fig. 3.4. At first, the 

micropores of a material (pore widths < 2 nm) are getting filled with gas molecules under 

vacuum pressures due to their enhanced interaction potential, a phenomenon known as 

micropore filling. By increasing the pressure, a single layer of gas molecules covers the rest 

of the internal pore surface (mesopores and macropores) and the external surface 

referring to monolayer adsorption. If the operating temperature is below the critical 

temperature of the employed gas, then the interactions between the gas molecules become 

more important and multiple layers of the adsorbate are formed along the surface, a 

process described as multilayer adsorption. Beyond multilayer formation, the adsorbed gas 

molecules can also be condensed to a liquid-like state inside the mesopores (pore widths 

between 2 and 50 nm) below the vapor pressure of the adsorbate, a phenomenon known 

as capillary condensation.  

At temperatures above its critical temperature (i.e. 32.9 K), H2 is considered as a 

supercritical fluid. In fact, the behavior of free H2 at room temperature (i.e. 298 K) can be 

described on the basis of the van der Waals equation [15]: 

 

𝑃 =
𝑛 ∙ 𝑅 ∙ 𝑇

𝑉 − 𝑛 ∙ 𝑏
−  𝑎 ∙

𝑛2

𝑉2
           (3.3) 
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where P is the gas pressure, V is the volume, T is the absolute temperature, n is the mole 

number, R is the universal gas constant (i.e. 8.314 J mol−1 K−1), a is the dipole interaction 

or repulsion constant (i.e. 2.476 × 10-2 m6 Pa mol-2) and b is the volume occupied by the H2 

molecule (i.e. 2.661 × 10-5 m3 mol-1).  

 

 

 

Fig. 3.4: Mechanisms of physical adsorption by increasing the pressure (below critical point) [42]. 
 

In case of H2 adsorption at temperatures well above hydrogen’s critical temperature (> 

32.9 K), it is assumed that a thin film of adsorbed molecules is formed along the surface of 

the solid, known as monolayer, which has a thickness of a single H atom. If the temperature 

is equal or below the critical point of H2 (i.e. ≤ 33 K), then the interactions between the H2 

molecules become more important due to potential liquid phase formation (on the basis of 

the applied pressure) and as a result the adsorption exceeds the monolayer coverage by 

forming multiple layers of the adsorbate, known as multilayer, which has a thickness of 

several H atoms. Therefore, a multilayer coverage or capillary condensation of H2 in porous 

surfaces cannot be expected at temperatures well above its critical point, either cryogenic 

(77 K) or ambient (298 K). Instead, micropore filling and monolayer formation are the 

primary mechanisms involved during adsorption of supercritical H2 gas. It is commonly 

referred that the physisorption of supercritical H2 follows the Langmuir isotherm model 

[35] representing the adsorption of a monolayer onto the surface of a solid. The Langmuir 

equation correlates the surface coverage (θ) with the pressure (P):  
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𝜃 =
𝑏 ∙ 𝑃 

1 + (𝑏 ∙ 𝑃)
           (3.4) 

 

where b is the adsorption efficient defined as: 

 

𝑏 = 𝐾 ∙ exp (
𝐸

𝑅 ∙ 𝑇
)          (3.5) 

There, K is an empirical parameter, E is the energy of adsorption, R is the universal gas 

constant (i.e. 8.314 J mol−1 K−1) and T is the temperature. The Langmuir model is based on 

the assumptions that (a) each site on the surface can be occupied by only one adsorbate 

molecule, (b) the energy of adsorption (E) is equal for each site and (c) there are no 

interactions between adsorbate molecules. The linear form of the Langmuir equation can 

be extracted on the basis that the surface coverage (θ) is the ratio of the adsorbed amount 

(n) to the monolayer capacity (nm). Thus, Eq. (3.4) becomes: 

 

𝑃

𝑛
=

1

𝑛𝑚 ∙ 𝑏
+

𝑃

𝑛𝑚
       (3.6) 

 
Besides the fact that physisorption strongly depends both on the nature of the adsorbate 

gas and the solid adsorbent, it is also proven, based on the Langmuir equation, that it is 

strongly depended by the operating conditions of temperature (T) and pressure (P). The 

amount of adsorbed gas is proportional to the pressure and inversely proportional to the 

temperature. Thus, the amount of adsorbed H2 increases by increasing the pressure and 

decreasing the temperature as shown in Fig. 3.5. For this reason, the ultimate goal of a high 

H2 uptake under low pressures and ambient temperatures is quite a challenge. 

 
 

 
 

Fig. 3.5: Influence of the (a) temperature and (b) pressure on the H2 uptake [32]. 



 



 

“I have always attached great importance to the manner in which an 

experiment is set up and conducted… the experiment should be set up to open 

as many windows as possible on the unforeseen” 

 
Frederic Joliot-Curie, French Physicist (1900-1958)
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4 Materials and experimental methods  
 

4.1 Studied materials 
 

A variety of carbon-based materials with different morphologies, surface chemistries and 

porous structures were studied in this thesis, including multi-walled carbon nanotubes, 

graphene oxide sponges and foams, few-layer graphene flakes, activated carbon cloths as 

well as hybrid materials such as metal-organic frameworks. Carbon materials are 

considered attractive adsorbents for H2 storage applications as they are lightweight and 

exhibit high specific areas and pore volumes, excellent thermochemical stability, non-

toxicity and can be produced with a plethora of methods at low cost [43-46]. 

 

4.1.1 Graphene-based nanostructures 
 

Graphene, the newest member in the family of carbon allotropes [47], is visualized as a 2-

D monolayer of hexagonally structured sp2-bonded carbon atoms (see Fig. 4.1). Exfoliated 

graphene has been a subject of considerable research attributed to its unique electronic, 

thermal and mechanical properties. Characteristically, graphene exhibits high electrical 

and thermal conductivity, remarkable strength and stiffness as well as an impressively 

large area relative to its mass [45,46]. Based on theoretical calculations, an individual 

graphene sheet (non-porous) can provide a specific area as high as 2630 m2/g (i.e. 1315 

m2/g for each side) [48]. However, single planar graphene sheets are thermodynamically 

unstable and usually form few- or multi-layer stacks and curved nanostructures (e.g. 

nanotubes, fibers, fullerenes, etc.), while they cannot be produced in bulk quantities using 

the currently available synthesis methods. Production of graphene has been reported over 

the last decade mostly through micro-mechanical exfoliation/peeling of pyrolytic graphite 

[49], epitaxial growth by chemical vapor deposition or high-temperature segregation using 

carbonaceous sources [50] and reduction of graphite- or graphene-oxide (GO) using 

thermal annealing, solvothermal, electrochemical or microwave radiation methods [51]. 

Few-layer graphene (FLG), an extremely “thin” graphitic analogue composed of a limited 

number of stacked graphene layers, can be also produced in a porous-like form, including 

2-D nano-sized flakes and 3-D macroscopic structures, such as sponges and foams, and has 

attracted significant attention as a potential H2 storage material. Impressive H2 uptake 

values of up to 7.5 wt.% at 77 K and ~120 bar were reported for highly-nanoporous 

graphene scaffolds with high specific areas of up to ~3400 m2/g prepared by KOH 

activation and H2 annealing [52]. Alternative methods of producing nanoporous and high-
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specific area graphene or GO materials, such as sponges, foams and flakes, using 

hydrothermal-, microwave- and plasma-induced exfoliation of graphite or graphite oxide, 

are presented within the publications of this thesis (see Publications I and II). 

 

 
 

Figure 4.1: Visualization of a single planar layer of graphene [53]. 
 

 

4.1.2 Carbon nanotubes 
 

Carbon nanotubes (CNTs) are considered an allotropic form of carbon consisting of a 

cylindrical/tubular nanostructure and belong to the family of fullerenes. CNTs can be 

distinguished to single-walled (SWCNT), consisting of a single graphene sheet rolled-up as 

a cylinder and multi-walled (MWCNT), composed of multiple rolled graphene sheets (2-50 

tubes) coaxially arranged one inside each other (see Fig. 4.2). There are different variations 

in the nanotube formation based on the rolling angle of the graphene sheet, known as chiral 

vector [54]. The rolling direction determines the electrical and mechanical properties of 

the nanotube (e.g. conductivity, tensile strength, Young’s modulus, etc.). Concerning the 

size characteristics, SWCNTs have diameters around 1 nm and MWCNTs have inner and 

outer diameters of 1.5-15 nm and 2.5-30 nm, respectively, while the interlayer distances 

between the coaxial tubes lie between 0.34 and 0.36 nm [33]. For both cases, the nanotube 

length ranges in the micrometer scale (i.e. 5-100 μm). The ends of a nanotube are normally 

closed by hemispherical structures, but they can open with proper chemical or ultra-

sonication treatment. The carbon atoms of a nanotube are bonded together by sp2 bonds 

forming hexagonal cells (similar to graphite or graphene), the walls of a MWCNT are 

weakly stacked together by van der Waals forces, while individual nanotubes tend to form 

bundles or ropes. CNTs are produced by vaporization of bulk carbon, a process that 

generates carbon molecules or atoms which then condense in the form of nanotubes. There 

are three common production methods: (a) arc discharge between two carbon electrodes, 

(b) laser ablation of a graphite target, and (c) chemical vapor deposition over a metal 
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catalyst. The nature, geometry and purity of the CNTs seem to have a crucial influence on 

their H2 adsorption performance [55]. More specifically, SWCNTs of high-purity exhibit 

much higher specific areas (i.e. up to ~700 m2/g), thus allowing larger H2 amounts to be 

adsorbed. The H2 gravimetric capacities of commercial MWCNTs at 77 K and up to ~1 bar 

are presented within the publications of this thesis (see Publication I). 

 

 
 
Figure 4.2: The formation of SWCNTs and MWCNTs by rolling graphene sheets [56]. 

 

4.1.3  Activated carbons 
 

Activated carbons (ACs) constitute the most characteristic and extensively studied 

category of carbonaceous adsorbents produced on an industrial scale that stand for their 

large specific areas (> 1000 m2/g) and pore volumes (> 0.5 cm3/g) as well as their broad 

pore size distribution covering the micropore, mesopore and macropore region. A wide 

range of natural and synthetic materials can be used as precursors for the production of 

ACs, including biomass, such as wood, sawdust, fabrics and coconut shells, as well as 

carbonized byproducts, such as coal, coke, charcoal and biochar. Activation can be achieved 

either (a) physically by carbonization/pyrolysis in inert atmospheres (i.e. N2, Ar, etc.) 

followed by gasification using oxidizing gases (i.e. air, O2, CO2 and steam) under high 

temperatures (i.e. up to 1000 oC), (b) chemically by using strong chemical agents (i.e. acids, 

bases or salts) or (c) using a combination of both [57]. The H2 gravimetric capacities of ACs 

can be correlated to the available specific area and pore volume. In this respect, there is a 

general rule for microporous ACs, known as Chahine’s rule (established by the Canadian 

scientist Richard Chahine in 1996), based on which a gravimetric H2 uptake of 1 wt.% is 

expected per 500 m2/g of SA or 0.2 cm3/g of SPV at 77 K and ~35 bar [58]. Follow up 

studies, however, showed that in certain cases the H2 adsorption behavior could deviate 

from the linear trend proposed by Chahine. A characteristic example was given by Gogotsi 

et al. [38], where a series of carbide-derived carbons with controllable porosity properties 
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were investigated for their H2 uptake performance at 77 K and 60 bar. The conclusion was 

that carbon materials outperforming Chahine's rule usually exhibit a greater fraction of 

micropores with sizes smaller than 1.5 nm and/or an average pore size between 0.6 and 

0.7 nm. Hence, maximizing the available specific area by retaining a high micropore volume 

and narrow ultra-micropore sizes is the suitable combination of properties for H2 cryo-

adsorption. However, the relatively weak Qst values between molecular H2 and carbon lead 

to a rather poor H2 storage performance at room temperature. Theoretical studies 

indicated that the optimum Qst value for efficient and reversible H2 adsorption in ambient 

temperatures and moderate pressures (1.5-30 bar) lies at ~15 kJ/mol [59]. The Qst values 

presented for standard ACs in the literature are usually found in the range of 5–8 kJ/mol 

[57], showing an average value of around 6 kJ/ mol [27]. For such a case, an optimum 

operating temperature of 115 K is required, which is far below the desired ambient 

temperatures (i.e. 298 K). The H2 adsorption properties of an ultra-microporous and high-

specific area/pore volume carbon cloth-like material derived by CO2 activation of viscose 

rayon cloth is presented within the publications of the current thesis (see Publication III). 

 

4.1.4  Beyond carbons – metal-organic frameworks 
 

Metal-organic frameworks (MOFs) are crystalline and nanoporous hybrid materials 

composed of metal ions and organic ligands that form a great variety of 1-, 2- or 3-D 

nanostructures. MOFs have received considerable attention since the early 2000’s mainly 

due to their low densities, impressively large specific areas and pore volumes, as well as 

the facile tuning of their pore sizes and shapes upon modification of their individual 

building blocks (i.e. metals and linkers) [60]. However, there are still technical difficulties 

upon their usage, including decomposition or structural collapse upon long-term 

atmospheric exposure, high sensitivity in moisture, lack of thermal stability as well as 

deformation of the pore structure under high-pressures [61,62]. The most characteristic 

and considerably studied MOF system is IRMOF-1, known as MOF-5 in previous years, 

consisting of Zn4O clusters linked with 1,4-benzenedicarboxylate (BDC) linkers that 

overall form a 3-D cubic crystal lattice, as shown in Fig. 4.3. Production of IRMOF-1 type 

materials can be achieved mainly using room temperature mixing [63], solvothermal [62], 

sonochemical [64] and microwave irradiation methods [65]. MOFs in general are 

considered promising adsorbents for H2 cryo-adsorption and storage applications due to 

their increased SA and SPV values and narrow ultra-microporosities (i.e. pore sizes below 
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0.7 nm) [66,67]. Specifically, impressive gravimetric H2 uptake of ~6.9 wt.% at 77 K and 

100 bar [68] and ~7.1 wt.% at 77 K and 40 bar [69] were reported for solvothermally-

derived IRMOF-1 materials with very large Brunauer-Emmet-Teller (BET) SA of ~2449 

and ~3800 m2/g, respectively. An IRMOF-1 powder derived by solvothermal treatment 

and supercritical CO2 activation, showing a high ratio of H2 uptake relative to its BET SA, is 

presented within the publications of this thesis (see Publication IV). 

 

 
 

Figure 4.3: The structure of the IRMOF-1 material composed of Zn4O tetrahedral (blue) and BDC 

linkers consisting of carbon (black) and oxygen (red); the yellow sphere represents the available 

pore volume of the 3-D cubic framework [70]. 

  

4.2 Nitrogen adsorption and desorption at 77 K 
 

The characterization by nitrogen (N2) gas adsorption/desorption is a non-destructive 

volumetric/manometric-based technique that enables the evaluation of a solid’s porosity-

related properties, such as specific area, specific pore volume and pore size distribution. 

N2 is used as the adsorbate gas with the applied pressures ranging from vacuum up to near-

atmospheric (~1 bar) at a constant temperature of 77.3 K. Liquid nitrogen (LN2) is also 

employed to cool down the system to the desirable cryogenic temperature of 77.3 K; i.e. 

the boiling point of N2 under atmospheric pressure. The quantity of N2 gas adsorbed onto 

the solid surface is recorded by gradually increasing (point by point) the pressure between 

0-1 bar at 77.3 K, while in reverse the quantity of N2 gas desorbed from the surface is 

measured by gradually decreasing the pressure. By the end of the cycle, N2 

adsorption/desorption isothermal curves are obtained and describe the relationship 

between the adsorbed/desorbed amount of N2 gas and the equilibrium pressure at a 

constant temperature. More specifically, the equivalent graph consists of the amount of the 

adsorbed N2 gas versus the relative pressure (P/P0). The amount of adsorbed N2 gas is 

expressed as gas volume at STP conditions (i.e. ~1 bar and 273 K) relative to the mass of 
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the sample given in cm3/g units. The relative pressure is defined as the applied pressure 

(P) divided by the vapor pressure of N2 at 77 K (i.e. P0 ~1 bar).  

The automatic volumetric gas sorption analyzer Autosorb 1-MP by Quantachrome 

Instruments was employed within the studies of this thesis (see Fig. 4.4), while N2 gas of 

ultra-high purity (99.9999 %) was used. A sample quantity of 30-40 mg for each material 

was placed inside a Ø 6 mm bulb glass tube, known as the sample cell. The cell was weighed 

both as empty and with the sample inside to calculate the non-degassed mass of the sample. 

An elutriation cap was adjusted on the top of the sample cell to prevent the powder to drive 

off due to the rapid expansion of the gas during the de-gassing procedure. Then, the sample 

cell was adjusted on the de-gassing station of the instrument and placed inside a heating 

mantle. The samples were de-gassed under high-vacuum (10-6 mbar) with a constant 

heating at 250 oC for 24 h. The purpose of the de-gassing procedure is the removal of air, 

environmental impurities or synthesis remnants trapped inside the sample’s pores. Upon 

this procedure, the sample cell was removed from the de-gassing station and weighed once 

again to calculate the degassed mass of the sample. A non-porous round glass rod was 

placed inside the sample cell to minimize the interior volume. The fully assembled sample 

cell (i.e. cell, degassed sample, glass rod and elutriation cap) was adjusted on the measuring 

station of the instrument and submerged inside a bath of liquid N2. The applied pressure 

initiated from vacuum (P/P0 < 10-3) and terminated near the vapor pressure of N2 (P/P0 

~0.99), while the temperature was constantly recorded at 77.3 K by a reference tube. The 

analysis method was based on many extra points in the region P/P0 = 0.6-0.95 and the 

equilibrium time on each point was set at 3 min. Helium (He) gas was used for balancing 

the interior pressure of the sample cell with the exterior atmospheric pressure during the 

placement or removal of the sample cell on or from the measuring station. The porosity-

related properties were determined by using Quantachrome’s ASiQWin software on the 

recorded adsorption and/or desorption data. The total SA was calculated by the multi-

point Brunauer-Emmet-Teller (BET) method, the total SPV was estimated by the single-

point Gurvich rule, while the micropore SPV and micropore SA were calculated based on 

the Carbon Black statistical thickness equation, also known as t-plot. The pore size 

distribution analysis was carried out using the Barret- Joyner-Halenda (BJH) method for 

mesoporous materials as well as the Quenched Solid Density Functional Theory (QSDFT) 

method for microporous materials or materials containing both micropores and 

mesopores. 
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Fig. 4.4: The volumetric gas sorption analyzer Autosorb 1-MP by Quantachrome Instruments; 

measuring station, vacuum cold trap and two de-gassing stations (from left to right) [71].  

 

4.2.1 Adsorption/desorption isotherms 
 

According to the IUPAC [32], the adsorption/desorption isotherms can be classified into 

six main groups (I-VI), as shown in Fig. 4.5. The type of the curve provides crucial 

information about the nature of the adsorption process and the porosity of the material. 

The most common isotherms are type I, II and IV, while types III, V and VI are rarely 

observed. The reversible type I isotherm, also known as Langmuir isotherm, is 

characteristic of microporous materials (pore widths < 2 nm) with small external surfaces. 

The adsorption increases abruptly at low relative pressures implying a micropore filling 

mechanism due to enhanced gas-solid interactions in narrow micropores (i.e. pores of 

molecular dimensions). At higher relative pressures it reaches a point of saturation 

(plateau) with the equivalent amount of adsorbed gas attributed to the accessible 

micropore volume instead of the internal surface area. A further subdivision can be 

performed between type I(a), given by microporous materials with narrow micropores 

below 1 nm in width, and type I(b), given by materials with a broader range of pore size 

distribution, including both micropores and small mesopores (pore widths < 2.5 nm). The 

reversible type II isotherm is characteristic of non-porous or macroporous materials. The 

isotherm’s shape is a result of unrestricted monolayer-multilayer adsorption up to high 

relative pressures due to presence of macropores (> 50 nm) and/or external surface. The 

adsorption point B, shown in in Fig. 4.5 (II), indicates the limit at which monolayer 
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coverage is completed and multilayer formation begins. The type IV isotherm is 

characteristic of mesoporous materials (pore widths of 2-50 nm). The adsorption curve in 

the beginning is the same as in the case of a type II isotherm representing also monolayer-

multilayer adsorption, followed by pore condensation at higher relative pressures; i.e. gas 

condenses within the pores in a liquid-like form at P/P0 < 1. Type IV isotherms can be 

distinguished into non-reversible type IV(a) showing a hysteresis loop between 

adsorption and desorption, which is associated with capillary condensation in pores 

exceeding a certain critical width (e.g. for N2 adsorption at 77 K hysteresis may occur for 

cylindrical-shape pores wider than 4 nm) and reversible type IV(b) for materials having 

small mesopores in width.  

 

 
 

Fig. 4.5: Types of adsorption/desorption isotherms based on the IUPAC classification [32]. 

 

Furthermore, the type of the hysteresis loop can provide important information about the 

pore structure and shape in mesoporous materials. According to the IUPAC [32], hysteresis 

loops can be classified into five main types (H1-H5), as shown in Fig. 4.6. The type H1 loop 
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is associated with materials consisting of a uniform size of mesopores, as for example 

ordered mesoporous carbons. A steep and narrow loop indicates a delayed condensation 

during adsorption. The type H2 loop is presented in materials comprising of a complex 

porous structure and is formed due to pore blocking effects. Such loops can be 

distinguished to type H2(a), usually given by silica gels, porous glasses and other ordered 

mesoporous materials, and type H2(b), given by silica foams or hydrothermally-treated 

ordered mesoporous silica. The type H3 is related with materials consisting of non-rigid 

plate-like particles (aggregates) and/or having a macroporous network not completely 

filled with condensate. The characteristic step observed at the closure of the desorption 

curve implies that the mechanism of desorption involves a cavitation-induced evaporation. 

The effect of cavitation describes the spontaneous nucleation and growth of gas bubbles in 

the condensed fluid trapped within the mesopores [72]. As a result, the main body of the 

mesopores gets empty as the liquid N2 is evaporated, while their pore neck still remains 

filled. The type H4 loop is observed in materials containing both micropores and 

mesopores, as for example zeolites and combined micro- and meso-porous carbons. The 

enhanced uptake at low relative pressures is attributed to micropore filling. Finally, the 

type H5 loop is not so common and refers to materials containing both open and partially 

blocked mesopores. 

 

 
 

Fig. 4.6: Types of hysteresis loops based on the IUPAC classification [32]. 
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4.2.2 Total specific area – multi-point BET method 
 

The total specific area (SA) was estimated by applying the multi-point Brunauer-Emmet-

Teller (BET) method in the adsorption isotherm data [35]. The method involves the 

determination of the amount of adsorbate required to cover both the external surface and 

the internal pore surface of a solid to a complete monolayer. However, the BET method is 

based on certain assumptions, including (a) adsorption on a homogeneous surface (well-

defined sites), (b) lack of lateral interactions between the gas molecules, (c) the upper layer 

is in equilibrium with the gas phase, (d) the heat of adsorption should be provided for the 

first layer and the heat of condensation for the rest of layers and (e) the number of layers 

becomes infinite in saturation pressure. There are two main stages involved in the 

application of the BET method, (a) calculating the weight of the monolayer adsorbate (Wm) 

from the BET plot and (b) calculating the SA value. The linear form of the BET equation is: 

 

1

𝑊 ∙ [(
𝑃0

𝑃 ) − 1]
=

1

𝑊𝑚 ∙ 𝐶
+

(𝐶 − 1)

𝑊𝑚 ∙ 𝐶
∙ (

𝑃

𝑃0
)          (4.1) 

 

where W is the weight of the adsorbed gas at a relative pressure P/P0, Wm is the weight of 

the adsorbate forming a monolayer surface coverage and C is a BET constant indicating the 

magnitude of the adsorbent-adsorbate interactions in the first adsorbed layer (heat of 

adsorption). The multi-point BET plot is a linear plot consisting of the ratio 1/[W(P0/P)-1] 

versus the relative pressure (P/P0). For mesoporous and macroporous materials, the BET 

method is applied in the relative pressure range of 0.05 < P/P0 < 0.35 by choosing at least 

three points, while in the case of microporous materials a lower range is selected (P/P0 < 

0.01) in order to satisfy the BET consistency criteria (ISO 9277:2010) [74].  The weight of 

the monolayer is obtained by the slope (s) and the intercept (i) of the BET plot, based on 

the following equations: 

 

𝑠 =
𝐶 − 1

𝑊𝑚 ∙ 𝐶
           (4.2)  

 

𝑖 =
1

𝑊𝑚 ∙ 𝐶
           (4.3) 

 
Hence, combining Eqs. (4.2) and (4.3) lead to:      

 

𝑊𝑚 =
1

𝑠 + 𝑖
           (4.4) 
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The total BET area (St) can be expressed as: 

 

𝑆𝑡 =
𝑊𝑚 ∙ 𝑁 ∙ 𝐴𝑐𝑠

𝑀
           (4.5) 

 

There, N is the Avogadro’s number (6.023 × 1023 molecules/mol), Acs is the cross-sectional 

area of the adsorbate molecule (i.e. 0.162 nm2 for N2) and M the molecular weight of the 

adsorbate (i.e. 28.0134 amu for N2 at 77K). Therefore, the BET SA (SBET) can be calculated 

by dividing the BET area (St) to the weight of the sample (W). Thus, Eq. (4.5) becomes as 

following: 

 

𝑆𝐵𝐸𝑇 =
𝑆𝑡

𝑊
           (4.6) 

 
4.2.3 Total pore volume – single-point Gurvich rule 

The total volume of the pores is estimated by applying the single-point Gurvich rule [35] 

in the adsorption isotherm. It is derived by the adsorbed volume of N2 at a relative pressure 

close to the vapor pressure of N2 (i.e. P/P0 ~0.99), based on the assumption that the pores 

are filled with liquid N2. The last point of the adsorption curve is selected at which 

adsorption ends and desorption begins. The adsorbed N2 volume (Vads) can be converted 

to liquid N2 volume (Vliq) as following: 

 

𝑉𝑙𝑖𝑞 =
𝑃𝑎 ∙ 𝑉𝑎𝑑𝑠 ∙ 𝑉𝑚

𝑅 ∙ 𝑇
            (4.7) 

 

There, Pa is the ambient pressure, Vm is the molar volume of the liquid adsorbate (i.e. 34.7 

cm3/mol for N2), R is the universal gas constant (i.e. 8.314 J mol−1 K−1) and T is the ambient 

temperature. If the material contains no macropores or external surface, the adsorption 

isotherm reaches a clear plateau at high relative pressures and the total SPV can be 

calculated. Instead, in the presence of macropores or external surface, the adsorption 

isotherm rises indefinitely in a vertical direction at P/P0 ~0.99 and therefore the total SPV 

cannot be extracted by using the Gurvich rule. 

 

4.2.4 Micropore specific area and volume  
 

The specific surface area and volume of the micropores were estimated by applying the 

Carbon Black statistical thickness equation in the total isotherm [75]. The process is similar 

to the BET method, but it extends to higher relative pressures (P/P0) and depends on the 

micropore size distribution (< 2 nm). The t-plot is a linear plot consisting of the adsorbed 
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N2 volume (V) versus the statistical thickness (t) of the adsorbed film. The calculation of 

the statistical thickness is based on the comparison to a non-porous solid using the 

following equation: 

 

𝑡𝐶𝐵(Å) = 0.88 ∙ (
𝑃

𝑃0
)

2

+ 6.45 ∙ (
𝑃

𝑃0
) + 2.98            (4.8) 

 

The micropore volume (VMP) is calculated by converting the intercept (i) of the t-plot to a 

liquid N2 volume; i.e.: 

 

𝑉𝑀𝑃 = 0.001547 ∙ 𝑖           (4.9) 
 

The micropore specific surface area (SMP) is extracted as a fraction of the total BET specific 

surface area by the slope (s) of the t-plot. Hence, 

 

𝑆𝑀𝑃 = 𝑆𝐵𝐸𝑇 − 15.47 ∙ 𝑠            (4.10)  
 
 

4.2.5 Pore size distribution 
 

The distribution of the cumulative pore volume or differential pore volume with respect to 

the pore size is known as pore size distribution (PSD).  In this study, the PSD graphs were 

extracted on the basis of two different methods, (a) the Barret-Joyner-Halenda (BJH) 

method [76] and (b) the Quenched Solid Density Functional Theory (QSDFT) method [77]. 

The BJH method was used for mesoporous materials, while the QSDFT method was used 

for materials containing both micropores and mesopores. No PSD analysis was carried out 

for macroporous or non-porous materials.  

The BJH method is usually applied in the desorption branch of the isotherm. The method 

is based on two assumptions, (a) the cylindrical geometry of the pores and (b) that the 

pores are filled with liquid N2 close to the vapor pressure of N2 (P/P0 ~0.99). A typical BJH-

based PSD graph consists of the first derivative of the cumulative volume to the pore 

diameter (dV/dD) versus the pore diameter (D). The BJH analysis is based on the Kelvin 

equation: 

 

𝑟𝐾 =
−2𝛾 ∙ 𝑉𝑚

𝑅 ∙ 𝑇 ∙ ln (𝑃/𝑃0)
          (4.11) 

 

where rk is the Kelvin pore radius, γ is the surface tension of N2 at its boiling point (i.e. 8.85 

ergs/cm2 at 77K), Vm is the molar volume of liquid N2 (i.e. 34.7 cm3/mol), R is the universal 

gas constant (i.e. 8.314 J mol−1 K−1), T is the boiling point of N2 (i.e. 77K) and P/P0 is the 
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relative pressure. The actual pore radius (rp) is the sum of the Kelvin pore radius (rk) and 

the thickness of the adsorbed layer (t): 

  

𝑟𝑝 = 𝑟𝑘 + 𝑡          (4.12)   
 

The QSDFT method was applied in the adsorption isotherm by using the N2-carbon 

equilibrium transition kernel at 77.4 K based on a slit-pore model. The QSDFT provides a 

more realistic approach of the micropore size distribution in contrary to other classical 

theories of mesoporosity (e.g. BJH method). It is widely used for disordered micro- and 

meso-porous carbons characterized by a heterogeneous surface chemistry [78]. A typical 

QSDFT-based PSD graph consists of the first derivative of the cumulative volume to the 

pore width (dV/dW) versus the pore width (W). The experimental adsorption isotherm of 

a porous solid can be analyzed based on the Generalized Adsorption Isotherm (GAI) 

equation [79]: 

 

𝑁 (
𝑃

𝑃0
) = ∫ 𝑁 (

𝑃

𝑃0
, 𝑊) 𝑓(𝑊)𝑑𝑊

𝑊𝑚𝑎𝑥

𝑊𝑚𝑖𝑛

         (4.13) 

 

where N(P/P0) represents the experimental adsorption isotherm data, W is the pore width, 

N(P/P0,W) is the isotherm on a single pore with a width W and f(W) is the PSD function. 

The GAI equation is based on the assumption that the total isotherm consists of many 

individual single-pore isotherms N(P/P0,W) multiplied by their PSD function f(W); a set οf 

single-pore isotherms consists a kernel. The ASiQWin software extracts the PSD diagram 

by numerical calculation of the GAI equation through a non-negative least square 

algorithm. 

 

4.2.6 Average pore size 
 

PSD graphs usually provide a distribution of maximum peaks within a range of pore 

diameter or width. However, these peaks do not necessarily represent the average pore 

size (APS). Based on the assumption of an infinitely-extended slit-like pore system with an 

area (A) for one of the pore walls, this parameter would correspond to the slit width (W). 

In such a case, the specific pore volume (SPV) and specific area (SA) would correspond to:  

 

𝑆𝑃𝑉 = 𝐴 · 𝑊          (4.14) 
 

𝑆𝐴 = 2 · 𝐴               (4.15) 
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Hence, in order to obtain a rough measure for the average pore width (APW) value, the 

ratio given between Eqs. (4.14) and (4.15) has been evaluated: 

 

𝐴𝑃𝑊 = 2 ·
𝑆𝑃𝑉

𝑆𝐴
          (4.16) 

 

The SA and SPV values used for this ratio could be either those derived by the BET method 

and the single-point Gurvich rule or the equivalent ones derived from the QSDFT method, 

as long as they are used consistently. 

 

4.3 Hydrogen storage measurements 
 

The available H2 adsorption techniques can be categorized in three main groups, (a) 

gravimetric techniques, where the amount of stored H2 is determined by the added mass, 

(b) volumetric or manometric techniques, where the amount of stored H2 is determined by 

the change in pressure under a known volume, and (c) temperature-programmed 

desorption techniques, where the amount of desorbed H2 is determined as function of 

temperature [8]. In the current work, volumetric/manometric adsorption methods were 

applied for the determination of the adsorbed H2 quantity using low-(0-1 bar) and high-

pressures (0-100 bar) in a wide range of temperatures (60-298 K). Experimentally, the 

“excess” H2 mass (mexcess) is measured, which is the difference between the total H2 mass 

(mtotal) within the pore space and the bulk H2 mass that would be present in the absence of 

adsorption. Hence, 
 

𝑚(𝑒𝑥𝑐𝑒𝑠𝑠) =  𝑚(𝑡𝑜𝑡𝑎𝑙) − 𝜌𝐻 · 𝑉𝑎            (4.17) 
 

where ρΗ is the constant bulk density of H2 and Va is the volume of the adsorbed phase. The 

adsorbed H2 content of a solid material is usually expressed in terms of mass as H2 

gravimetric capacity, which is defined as the adsorbed H2 mass (adsorbate) divided by the 

sum of the adsorbent’s and the adsorbate’s mass given in wt.% units. Thus,  

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑤𝑡. %) = [
(𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝐻2)

(𝑀𝑎𝑠𝑠 𝑜𝑓 ℎ𝑜𝑠𝑡 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)+(𝑀𝑎𝑠𝑠 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝐻2)
· 100] %      (4.18) 

 
4.3.1 Low-pressure hydrogen adsorption  
 

In this method, H2 is used as an adsorbate gas with the applied pressures ranging from 

vacuum up to near-atmospheric (~1 bar) at a constant temperature ranging from 60 to 

298 K. The same volumetric gas analyzer AUTOSORB 1-MP by Quantachrome Instruments 

was employed, as in the case of the N2 adsorption measurements, coupled with a Gifford-

McMahon two-stage closed-cycle refrigerator (cryo-cooler) and using H2 gas of ultra-high 
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purity (99.9999%). The quantity of H2 gas adsorbed onto the solid surface is recorded by 

gradually increasing (point by point) the pressure between 0-1 bar at 77.3 K, while in 

reverse the quantity of H2 gas desorbed from the surface is measured by gradually 

decreasing the pressure. By the end of the measurement, H2 adsorption/desorption 

isothermal curves are obtained and describe the relationship between the 

adsorbed/desorbed amount of H2 gas and the equilibrium pressure at a constant 

temperature. More specifically, the equivalent graph consists of the amount of the 

adsorbed H2 gas versus the pressure (P) in mbar units. The amount of adsorbed H2 gas can 

be expressed either as adsorbed H2 volume at STP conditions (i.e. 1 bar and 273 K) relative 

to the degassed mass of the sample (i.e. vgas/msolid in cm3/g units), adsorbed H2 mole 

relative to the degassed mass of the sample (i.e. ngas/msolid in mmol/g units) or as a total 

system capacity, which refers to the adsorbed H2 mass relative to the sum of the adsorbed 

H2 and degassed sample masses (i.e. mgas/(mgas + msolid) in wt.% units). The preparation, 

de-gassing and measurement of the samples was carried out in a similar manner to the N2 

adsorption experiments, as described in section 4.2. The samples were de-gassed under 

high-vacuum (10-6 mbar) with a constant heating at 250 oC for 24 h. 

4.3.2 High-pressure hydrogen adsorption  
 

In this method, H2 is used as an adsorbate gas with the applied pressures ranging from 

vacuum up to 100 bar at two different constant temperatures (i.e. 77 and 298 K). Liquid N2 

is also employed to cool down the system at the desirable cryogenic temperature of 77.3 

K; i.e. the boiling point of N2 under atmospheric pressure, while a water bath is used for 

the room temperature measurements. The quantity of H2 gas adsorbed onto the solid 

surface is recorded by gradually increasing (point by point) the pressure between 0-100 

bar at 77.3 or 298 K, while in reverse the quantity of H2 gas desorbed from the surface is 

measured by gradually decreasing the pressure. By the end of the measurement, H2 

adsorption/desorption isothermal curves are obtained and describe a relationship between 

the adsorbed/desorbed amount of H2 gas and the equilibrium pressure at a constant 

temperature. More specifically, the equivalent graph consists of the H2 gravimetric 

capacity of the system (i.e. adsorbed H2 mass relative to the sum of the adsorbed H2 and 

degassed sample masses) in wt.% units versus the pressure (P) in bar. The operation of 

the instrument can be described based on a Sievert’s apparatus, as shown in Fig. 4.7. The 

instrument contains two reservoirs of known volumes, one with H2 gas and one with the 
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sample, connected by an isolation valve. A small dose of H2 gas is admitted inside the 

sample’s reservoir by opening the valve and an equilibrium pressure is reached between 

the two reservoirs. The pressure-drop inside the reservoir is directly attributed to the 

adsorption of H2 gas by the sample. The amount of adsorbed gas can be calculated based 

on the real or non-ideal gas law by knowing the initial gas pressures and volumes of the 

system.  Hence, 

 

𝑃 ∙ 𝑉 = 𝑛 ∙ 𝑍 ∙ 𝑅 ∙ 𝑇          (4.19) 
 

where P is the pressure, V is the volume, n is the number of moles, Z is the gas 

compressibility factor, R is the universal gas constant (i.e. 8.314 J mol−1 K−1) and T is the 

temperature. The Z factor is related to the non-ideality correction factor (α) as following: 

 

𝛼 =
(𝑍 − 1)

𝑃
          (4.20) 

 

For the case of H2, the α factor corresponds to 2.2 × 10-6 torr-1 at 77 K, 1.2 × 10-6 torr-1 at 

87 K and 0.1 × 10-6 torr-1 at 298 K (i.e. 1 torr ~1.33 × 10-3 bar). 
 

 
 

Fig. 4.7: The operating principle of a Sievert’s apparatus [80]. 

 

The manually-handled volumetric gas sorption system Hy-Energy PCT Pro-2000 by 

SETARAM Instrumentation was employed for our studies (see Fig. 4.8), while H2 gas of 

ultra-high purity (99.9999 %) was used. A sample quantity of 100-120 mg for each 

material was placed inside metal gasket face seal, known as the VCR®. The VCR was 

weighed both as empty and with the sample inside to calculate the non-degassed mass of 

the sample. A non-porous glass cylinder, known as spacer, was placed inside the VCR to 

minimize the interior volume and then the assembled VCR (i.e. VCR, sample and spacer) 
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was adjusted in the instrument. The evacuation of the VCR was achieved by an ultra-high 

vacuum pump, while the temperature was controlled by a thermocouple. The samples 

were de-gassed under strong vacuum (10-7mbar) with a constant heating at 250 oC for 24 

h. A volume calibration was carried out prior to the H2 adsorption measurements using He 

gas. It is a standard procedure that enables the calculation of the free volumes inside the 

cell. In total three calibrations took place at the operating temperature of the instrument 

(303 K), at room temperature (298 K) and at the boiling point of N2 (77 K). Each calibration 

included five adsorption/desorption cycles with He. The free volumes at each temperature 

were calculated for adsorption and desorption and an average of both. For the H2 

adsorption measurements, the VCR was submerged in a LN2 bath at 77.3 K and in a water 

bath at 298 K. The instrumental HyData software allowed the configuration of the 

experimental parameters and the monitor of the whole procedure. The pressure dose and 

equilibrium time in each point were set to 2 bar and 5 min, respectively, for the 

measurements at 77 K and 2 bar and 7 min, respectively, for the measurements at 298 K. 

The applied pressure started from vacuum (10-7) up to ~100 bar. In total four major 

evacuations took place for each sample during the high-pressure experiments. The first 

evacuation was carried out when the VCR was placed into the instrument and the second 

one after the volume calibration. The last two evacuations were competed after each 

measurement at 77 and 298 K. By the end of the measurements, the VCR was removed 

from the instrument and the de-gassed mass of the sample was weighed. Mathematical 

corrections were also applied to the results to minimize any experimental errors. 

 

 
 

Fig. 4.8: High-pressure gas sorption analyzer Hy-Energy PCT Pro-2000 by SETARAM [81]. 
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5. Summary, conclusions and future work 
 

The main objectives of the present thesis are related to: (a) the fundamental understanding 

of the physisorption mechanism of molecular H2 onto carbonaceous surfaces using 

different temperature and pressure conditions, (b) potential correlations between the 

porosity-related properties, such as specific area (SA), specific pore volume (SPV), pore 

size distribution (PSD) and average pore size/width (APS/APW), and the H2 storage 

performance of carbon-based adsorbents, and (c) useful suggestions towards pore 

structure optimization of H2 storage materials for increased H2 adsorption uptake. All 

issues were investigated within the following publications through advanced 

characterization methods, including low-(0-1 bar) and high-pressure (0-100 bar) H2 gas 

adsorption and desorption measurements at temperatures ranging from 60 up to 298 K,  

and porosity measurements by N2 gas adsorption and desorption at 77 K.  A series of 

mainly carbon-based materials with different morphologies, surface chemistries and 

porosities were investigated as potential H2 adsorbents. The commercially available and 

lab-synthesized materials included a mixture of carbon nanoparticles, 1-D multi-walled 

carbon nanotubes, 2-D few-layer graphene-like flakes, 3-D graphene oxide foams and 

sponges, activated carbon fiber cloths as well as metal-organic framework 

nanocrystallites. These samples exhibited BET SAs from 44 up to 1205 m2/g, micropore SA 

fractions of up to ~99 %, micropore volumes of up to 0.46 cm3/g as well as PSDs covering 

the whole micropore, mesopore and macropore region. A selective summary of the 

aforementioned porosity-related properties, based on N2 adsorption data recorded at 77 

K, can be found in Table 6.1.  

Physical gas adsorption in general is favored upon decreasing the operating temperature 

and increasing the applied pressure. The gas-solid interactions are promoted at lower 

temperatures due to the reduced kinetic energy of the gas molecules. For the case of H2 

adsorption in nanoporous materials (including carbons), cryogenic temperatures (i.e. 

below 100 K) are required to achieve significant H2 storage capacities, a fact that is 

attributed to the poor polarizability and weak quadrupole moment of molecular H2 [27]. 

Most of the studied materials exhibited an adequate H2 gravimetric uptake at 77 K and up 

to ~1 bar relative to their available BET specific area value, a fact that was attributed to 

the greater fraction of micropore specific area and volume and/or to the mean micropore 
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sizes found in the sub-nanometer region. As already mentioned, such small micropores can 

act as “strong” adsorption sites for H2 due to the overlapping of the potential fields of the 

opposite pore walls [27,38]. 

 

Table 6.1: Summary of porosity properties, based on N2 adsorption data (77 K), for all the 

materials studied within the publications of this thesis. The commercial activated carbon powder 

YP-80 is included for comparison (unpublished data). 

Publication 
 (#) 

Material 
 

SBET 

(m2/g) 
SMicro 

(m2/g) 

SMicro/SBET 
(%) 

VGurvich 

(m2/g) 
VMicro 

(m2/g) 
VMicro/VGurvich 

(%) 
WAve 

(nm) 
WMicro 

(nm) 

I Ros1 44 0 0 NA 0 NA NA NA 

I MWCNTs 201 2 0.99 NA 0.001 NA NA NA 

I GS-75 348 88 25.28 NA 0.04 NA NA 0.909 

II FLG-400 428 171 39.95 NA 0.076 NA NA 0.888 

IV IRMOF-1 520 480 92.30 NA 0.190 NA NA 0.791 

I mic-GO 626 5 0.79 NA 0.007 NA NA NA 

I FLG-700 724 275 37.98 NA 0.119 NA NA 0.865 

II FLG-800 777 299 38.48 NA 0.132 NA NA 0.869 

III ACC 1205 1190 98.75 0.470 0.460 97.87 0.780 0.773 

NA YP-80 2353 2182 92.73 1.173 0.974 83.03 0.997 0.892 

 
 SBET: Brunauer-Emmet-Teller (BET) specific area (SA), SMicro: micropore SA derived by the Carbon Black 

statistical thickness (t-plot) method, (SMicro/SBET): % fraction of micropore SA to BET SA  VGurvich: total specific 

pore volume (SPV) at P/P0 ~0.96 for pores smaller than 50 nm in width calculated by the single-point Gurvich 

rule, VMicro: micropore SPV derived by the t-plot method, (VMicro/ VGurvich): % fraction of micropore SPV to total 

SPV, WAve: average pore width calculated by the ratio of 2·(VGurvich)/(SBET) assuming a slit pore model, WMicro: 

average micropore width calculated by the ratio of 2·(VMicro)/(SMicro) assuming a slit micropore model, NA: 

Not Applicable 

 

A set of representative correlation graphs between the gravimetric H2 storage capacities 

of all the tested materials at ~1 bar and 77 K and their porosity-related properties, such as 

BET SA and micropore volume, is given in Fig. 6.1.  It can be clearly seen in Figs. 6.1(a) and 

6.2(b) that the ACC material, which combines the largest values of BET SA and micropore 

volume (or micropore SA), exhibits also the highest H2 uptake value at 77 K and 1 bar. It 

should be also highlighted that the FLG-800 and IRMOF-1 materials demonstrate a similar 

H2 uptake of ~1 wt.% at 77 K and 1 bar (see Fig. 6.1(a)), even though the FLG-800 has a 

~33 % higher BET SA compared to the IRMOF-1 sample (i.e. 777 vs. 520 m2/g, 

respectively). This should be attributed mainly to the higher micropore SA fraction (i.e. 

~92 vs. ~38 %) and micropore volume (0.19 vs. ~0.13 cm3/g) of the IRMOF-1 sample 

compared to the FLG-800 sample.  
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Fig. 6.1: (a) A collection of gravimetric H2 uptake data at 77 K and 1 bar for all the materials studied 

within the publications of this thesis versus their available BET specific area values (fitted with a 

line) and (b) a 3-D graph including also the micropore volume values of these materials. 
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Furthermore, the most promising carbon materials evaluated from the low-pressure H2 

adsorption measurements (ACC, FLG-800 and FLG-400), along with a commercial and 

standard activated carbon powder (YP-80), were also investigated under a high-pressure 

regime up to ~100 bar both at 77 and 298 K. A selective summary of the H2 storage 

properties of the aforementioned materials including H2 gravimetric capacities and H2 

uptake to BET SA ratios can be found in Table 6.2.  

 

Table 6.2: Summary of H2 storage properties, based on low- and high-pressure H2 adsorption data 

(77 and 298 K), for the best-performed materials studied within the publications of this thesis. The 

commercial activated carbon powder YP-80 is included for comparison (unpublished data).  

 

C@77K&1bar: H2 gravimetric capacity at 77 K and 1 bar, C@77K&35bar: H2 gravimetric capacity at 77 K and 35 bar 

(operating conditions described by Chahine’s rule), Cmax@77K: maximum H2 gravimetric capacity at 77 K at the 

saturation pressure, C@298K&80bar: H2 gravimetric capacity at 298 K and 80 bar (comparable maximum 

pressure), C@77K&1bar/SBET: ratio of H2 gravimetric capacity at 77 K and 1 bar to BET specific area (SA), 

C@77K&35bar/SBET: ratio of H2 gravimetric capacity at 77 K and 35 bar to BET SA, C@298K&80bar/SBET: ratio of H2 

gravimetric capacity at 298 K and 80 bar to BET SA 

 

Fully reversible gravimetric H2 storage capacities from 1.14 up to 4.46 wt.% were recorded 

at 77 K and saturation pressures  for these materials, as shown in Fig. 6.2(a). Higher H2 

uptake values were recorded for the higher-SA materials (YP-80, ACC, FLG-800 and FLG-

400 in descending order). Instead, relative to the BET SA values of each material, the 

equivalent behavior seems to be reversed (FLG-400, FLG-800, ACC and YP-80 in 

descending order). Comparing only the ACC and YP-80 materials, due to the availability of 

all the porosity data for both, it seems that the higher fraction of micropore SA (i.e. ~99 vs. 

93 %, respectively) and micropore volume (i.e. ~98 vs. 83 %, respectively) as well as the 

smaller average pore width (i.e. 0.78 vs. ~1 nm, respectively) provides an adequate 

explanation for the increased H2 uptake to BET SA ratio of the ACC over YP-80; i.e. 

enhanced H2 adsorption due to overlapping potential of the opposite micropore walls 

[27,38]. However, for the FLG-400 and FLG-800 materials not all the porosity data are 

available (i.e. total SPV and APW cannot be extracted by the N2 adsorption method), while 

Material 
(#) 

C@77K&1bar 

 (wt.%) 
C@77K&35bar  

(wt.%) 
Cmax@77K  
(wt.%) 

C@298K&80bar  
(wt.%) 

C@77K&1bar/SBET 
(wt.%·m-2·g) 

C@77K&35bar/SBET 
(wt.%·m-2·g) 

C@298K&80bar/SBET 
(wt.%·m-2·g) 

FLG-400 0.57 1.09 1.14 @ 61 bar NA 1.331·10-3 2.546·10-3 NA 

FLG-800 1.00 1.94 2.01 @ 58 bar NA 1.287·10-3 2.496·10-3 NA 

ACC 1.69 2.99 3.14 @ 72 bar 0.31 1.402·10-3 2.481·10-3 0.257·10-3 

YP-80 NA 4.46 4.52 @ 47 bar 0.49 NA 1.895·10-3 0.208·10-3 
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a potential influence of the surface chemistry (i.e. presence of oxygen-based groups) 

cannot be excluded as well. The room temperature H2 storage performance of the higher-

SA materials was rather poor compared to the equivalent measurements at 77 K (see Fig. 

6.2(a)) and consequently small gravimetric capacities of 0.31 and 0.49 wt.% were recorded 

at 298K and ~80 bar for ACC and YP-80, respectively, as clearly shown in Fig. 6.2(b). For 

this case as well, the H2 uptake to BET SA ratio of the ACC exceeds the one of the YP-80 

material due to the aforementioned reasons (see Table 6.2). Finally, the ACC, FLG-800 and 

FLG-400 materials also seem to exceed the theoretical capacity values extracted from 

Chahine’s rule for standard activated carbons taking into consideration either the available 

BET SA or total SPV values, as shown in Figs. 6.2(c) and (d), respectively. Based on this 

general rule, a H2 uptake of 1 wt.% is expected at ~35 bar and 77 K per 500 m2/g of SA 

and/or 0.2 cm3/g of SPV) [58].  For the case of the ACC material, this is surely attributed to 

the APW of 0.78 nm based on a slit-pore model. It should be noted that QSDFT data 

indicated an even lower APW value of 0.68 nm, while GCMC-based PSD analysis based on 

CO2 adsorption data indicated a maximum around 0.57 nm. The aforementioned APW 

values lie between the mean pore size range of 0.6 to 0.7 nm suggested by Gogotsi et al. 

[38] for carbon materials that outperform Chahine's rule. 

To sum up, H2 storage in pure carbon-based nanoporous and high-SA materials via physical 

adsorption cannot be considered sustainable and practical towards applications in 

ambient temperatures due to the minor recorded H2 gravimetric capacities even at high-

pressures. However, such materials can be effectively combined with H2 cryo-compression 

storage systems operating at 77 K using LN2-based refrigeration systems and thus achieve 

higher H2 uptake values. In this respect, the ideal H2 adsorbent operating at cryogenic 

temperatures (< 100 K) should combine large SA and SPV values (as high as possible) 

together with dominant microporosities and narrow pore sizes in the sub-nanometer 

scale. Concerning room temperature applications, it is evident that alternative strategies 

should be employed with the aim to promote other sort of storage mechanisms and 

enhance the molecular H2-carbon interactions, including surface modification either by 

functionalization with active redox groups and/or doping with active metal catalysts. In 

this respect, future studies will be mainly focused on investigating phenomena beyond 

classical physisorption, including “weak” chemisorption effects. The carbon-based 

nanoporous materials studied within this thesis need to be further treated using a plethora 

of physical and chemical methods, including plasma activation, microwave radiation, 
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physical vapor deposition, thermal annealing and wet chemical oxidation or reduction, 

with the aim to modify the energetic landscapes inside their pores. Acidic and basic groups, 

such as carboxyls (–COOH) and amines (–NH3), as well as transition metal nanoparticles, 

such as Ru, Pd and Pt, will represent the potential functionalities and dopants, respectively, 

to be introduced onto the carbon surfaces towards improvement of their H2 storage 

performance in ambient temperatures. 

 

 

Fig. 6.2: (a) A collection of high-pressure H2 adsorption isotherms recorded at 77 and 298 K for the 

materials performing best within this thesis, i.e. ACC, FLG-800 and FLG-400, compared to the 

activated carbon powder YP-80 (unpublished data), (b) comparison of H2 adsorption performance 

at 298 K between ACC and YP-80 and gravimetric H2 uptake at 77 K and 35 bar versus (c) BET 

specific area and (d) total specific pore volume compared to Chahine’s rule. 
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Highlights 
 

 High-surface area GOs were synthesized by freeze drying and microwave radiation  

 Porosity, structure and morphology were studied by BET, Raman, SEM and TEM  

 H2 storage capacity was evaluated against commercial nanocarbons 

 Reversible H2 storage with gravimetric capacities 0.5-0.7 wt.% at 77 K and 1 bar 

 H2 storage behavior was correlated to specific textural/surface features  

 

Abstract 
 

In the present work, we synthesized and systematically characterized two novel graphene-

based nanomaterials, a chemically reduced graphene oxide (GO) sponge and a microwave-

exfoliated GO. Textural properties were determined by N2 adsorption/desorption at 77 K, 

while additional characterization techniques were employed, such as Micro-Raman 

Spectroscopy, Field-Emission Scanning Electron Microscopy and High-Resolution 

Transmission Electron Microscopy, to elucidate further the structural and morphological 
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features. Both nanomaterials were additionally evaluated for their H2 storage capacity and 

were critically compared to commercially available carbons (e.g. few-layer graphenes, 

carbon nanotubes) based on systematic H2 adsorption/desorption measurements at 77 K 

between 0 and 1 bar. Maximum H2 gravimetric capacities of ~0.5 wt.% and ~0.7 wt.% were 

recorded at 77 K and 1 bar for the reduced GO sponge and the microwave-exfoliated GO, 

respectively. 

 

Keywords: Nanoporous sorbents; Graphene oxide; Hydrogen storage; Physical 

adsorption; Gravimetric capacity; Characterization 

 

1. Introduction 
 

The transition to a future hydrogen-fueled society requires a convenient, efficient and safe 

H2 storage method, especially for on-board automotive applications [1]. In recent years, 

scientific research has been focused on the so-called “materials-based H2 storage’’, in 

which supercritical hydrogen gas is physically or chemically sorbed by solid materials 

[2,3]. Nanoporous carbon sorbents, with the ability to bind molecular H2 into their external 

surface and internal pores by the mechanism of physical adsorption, are considered an 

appealing storage solution [4]. The important advantages of complete reversibility and fast 

kinetics are attributed to the weak nature of van der Waals interactions between the solid 

surface and the gas molecules [5]. However, the cryogenic temperatures (e.g. 77 K) 

required to achieve significant storage capacities constitute the major drawback of 

physisorption processes [6].  

A plethora of carbonaceous materials, ranging from amorphous activated carbons to 

carbon nanostructures (nanotubes, nanofibers, fullerenes, etc.), have attracted over the 

years significant attention as potential H2 stores [7,8]. These materials are quite interesting 

as adsorbents, because they exhibit large surface areas and pore volumes, lightweight, 

chemical and thermal stability but also low manufacturing cost [4,7]. However, many 

controversial results have been reported concerning their H2 storage capacity. It is well 

known that pore properties play a significant role in the adsorption mechanism; 

microporous carbons (pore size < 2 nm) can be more efficient for H2 storage, as besides 

their larger surface areas and pore volumes, they favor stronger gas-solid interactions as 

the potential fields of the opposite pore walls overlap.  

More recently, exfoliated graphene and graphene oxide (GO) started to be examined as 

potential materials for H2 storage applications [9-14]. Especially GO combines the 
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advantages of graphene (i.e. high surface area, low density, environmental friendliness, 

low processing cost) with convenient surface chemistry that allow further 

modification/functionalization [15,16]. GO consists of highly-oxidized few-layer graphene 

sheets with multiple surface functional groups such as epoxides (-ROOH,                         -

ROOR) and hydroxyls (-OH) as well carbonyls (C=O) and carboxyls (-COOH) at the edges. 

Based on experimental and theoretical studies [17-19], it has been proposed that the 

presence of such oxygen groups on the carbon surfaces may enhance the adsorbate-

adsorbent interactions leading to increased H2 storage capacity. Indeed, grand canonical 

Monte Carlo method (GCMC) simulations of H2 adsorption isotherms at 77 K within 

graphene and graphene-oxide slit-like micropores showed that the presence of surface 

functionality can induce significant changes in the energetic landscapes inside the pores, 

while the density of the adsorbed phase increases with increasing surface oxygen content 

[17]. As such, GO materials present interesting systems for hydrogen storage processes.  

In general, the facile, efficient and low-cost development of graphene-based 

nanostructures, including nanosheets [9,24,27], sponges [21-23] and foams [11,25], with 

narrow micropore sizes and large surface areas, are the subject of continuous effort. In this 

respect, nanoporous derivatives of GO have been reported from graphite oxide treatment 

either by wet chemical reduction [9,13,21-24], thermally-induced exfoliation (with or 

without gas stream) [10,12-14,20,24] or microwave-assisted thermal shock methods [26-

29]. Srinivas et al. [9] synthesized graphene-like nanosheets with high-surface area (640 

m2/g) by chemically reducing graphite oxide using hydrazine hydrate (N2H4); a H2 storage 

capacity of 0.64 wt % was reported at 77 K and 1 bar that reached up to 1.17 wt.% at 10 

bar. Multi-layered GO with optimized interlayer distance (0.65 nm) was modulated by 

thermal annealing and showed an enhanced H2 adsorption of 4.8 wt.% at 77 K and 90 bar 

[10]. Xia et al. [12] produced a series of hierarchical porous graphene-like sheets with large 

surface areas (up to 532 m2/g) and pore volumes (up to 1.67 cm3/g) by CO2 activation of 

graphite oxide up to 950 oC; storage capacities of up to 0.75 wt.% H2 were reported at 77 

K and 1 bar. Recently, Hudson et al. [13] prepared an exfoliated GO (375 m2/g) by 

thermally reducing graphite oxide that adsorbed 2.07 wt.% H2 at 77 K and 50 bar.  

In the present work, we have successfully produced two new nanoporous GO-based 

materials, in powder-form, following two entirely different exfoliation processes. The first 

one was a reduced spongy GO derived by hydrothermal treatment of graphite oxide 

(synthesized by Hummer's method) in combination with freeze drying; this type of 
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material has lately attracted a lot of interest due to its unique properties [21-23,30]. 

Nevertheless, it has not been characterized extensively. The second one was an exfoliated 

fluffy GO induced by microwave radiation of graphite oxide (synthesized by 

Staudenmaier's method), one of the most popular techniques to produce GO materials with 

relatively large surface areas [26-29]. We have demonstrated that a combined 

hydrothermal-freeze frying approach leads to a reduced GO material with a significant 

fraction of micropores (pore width ~0.7 nm), while the microwave-exfoliation approach 

provides a clearly mesoporous GO material that exhibits one of the largest surface areas 

(~630 m2/g) ever reported in similar studies [26-29]. Apart from the thorough textural, 

structural and morphological characterization of these two interesting nanomaterials, 

emphasis was also placed on the evaluation of their H2 sorption properties at 77 K and up 

to 1 bar. To our best knowledge, none of these two types of materials has previously been 

examined for H2 storage. Therefore, we compared the H2 storage capacities of the as-

produced samples to well-established and commercially available nanocarbons such as 

few-layer graphenes and multi-walled carbon nanotubes, the surface of which contained a 

certain amount of oxygenated (e.g. -COOH) functional groups. The H2 uptake of all the 

studied materials was correlated to their textural properties (i.e. specific surface area, 

micropore volume, etc.). 

2. Materials and experimental methods 
 

2.1  Synthesis 
 

A sponge-like nanostructure was produced by hydrothermal treatment of graphite oxide 

with hydroiodic acid (HI) in combination with freeze drying. The original graphite oxide 

was synthesized from graphite powder using a modified Hummer's method [21,31]. The 

obtained suspension was then diluted in an aqueous solution (2 mg/ml) and treated by 

ultrasonication for 30 min. In a typical synthesis, 1 ml of HI (30 %) was added into 60 ml 

homogeneous graphite oxide aqueous solution (2 mg/ml) and then the mixture was sealed 

in a 100 ml PTFE-lined stainless steel autoclave, where it was maintained at 180 οC for 12 

h. As soon as the reactor cooled down to room temperature, the as-prepared graphene 

hydrogel (GH) was taken out and instantly submerged into distilled water for 24 h to 

remove the residual HI. In order to control the density of the final product, water was 

removed by 75 wt.% from the original GH through evaporation at room temperature; Li et 

al. [21] showed that a higher surface area can be obtained by this way. In a final step, the 
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sample (denoted hereafter as GS-75) was freezed with liquid nitrogen (LN2) and freeze-

dried in vacuum to remove the remaining water and obtain the desirable sponge-like 

nanostructure.  

An exfoliated graphene oxide (denoted hereafter as mic-GO) was produced by microwave 

radiation treatment of graphite oxide. The original graphite oxide was synthesized from 

graphite powder using a modified Staudenmaier's method [32,33]. In a typical synthesis, 

10 g of powdered graphite (purum, powder ≤ 0.2 mm; Fluka) were added into a mixture of 

concentrated sulfuric acid (H2SO4, 400 ml, 95-97 wt.%) and nitric acid (HNO3, 200 ml, 65 

wt.%), while cooling in an ice-water bath. Potassium chlorate powder (KClO3, 200 g, 

purum, > 98 %; Fluka) was added to the mixture in small portions, while stirring and 

cooling. The reactions were quenched after 18 h by pouring the mixture into distilled water 

and the oxidation product was washed until pH 6. The as-prepared graphite oxide was then 

dried at room temperature. Finally, the sample was placed in a microwave oven (Panasonic 

NE-1856, 1800 W) for less than 1 min, where it was expanded and transformed into a black 

powder with fluffy texture. 

 

2.2  Commercial materials 
 

Few-layer graphenes (FLGs), in the form of nanoplatelets with stacks of 3-6 layers, 

diameter < 2 mm, thickness < 3 nm, 4.0 wt.% -COOH content and 96 % purity, were 

provided by Perpetuus Advanced Materials, UK (product under development). The FLGs 

were produced through argon (Ar) plasma exfoliation of natural graphite [34]; they were 

also functionalized with -COOH groups via oxygen (O2) plasma treatment. 

Multi-walled carbon nanotubes (MWCNTs) with outer diameter 10-20 nm, inner diameter 

5-10 nm, length 10-30 mm, 2.0 wt.% -COOH content and 95 % purity were obtained by 

Chengdu Organic Chemicals Co. Ltd, Chinese Academy of Sciences, China (product no. 

TNMC3). The MWCNTs were produced by chemical vapor deposition (CVD) through 

catalytic decomposition of natural gas (~90% CH4) over a Ni-based catalyst; they were also 

purified through oxidation in a mixture of potassium permanganate (KMnO4) and sulfuric 

acid (H2SO4).  

Short multi-walled carbon nanotubes (sh-MWCNTs) with outer diameter 7-20 nm, inner 

diameter 3-7 nm, length 100-500 nm and low-purity (50-80 %) were provided by Rosseter 

Holdings Ltd, Cyprus (commercial product Ros1™). The Ros1 nanomaterial was actually a 

mixture of sh-MWCNTs, carbon polyhedral nanoparticles and graphene-like nanoplatelets. 
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It was produced by a self-regulated low-voltage arc-discharge method by employing 

ethanol (C2H6O) and graphitic anodes and cathodes [35]. The inner cores of the cathode 

deposits were collected and milled in a Hosokawa 100 AFG Fluidized Bed Jet Mill machine 

to reduce the size of the particles.  

 

2.3  Characterization techniques  
 

Micro-Raman measurements were performed in backscattering configuration on a 

Renishaw inVia Reflex microscope. Excitation was carried out with a Fantago diode-

pumped solid-state laser emitting at 514.4 nm. The laser beam was focused onto the 

samples by means of an 50× objective at a power density of 0.1 mW/mm2 in order to avoid 

local heating effects. 

Surface morphology was studied with a JEOL JSM-7401F field emission scanning electron 

microscope (FE-SEM). A low acceleration voltage was applied (~2 kV) and a working 

distance was set to 6 mm and 3 mm. Powder samples were mounted onto round metallic 

(brass) substrates using a double coated conductive carbon tape. High resolution images 

of the materials were obtained by a Philips CM-20 transmission electron microscope 

(TEM) with a LaB6 filament, equipped with an energy dispersive X-ray spectrometer (EDS). 

The instrument operated at 200 kV acceleration voltage, while the powders were 

dispersed in ethanol through ultra-sonication and then placed onto a holey carbon film 

mounted on a copper grid. 

N2 adsorption/desorption isothermal curves at 77 K were recorded using a volumetric gas 

analyzer Autosorb 1-MP by Quantachrome Instruments, while nitrogen gas of ultra-high 

purity was used (99.9999%). Prior to the measurements, the samples (30-40 mg) were 

out-gassed under high vacuum (10-6 mbar) at 250 oC for 12 h. Textural properties were 

determined using Quantachrome's ASiQWin software (version 2.0). The total specific 

surface area (SSA) was calculated by the Multi-point Brunauer-Emmet-Teller (BET) 

method in the relative pressure range 0.1 < P/P0 < 0.35. The micropore volume and the 

micropore surface area were estimated by the Carbon Black (CB) t-plot method. Pore size 

distribution (PSD) analysis was established on the basis of two different methods: (i) the 

Barret-Joyner-Halenda (BJH) method was applied on the desorption isotherm branch of 

the mesoporous materials; and (ii) the Quenched Solid Density Functional Theory 

(QSDFT), based on the nitrogen-carbon equilibrium transition kernel at 77.4 K for slit-

shaped pores, was applied on the adsorption isotherm branch of the materials, containing 
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both micropores and mesopores. The same volumetric instrument was also employed to 

obtain H2 adsorption/desorption isotherms curves at 77 K and pressures up to 1 bar; 

hydrogen gas of ultrahigh purity (99.9999%) was used. 

 

3. Results and discussion 
 

3.1  Porous properties 
 

Low-pressure N2 adsorption/desorption isothermal curves at 77 K for all the studied 

nanomaterials are presented in Fig. 1. The newly-synthesized GS-75 and mic-GO, as well 

as the commercial FLGs and MWCNTs, exhibited type IV isotherms according to the IUPAC 

classification [36] characteristic of mesoporous materials, while only Ros1 demonstrated 

type II isotherm typical of non-porous materials. The formation of hysteresis loops at the 

relative pressure range 0.45 < P/P0 < 0.99 is associated with nitrogen's capillary 

condensation inside the mesopores. None of the isotherms reached a plateau at P/P0 

~0.99; instead they were extended indefinitely, representing unrestricted multilayer 

adsorption due to the existence of macropores or external rough surface. For this reason, 

the total pore volume cannot be properly estimated on the basis of the single-point Gurvich 

rule [37] by assuming that the pores are filled with LN2 at a relative pressure close to unity 

(P/P0 = 0.99). The textural characteristics of the studied materials are presented in Table 

1. 

The GS-75 demonstrated enhanced physisorption at lower relative pressures (P/P0 < 

0.01), probably due to microporosity (Fig. 1a). The total specific surface area was 

calculated at 348 m2/g based on the Multi-point BET method, while the micropore surface 

area and volume corresponded to 88 m2/g and 0.04 cm3/g, respectively, on the basis of the 

Carbon Black V-t method. The PSD analysis through QSDFT provided a bimodal 

distribution with two distinct peaks at 0.7 nm and 3.4 nm, and thus confirmed the presence 

of super-micropores (0.7-2 nm) and small mesopores. Furthermore, the GS-75 exhibited a 

characteristic H3-type hysteresis loop related to slit-shaped pores, while the step at the 

closure of the loop implies that desorption is achieved through cavitation; spontaneous 

nucleation and growth of gaseous bubbles inside the condensed N2, leading to evaporation 

from the mesopores [38]. 

Regarding the commercial carbons in Fig. 1a, the FLGs adsorbed even greater N2 amounts 

for P/P0 < 0.01, while super-micropores were also detected in this case as QSDFT revealed 

a maximum at 0.8 nm. The FLGs demonstrated also the largest BET surface area (724 
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m2/g), as well as the largest micropore surface area (275 m2/g) and micropore volume 

(~0.12 cm3/g) within the context of this study. The MWCNTs had a smaller surface area 

and an insignificant micropore volume, while they were characterized mainly by large 

mesopores (20-50 nm), as BJH method indicated a broad peak around 18.9 nm. The Ros1 

adsorbed minor N2 amounts due to its macroporous/non-porous nature; its BET surface 

area was much lower compared to the other materials, while no micropore volume was 

detected. The mic-GO is presented separately from the rest of the materials (Fig. 1b), as it 

demonstrated a swelling behavior during N2 adsorption [39]. The impressive size of the 

hysteresis loop and the large condensed N2 volumes are associated with the expansion of 

the material's volume. More specifically, the exfoliated GO layers are moving apart as 

capillary condensation occurs and therefore an increased N2 amount can be adsorbed 

inside the mesopores. Hence, a reliable PSD analysis is not feasible due to the swelling 

phenomenon. However, the H3-type hysteresis loop indicates pores with slit-shape, while 

the desorption mechanism involves cavitation (single-step closure), as described 

previously in the case of GS-75. Another interesting fact was the large BET surface area of 

the mic-GO that reached 626 m2/g, but a minor micropore volume was detected based on 

the Carbon Black t-plots. Prior to microwave-treatment, the original GO produced by the 

modified Staudenmaier's method had a quite small surface area (~20 m2/g); after applying 

microwave radiation the surface area increased dramatically (~31 times larger). 
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Fig. 1: (a) N2 adsorption (colored symbols) and desorption (empty symbols) isothermal curves at 77 

K for FLGs, GS-75, MWCNTs and Ros1 and (b) swelling behavior by the as-prepared mic-GO during N2 

adsorption at 77 K. 
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Table 1: Porosity properties based on N2 adsorption/desorption isothermal curves at 77 K. 

 
 

 

 

 
 

SBET: total specific surface area derived by the multi-point Brunauer-Emmet-Teller method, CBET: 

BET constant, Vmicro: micropore volume derived by the Carbon Black V-t method, Smicro: micropore 

specific surface area derived by the Carbon Black V-t method, (Smicro/SBET): percentage (%) of 

microporous specific surface area relative to BET specific surface area  

 

3.2  Structural properties 
 

Raman spectra of the GO samples (GS-75 and mic-GO), in comparison with the commercial 

carbon nanomaterials, are shown in Fig. 2. All reference samples (FLGs, MWCNTs and 

Ros1) present three peaks in the 1200-1700 cm-1 range. The modes are attributed to the 

defect-activated D1 band at ~1353 cm-1 due to the vibrations of C atoms with dangling 

bonds, the graphitic G band at ~1580 cm-1 arising from the bond stretching of sp2 carbon 

atoms in a two-dimensional hexagonal lattice and the higher frequency defect activated D2 

band at ~1620 cm-1. In the high frequency region, the materials exhibited the second order 

overtone of D1 band at ~2710 cm-1 and the defect activated combination mode (D1+D2) 

at ~2940 cm-1. Table 2 shows values obtained after numerically fitting the raw spectra of 

the peak frequency (F), full width at half maximum (W) and relative integrated intensity 

ratio of the D1-band to that of the graphitic G-band, often taken as a measure of the 

disorder in the structure. Among the three different reference samples, Ros1 clearly 

outperformed in terms of less defected structure and narrow distribution of MWCNTs 

dimensions. For the other two samples (FLGs and MWCNTs) a weak peak at 3080 cm-1 was 

observed, which implies the existence of C-H stretching vibrations.  

The prepared GO samples presented instead two broad Raman features in the 1200-1700 

cm-1 range, the one retains the Lorenzian character and peak frequency of the D1-band, 

while the other is very broad and highly anisotropic with its peak frequency significantly 

blue shifted to that of the G-band in CNTs and graphite, to 1603 cm-1. Eventually, this band 

is a merging of the superimposed G and D2 bands [40,41]. In addition, all bands (including 

Materials SBET  

[m2/g] 

CBET Vmicro  

[cm3/g] 

Smicro 

[m2/g] 

Smicro/SBET   

[%] 

FLGs 724 290 0.119 275 37.98 

mic-GO 626 147 0.007 5 0.79 

GS-75 348 238 0.04 88 25.28 

MWCNTs 201 130 0.001 2 0.99 

Ros1 44 124 0 0 0 
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the first and the second order peaks) exhibited substantial broadening, characteristic of 

disorder in the structure and/or intense surface modification [41].  

The characteristic parameters of the D and G bands as well their integrated intensity ratio 

obtained from the analysis of the GO spectra in our study (see Table 2) were very similar 

to those generally observed from pristine GO materials [40,42,43]. Reduced GO usually 

leads to increased ID1/G ratio [42,44], while a decrease has been also observed by 

appropriate chemical treatment that heals the structure [43]. Furthermore, in order to 

account for the anisotropy of the G band, we have fitted the spectra by adding a new broad 

spectral component (D3 band) at ~1550 cm-1, which is related to the carbon vibrations by 

the extensive coverage of GO by oxygen groups, also observed before in GO [40,45]. 

Between the two prepared samples, the mic-GO presented larger ID1/G ratios and broader 

spectral lines, consistently with more defective graphene structure. 

 

 
 
Fig. 2: Raman spectra of the as-prepared GOs (mic-GO, GS-75) and commercial samples (FLGs, 

MWCNTs, Ros1) obtained by excitation at 514.4 nm; spectral fitting curves and fitting components are 

shown with dashed lines. 
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Table 2: Peak frequencies (F) and full width at half maximum (W) of the various Raman bands (D1, G, D2 

and D3) in the 1200-1700 cm-1 range.  

 

Materials D1 G ID1/G D2 D3 
 (F/cm-1) (W/cm-1) (F/cm-1) (W/cm-1)  (F/cm-1) (F/cm-1) 
mic-GO 1357.8 188.5 1602.7 68.1 4.8 - 1555.8 

GS-75 1354.9 108.5 1604.2 56.6 3.2 - 1551.3 

FLGs 1353.2 100.3 1589.4 64.5 1.4 1624.1 - 

MWCNTs 1355.8 57.9 1587.9 48.8 1.2 1621.3 - 

Ros1 1354.7 42.1 1583.0 22.8 0.3 1621.1 - 

        
ID1/G: estimated integrated intensity ratios of the D1 vs. G bands 
 
 

3.3  Morphological properties 
 

FE-SEM images (Fig. 3) revealed different surface morphologies for each one of the 

materials under study. The mic-GO exhibited a fluffy structure of multiple exfoliated GO 

sheets (Fig. 3a), while the GS-75 demonstrated a sponge-like structure of multiple reduced 

GO sheets (Fig. 3b). The FLGs consisted of rigid aggregate particles with a platelet-like 

shape (Fig. 3c). The MWCNTs showed a typical nanotubular structure (Fig. 3d), while the 

Ros1 presented a non-uniform surface morphology due to the presence of various carbon 

nanoparticles such as sh-MWCNTs, polyhedrals and GNPs (Fig. 3e).  

TEM analysis provided a more detailed description of the above morphological features. 

The mic-GO (Fig. 4a) was characterized by “wrinkles” formed due to the overlap of the 

exfoliated GO layers induced by the microwave radiation treatment [27]. Similarly, a 

wrinkled-structure with folded graphene regions was more evident in the case of GS-75 

(Fig. 5a) with the reduced GO layers observed at higher magnifications (inset Fig. 5a). The 

high-magnification image of FLGs (Fig. 4b) revealed highly-defective graphene regions, 

while few curved tube-like graphene sheets were also observed (dark-colored 

components) as a result of the plasma exfoliation process. For the MWCNTs, tubes with 

length in mm scale and hollow-opened ends can be clearly observed in Fig. 5b. The multi-

walled nature of the nanotubes was quite apparent at high-resolution images (inset Fig. 

5b); their interlayer distance was ~0.360 nm, while their inner and outer tube diameter 

was ~5 nm and ~10 nm, respectively. 
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Fig. 3: FE-SEM images of (a) mic-GO, (b) GS-75, (c) FLGs, (d) MWCNTs and (e) Ros1. 
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Fig. 4: High-magnification TEM images of the (a) as-prepared mic-GO and (b) commercial FLGs. 
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Fig. 5: Low- and high-magnification (insets) TEM images of the (a) as-prepared GS-75 and (b) 

commercial MWCNTs.  
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3.4  Hydrogen storage capacity 

 

Low-pressure H2 adsorption/desorption isothermal curves at 77 K are shown in Fig. 6. All 

materials exhibited type I isotherms based on the IUPAC classification [36] with the 

adsorbed amount increasing rapidly up to a certain point following the Langmuir equation; 

indicative of the fact that physical adsorption of supercritical H2 cannot proceed beyond 

monolayer coverage. The process was fully reversible and no hysteresis loop was observed 

between adsorption/desorption branches. The H2 gravimetric capacity was calculated 

based on the following equation: 

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑤𝑡%) = [
𝑚𝐻2

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 +𝑚𝐻2

× 100   ] %             (1) 

 

There, 𝑚𝐻2
 is the adsorbed hydrogen mass and 𝑚𝑠𝑎𝑚𝑝𝑙𝑒  is the tested sample mass. Our 

newly-synthesized GS-75 and mic-GO reached maximum capacities of 0.48 wt.% and 0.66 

wt.%, respectively, at 77 K and 1 bar. The commercial FLGs demonstrated a higher capacity 

(0.85 wt.%) under the same experimental conditions, mainly due to their larger SSA and 

micropore volume. Both FLGs and GS-75 presented enhanced H2 physisorption at the 

lower operating pressures (<10 mbar), most likely attributed to the presence of super-

micropores (width 0.7-0.8 nm) as detected by the QSDFT method. The high-purity 

MWCNTs reached a much smaller capacity (0.2 wt.%), while non-porous Ros1 adsorbed 

only minor amounts (<0.1 wt.%). Ioannatos and Verykios [46] examined the H2 storage 

performance (at 77 K and up to 1 bar) of high-purity (96-99 %) single- and multi-walled 

CNTs produced by chemical vapor deposition. They concluded that H2 adsorption strongly 

depends on the nature/geometry and the purity of the nanotubes. An overview of the low-

pressure H2 storage results for all the studied nanomaterials is presented in Table 3.  
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Fig. 6: Reversible H2 adsorption (colored symbols) and desorption (blank symbols) isotherm curves 

at 77 K and up to 1 bar for the as-prepared GOs (mic-GO and GS-75) in comparison with the commercial 

samples (FLGs, MWCNTs and Ros1).  

 

 
Table 3: Hydrogen storage capacities of the studied nanomaterials at 77 K and 1 bar.   

 
 

 

 

 

 

CH: H2 gravimetric capacity based on Eq. 1, VH: adsorbed H2 volume at standard temperature- 

pressure (STP) conditions, (CH/SBET): ratio between H2 gravimetric capacity and BET SSA, (VH/SBET): 

ratio between adsorbed H2 volume at STP conditions and BET SSA 

 

 

 

Materials CH  

[wt.%] 

VH  

[cm3/g] 

CH /SBET 

[wt.%/m2/g] 

VH /SBET 

[cm3/m2] 

FLGs 0.85 95.2 0.001174 0.131491 

mic-GO 0.66 74.5 0.001054 0.119009 

GS-75 0.48 53.9 0.001379 0.154885 

MWCNTs 0.20 23.1 0.000995 0.114925 

Ros1 0.06 6.7 0.001363 0.152272 
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In addition, the results confirmed the existing linear relationship between the H2 

gravimetric capacity and the BET SSA, as described by previous studies on high-surface 

area porous carbons [47,48]. Specifically, H2 uptake increased almost proportionally to the 

SSA of the tested materials. As shown in Fig. 7, linear fitting was applied to the data and a 

straight line was obtained with a goodness of fit close to unity (R2 = 0.9756) and a slope 

parameter equal to 1.121 × 10-3 wt %/m2/g. In the context of this study, an equivalent 

linear equation for the micropore volume cannot be extracted, as only two of the examined 

nanomaterials exhibited microporosity (i.e. FLGs and GS-75). However, taking into 

consideration the enhanced physisorption behavior of these two samples (compared to the 

rest) at pressures < 10 mbar, it is clear that their higher fraction of micropores had a 

significant effect to their H2 storage capacities, probably by providing stronger 

binding/adsorption sites for the H2 molecules. 

 

 
 

Fig. 7: Correlation plot between H2 gravimetric capacity (wt.%) and BET specific surface area (m2/g) 

at 77 K and 1 bar. 
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4. Conclusions 

 
Two novel high-surface area graphene-based nanomaterials were synthesized based on 

different approaches: (a) a reduced graphene oxide (GO) sponge-like nanostructure (~350 

m2/g) through hydrothermal treatment combined with freeze drying; and (b) an exfoliated 

GO (~630 m2/g) through microwave radiation. Both were fully characterized with respect 

to their texture, structure and morphology using a variety of techniques. Porosity 

properties (BET surface area, micropore surface area and volume and pore size 

distribution) were determined by N2 adsorption/desorption measurements at 77 K. 

Raman spectra confirmed their graphitic-like structure and the presence of oxygen surface 

functionalities, while SEM and TEM images revealed a similar morphology of exfoliated GO 

wrinkles for both nanomaterials. Furthermore, their H2 storage capacity was investigated 

at low (0-1 bar) pressures at 77 K in comparison to other commercial nanocarbons such 

as few-layer graphenes and multi-walled carbon nanotubes. The lab-synthesized GS-75 

and mic-GO nanomaterials exhibited a reversible H2 adsorption/desorption behavior and 

reached maximum capacities ~0.5 wt.% and ~0.7 wt %, respectively, at 77 K and 1 bar. 
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Highlights 
 

 Few-layer graphene-like flakes were prepared by plasma-processing of natural 

graphite  

 Demonstrated large surface areas (up to 800 m2/g) and nanopore sizes (0.7-0.8 nm)  

 Characterization was performed using SEM, TEM, XPS, XRD and N2 porosimetry 

methods 

 H2 storage behavior was evaluated by adsorption/desorption at 77 K and up to 100 

bar 

 Reversible H2 adsorption isotherms with maximum uptake of up to ~2 wt.% at ~60 

bar 
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Abstract 
 

A novel, one-step, wet-free, environmental friendly and high-yield method for producing 

few-layer graphene powders with large surface areas (up to 800 m2/g) and narrow 

nanopore sizes (0.7-0.8 nm) using plasma-induced exfoliation of natural graphite is 

presented. Advanced characterization techniques were employed, including scanning and 

transmission electron microscopy, X-ray photoelectron spectroscopy, X-ray diffraction and 

N2 gas adsorption/desorption measurements at 77 K, to investigate the morphological, 

elemental, structural and textural/porosity properties of these nanomaterials. Fully 

reversible H2 gas adsorption/desorption isotherms with maximum gravimetric capacities 

of up to ~2 wt.% at 77 K and ~60 bar are reported here. The H2 storage performance at 77 

K is well correlated with certain textural features such as specific surface area and 

microporosity. The results of this work provide a valuable feedback for further research 

on plasma-processed graphene-based materials towards efficient H2 storage via cryo-

adsorption. 

 

Keywords: Graphene; Plasma; Adsorption; Hydrogen storage; Nanoporous powders 

 

1. Introduction 
 

Exfoliated graphene has been a subject of considerable research during the last decade 

attributed to its unique electronic, thermal, optical and mechanical properties. Recently, 

porous graphene has also attracted significant attention as a potential solid-state medium 

for storing gases and especially a highly-dense energy carrier such as hydrogen (H2) [1-

11]. Few-layer graphene (FLG), an extremely “thin” graphitic analogue composed of a 

limited number of stacked carbon atomic layers, could become an efficient adsorbent 

material in applications related to H2 cryo-adsorption and storage mainly due to the large 

surface areas achieved in combination with the tunable pore sizes. Density Functional 

Theory simulations by Yadav et al. [9] showed that defect-engineering of graphene could 

lead to effective H2 gravimetric capacities of up to ~7 wt.%. Combined theoretical and 

experimental studies by Baburin et al. [10] indicated that graphene sheets with defect-

induced porosities exhibit surface areas greater than that of single-layer graphene (i.e. 

2630 m2/g), thus leading to enhanced H2 adsorption at cryogenic liquid nitrogen (N2) 

temperature (i.e. 77 K). Indeed, Grand Canonical Monte-Carlo simulations in perforated 

graphene revealed capacities of up to 6.5 wt.% H2, while volumetric measurements on a 
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thermally-exfoliated and chemically-activated high-surface area (~2900 m2/g) graphene 

recorded 5.5 wt.% H2 at 30 bar. Recently, Klechikov et al. [11] reported an impressive H2 

uptake of up to 7.5 wt.% at 77 K and ~120 bar for highly-porous graphene scaffolds with 

extremely high surface areas of up to ~3400 m2/g prepared by KOH activation and H2 

annealing. 

Micro-mechanical cleavage of graphite [12], catalytic chemical vapor deposition of 

carbonaceous sources [13] and reduction of graphite oxide are few of the principal 

methods currently used to produce graphene [14]. Despite the large variety of graphene-

like materials presented in the literature [1-8,10,11], there are no references available 

describing the H2 adsorption properties of FLG powders derived by direct plasma-assisted 

exfoliation of natural graphite. Plasma-processing technology is considered a novel, wet-

free, cost-effective and environmental-friendly “top-down” method for producing 

graphene of high quality and purity in an industrial-commercial scale, while allowing its 

modification with a variety of surface functionalities (e.g. carboxyls, amines, etc.). The 

plasma interacts with and subsequently modifies a graphitic surface both physically (i.e. 

ablation) and chemically (i.e. functionalization) depending on the gas stream (e.g. argon, 

oxygen, etc.) and the operating power [15,16]. Herein, nanoporous and high-surface area 

FLG-like powder materials were produced based on a plasma-induced graphite-exfoliation 

process [17]. The presented method offers a series of advantages, including production of 

bulk quantities (i.e. 30 kg per batch), relatively low power consumption (i.e. maximum ~6 

kW) during plasma formation, absence of metal catalysts usually employed in graphene 

industry as well as lack of wet chemical procedures for purification. The morphology, 

elemental composition, structure and porosity/texture was studied by scanning and 

transmission electron microscopy (SEM and TEM), X-ray photoelectron spectroscopy 

(XPS), X-ray diffraction (XRD) and N2 gas adsorption/desorption measurements at 77 K, 

respectively. The characterization studies revealed that the controlled “destruction” of the 

graphitic surface using plasma could lead to three-layered graphene-like flakes with 

enhanced surface areas (up to 800 m2/g) and defect-induced microporosities (pore sizes 

below 1 nm). Finally, the H2 storage performance of these powders was systematically 

evaluated by high-pressure (i.e. 0-100 bar) H2 gas adsorption/desorption measurements 

at 77 K. Even though the H2 uptake values presented in this study are not superior to those 

reported for other graphene-like materials usually derived by wet chemical treatment of 
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graphene oxide (e.g. KOH activation) [2,5,7,10,11], it is the first time that the H2 storage 

potential of plasma-processed carbon-based materials is explored in such detail. 

 

2. Experimental 
 

2.1  Plasma processing 
 

Two FLG powder materials with large surface areas (denoted hereafter as FLG-400 and 

FLG-800) were prepared by plasma-processing of natural graphite using a custom-made 

multi-electrode dielectric barrier discharge (DBD) plasma reactor, as described elsewhere 

[17]. Flake graphite powders (30 kg; Asbury Carbons) were initially exposed in an argon 

(Ar) plasma (0.01 mbar pressure and 600 sccm flow) for 60 min using lower (~3 kW) and 

higher (~6 kW) power inputs, respectively. The process causes the exfoliation of graphite 

by generating Stone-Wales, single- and double-vacancy surface defects and consequently 

negating the van der Waals forces between the stacked graphene layers [10]. The as-

produced FLG powders were subsequently treated in an oxygen plasma for 30 min, under 

similar conditions to the previous process, to introduce surface oxygen-based 

functionalities with the view to reduce agglomeration. 

 

2.2  Characterization methods 
 

Surface images were obtained by a JEOL JSM-7401F field emission SEM and a Philips CM-

20 high-resolution TEM equipped with a LaB6 filament. XPS studies were carried out by a 

Kratos Axis Ultra- DLD system equipped with a monochromatic Al Kα radiation, a dual Al-

Mg anode and a delay-line detector. XRD patterns were collected in the 2θ region of 10-60ο 

by a Shimadzu XRD-6000 equipped with Ni-filtered Cu Kα radiation (λ ~1.54 Å). The 

interlayer distances (d) and crystallite thicknesses (Lc) were estimated using Bragg's law 

and Scherrer's equation, respectively. Low-pressure (0-1 bar) N2 adsorption/desorption 

isotherms were recorded at 77 K using a Quantachrome Autosorb 1-MP volumetric gas 

sorption analyzer and ultra-pure (99.999 %) N2 gas. Prior to measurements, the samples 

(~40 mg) were degassed at 10-6 mbar and 250 οC for 12 h. Total specific surface area (SSA) 

was calculated by the multi-point Brunauer-Emmet-Teller (BET) method in the relative 

pressure (P/P0) range of 0.05-0.15. Micropore SSA and volume were calculated by the 

Carbon Black statistical thickness equation (t-plot). Pore size distribution was estimated 

by the Quenched Solid Density Functional Theory (QSDFT) method using the N2-carbon 

equilibrium transition kernel at 77.4 K for slit-shaped pores. High-pressure (0-100 bar) H2 
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adsorption/desorption isotherms were recorded at 77 K using a Hy-Energy PCTPro- 2000 

volumetric gas sorption analyzer and ultra-pure (99.9999 %) H2 gas. The samples (~200 

mg) were degassed at 10-6 mbar and 250 oC for 12 h. In order to avoid possible errors from 

helium (He) gas sorption at 77 K, volume calibrations with He were only carried out at 

room temperature (i.e. 298 K); the dead volumes at 77 K were calculated from a non-

porous glass reference curve. 

 

3. Results and discussion 
 

3.1  Morphological studies 
 

Field emission SEM images (Fig. 1) revealed a similar surface morphology for both FLG 

powders. At low magnifications (Fig. 1a), the surface is characterized by rigid aggregate 

particles with sizes of several mm. At higher magnifications (Fig. 1b), defects and voids are 

indicative of the plasma ablation process; defects in crystalline structures, such as 

graphene, are generally caused by dislocations, grain boundaries and phase interfaces [18]. 

By increasing almost twice the Ar plasma power (i.e. from ~3 kW to ~6 kW) more defects 

are introduced, leading to an increased surface area of FLG-800 relative to FLG-400. High-

resolution TEM images (Fig. 1c) confirmed the SEM observations by indicating highly-

defective graphene regions across the surface of both materials. 

 

3.2  Elemental analysis 
 

XPS analysis (Fig. 2a) provided an elemental composition of 92.19 and 7.81 at.% for carbon 

and oxygen, respectively. The C/O ratio of ~12:1 is attributed to the functionalization 

process using oxygen plasma for 30 min. The deconvoluted C1s and O1s XPS spectra of the 

FLG-800 sample are presented in Fig. 2b and c, respectively. For the C1s spectrum (Fig. 

2b), the peaks at ~284 eV and ~285 eV represent C=C and C–C bonds, respectively; 

combined sp2 and sp3 hybridization is typically observed in functionalized graphene 

[15,16]. Functionalities such as hydroxyl (C–OH) and epoxy (C–O–C) groups with high 

binding energy may cause main peak chemical shifts to ~286.5 eV. In addition, the peak at 

~289 eV is probably attributed to ester (O–C=O) and carboxyl (O–C=OH) groups; these 

high binding energy components may shift the peak to 3-4.5 eV above the main carbon 

peak. The last peak at ~291 eV could describe plasmon loss features. The O1s spectrum 

(Fig. 2c) indicates the presence of three oxygen species. The stronger peak at ~532.2 eV 

arises due to high binding energy bonds between oxygen and carbon such as the C=O bond 
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in ester and carboxyl groups. The second large peak at ~533.8 eV could be assigned to C–

OH groups, while the weaker peak at ~530.7 eV is probably related to O–C=OH groups. 

 

3.3 Structural features 
 

Fig. 3a represents the XRD patterns of the FLG powders after subtraction of the 

background. The graphitic (002) reflection at around 2θ ~25ο dominates both patterns 

while less intense peaks are observed at ~43ο and ~54ο, representing (100)/(101) and 

(004) crystal planes, respectively. The deconvoluted (002) reflections of FLG-400 and FLG-

800 are presented in Fig. 3b and c, respectively. No wide reflections of amorphous carbon 

were observed at 2θ ~20ο for both samples, which theoretically represent aliphatic carbon 

atoms [19,20]. In contrast, peaks at 24.57ο, 25.75ο and 26.03ο for FLG-400 (Fig. 4b) and at 

22.83ο, 25.4ο and 26.1ο for FLG-800 (Fig. 3c) are considered signals of graphene-like 

nanoparticles with different thicknesses. Table 1 shows structural results for the two types 

of FLG crystallites based on the Gaussian deconvolution of the (002) reflections. For FLG-

400, about 50 wt.% of its carbon fraction is composed of five-layered graphene-like 

crystallites with d ~0.362 nm and Lc ~1.364 nm. In contrast, three-layered crystallites 

having lateral thickness of just 0.761 nm represent about the 61 wt.% of the carbon in the 

FLG-800 sample. As expected, the crystallinity is reduced by moving from FLG-400 to FLG-

800 (Fig. 3a), as the average number of graphene layers is decreasing. 

 

Table 1: Structural features of the plasma-exfoliated FLG powders derived by the Gaussian 

deconvolution of the (002) XRD reflection. 

 

2θ: diffraction angle, d: interlayer distance calculated by Bragg’s law, Lc: crystallite thickness 

estimated by Scherrer’s equation, FWHM: full-width at half maximum, RA: reflection area, CF: % 

carbon fraction 

Materials Fractions 

 

2θ 

[o] 

d 

[ Å ] 

Lc 

[ Å ] 

FWHM 

[o] 

RA 

[counts] 

Layers 

[no.] 

CF 

[wt.%] 

FLG-400 

 

 

FLG-800 

 

1st 

2nd 

3rd 

1st 

2nd 

3rd 

24.57 

25.75 

26.03 

22.83 

25.40 

26.10 

3.62 

3.46 

3.42 

3.89 

3.51 

3.41 

13.64 

45 

125.9 

7.61 

21.7 

66.1 

5.89 

1.79 

0.64 

10.53 

3.71 

1.22 

2514 

1675 

863 

4830 

1937 

1135 

5 

14 

38 

3 

7 

20 

50 

33 

17 

61 

25 

14 
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Fig. 1: Field emission SEM images at (a) low- and (b) high-magnification and (c) high-resolution TEM 

image of the FLG-800 powder. 
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Fig. 2: (a) XPS and (b) deconvoluted C1s and (c) O1s spectra of the FLG-800 powder. 
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Fig. 3: (a) Background subtracted XRD patterns and deconvoluted (002) reflections of the (b) FLG-400 

and (c) FLG-800 powders. 
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3.4  Textural properties 
 

N2 adsorption/desorption isotherms at 77 K of both FLG powders are presented in Fig. 4. 

The increased N2 volumes at the lower relative pressures (P/P0 < 0.01) are attributed to 

microporosity (i.e. pore sizes < 2 nm). The formation of a hysteresis loop between the 

adsorption and desorption curves is related to the capillary condensation of N2 gas inside 

the mesopores (i.e. pore sizes 2-50 nm). The adsorbed N2 amounts are increased abruptly 

at the higher relative pressures due to sorption at external or macropore surface (i.e. pore 

sizes > 50 nm). Table 2 summarizes the textural-porous properties of both FLG powders 

deduced by the N2 sorption data. The BET SSA values for FLG-400 and FLG-800 were 

calculated at ~420 and ~780 m2/g, respectively; the micropore SSA in both cases 

corresponds to the ~40 % of the total SSA (i.e. 170 and 300 m2/g, respectively). The pore 

size distribution, as determined by the QSDFT method, revealed the presence of super-

micropores (i.e. pore sizes 0.7-2 nm). A set of maxima were detected at ~0.7 and ~0.8 nm 

for FLG-400 and FLG-800, respectively, as clearly observed in the inset of Fig. 4. 

 

 
 

Fig. 4: (a) N2 adsorption (colored symbols) and desorption (empty symbols) isotherms at 77 K of the 

plasma-exfoliated FLG powders; the inset shows the differential pore size distributions derived by the 

QSDFT method. 
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Table 2: Textural/porosity properties based on the N2 adsorption/desorption isotherms recorded at 

77 K. 

 
 

 

 

SBET: total specific surface area (SSA) derived by the multi-point Brunauer-Emmet-Teller (BET) 

method, SMicro: micropore SSA derived by the Carbon Black statistical thickness (t-plot) method, 

SMicro/SBET: % percentage of micropore SSA to BET SSA, VMicro: micropore volume derived by the t-

plot method, WQSDFT: average pore width calculated by the Quenched Solid Density Functional 

Theory (QSDFT) method 

 

3.5  Hydrogen sorption performance 
 

High-pressure H2 adsorption/desorption isotherms at 77 K are presented in Fig. 5a. Both 

samples exhibited a fully reversible adsorption-desorption behavior (i.e. absence of a 

hysteresis loop) in the pressure range of 0-100 bar. The H2 gravimetric capacities were 

calculated by the ratio mh/(mh + mp), where mh is the mass of the adsorbed H2 gas and mp 

is the mass of the FLG powder. The maximum capacities at 77 K reached 1.14 wt.% at ~61 

bar for FLG- 400 and 2.01 wt.% at ~58 bar for FLG-800. The latter value (i.e. 2.0 wt.%) 

corresponds to the minimum gravimetric capacity for single-use H2 storage systems in 

portable power applications established by the US Department of Energy for the year 2015, 

which is still much lower than the on-board automotive H2 storage system target of 5.5 

wt.% for the year 2020 [21]. It is important to note that the aforementioned targets refer 

to the operation of a complete H2 storage system, which may include a tank, a storage 

material, valves, regulators, piping, mounting brackets, an insulation, an added cooling 

capacity, and probably other balance-of-plant components. In terms of surface area, FLG-

400 showed a slightly higher maximum H2 uptake to BET SSA ratio in comparison to FLG-

800 (i.e. 2.662 and 2.586 × 10-3 wt.% m-2 g, respectively). This could be related to the 

slightly higher percentage of micropore SSA found in the FLG-400 sample (i.e. 39.91 

against 38.48 %, respectively). The maximum H2 uptake increases linearly with the BET 

SSA of the powders; i.e. almost doubles (~1.8 times) by increasing the available SSA 

approximately by a factor of two (~1.8 times). However, the H2 adsorption behavior of the 

FLG materials seems to exceed “Chahine's rule” for activated carbons that roughly predicts 

1 wt.% H2 uptake at 77 K per 500 m2/g BET SSA [22]. In both cases, the experimental 

Materials SBET  

[m2/g] 

SMicro 

[m2/g] 

SMicro/SBET   

[%] 

VMicro  

[cm3/g] 

WQSDFT 

[nm] 

FLG-400 428.29 170.95 39.91 0.076 0.723 

FLG-800 777.34 299.11 38.48 0.132 0.785 
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capacities are ~25 % larger compared to the theoretically expected ones. As the H2 

sorption data refer to “excess adsorption” beyond ~60 bar, the capacity starts to decrease 

due to bulk H2 compression (i.e. the density value of the H2 gas outside the pores exceeds 

the one inside the pores) and finally reaches 1.07 and 1.90 wt.% for FLG-400 and FLG-800, 

respectively, at ~100 bar (i.e. ~5.5 and ~6.2 % uptake drop, respectively).  

Fig. 5b demonstrates the enhanced H2 physisorption behavior of both samples at the lower 

pressures (< 1 bar), which is most likely attributed to microporosity; the micropores (< 2 

nm) act as highly energetic adsorption sites for the H2 molecules due to overlapping 

potential of the opposite pore walls [23]. This observation agrees well with the pore size 

distribution analysis based on the N2 sorption data in which micropores with sizes of 0.7-

0.8 nm were previously detected. The adsorbed H2 amounts at ~1 bar represent almost 50 

% of the maximum capacities (i.e. ~0.6 and ~1 wt.%, respectively). These low-pressure 

values are higher than the ones reported, under the same experimental conditions (i.e. 77 

K and 1 bar), by Srinivas et al. [8] for a chemically-reduced graphene (H2 uptake 0.64 wt.%, 

BET SSA ~640 m2/g), by Xia et al. [6] for carbon dioxide-activated porous graphene-based 

carbons (H2 uptake up to 0.75 wt.%, BET SSA up to ~530 m2/g, micropore SSA up to ~210 

m2/g) and recently by Kostoglou et al. [3] for a hydrothermally-derived nanoporous 

spongy graphene (H2 uptake 0.48 wt.%, BET SSA ~350 m2/g and micropore SSA ~90 

m2/g). 
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Fig. 5: (a) Reversible H2 adsorption (colored symbols) and desorption (empty symbols) isotherms at 

77 K and up to 100 bar of the plasma-exfoliated FLG powders and (b) enhanced adsorption behavior 

at the lower pressures (0-1 bar) due to microporosity. 
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4. Conclusions 
 

In summary, plasma-processed FLG powders, with large surface areas up to ~800 m2/g 

and micropore sizes less than 0.8 nm, were prepared in a DBD reactor, subsequently 

characterized via SEM, TEM, XPS, XRD and BET methods and finally evaluated for their H2 

storage potential at optimal temperature and pressure conditions (i.e. 77 K and up to 100 

bar). A completely reversible H2 cryo-adsorption behavior was recorded with maximum 

gravimetric capacities of up to ~2 wt.% at ~60 bar. The H2 uptake was correlated to the 

powders' textural properties, including BET and micropore SSA. Future research will be 

focused on optimizing the plasma-exfoliation process to produce FLG materials with larger 

SSA values (>1000 m2/g) and enhanced microporosities with the view to achieve even 

higher H2 storage capacities. 
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Research highlights 
 

 CO2 activation of carbonized viscose rayon leads to ultra-microporous carbon cloth. 

 Strong interaction with H2 and reversible uptake of 3.12 wt.% at 77 K and 72 bar. 

 Predicted CO2/CH4 gas selectivity factor of 4.5 at 298 K and 1 bar using IAST model. 

 Excellent specific area normalized supercapacitor performance using CsCl electrolyte. 

 

Abstract 
 

The efficient storage of energy combined with a minimum carbon footprint is still 

considered one of the major challenges towards the transition to a progressive, sustainable 

and environmental friendly society on a global scale. The energy storage in pure chemical 

form using gas carriers with high heating values, including H2 and CH4, as well as via 

electrochemical means using state-of-the-art devices, such as batteries or supercapacitors, 

are two of the most attractive alternatives for the combustion of finite, carbon-rich and 

environmentally harmful fossil fuels, such as diesel and gasoline. A few-step, reproducible 

and scalable method is presented in this study for the preparation of an ultra-microporous 

(average pore size around 0.6 nm) activated carbon cloth (ACC) with large specific area (> 

1200 m2/g) and pore volume (~0.5 cm3/g) upon combining chemical impregnation, 

carbonization and CO2
 activation of a low-cost cellulose-based polymeric fabric. The ACC 

material shows a versatile character towards three different applications, including H2 
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storage via cryo-adsorption, separation of energy-dense CO2/CH4 mixtures via selective 

adsorption and electrochemical energy storage using supercapacitor technology. Fully 

reversible H2 uptake capacities in excess of 3.1 wt.% at 77 K and ~72 bar along with a 

significant heat of adsorption value of up to 8.4 kJ/mol for low surface coverage have been 

found. Upon incorporation of low-pressure sorption data in the ideal adsorbed solution 

theory model, the ACC is predicted to selectively adsorb about 4.5 times more CO2 than CH4 

in ambient conditions and thus represents an appealing adsorbent for the purification of 

such gaseous mixtures. Finally, an electric double-layer capacitor device was assembled 

and tested for its electrochemical performance, constructed of binder-free and flexible ACC 

electrodes and aqueous CsCl electrolyte. The full-cell exhibits a gravimetric capacitance of 

~121 F/g for a specific current of 0.02 A/g, which relative to the ACC's specific area, is 

superior to commercially available activated carbons. A capacitance retention of more than 

97 % was observed after 10,000 charging/discharging cycles, thus indicating the ACC's 

suitability for demanding and high-performance energy storage on a commercial scale. The 

enhanced performance in all tested applications seems to be attributed to the mean ultra-

micropore size of the ACC material instead of the available specific area and/or pore 

volume. 

 
Keywords: Activated carbon cloth; Nanoporous material; Adsorption, H2 storage, CO2/CH4 

selectivity; Supercapacitor electrode 

 

1. Introduction 
 

Nanoporous carbons with high specific area (SA) and specific pore volume (SPV) have 

attracted considerable interest during recent years as adsorbent materials for the 

confinement and storage of highly-dense energy carriers, such as hydrogen (H2) [1–10] 

and methane (CH4) [11–14], capture and separation of unwanted greenhouse emissions 

such as carbon dioxide (CO2) [4,5,15–17] as well as electrode materials for highly-efficient 

electrochemical energy storage devices such as supercapacitors [3,5,18–27]. Additional 

characteristics, including low densities, superior thermochemical stability, excellent 

electrical conductivity, affordable production cost and a plethora of manufacturing 

processes, make carbon-based materials even more attractive for such purposes [3,8]. 

According to recent reports [28,29], the worldwide demand for activated carbon (AC) is 

expected to grow over 12 % by 2019 due to the continuous awareness towards 
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environmental and energy issues, for which AC materials can play a key role, while the 

global AC market is forecasted to record revenues of up to 4.9 billion $ by 2021. However, 

most of the commercially-available and laboratory-produced carbon materials are 

systematically studied as loose and extremely fine powders, thus raising issues related to 

health [30], ease of handling and processing [3] as well as practical implementation in 

commercial-scale systems for stationary and mobile applications [31,32]. Even if some 

porous carbons are also produced in a “bulkier” compacted form, including granules, 

pellets, monoliths or blocks, there are still issues arising from a practical perspective. In 

addition, the preparation of carbon powders in the form of functional components, such 

electrodes, membranes, thin films or coatings using binders [11], hot pressing [13] and 

spark plasma sintering processes [21], may lead to a partial modification of their original 

textural and porosity properties, including the reduction of their SAs and SPVs, due to 

agglomeration and/or pore blocking mechanisms [11,24]. Such values certainly play a 

crucial role in the physical adsorption and selective separation of gases and/or mixtures 

thereof as well as in the potential-induced electrosorption of ions from aqueous or organic 

electrolytes on the surface of charged electrodes. For the case of supercapacitor electrodes, 

the use of an insulating binder may also increase the internal electrode resistance and lead 

to a drop in their performance [3,24].  

Therefore, the major challenge lies in the facile and low-cost development of a lightweight, 

mechanically flexible and non-fragile carbon-based structure in compact form that could 

exhibit similar porosity properties (i.e. large SAs and SPVs combined with sub-nm pore 

sizes) to well-established standard ACs that are currently available on the market. Such an 

approach would not only permit safer and easier handling, but should also allow potential 

modifications through physical or chemical means without significantly altering important 

porosity features as well. Furthermore, this type of material could be more effectively 

introduced as a practical, self-supporting and efficient component in commercial-scale 

devices for gaseous and electrochemical energy storage. On the one side, it may be 

included, for example, as an adsorbent in cryo-compressed tanks with the aim to offer a 

more efficient combination of packing density and enhanced mass transfer compared to 

powders as well as drastically minimize attrition problems that lead to severe pressure 

drops and poor mass transfer after cycling or even pipeline clogging. On the other side, it 

may act, for instance, as a flexible and binder-free working electrode for electric-double 

layer capacitors. In this respect, the US Department of Energy (DOE) has established 
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specific targets towards the development of gaseous fuel storage systems for the 

automotive industry as well as grid energy storage technologies [32–34]. The gravimetric 

and volumetric capacities for H2 storage lie at 5.5 wt.% H2 (or 1.8 kWh/kg) and 0.04 kg 

H2/L (or 1.3 kWh/L), respectively, for delivery temperatures between 233 and 358 K, 

respectively, as well as delivery pressures between 3 and 12 bar, respectively [33]. 

However, it should be clarified that the aforementioned values refer to the entire H2 

storage system implemented in a light-duty fuel cell vehicle and not the sorbent material 

itself. For CH4 storage instead, the targets for potential adsorbent materials are more clear, 

thus referring to gravimetric and volumetric capacity values of 0.5 g/g (i.e. 0.5 g CH4 per g 

of adsorbent) and 350 v/v (i.e. 350 cm3 CH4 at standard temperature and pressure (STP) 

conditions per cm3 of adsorbent), respectively, at 298 K and up to 35 bar [34]. The latter 

value was set up 25 % higher than the one achieved by compressed natural gas storage at 

298 K and 250 bar (i.e. 263 v/v or ~2.6 kWh/L), based on the assumption that the 

volumetric capacity will be reduced by 25 % as a result of packing an adsorbent in the 

interior of a compressed tank. The US DOE has also recognized the need for efficient 

electrical energy storage towards the planning and realization of a “smart” grid. 

Specifically, the long-term performance targets required for emerging energy storage 

technologies based on advanced materials and systems correspond to an efficiency of over 

80 %, a lifetime of more than 5.000 cycles as well as a system capital cost of less than 150 

$/kWh and a levelized cost under 0.1 $/kWh/cycle [35]. 

 In the current study, an ultra-microporous (i.e. with sub-nanometer pore sizes) and 

flexible carbon cloth-like material with large SA (~1200 m2/g) and SPV (~0.5 cm3/g) was 

produced via a facile and few-step procedure, upon combining chemical impregnation, 

carbonization and CO2 activation of a commercial cellulose-based fabric. In general, 

cellulose-based and polyacrylonitrile (PAN) fibers are the most common precursors for the 

production of carbon fiber materials. Cellulosic precursors in particular demonstrate 

attractive properties, such as large thermal conductivity, good mechanical flexibility and 

low cost [36]. However, natural cellulose-based materials (e.g. cotton, linen, ramie, etc.) 

are not considered appropriate precursors for carbonization due to their discontinuous 

filaments, low degree of orientation among their fibers, as well as large amount of 

impurities [36,37]. Such features may eventually lead to a low yield of carbon fibers that 

exhibit rather poor porosity characteristics. Instead, semi-synthetic (regenerated) 

cellulose-based fibers such as viscose rayon are preferentially selected for carbonization 
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and activation purposes as they transform to highly nanoporous and large surface area 

structures. Activated carbon cloth-like materials, as studied here, have frequently been 

investigated during the past years as adsorbents, filters and electrodes mostly for 

environmental purposes, including wastewater treatment from organic solvents and toxic 

pollutants [38,39], heavy metal ions [40,41] and acid and basic dyes [42,43], capacitive 

deionization for water desalination [44–46] as well as atmospheric air purification from 

volatile organic compounds and micro-pollutants [47–49]. More recent studies have 

focused on using such cloths as electrodes, substrates and catalyst supports for energy-

related devices, such as photovoltaic cells for conversion of solar radiation into electricity 

[50], lithium-ion batteries and supercapacitors for electrochemical energy storage 

[19,24,26,27,51] as well as microbial fuel cells for electric power generation [52,53]. 

However, only limited experimental data are currently available in the literature 

describing the H2, CO2 and CH4 adsorption properties of such nanopore-sized carbon cloth-

, fabric- or textile-like materials [10,12], which lack systematic study over a wide range of 

temperature and pressure conditions as well as an in-depth analysis of the interaction 

strength and selective adsorption behavior with these gases. The material within this work 

was extensively studied for its morphological, structural and elemental composition 

properties using advanced characterization methods, including scanning electron 

microscopy (SEM), X-ray diffraction (XRD), Raman spectroscopy, small-angle X-ray 

scattering (SAXS), Fourier-transform infrared spectroscopy (FT-IR) and X-ray 

photoelectron spectroscopy (XPS). The porosity properties were deduced from low-

pressure (0–1 bar) nitrogen (N2) gas adsorption/desorption data collected at 77 K using 

empirical methods. The H2 storage performance was evaluated by low- (0–1 bar) and high-

pressure (0–100 bar) gas adsorption/desorption measurements at a series of 

temperatures between 60 and 298 K, while the equivalent CO2 and CH4 adsorption 

behavior was investigated at low-pressures (0–1 bar) between 273 and 323 K. Gas 

sorption-related properties, such as isosteric enthalpies of H2, CO2 and CH4 adsorption as 

well as CO2 over CH4 selectivity values, were also calculated from the experimental data, 

using well-established physical-based models. Finally, the electrochemical performance 

was studied by cyclic voltammetry (CV), galvanostatic cycling with potential limitation 

(GCPL) and electrochemical impedance spectroscopy (EIS) measurements using half- and 

fully-assembled electrical double layer capacitor cells. Relevant properties to 
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supercapacitor performance were evaluated, including specific capacitance and 

galvanostatic cyclic stability, towards practical energy storage applications. 

2. Materials and methods 
 

2.1  Synthesis procedure 
 

Fig. 1 demonstrates the basic steps of the production process of the nanoporous activated 

carbon cloth (denoted hereafter as ACC). The ACC material was prepared via chemical 

impregnation followed by carbonization and CO2 activation in dynamic mode using a 

viscose rayon cloth of a whitish color as the carbon precursor (denoted hereafter as VRC; 

originally obtained from the Viskoza factory, Loznica, Serbia). All synthesis steps were 

initially proposed and optimized by Babic and co-workers [54,55] for laboratory 

conditions. In a typical synthesis procedure, the raw VRC material was first impregnated 

into a mixture of 4.0 wt.% ammonium chloride (NH4Cl) and 4.0 wt.% zinc chloride (ZnCl2) 

aqueous solution with the aim of increasing the reaction yield during carbonization as well 

as reducing the ash and volatile carbon content upon carbonization [39,55–57]. The 

soaked VRC sample was then dried in air at 80 °C for 40 min. In the next step, the VRC 

material was carbonized inside a vertical furnace from 30 up to 630 °C under an inert N2 

atmosphere using a heating rate of 5 °C/min (i.e. the carbonization process lasted for 2 h). 

When the temperature reached 600 °C, the N2 flow was paused and then CO2 was 

introduced into the furnace chamber, with the cloth sample being additionally activated 

from 630 to 930 °C using a heating rate of 5 °C/min (i.e. the activation process lasted for 1 

h). When the maximum temperature of 930 °C was finally reached, the CO2 flow was 

switched back to N2 with the aim of avoiding further gasification and subsequently the 

furnace was switched off and left to physically cool down at room temperature. The 

resulting black-colored ACC material was thoroughly washed with distilled water to 

remove traces of chlorides and/or other soluble impurities, dried in air at 110 °C for 40 

min and finally stored in a desiccator. It should be noted that the as-prepared ACC is non-

fragile and maintains the cloth-like texture of the original VRC precursor. 
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Fig. 1: Few-step synthesis of the nanoporous ACC material using a VRC as the raw material; the 

temperatures for carbonization and CO2 activation procedures refer to the maximum values reached 

using a heating rate of 5 oC/min. 

 

2.2  Characterization studies 
 

Low- and high-magnification SEM images were collected by a FEI Quanta 200 microscope 

using acceleration voltages between 10 and 20 kV and a working distance of 10 mm. The 

X-ray diffractogram was recorded by a Bruker-AXS D8 Advance diffractometer operated 

with CuKα radiation (λ ~1.54 Å) using voltage and current values of 40 kV and 40 mA, 

respectively. The measurements were performed in the Bragg-Brentano geometry using a 

continuous scan speed mode between the diffraction angles (2θ) of 10 and 90°, a 0.01° step 

width and a 0.5°/min scan speed. The Raman spectrum was recorded by a Jobin-Yvon 

LABRAM confocal spectrometer equipped with a frequency-doubled Nd-YAG laser 

emitting at 532.2 nm. The laser beam was focused onto the sample by an Olympus BX 40 

microscope fitted with a ×50 long-working distance objective lens at a power density of 

0.1 mW/μm2 and a spatial resolution of 1.5 cm−1. The SAXS curve was recorded with a 

Bruker NANOSTAR SAXS facility operated with CuKα radiation (λ ~1.54 Å) using voltage 

and current values of 40 kV and 40 mA, respectively. The 2-D SAXS pattern was recorded 

with a Vantec 2000 detector and was then spherically averaged and corrected for 

background, transmission and measurement time. Using an analytical model fitted to the 

measured SAXS intensity, a 3-D real-space visualization of the nanopore structure could be 

generated. The FT-IR spectrum was recorded by a JASCO 4100 spectrometer in the mid-
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infrared region between 3600 and 1000 cm−1 with a spatial resolution of 4 cm-1. The 

studied sample (~1 mg) was prepared in the form of potassium bromide (KBr) pellets, and 

the raw FT-IR data were smoothed. XPS analysis was carried out by a Thermo Scientific 

Theta Probe spectrometer equipped with a monochromated AlKα radiation source (hν = 

1486.6 eV) using an X-ray spot of ~400 μm in radius. Survey spectra were acquired by 

using a pass energy of 300 eV, while a high-resolution core level spectrum for the C1s 

component was acquired with a pass energy of 50 eV. All spectra were charge referenced 

against the C1s peak at 284.5 eV (sp2 hybridized carbon) to correct for charging effects 

during acquisition. Quantitative chemical compositions were determined from the high-

resolution core level spectra following the removal of a nonlinear Shirley background. The 

Thermo Scientific Avantage software was used for peak fitting of the C1s peak, which 

incorporates the appropriate sensitivity factors and corrects for the electron energy 

analyzer transmission function.  

Low-pressure (0–1 bar) N2 adsorption/desorption isotherms were recorded at 77 K by a 

Quantachrome Autosorb MP-1 volumetric gas sorption analyzer using a liquid N2 bath and 

ultra-pure (99.999 %) N2 gas. The total SA was calculated using the multi-point Brunauer-

Emmet-Teller (BET) and Langmuir methods in the lower relative pressure (P/P0) region 

between 0.01 and 0.04 of the adsorption data, following the BET consistency criteria of the 

International Standard Organization (ISO 9277:2010) [58]. The total SPV for pores smaller 

than ~50 nm was estimated using the single-point Gurvich rule at P/P0 ~0.96 [59]. The 

micropore SA and SPV values were extracted by using the carbon black statistical thickness 

equation (t-plot) [59,60]. A series of low-pressure (0–1 bar) H2 adsorption/desorption 

isotherms were recorded between 60 and 100 K using the aforementioned analyzer 

(Quantachrome Autosorb MP-1) coupled with a Gifford-McMahon two-stage closed-cycle 

refrigerator (cryo-cooler). Prior to the low-pressure N2 and H2 adsorption measurements, 

samples of ~50 mg were degassed under vacuum (10−6 mbar) at 250 °C for 12 h with the 

aim of removing any physisorbed species and/or synthesis remnants from the material's 

surface. High-pressure (0–100 bar) H2 adsorption/desorption isotherms were recorded at 

77 and 298 K using a Hy-Energy PCTPro-2000 volumetric gas sorption analyzer and ultra-

pure H2 gas (99.9999 %). Prior to the measurements, a sample of ~200 mg was degassed 

under vacuum (10−6 mbar) at 250 °C for 12 h. Volume calibrations with helium gas (He) 

were carried out at 303 K to avoid potential errors from He adsorption at 77 K. The dead 

volumes at 77 K were consequently calculated based on a non-porous glass reference curve 
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(i.e. V77K vs. V303K). Low-pressure (0–1 bar) CO2 and CH4 adsorption/desorption isotherms 

were recorded at 273, 298 and 323 K by a Micromeritics 3Flex volumetric gas sorption 

analyzer using a PolyScience circulating bath (water/ethylene glycol mixture; 50/50 

vol%.) and ultra-pure (99.9999 %) CO2 and CH4 gases. The studied samples (~50 mg) were 

also degassed prior to these measurements using the same conditions as the ones 

previously described (i.e. 10−6 mbar and 250 °C for 12 h). A pore size distribution (PSD) 

analysis was carried out for the degassed ACC sample by applying the Quenched Solid 

Density Functional Theory (QSDFT) and the Grand Canonical Monte Carlo (GCMC) kernels 

for slit-like shape pores in the N2 (77 K) and CO2 (273 K) adsorption data, respectively. 

Methods like QSDFT take into account the energetic and geometrical heterogeneities of 

nanoporous carbon surfaces [61,62]. All the gas uptake quantities reported in this study 

(i.e. H2, CO2 and CH4) were expressed as excess gravimetric uptakes, either as the volume 

of adsorbed gas, at STP conditions, relative to the degassed mass of the sample (i.e. 

vgas/msolid in cm3/g units), or as the mole of adsorbed gas relative to the degassed mass of 

the sample (i.e. ngas/msolid in mmol/g units), or as the total capacity of the system, which 

refers to the mass of adsorbed gas relative to the sum of the adsorbed gas and degassed 

sample masses (i.e. mgas/(mgas + msolid) in wt.% units). The isosteric enthalpies of 

adsorption (Qst) at a constant surface coverage (θ) were estimated for H2, CO2 and CH4 by 

fitting the low-pressure adsorption data for three different operating temperatures with a 

high-order polynomial equation and subsequently using the Clausius-Clapeyron equation 

[63]. Hence, 

 

Qst = −R [
∂ ln(P)

∂(1 T)⁄
]

θ

  ,          (1) 

 

where R is the universal gas constant (i.e. 8.314 J mol−1 K−1), P is the pressure and T is the 

temperature given in K. Additionally, Qst calculations were carried out by using a multiple 

Virial fitting of all the experimental adsorption curves measured at different temperatures. 

The two methods (i.e. Clausius-Clapeyron and Virial) produced identical results, however 

the latter allowed for a more accurate estimation of the adsorption enthalpy at zero 

coverage. The CO2/CH4 adsorption selectivity factor (S) for two different gaseous mixtures 

(i.e. landfill gas with 50/50 and natural gas with 5/95) was estimated by using the Ideal 

Adsorbed Solution Theory (IAST) model [64] and the low-pressure adsorption data at all 

three operating temperatures (i.e. 273, 298 and 323 K). Hence, 
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𝑆 =
𝑞𝑎 𝑞𝑏⁄

𝑝𝑎 𝑝𝑏⁄
     ,      (2) 

 

where qa, qb and pa, pb are the molar fractions of the two components in the adsorbed and 

bulk gas phase, respectively.  

Electrochemical measurements were performed with a Gamry Reference 600 potentiostat 

using a custom-built cell with a polyether ether ketone (PEEK) housing and titanium 

pistons for the electrical contact. The pistons are spring loaded in order to apply consistent 

pressure. The cell is built up as a multilayered assembly with two platinum current 

collectors, a counter-electrode, a working electrode and a glass fiber separator in between 

the electrodes (Whatman GF/A). An aqueous 1 M cesium chloride (CsCl) solution was used 

as the electrolyte and the ACC as the electrode. Compared to organic electrolytes or ionic 

liquids, aqueous CsCl has the advantage of non-toxicity, low cost and environmental 

friendliness [65]. Due to the mechanical stability and flexibility of the ACC material, no 

additional polymer binder was needed for the preparation of the electrodes for all 

electrochemical characterization measurements. All the half-cell measurements were 

performed with a two-electrode setup using an oversized activated carbon electrode as 

quasi-reference. More specifically, the half-cell design consists of the ACC working 

electrode (WE), 5 mm in diameter (4.2 mg), punched out of the ACC material and a counter 

electrode (CE), 12 mm in diameter, made of a commercial AC (YP-80F from Kuraray 

Chemical Co.) with 5 wt.% polytetrafluoroethylene (PTFE) as binder. The CE has about six 

times the mass of the WE and can be treated as a quasi-reference electrode. The full-cell 

design on the other hand consists of equivalent electrodes (i.e. both of them are ACC in a 

symmetric setup) having a diameter of 12 mm and equal mass of 29 mg. CV, GCPL and EIS 

methods were applied in order to characterize the electrochemical (double-layer) 

performance of the supercapacitor cells. Half-cell CV and GCPL measurements were done 

in a voltage range between −0.6 and +0.6 V against the YP-80F pseudo-reference electrode. 

The CV curve was recorded with a scan rate of 10 mV/s, while the GCPL profile was 

measured with a constant specific current of 0.1 A/g and the data were analyzed for the 

discharging process only. The specific capacitance was calculated as follows, 

 

𝐶 =
∫ 𝐼 𝑑𝑡

𝑡

𝑡0

𝑚 · ∆𝑈
     ,       (3)   
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where I is the discharging current, m the WE mass and ΔU the voltage change during the 

discharging process. The capacitance values were calculated by correcting for the voltage 

drop due to the internal resistance and the polarity reversal of the current. The CV curve 

of the full-cell was also recorded with a scan rate of 10 mV/s and the equivalent GCLP 

power handling test was performed using different specific currents in the range from 0.02 

to 10 A/g (based on the weight of one electrode). However, a factor of ½ has to be 

considered in Eq. (3) in order to properly calculate the specific capacitance of a full-cell. 

EIS studies were performed around 0 V with a root-mean-square (RMS) value of ± 5 mV 

over a frequency range from 100 kHz to 10 mHz with 10 points per decade. Finally, the 

full-cell stability test consists of 10000 GCPL cycles from 0 to 1.2 V using a specific current 

of 1 A/g. During this stability test, the columbic efficiency was also tracked over time. As 

the specific current for the charging and discharging processes was similar, the coulombic 

efficiency (η) was calculated as follows, 

 =
𝑡𝑑

𝑡𝑐
     ,      (4) 

 

where tc and td represent the charging and discharging time, respectively. 
 
 

3. Results and discussion 
 

3.1 Carbonization and activation mechanism 
 

The transformation of regenerated cellulose-based fibers (e.g. viscose rayon) into carbon 

fibers (CFs) is considered a complex procedure; the most simplified mechanism was 

proposed by Bacon and Tang [66,67]. Specifically, the carbonization process consists of 

four stages depending on the processing temperature range: (a) physical desorption of 

water (25–150 °C), dehydration from the cellulose unit (150–240 °C), thermal cleavage of 

the glycosidic linkage and scission of C–O and C–C bonds through free radical reaction 

(240–400 °C) and (d) aromatization (from 400 °C and above). Hence, the yield of the final 

CF-based product depends on the conditions of carbonization as well as on the type of the 

starting material. The step of impregnation in Lewis acid catalysts prior carbonization, 

including a combination of NH4Cl and ZnCl2 within this study, drastically modifies the 

pyrolysis mechanism of the cellulose precursor by primarily favoring dehydration over 

depolymerization, thus reducing the time of treatment as well as providing a higher carbon 

yield [56,57]. Further activation of the obtained CF material (after carbonization) by 

chemical and/or physical methods considerably increases the overall SA and SPV. Physical 
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activation, in particular, involves oxidation of the CF material's external surface and inner 

porous structure by CO2 or water vapor at high temperatures (850–1100 °C) [68]. The 

yield of the ACC product was calculated at ~34 % by considering the mass change of the 

raw VRC precursor upon carbonization and CO2 activation. As expected, the 

aforementioned value lies below the theoretical carbon yield of 44.4 % for pyrolyzed 

cellulose, which is determined stoichiometrically from its molecular formula (C6H10O5)n 

[36]. 

 

3.2  Surface morphology and geometry 
 

Fig. 2 shows SEM images of the hierarchical structure of the ACC material over a wide range 

of magnifications that cover three orders of magnitude in length (i.e. from mm to μm). 

From a macroscopic view (Fig. 2a), the ACC appears to maintain the original woven chain-

like morphology of the VCR precursor upon carbonization and CO2 activation. In Fig. 2b, it 

is clear that the material is woven from yarns that form a continuous fabric, while each 

yarn spans several hundreds of microns (i.e. 200–500 μm) in width and is composed of 

tens of individual CFs. The geometrical characteristics of the main building block (i.e. CF) 

can be resolved at even higher magnifications (Fig. 2c, d and e). Each CF has a diameter in 

the range of 10–15 μm (Fig. 2c and d), while it exhibits a corrugated circumference with 

wavelengths on the order of 1–2 μm (Fig. 2e). Finally, Fig. 2f shows a fractured CF surface, 

which appears to be dense in the interior, suggesting that the presence of porosity should 

exist at even smaller scales and most probably at the level of nanometers, which however 

cannot be resolved by SEM. Such porous structure appears as another key factor 

contributing to the high SPV attributes of the ACC material. 
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Fig. 2: SEM images at different magnifications showing (a), the ACC cloth, (b) woven yarns, (c) and (d) 

carbon fibers , (e) fiber corrugations and (f) fractured fiber surface. 

 
3.3  Structural features 

 

Fig. 3a presents the X-ray diffractogram of the as-prepared ACC material, which is 

characteristic of activated CFs demonstrating a turbostratic disorder (i.e. random 

orientation among the stacked hexagonal- structured graphene sheets). Hence, the broad 

peaks at the diffraction angles (2θ) of around 23° and 43° correspond to the (002) and 

(100) reflections of turbostratic carbon, respectively [36,37]. These two peaks are shifted 

to lower 2θ values compared to those of crystalline graphite, which are originally located 

at 26.5° and 44.3°, respectively, based on the Joint Committee on Powder Diffraction 

Standards (JCPDS) card no. 75-1621. This means that the in-plane crystallographic 

structure of the graphene layers and their stacking are considerably distorted. The Raman 

spectrum, shown in Fig. 3b, indicates the carbonaceous nature of the as-prepared ACC 

material. Two characteristic modes are observable in the wavelength region of 600 and 

2000 cm−1, i.e. the defect-activated D band at ~1338 cm−1 due to disordered structure and 

the graphitic G band at ~1593 cm−1 associated with bond stretching vibration of sp2 carbon 

atoms in a two-dimensional hexagonal lattice [37,69]. The SAXS intensity versus the 

scattering vector length (Q) of the pure ACC powder is shown in the left side of Fig. 3c (i.e. 

black data points). The position and shape of the “hump” around 2 nm−1 contains 

information about the mean pore width and possible correlations in-between neighboring 

pores [70,71]. The concept of Gaussian Random Fields (GRFs) can be used in order to 
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visualize a porous structure in 3-D [72,73]. Following a recent study [71], an analytic 

function (i.e. red curve) is fitted to the measured SAXS data using fit parameters 

subsequently employed as input for the pore structure generation. The 3-D visualization 

of the ACC pore structure, presented in the right side of Fig. 3c, shows that the nanopores 

are rather randomly shaped, similarly to common ACs [74]. A subsequent Fast Fourier 

Transformation (FFT) and spherical averaging of the 3-D pore structure yields again a 

scattering curve with the same shape as the experimentally recorded curve, thus verifying 

the statistical resemblance of the modeled structure. 

 

 
 

Fig. 3: (a) X-ray diffractogram, (b) Raman spectrum and (c) SAXS intensity vs. scattering vector length 

Q (black line) and model fit (red line) of the ACC material. A 3-D visualization of the modeled ACC pore 

structure created via Gaussian Random Fields (GRFs) is shown on the right. 

 

3.4  Surface chemistry and composition 
 

The smoothed FT-IR spectrum within the mid-infrared region, given in Fig. 4a, provides 

qualitative information about the nature of chemical bonds existing in the as-prepared ACC 

material. A series of continuous vibrational bands arises in the lower wavelength region of 
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1000–1650 cm-1, most of which are related to the presence of surface functionalities due 

to the CO2 activation procedure. The weak band at ~1194 cm−1 may arise from the C–O 

vibrations of oxygen-based groups (e.g. carboxyls, phenols, ethers, alcohols, etc.) [41]. The 

strongest band at ~1396 cm−1 probably corresponds to the symmetric –COO– vibration 

mode of carboxylic (–COOH) groups [75]. The less visible bands from 1569 to 1627 cm−1, 

due to the low signal-to-noise ratio arising from the intense absorption of IR radiation from 

the CFs and the low concentration of surface functionalities, could be assigned to the C=C 

and/or C=O stretching vibration modes of aromatic sp2 carbon and/or –COOH groups 

conjugated with aromatic rings, respectively [50,75]. Finally, the band at ~2375 cm−1 is 

due to atmospheric CO2, while the broader band around 3400 cm−1 can be attributed to the 

O–H vibrations of oxygen-related surface groups and adsorbed moisture. The wide survey 

XPS analysis of the as-prepared ACC material (Fig. 4b) gives an elemental composition of 

~83 at.% for carbon (C1s peak at ~284.5 eV) and ~13 at.% for oxygen (O1s peak at ~531.6 

eV), thus suggesting a C/O ratio of ~6:1 as a result of the CO2 activation procedure. There 

is a low level (~4 at.%) of impurities (e.g. N, Cl and Zn) derived mainly from the 

impregnation and carbonization stages of the synthesis procedure, but also from external 

contamination (e.g. presence of Ca). The deconvoluted high-resolution C1s spectrum, 

shown in Fig. 4c, was fitted with the main sp2 carbon peak (i.e. C=C bond) at ~284.5 eV and 

five other components shifted from + 0.7 to + 5.4 eV relative to the main peak. It should be 

noted that assigning components and peak fitting of an oxidized carbon surface with such 

a C1s peak shape is not straightforward due to the number of possible functional groups 

with similar binding energies which could be present at the surface. Nevertheless, a good 

peak fit was obtained employing the following assignments. The component observed at 

~285.2 eV can be attributed to the presence of sp3 hybridized carbon (i.e. C–C bond) [76]. 

The peak at ~286.0 eV is assigned to the C–O bond of ether, phenol and/or alcohol surface 

groups [55,77]. It should be noted that this particular peak has an enhanced intensity that 

accounts for the additional C–N bonding features due to the presence of ~2 at.% N [77]. 

The following two components at ~286.9 and ~288.2 eV are most likely associated with 

carbonyl (C=O) and carboxyl (O─C=OH) functional groups, respectively, even though these 

peaks are slightly shifted to lower binding energies relative to those reported by Desimoni 

et al. [76] and Biniak et al. [77] for oxygen-containing carbon fiber and granulated activated 

carbon surfaces, respectively. This may be explained by the presence of additional oxygen-

based functional groups around these binding energies that may give rise to peak 
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broadening. Finally, the broader peak region extended around 289.9 eV has been assigned 

to the π-π* satellite. 

 

 
  
Fig. 4: (a) FT-IR spectrum in the mid-infrared region, (b) wide survey XPS analysis and (c) peak fitted 

high-resolution C1s spectrum of the ACC material. 
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3.5  Porosity properties 
 

The low-pressure N2 adsorption and desorption isotherms recorded at 77 K are shown in 

Fig. 5a. The degassed ACC material demonstrates a fully reversible type I isotherm, as 

defined by the classification of the International Union of Pure and Applied Chemistry 

(IUPAC) [78], which is characteristic of microporous materials (i.e. pore sizes below 2 nm) 

with a relatively small external surface. The steep N2 uptake at the lower relative pressures 

(P/P0 < 0.01) is indicative of the enhanced gas-solid interactions in narrow micropores (i.e. 

pore sizes below 1 nm) due to the micropore filling mechanism [59,79]. The adsorption 

isotherm reaches a plateau beyond the point of P/P0 ~0.01 and the equivalent amount of 

adsorbed N2 is attributed to the accessible micropore volume instead of the internal 

surface area of the material. Table 1 includes a summary of the porosity properties (i.e. 

SAs, SPVs and average pore sizes) of the ACC material deduced from the recorded N2 

adsorption data, as described in Section 2.2. The total SA was calculated to be 1205, 1275 

and 1319 m2/g based on the multi-point BET (denoted hereafter as SBET), Langmuir and 

QSDFT methods, respectively. The inset of Fig. 5a shows the linear seven-point BET plot 

extracted for the lower P/P0 region between 0.01 and 0.04 with a correlation coefficient of 

close-to-unity (r ~1). The total SPV (denoted hereafter as VGurvich) was calculated at 0.47 

cm3/g at P/P0 ~0.96 for pores smaller than 51.8 nm in width. The micropore SA and SPV, 

as determined by the t-plot method, corresponds to the ~99 and ~98 % of the total SA and 

SPV values, respectively, clearly indicating the predominant microporous nature of the 

ACC material. The minor remaining percentage (~1 %) can be attributed to the external 

rough surface of the micrometer-sized CFs. In order to obtain a rough measure for the 

average pore size (D) we have simply evaluated the ratio D = 2·(SPV)/(SA). For an infinitely 

extended slit-like pore, this parameter would correspond to the slit width. By inserting the 

values given in Table 1, the relationship provides a D value of 0.78 nm if the VGurvich and the 

SBET are included, and even 0.68 nm if the values of the corresponding QSDFT method are 

considered. In addition, a PSD analysis of the N2 adsorption isotherm using the QSDFT 

kernel for carbon slits, shown in Fig. S1, indicates that there are no pores larger than 1.5 

nm and points to ultra-microporosity with sizes below 0.61 nm (in width). These 

observations were further supported through the analysis of CO2 adsorption data recorded 

at 273 K and up to 1 bar (presented in Fig. 6a), using the GCMC kernel for carbon slits (also 

shown in Fig. S1), which revealed a mean pore size around 0.57 nm. 

3.6  H2 adsorption and storage 
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The low-pressure (0–1 bar) H2 cryo-adsorption and desorption isotherms recorded at 60, 

70, 77, 90 and 100 K are shown in Fig. 5b. The ACC material demonstrates completely 

reversible gas sorption isotherms for all the temperatures; i.e. the desorption process 

(open symbols) follows the same pathway as adsorption (solid symbols). The gravimetric 

H2 uptake at atmospheric pressure (~1 bar) reaches its highest value of 2.26 wt.% or 11.46 

mmol/g at 60 K, then moves down to 1.68 wt.% or 8.47 mmol/g at 77 K (i.e. liquid N2 

temperature) and finally shows its lowest value of 0.82 wt.% or 4.11 mmol/g at 100 K. 

Hence, the H2 uptake at ~1 bar drops significantly (i.e. by ~64 %) upon increasing the 

temperature of the system from 60 to 100 K (i.e. only by 40 degrees). The reduction rate 

of the H2 uptake in this particular case seems to correspond to a value of ~0.04 wt.% K−1 

or ~0.18 mmol/g K−1, upon consideration of the low-pressure data from all five 

temperatures. Finally, the fact that none of the isotherms reached a clear saturation point 

up to ~1 bar implies that H2 uptake can be further increased under a higher pressure 

regime. Fig. 5c describes the strength of interaction between the gaseous H2 and the solid 

ACC surface, as estimated by using the low-pressure data at 60, 70 and 77 K and the 

Clausius-Clapeyron equation (Eq. (1)). The Qst value corresponds to ~8.4 kJ/mol for a low 

surface coverage (~0.84 mmol/g), which subsequently decreases and remains almost 

stable at ~5.6 kJ/ mol for higher loadings (~8.4 mmol/g), most probably due to saturation 

of energetically “strong” adsorption sites on the ACC surface [9]. Additionally, the Qst value 

at zero coverage, as estimated from the Virial fitting of the low pressure isotherms, 

corresponds to ~9.2 kJ/mol. The aforementioned values are slightly higher than the Qst 

values presented for standard activated carbons, which are usually found in the range of 

5–8 kJ/mol [3] and show an average value of around 6 kJ/mol [31]. This is mostly 

attributed to the dominant ultra-microporous characteristics of the ACC material (i.e. 

narrow micropore sizes), however an influence of the enriched surface chemistry features 

(i.e. presence of oxygen surface groups as determined FT-IR and XPS studies) cannot be 

excluded. Even if the physical adsorption mechanism facilitates a fully reversible H2 uptake 

and release, characterized by fast adsorption and desorption kinetics, the low Qst values 

between carbon and H2 compared to other gases (e.g. CO2 and CH4) are still an important 

challenge towards efficient storage under non-cryogenic conditions. Theoretical studies 

have shown that the optimum Qst value for efficient and reversible H2 adsorption in 

ambient temperatures and operating pressures between 1.5 and 30 bar lies at ~15 kJ/mol 
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[80]. For pure carbon materials with an average Qst value of around 6 kJ/mol, an optimum 

operating temperature of 115 K is required for maximizing the H2 delivery, which is 

however far below the desired ambient temperature range (i.e. from 273 to 298 K).  

Further H2 adsorption studies were performed under higher pressures up to ~100 bar 

with the aim to explore the full H2 storage potential of the ACC material and the respective 

excess adsorption isotherms recorded at 77 and 298 K are presented in Fig. 5d. The 

adsorption curve at 77 K follows a Langmuir-like behavior and a maximum excess H2 

uptake of 3.12 wt.% or 15.97 mmol/g is reached at ~72 bar. Based on Chahine's rule for 

microporous activated carbons [81], an uptake of 1 wt.% H2 is expected at 77 K and ~35 

bar per 500 m2/g of SA or 0.2 cm3/g of SPV. In the case of our ACC, however, the 

experimentally-derived H2 uptake at 77 K and ~ 35 bar (i.e. 3.0 wt.%) exceeds by ~25 % 

the theoretically-predicted value for an SBET of ~1205 m2/g (i.e. 2.41 wt.%). Gogotsi et al. 

[9] studied a series of carbide-derived carbons with controllable SA, SPV and PSD values 

with the aim to systematically investigate the correlation between such properties and the 

H2 uptake performance at 77 K and 60 bar. They concluded that materials outperforming 

Chahine's rule (i.e. showing deviation from the linear trend) usually exhibit a greater 

fraction of micropores with diameter smaller than 1.5 nm and/or a 0.6–0.7 nm mean pore 

size, similar to our ACC sample (i.e. ~0.6 nm based on GCMC analysis of CO2 adsorption 

data collected at 273 K). Furthermore, the amount of adsorbed H2 seems to almost double 

by increasing the pressure up to ~72 bar in comparison to the low-pressure data presented 

in Fig. 5a (i.e. the equivalent uptake at 77 K and ~1 bar was 1.68 wt.% using the low-

pressure equipment). This observation is also supported by the steep increase of the high-

pressure isotherm up to ~1 bar (i.e. four adsorption points were recorded up to ~0.8 bar 

with the slope of the curve being almost vertical to the pressure axis), a trend that is 

certainly explained by the presence of enhanced and narrow microporosity across the ACC 

surface, as already indicated by the N2 sorption and porosimetry studies (see Section 2.2). 

It is well-known that narrow micropores act as highly-energetic adsorption sites for 

molecular H2 as the potential fields of the opposite pore walls overlap each other [31,82]. 

The H2 adsorption isotherm at 77 K seems to reach a point of saturation (i.e. plateau) 

beyond the pressure of ~75 bar, while no significant drop of the adsorbed excess amounts 

can be observed up to ~100 bar due to bulk H2 densification [83]. On the other hand, the 

equivalent H2 adsorption performance at room temperature conditions was rather poor 

and the maximum H2 uptake of 0.35 wt.% or 1.75 mmol/g reached at 298 K and ~95 bar 
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cannot be considered a sufficient value for practical H2 storage applications. The 

adsorption curve at 298 K follows a Henry-like behavior, thus increasing almost linearly 

by increasing the applied pressure. The inset of Fig. 5d shows a comparison of the H2 

uptake performance at 77 and 298 K under relatively moderate pressures (i.e. up to ~21 

bar). It is evident that the ACC material stores almost 22 times less H2 at 298 K than 77 K 

(i.e. ~0.13 vs. ~2.86 wt.% H2 at ~21 bar). This is attributed to the weak quadrupole 

moment and poorly polarizable nature of the molecular H2, which leads to a rather weak 

adsorption in ambient conditions [31]. 

 

 
Table 1 – Porosity properties of the ACC material deduced from the N2 adsorption and 

desorption isotherms recorded at 77 K. 

 

SBET: Brunauer-Emmet-Teller (BET) specific area (SA), SLangmuir: Langmuir SA, SMicro: micropore SA 

derived by the Carbon Black statistical thickness (t-plot) method, SMicro(p): % percentage of 

micropore SA to BET SA ((SMicro/SBET) × 100%), SQSDFT: cumulative SA for pores smaller than 1.5 nm 

in width calculated by the Quenched Solid Density Functional Theory (QSDFT) method, VGurvich: total 

specific pore volume (SPV) at P/P0 ~0.96 for pores smaller than 51.8 nm in width calculated by the 

single-point Gurvich rule, VMicro: micropore SPV derived by the t-plot method, VMicro(p): % percentage 

of micropore SPV to total SPV ((VMicro/VGurvich) × 100%), VQSDFT: cumulative SPV for pores smaller 

than 1.5 nm in width derived by the QSDFT method, DA: average pore size calculated by the ratio of 

2·(VGurvich)/(SBET) assuming a slit pore model, DB: average pore size calculated by the ratio of 

2·(VQSDFT)/(SQSDFT) assuming a slit pore model. 

 
 
 

SBET  

[m2/g] 

SLangmuir 

[m2/g] 

SMicro 

[m2/g] 

SMicro(p)   

[%] 

SQSDFT 

[m2/g] 

VGurvich 

[ cm3/g ] 

VMicro  

[cm3/g] 

VMicro(p) 

[%] 

VQSDFT 

[cm3/g] 

DA 

[nm] 

DB 

[nm] 

1205 1275 1190 98.76 1319 0.47 0.46 97.87 0.45 0.78 0.68 
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Fig. 5: (a) Fully reversible N2 adsorption (solid symbols) and desorption (open symbols) isotherms 

recorded at 77 K for the ACC material; the inset shows the multi-point BET plot calculated at the lower 

P/P0 range of 0.01 and 0.04, (b) fully reversible H2 adsorption (solid symbols) and desorption (open 

symbols)  isotherms recorded between 60 and 100 K and up to 1 bar, (c) equivalent isosteric heat of 

H2 adsorption plot calculated by using the Clausius-Clapeyron equation and (d) high-pressure (up to 

~100 bar) excess H2 adsorption isotherms recorded at 77 and 298 K; the inset shows a comparison of 

the H2 uptake amounts at 77 and 298 K for the lower pressure region between 0 and 20 bar. 
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3.7  CO2/CH4 adsorption and selectivity 
 

The low-pressure (0–1 bar) CO2 and CH4 adsorption and desorption isotherms recorded at 

273, 298 and 323 K are shown in Fig. 6a and b, respectively. Similar to the case of H2 

adsorption, the ACC material exhibits fully reversible isotherms for both gases at all 

studied temperatures. As expected, the gravimetric CO2 and CH4 uptakes at atmospheric 

pressure (~1 bar) reach their highest values at 273 K (i.e. 2.68 mmol/g or 10.55 wt.% for 

CO2 and 0.99 mmol/g or 1.56 wt.% for CH4). The adsorbed CO2 and CH4 amounts at ~1 bar 

decrease by 37 % and 23 %, respectively, upon increasing the operating temperature to 

323 K. Fig. 6c and d includes the Qst curves for CO2 and CH4, respectively, as estimated using 

the low-pressure data and Clausius-Clapeyron equation (Eq. (1)). The Qst values range 

from ~18.9 down to ~13.4 kJ/mol by increasing the CO2 loading amounts from 0.1 up to 

1.6 mmol/g, as well as from ~14.9 to ~10.4 kJ/mol for CH4 coverage between 0.04 and 0.6 

mmol/g. Concerning the interactions between pure carbon and a non-polar molecule such 

as CH4, Bhatia and Myers [80] predicted an optimum Qst value of around 19 kJ/mol for 

ambient operating temperatures (i.e. from 273 to 298 K). This value could drop around to 

16 kJ/mol, however an optimum operating temperature of 254 K is required to maximize 

the delivery of CH4. Table 2 includes a summary of all the recorded excess gas uptake 

values of the degassed ACC material (expressed in terms of volume, mole or mass) for H2, 

CO2 and CH4 adsorption at different temperature and pressure conditions.  

The CO2/CH4 selectivity plots of the ACC material for two different gaseous mixtures (i.e. 

landfill and natural gas) were predicted at 273, 298 and 323 K by using the equivalent low-

pressure adsorption data and the IAST model (Eq. (2)), as shown in Fig. 6e and f, 

respectively. As expected, the IAST CO2/CH4 selectivity values for both molar mixtures 

were reduced upon increasing the operating temperature from 273 to 323 K. Specifically, 

as shown in Fig. 6e, the estimated S values for landfill gas conditions (i.e. 50/50 M mixture) 

correspond to 5.3, 4.6 and 3.5 for 273, 298 and 323 K, respectively, at a given pressure of 

1 bar. A similar picture can be seen in Fig. 6f for the case of natural gas (i.e. 5/95 M mixture), 

where the equivalent S values at 1 bar are 5.2, 4.5 and 3.7 for 273, 298 and 323 K, 

respectively. In addition, the equivalent S values for both mixtures seem to be slightly 

higher at the lower applied pressures (e.g. 5.5 and 5.8, respectively, at 273 K and 0.05 bar), 

which however show a small drop and mostly remain constant by increasing the pressure 

up to 1 bar. Hence, based on the IAST calculations, the ACC material should selectively 

adsorb CO2 over CH4 with a ratio of ~4.5:1 at room temperature and atmospheric pressure, 
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which makes it suitable for purification of such energy-dense gaseous mixtures. This kind 

of selective behavior from the ACC material for preferential adsorption of CO2 over CH4 is 

mainly attributed to the different electronic properties of the employed gases and more 

specifically due to the fact that CO2 exhibits a significant quadrupole moment (i.e. 13.40 

×10–40 C m2) compared to the non-polar CH4 [17,84]. In comparison to other types of 

carbon adsorbents, as for example an ordered mesoporous carbon (OMC) presented in a 

recent study [17] having much higher SBET and VGurvich values (i.e. 2255 m2/g and 2.17 

cm3/g, respectively), although larger pore sizes (i.e. bimodal PSD centered at 2.3 and 6.8 

nm), the ACC shows a better selectivity (i.e. a lower S value of 2.9 at 298 K and 1 bar was 

predicted for the OMC sample using the IAST model). This clearly suggests that the 

dominant ultra-microporous features of the ACC material (i.e. mean pore size around 0.6 

nm; see Section 3.5) play a crucial role towards a higher degree of selectivity, which most 

probably arises from the increased overlapping potential of the opposite micropore walls. 
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Fig. 6: Fully reversible (a) CO2  and (b) CH4 adsorption (solid symbols) and desorption (open symbols) 

isotherms recorded between 273 and 323 K and up to 1 bar, equivalent isosteric Qst plots for (c) CO2 

and (d) CH4 calculated by using the Clausius-Clapeyron equation and CO2 over CH4 gas selectivity plots 

of the ACC material at 273, 298 and 323 K for (e) landfill gas and (f) natural gas conditions, as calculated 

from the low-pressure (0-1 bar) CO2 and CH4 adsorption data by applying the IAST model. 
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Table 2: Summary of the excess gas adsorption capacities of the ACC material for H2, CO2 and CH4 

adsorption at different temperature and pressure conditions. 

 
 

 

 

 
 

 

 

 

 

 

 

Cv: volume of adsorbed gas at STP conditions per mass of degassed sample, Cn: mole of adsorbed 

gas per mass of degassed sample, Cg: mass of adsorbed gas per mass of system (mass of adsorbed 

gas plus mass of degassed sample); i.e. mgas/(mgas+msample). 

 

3.8  Electrochemical performance 
 

The electrochemical performance of the ACC material in the form of a supercapacitor 

electrode using 1 M CsCl aqueous electrolyte is presented in detail in Fig. 7. The CV curve 

of the half-cell design, shown in Fig. 7a, deviates significantly from rectangular shape, 

suggesting a small additional pseudocapacitive contribution from active surface groups in 

addition to pure electrical double-layer capacitance [20,85,86]. Such surface 

functionalities (mainly oxygen-based) were previously detected by FT-IR and XPS studies, 

as described in Section 3.4. As a consequence, the specific capacitance of the half-cell 

becomes smaller for positive potentials (i.e. down to ~73 F/g at + 0.6 V vs. reference 

carbon), a trend properly indicated in the GCPL profile of Fig. 7b. However, the half-cell 

electrode exhibits its maximum capacitance value of ~115 F/g for a negative potential of − 

0.6 V vs. reference carbon (Fig. 7b). Compared to standard and high-performance ACs 

[3,18,25,87] and ACCs [19,22,24,26], both gravimetric and specific area normalized 

capacitance of the herein studied ACC electrode perform reasonably well. Besides the CO2-

activation method presented in this work, other approaches have been recently published 

Gas  

 

Temperature 

[K] 

Pressure 

[bar] 

Cv   

[cm3/g] 

Cn 

[mmol/g] 

Cg 

[wt.%] 

H2 

H2 

H2 

H2 

H2 

H2 

H2 

CO2 

60 1 256.90 11.46 2.26 

70 1 212.80 9.49 1.88 

77 1 189.80 8.47 1.68 

77 72 358.12 15.97 3.12 

90 1 128.70 5.74 1.14 

100 1 92.14 4.11 0.82 

298 95 38.94 1.75 0.35 

273 1 60.10 2.68 10.55 

CO2 298 1 43.95 1.96 7.94 

CO2 323 1 36.33 1.62 6.65 

CH4 273 1 22.19 0.99 1.56 

CH4 298 1 16.14 0.72 1.14 

CH4 323 1 14.12 0.63 1.00 
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in the literature for the preparation of carbon-based cloth-like materials for super-

capacitors, including common woven textiles coated with porous carbons using dip coating 

and screen printing methods [22] as well as commercial carbon cloths activated either by 

wet chemical treatment and thermal annealing under a H2/N2 atmosphere [19] or by 

chemical oxidation followed by reduction in hydrazine and ammonia [26]. In the context 

of our studies, the ACC outperforms the commercial AC material YP-80F (SBET ~2353 m2/g 

and VGurvich ~1.2 cm3/g) in terms of half-cell capacitance (i.e. ~115 vs. ~96 F/g at − 0.6 V 

against the same reference carbon) upon employing the same electrolyte (i.e. CsCl) and 

following exactly the same experimental conditions described in Section 2.2. This 

difference is more pronounced upon normalization of the capacitance to the SBET of both 

materials, which appears to correspond to more than a factor of two (i.e. ~0.10 vs. ~0.04 

F/m2). Such a larger SA normalized capacitance for our ACC material is most probably 

caused by the smaller average pore size compared to YP-80F (i.e. a larger D value of 1.02 

nm is given for YP-80F vs. the 0.78 nm for ACC by using the ratio D = 2·(VGurvich)/(SBET) 

mentioned in Section 3.5), a case systematically described in previous studies related to 

nanoporous carbon-based supercapacitor electrodes [88,89]. Due to the enhanced 

screening of the coulombic repulsion between ions of the same sign, the ion charge storage 

works more effectively in pores not much larger than the ions themselves [90]. In other 

words, ionic charge is stored most localized and, thus, most effectively in sub-nanometer 

pores with highest possible degree of confinement, as recently confirmed by experimental 

and simulation studies [71,91]. As expected, the CV curve for the full-cell design, shown in 

Fig. 7c, looks rather symmetric. This provides a good indication of the proper capacitive 

behavior followed by the ACC material and its suitability as an electrode material for 

supercapacitor devices. The maximum capacitance for the full-cell corresponds to ~121 

F/g at 0.02 A/g, as presented in the equivalent GCPL profile (Fig. 7d). In terms of power 

handling, the full-cell capacitance at 10 A/g is about 50 % decreased compared to its 

highest value at 0.02 A/g, as clearly shown in the inset of Fig. 7d. The corresponding 

galvanostatic discharge curves are shown in the Supplementary information (see Fig. S2). 

The Nyquist plot, demonstrated in Fig. 7e, reveals common electrical double-layer 

behavior and nearly ideal capacitive behavior above the value of 2 Ω cm2 for the real 

impedance axis. For the highest frequencies, an impedance value as small as 0.81 Ω cm2 is 

given (inset of Fig. 7e), which indicates good conductivity and low internal resistance for 

the full-cell design [19]. The cycling stability test reveals a superior stable behavior of the 
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ACC electrode and the aqueous CsCl electrolyte (Fig. 7f). Within 10000 charge/discharge 

cycles between 0 and 1.2 V (using a specific current of 1 A/g) the initial capacitance drops 

only by 3 % (i.e. 97 % capacitance retention), as clearly observed in the inset of Fig. 7f. 

Finally, the coulombic efficiency of the full-cell setup at 1 A/g charging and discharging 

specific current is estimated at ~99 % using Eq. (4) and does not change during the 10000 

cycle lasting stability test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 

 

 
 

Fig. 7: Electrochemical characterization of the ACC material in an aqueous 1M CsCl electrolyte using 

(a), (b) a half-cell and (c), (d), (e), (f) a full-cell design. Specifically, (a) CV with 10 mV/s scan rate, (b) 

GCPL measurements with a specific current of 0.1 A/g, (c) CV with 10 mV/s scan rate, (d) GCPL power 

handling tests with specific currents from 0.02 to 10 A/g, (e) EIS with an RMS value of ±5 mV around 

0 V and (f) cyclic stability tests between 0 and 1.2 V with a specific current of 1 A/g. 
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4. Summary and conclusions 
 

The development of nanoporous and high-surface area carbon materials showing good 

performance for a variety of applications is a significant challenge, as the textural, porosity 

and surface chemistry features may have a different influence on its process. However, the 

average pore size and pore size distribution, as well as the specific area and pore volume 

seem to be the most important parameters for the adsorption of both gaseous molecules 

and charged ions. In the context of this study, a mechanically stable and flexible ACC 

material was prepared via chemical impregnation in an aqueous mixture of ZnCl2 and 

NH4Cl catalysts, followed by carbonization under N2 for 2 h and activation under CO2 for 1 

h. The as-prepared ACC was studied for its morphology, structure and composition using 

a series of advanced characterization methods, including SEM, XRD, Raman, SAXS, FT-IR 

and XPS. In summary, the material comprises woven yarns and micro-sized carbon fibers 

(i.e. 10–15 μm in width), exhibits a turbostratic structure, shows Raman D and G bands 

characteristic of its carbon nature as well as presents surface oxygen-based functionalities 

attributed to the CO2 activation procedure. A 3-D representation of the ACC pore structure 

created via GRF analysis of the fitted SAXS data suggests randomly-shaped pores. The SBET 

and VGurvich values were estimated at ~1205 m2/g and ~0.47 cm3/g by processing low-

pressure N2 sorption data recorded at 77 K, while the t-plot micropore SA and SPV 

fractions exceed the 98 % of the total. The PSD analysis based on the QSDFT and GCMC 

kernels indicated pores in the ultra-micropore region (i.e. below 0.7 nm). The ACC material 

was evaluated for three different applications, including H2 storage using experimental gas 

adsorption measurements in a wide range of temperatures and pressures, selective CO2 

over CH4 separation for different temperatures under low-pressures on the basis of the 

IAST model as well as electrochemical energy storage in supercapacitor devices. At first, it 

showed fully reversible H2 uptake capacities ranging from 0.82 up to 2.26 wt.% between 

100 and 60 K under atmospheric pressure. The H2 gravimetric capacity at liquid N2 

temperature conditions (i.e. 77 K) corresponds to 1.68 wt.% at 1 bar and almost doubles 

up to 72 bar, thus reaching an excess value of 3.12 wt.%. However, the equivalent 

performance at room temperature was rather poor and the ACC material hardly reached a 

capacity of ~0.35 wt.% at pressures up to ~95 bar. The strength of interaction between H2 

and ACC was characterized on the basis of the Clausius-Clayperon equation using low-

pressure data and the Qst value was estimated as 9.2 kJ/mol at zero coverage and at 8.4 

kJ/mol for low surface coverage, which is slightly higher than that of standard ACs and 
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most likely arises from the ultra-microporous nature of the material. Fully reversible CO2 

and CH4 adsorption isotherms were recorded at three different temperatures (i.e. 273, 298 

and 323 K) under a low-pressure regime (0–1 bar) and respective uptake values of up to 

~2.7 and ~1 mmol/g were obtained at 273 K and 1 bar. The corresponding Qst values for 

low adsorbed amounts were calculated at ~19 and ~15 kJ/mol for CO2 and CH4, 

respectively, using the Clausius-Clayperon equation. A theoretical prediction of the 

CO2/CH4 selective behavior of the ACC material for two different gaseous mixtures (i.e. 

landfill (50/50) and natural gas (5/95)) was carried out upon combining the low-pressure 

experimental data with the IAST model. A selectivity factor of ~ 4.5:1 was given for both 

gas compositions at ambient conditions (i.e. 298 K and 1 bar), while this value can increase 

to more than ~5:1 by reducing the temperature to 273 K. Finally, the ACC material was 

tested as a binder-free working electrode in supercapacitor half- and full-cells using a 1 M 

CsCl aqueous electrolyte. The gravimetric capacitance of a half-cell corresponds to ~115 

F/g for a −0.6 V potential vs. reference carbon, while the equivalent value for a full setup 

reaches as high as ~121 F/g for a specific current of 0.02 A/g, which is higher than well-

established ACs (e.g. YP-80F). However, the full-cell capacitance seems to drop by ~50 % 

upon increasing the current up to 10 A/g. The cyclic stability of the full-cell is superior as 

it retains its original capacitance by more than 97 % after 10,000 charge/discharge cycles, 

while its coulombic efficiency is estimated around 99 % using a specific current of 1 A/g. 

The overall electrochemical performance of the ACC electrode using aqueous CsCl 

electrolyte is promising, with respect to its porosity features (i.e. SA and SPV), and might 

be further improved in future by using different electrolytes and systematically adding 

sources of pseudo-capacitance such as surface functionalities. In conclusion, the mean pore 

size (~0.6 nm) seems to be an inherent parameter determining the effectivity of the ACC 

material towards H2 storage, gas mixture selectivity and ion charge storage. Therefore, its 

versatile character as a gas and ion adsorbent in combination with its fabric-like texture 

make it an attractive option for practical and large-scale green energy-related and 

environmental applications. 
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Supporting information 
 

 
 

Fig. S1: Differential pore size distribution analysis of the degassed ACC material using the 

Quenched Solid Density Functional Theory (QSDFT) and Grand Canonical Monte Carlo (GCMC) 

methods for slit-like shape pores in the recorded N2 (77 K) and CO2 (273 K) adsorption data, 

respectively. 
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Fig. S2: Galvanostatic charging and discharging curves for different current densities. The inset 

shows a magnification of the curve recorded with 0.1 A/g; the voltage drop due to internal 

resistance (IR drop) is indicated. 
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Highlights 
 

 IRMOF-1 powder synthesized by solvothermal method and supercritical CO2 activation. 

 Cubic nano-sized crystals with ~520 m2/g specific area and ~0.2 cm3/g pore volume. 

 Fully reversible H2 sorption isotherms with an uptake of ~1 wt.% at 77 K and ~1 bar. 

 High ratio of H2 uptake to specific area under low pressures compared to other MOFs. 

 

Abstract 
 

A nanoporous metal-organic framework material, exhibiting an IRMOF-1 type crystalline 

structure, was prepared by following a direct solvothermal synthesis approach, using zinc 

nitrate and terephthalic acid as precursors and dimethylformamide as solvent, combined 

with supercritical CO2 activation and vacuum outgassing procedures. A series of advanced 

characterization methods were employed, including scanning electron microscopy, 

Fourier-transform infrared radiation spectroscopy and X-ray diffraction, in order to study 

the morphology, surface chemistry and structure of the IRMOF-1material directly upon its 

synthesis. Porosity properties, such as Brunauer-Emmet-Teller (BET) specific area (~520 

m2/g) and micropore volume (~0.2 cm3/g), were calculated for the activated sample based 

on N2 gas sorption data collected at 77 K. The H2 storage performance was preliminary 
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assessed by low-pressure (0-1 bar) H2 gas adsorption and desorption measurements at 77 

K. The activated IRMOF-1 material of this study demonstrated a fully reversible H2 sorption 

behavior combined with an adequate gravimetric H2 uptake relative to its BET specific 

area, thus achieving a value of ~1 wt.% under close-to-atmospheric pressure conditions. 

 

1. Introduction 
 

Metal-organic frameworks, widely known by the acronyms MOF and/or MOFs, are 

considered a special class of crystalline and porous materials composed of metal ions or 

clusters and organic ligands or struts, giving rise to a great variety of one-, two- or three-

dimensional nanoscale structures. These hybrid nanostructured solids, consisting of both 

organic and inorganic components, have received considerable attention during the past 

two decades mainly due to their low densities, impressively large specific areas (SAs) and 

pore volumes (PVs), as well as the ease of tuning their pore sizes and shapes upon 

modification of their individual building blocks (i.e. metals and linkers) [1-4]. Therefore, 

MOFs have been extensively studied as powder and membrane materials for a plethora of 

advanced applications, including gas sensing and catalysis [5,6], pressurized gas 

adsorption and storage of highly-dense energy carriers such as hydrogen (H2) and 

methane (CH4) [4,7,8], capture and sequestration of unwanted green-house emissions 

such as carbon dioxide (CO2) gas [9,10], as well as selective separation of gaseous mixtures 

in industrial applications such as natural gas purification [9,11]. However, partial 

decomposition or complete structural collapse upon long-term exposure in atmospheric 

air, high sensitivity in moisture, lack of stability under elevated temperatures, as well as 

potential pore structure deformations under high-pressures of the MOF materials are still 

few of the major technical obstacles towards their development and large-scale 

implementation in stationary and mobile applications [12-15].  

The most characteristic and considerably studied MOF system is IRMOF-1, known as MOF-

5 in previous years, consisting of Zn4O clusters linked with 1,4-benzenedicarboxylate 

(BDC) groups that overall form a three-dimensional cubic crystal lattice. Production of 

IRMOF-1 type materials has been reported using direct-mixing at room temperature 

[16,17], solvothermal [18,19], sonochemical [20,21] and microwave irradiation methods 

[20,22]. Great emphasis was given on the increased SA and PV values (i.e. ~250 to ~3800 

m2/g) and ~0.1 to ~1.2 cm3/g, respectively) as well as on the enhanced and narrow 

microporosities (i.e. pore sizes between 0.4 and 2 nm) of IRMOF-1 materials, as reported 
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in several studies [12,16,23-33], thus making them promising porous adsorbents for 

materials-based H2 cryo-adsorption and storage applications. In general, highly 

microporous materials consisting of small and narrow pores below 2 nm in size/width are 

considered ideal for physical H2 adsorption due to the fact that their pores act as strong 

binding sites for the H2 molecules, attributed to the overlapping of the potential fields of 

the opposite pore walls [34]. Over a decade ago, Panella and Hirscher [12] synthesized an 

IRMOF-1 material upon mixing zinc nitrate (Zn(NO3)2), terephthalic acid (C6H4(CO2H)2; 

TPA) and triethylamine (N(CH2CH3)3; TEA) in dimethylformamide (C3H7NO; DMF) 

solution. They reported a Brunauer-Emmet-Teller (BET) SA of ~572 m2/g and a micropore 

SA contribution of ~91 %, while a saturation H2 uptake of 1.6 wt.% was reached at 77 K 

and pressures above 10 bar. A year later, the same group produced another IRMOF-1 

sample with a much larger BET SA (i.e. ~2296 m2/g), following an optimized method to 

the previous one, that demonstrated a high H2 uptake of ~5.1 wt.% at 77 K and pressures 

above 50 bar [31]. Even more impressive values of ~6.9 wt.% at 77 K and 100 bar [28] and 

~7.1 wt.% at 77 K and 40 bar [30] were later reported regarding solvothermally-derived 

IRMOF-1 powders with extremely large BET SAs of ~2449 and ~3800 m2/g, respectively. 

Li et al. [27] produced IRMOF-1 materials by three different approaches, including 

solvothermal treatment of a Zn(NO3)2, TPA and DMF mixture, direct mixing with TEA and 

slow diffusion of TEA, that showed BET SAs from ~500 to ~840 m2/g and pore volumes 

from 0.19 to 0.34 cm3/g. Relative to the aforementioned values, these samples adsorbed 

significant amounts of H2 gas, as capacities between 2.63 and 3.60 wt.% were recorded at 

77 K and 17.4 bar. Recently, Zhao et al. [16] prepared a series of IRMOF-1 samples with 

quite large BET SAs (up to ~3210 m2/g) and pore volumes (up to ~1.1 cm3/g), but the 

reported H2 storage capacities were not exceeding the value of 1.24 wt.% at 77 K and 1 bar. 

A selective summary of different IRMOF-1 type materials presented in the literature over 

the last decade, including the ones described above, and their respective porosity and H2 

adsorption properties at 77 K can be seen in Table 1. It should be noted that in addition to 

the aforementioned studies mainly focused on the development of IRMOF-1 powder 

materials with a high H2 gravimetric uptake, significant efforts have been devoted on 

increasing their relatively low H2 volumetric capacities (i.e. adsorbed H2 mass per volume 

of material) using powder densification in the form of pellets [35,36].  
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Table 1: Selective summary including porosity properties and H2 adsorption performance data at 77 

K of IRMOF-1 type materials presented in the literature over the last decade. 

 

SBET: total specific area (SA) derived by the Brunauer-Emmet-Teller (BET) method, SLangmuir: total SA 

derived by the Langmuir method, VTotal: total pore volume, PH: applied pressure, CH: H2 gravimetric 

uptake, CH/SBET: ratio of H2 gravimetric uptake to BET SA 

 

In the current work, a nanoporous IRMOF-1 material was synthesized in powder-form by 

direct solvothermal reaction of Zn(NO3)2 and TPA in DMF solution at the temperature of 

150 oC. To the best of our knowledge, the combination of the reaction parameters, mainly 

those of Zn2+/TPA ratio and temperature, has not been previously reported in the 

literature. The as-synthesized IRMOF-1 material was subsequently studied for its 

morphology, surface chemistry and nanostructure using scanning electron microscopy 

(SEM), Fourier-transform infrared radiation spectroscopy (FT-IR) and X-ray diffraction 

Year SBET 

[m2/g] 

SLangmuir 

[m2/g] 

VTotal 

[cm3/g] 

PH 

[bar] 

CH 

[wt.%] 

CH /SBET  

[wt.% m-2 g]  

Reference 

 

2005 

2006 

2006 

2006 

2007 

2008 

2009 

2009 

2009 

2009 

2009 

2009 

2009 

2010 

2010 

2010 

2012 

2013 

2014 

2014 

2014 

2014 

572 

2296 

2885 

3534 

3800 

2360 

261 

311 

350 

481 

501 

840 

2449 
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756 

797 

2800 

2750 

2024 

2540 

2858 

3210 

1014 

3840 

- 

4171 

4400 

- 

778 

840 

1157 

590 

606 

1029 

3917 

954 

990 

1052 

- 

3058 

2145 

2693 

3029 

3402 

- 

- 

1.18 

- 

- 

- 

0.32 

0.08 

0.08 

0.19 

0.19 

0.34 

1.39 

0.40 

0.35 

0.40 

1.13 

1.15 

0.68 

0.84 

0.95 

1.07 

10 

50 

1 

45.4 

40 

20 

1 

1 

1 

17.4 

17.4 

17.4 

1-100 

1 

1 

1 

1-40 

1 

1 

1 

1 

1 

1.60 

5.10 

1.15 

4.95 

7.10 

4.40 

0.21 

0.44 

0.50 

2.63 

3.20 

3.60 

1.46-6.90 

1.54 

1.82 

1.79 

1.30-5 

1.33 

0.76 

0.91 

1.12 

1.24 

2.797 × 10-3 

2.221 × 10-3 

0.398 × 10-3 

1.400 × 10-3 

1.868 × 10-3 

1.864 × 10-3 

0.804 × 10-3 

1.414 × 10-3 

1.428 × 10-3 

5.467 × 10-3 

6.387 × 10-3 

4.285 × 10-3 

0.596-2.817 × 10-3 

2.124 × 10-3 

2.407 × 10-3 

2.245 × 10-3 

0.464-1.785 × 10-3 

0.418 × 10-3  

0.375 × 10-3 

0.358 × 10-3 

0.391 × 10-3 

0.386 × 10-3 
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[16] 

[16] 
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(XRD), respectively. Prior to the characterization of its porosity using nitrogen (N2) gas 

adsorption and desorption measurements at liquid N2 temperature (i.e. 77 K), the IRMOF-

1 dispersion was dried and activated using a supercritical CO2-flow method at 50 oC under 

110 bar, followed by an outgassing procedure at 200 oC under 10-6 mbar. The facile 

synthesis method and consequent activation approach resulted in IRMOF-1 colloidal 

particles with a cubic-like shape in nm-scale (i.e. particle sizes around ~50 nm), a large 

BET SA and micropore volume (i.e. ~520 m2/g and ~0.20 cm3/g, respectively), as well as 

a significant (i.e. micropore SA of ~92.5 %) and narrow (i.e. pore sizes below 1.6 nm) 

microporosity. A primary evaluation of the H2 storage performance was also carried out 

using low-pressure (0-1 bar) H2 gas adsorption and desorption measurements at 77 K. The 

activated IRMOF-1 crystals demonstrated a fully reversible H2 sorption behavior combined 

with an adequate H2 uptake to BET SSA ratio at ~1 bar, which is superior to most of the 

IRMOF-1 materials described in the literature. 

 

2. Materials and methods 
 

2.1  IRMOF-1 synthesis 
 

The IRMOF-1 material was prepared by direct solvothermal reaction of Zn(NO3)2 and TPA 

in the presence of DMF. In a typical synthesis procedure, 1.5 mmol of Zn(NO3)2·6H2O 

dissolved in 10 ml DMF (used as it is without any further purification) was mixed with 2 

mmol of TPA in DMF solution. The mixture was stirred for a couple of minutes, then 

transferred inside a polytetrafluoroethylene (PTFE)-lined stainless steel autoclave reactor 

and heated for 24 h at 150 oC. As soon as the autoclave was cooled down to room 

temperature, the product was collected, thoroughly washed with DMF, ethanol (C2H6O) 

and chloroform (CHCl3) and finally dried at 50 oC. The obtained colorless crystals were 

stored in CHCl3 solution to avoid any contamination from atmospheric species. No further 

treatment followed prior to the activation procedure. 

 

2.2  Structural characterization methods 
 

SEM images were collected by a FEI Inspect microscope equipped with a tungsten filament 

using an acceleration voltage of 25 kV. The studied sample was sputter-coated with gold in 

order to improve surface conductivity and avoid potential charging effects during imaging. 

The mean particle size was estimated through a statistical analysis of different high-

magnification images, including Fig. 1b. Both low- and high-magnification SEM images 
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were analyzed via standard image processing algorithms for grayscale edge detection, blob 

segmentation and feature identification of the crystallite assemblies. The fractal dimension 

of their contours projecting 3-D surfaces was computed by box-counting methods [37]. The 

FT-IR spectrum was collected by a JASCO 4100 spectrometer in the mid-infrared region of 

4400 and 400 cm-1 with a spatial resolution of 4 cm-1. The studied sample was prepared in 

the form of potassium bromide (KBr) pellets using a minor quantity (< 1 mg), while the 

recorded spectrum was smoothed properly upon the completion of the measurements. 

The XRD pattern was recorded by a Siemens D500 diffractometer equipped with a 

secondary graphite monochromator and copper (Cu Kα) radiation (λ ~1.54 Å) and using 

acceleration voltage and applied current values of 40 kV and 35 mA, respectively. The 

measurements were performed in Bragg-Brentano geometry between the diffraction 

angles (2θ) of 5ο and 25ο, using a continuous scan speed mode, a 0.04ο step width and a 

0.6ο/min scan speed. 

 

2.3  Gas cryo-adsorption studies and activation procedure 
 

Low-pressure (0-1 bar) N2 and H2 adsorption and desorption isothermal curves were 

recorded at 77 K by a Quantachrome Autosorb 1-MP volumetric gas sorption analyzer and 

ultra-pure N2 (99.999 %) and H2 (99.9999 %) gases were used. Prior to the gas cryo-

adsorption measurements, the prepared MOF dispersion was dried following a 

supercritical CO2 activation procedure with the aim to remove all solvents, including CHCl3 

and DMF. In detail, the CHCl3 dispersion was transferred to a leak-tight high-pressure cell 

which was further fully-filled with CHCl3. The cell was attached to a flowing supercritical 

CO2 extractor unit and flushed for 1.5 h continuously with liquid CO2 (1.5 ml/min) at room 

temperature. Consequently, the temperature of the extractor was raised to 50 oC so that 

CO2 becomes supercritical. A back pressure regulator attached to the extractor maintained 

the pressure at around 110 bar. Under these conditions the sample was flushed with 

flowing supercritical CO2 (1.5 ml/min) for 1.5 h. Finally, the CO2 pressure was slowly 

released for 3 h to ambient pressure and then the dried MOF sample was transferred sealed 

to a glove box. From there, a sample of ~30 mg was transferred to a measuring cell, which 

was sealed using Quantachrome's cell-seal system and attached to the volumetric analyzer, 

and was further degassed for 6 h at 200 oC under high vacuum (10-6 mbar). The material 

before and after activation is denoted hereafter as as-synthesized and activated, 

respectively. The total SA was calculated from the N2 adsorption data using the multi-point 
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BET and Langmuir methods in the lower relative pressure (P/P0) range of 5 × 10-3 and 

0.05, following the BET consistency criteria of the International Standard Organization 

(ISO 9277:2010) [38]. An approximate estimate of the micropore SA and PV values was 

extracted using the statistical thickness equation (t-plot) [39]. A qualitative pore size 

distribution (PSD) analysis was carried out in the adsorption branch of the isotherm using 

the Quenched Solid Density Functional Theory (QSDFT) kernel [40]. The H2 uptake value 

was recorded as the volume of adsorbed H2 gas, at standard temperature and pressure 

(STP) conditions, relative to the degassed mass of the sample (i.e. vgas/msolid in cm3/g units), 

as well as expressed as the ratio between the adsorbed H2 mass relative to the sum of the 

adsorbed H2 mass and degassed sample mass (i.e. mgas/(mgas + msolid) in wt.% units). 

 

3. Results and discussion 
 

3.1  Morphology, surface chemistry and structure 
 

Fig. 1 presents SEM images of the as-synthesized IRMOF-1 material at two different 

magnifications, covering an order of magnitude in length from microns to nanometers. At 

lower magnifications (Fig. 1a), the powder seems to exhibit a well-ordered particle 

morphology. The geometric features of the main building block can be resolved at higher 

magnifications (Fig. 1b), which are described as cubic-like shape crystals, a characteristic 

three-dimensional structure for IRMOF-1 type materials [3,12]. A statistical measurement 

of 250 cubic particles from high-magnification SEM images, including the representative 

Fig. 1b, provided sizes ranging from ~10 up to ~110 nm with the mean particle size 

estimated at ~44 nm. A comparative analysis of the fractal (Hausdorff) dimension 

attributes (i.e. capacity, information, correlation and probability) [41,42] of the material's 

structure under low and high magnification is given in Table 2. The diminishing values of 

these self-similarity attributes with magnification indeed confirm the degree of structural 

ordering by powder crystallization.  
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Fig. 1: SEM images of the as-synthesized IRMOF-1 material in (a) low- and (b) high-magnifications.  

 

Table 2: Fractal (Hausdorff) dimension attributes of the crystalline IRMOF-1 powder derived from 

SEM images, including those shown in Fig. 1. 

 

 

 

 
 

 

The smoothed FT-IR spectrum of the as-synthesized material in the mid-infrared region 

(Fig. 2) demonstrated characteristic phonon vibration modes of the IRMOF-1 structure 

that were similar to previously reported studies [13,18,20,43]. At first, the absorption band 

at ~523 cm-1 could be assigned to the Zn–O vibration of the tetrahedral coordinated Zn4O 

cluster [20,43]. Next, several bands found between the wavenumbers of 600 and 1200 cm-

 Low resolution 
(Fig. 1a) 

High resolution 
(Fig. 1b) 

Ratio 
(High/Low) 

Capacity 

Information 

Correlation 

Probability 

2.57 

2.51 

2.35 

2.47 

2.34 

2.25 

2.14 

2.26 

0.91 

0.90 

0.91 

0.91 
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1 are generally ascribed to the fingerprint region of terephthalate-based compounds. 

Specifically, the three larger bands at 657, 797 and 817 cm-1 and the three smaller ones at 

1011, 1098 and 1145 cm-1 correspond to the out-of-plane and in-plane bending vibration 

modes of the C–H bond, respectively, which is present in the benzene (C6H6) ring of the 1,4-

BDC linker [13,20,43]. Further bands arising in the wavenumber region of 1400 and 1700 

cm-1 are usually related to the C–O bond of the carboxylic groups (–COOH) coordinated to 

Zn. Hence, the set of stronger and almost identical bands of the spectrum at ~1377 and 

~1585 cm-1 represent the C–O symmetric and asymmetric stretching vibrations, 

respectively [18,20,43]. The broader band region around 3400 cm-1 is typically assigned to 

the O–H vibrations of the adsorbed atmospheric moisture/H2O [13,18]. Finally, the less 

intense and sharp band at ~3605 cm-1 is probably related to the presence of DMF [13]. This 

is anticipated, as FTIR spectra were collected for the as-synthesized material.  

 

 

Fig. 2: FT-IR spectrum of the as-synthesized IRMOF-1 material in the mid-infrared region. 

 
  
The X-ray diffractogram of the as-synthesized material, shown in Fig. 3, reveals an ordered 

crystalline structure in the 2θ range of 5ο to 25ο. The peak positions in specific diffraction 
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angles (i.e. 2θ ~6.8ο, ~9.6ο, ~13.6ο and ~15.3ο) show a good agreement with the 

characteristic structure of the IRMOF-1 material, as reported by Yaghi and co-authors [44]. 

However, the diffraction peak intensities reveal clear differences with emphasis on the first 

two and most intense peaks of the pattern; i.e. at 2θ ~6.8ο and ~9.6ο, representing the 

(100) and (110) crystallographic planes of the cubic structure with interlayer distances of 

13.1 and 9.2 Å, based on Bragg's law, respectively. Specifically, the intensities of these two 

peaks seems to be inverted between each other. In this respect, Hafizovic et al. [45] and 

Huang et al. [13] studied XRD patterns of nanocrystalline IRMOF-1 materials and reported 

a strong shift in the relative intensities of the low-angle reflections. In a theoretical IRMOF-

1 model with empty pores, the (220) reflection at 2θ ~9.6o exhibits the lowest intensity. 

Filling the pores with solvent molecules, such as DMF, increases the relative intensity of 

the reflection at ~9.6o from 15 % to 75 % [45]. Both research groups also found out that 

the intensity ratio of the peaks at 2θ ~9.6ο to that of ~6.8ο (referred as R1 value) can be 

used to predict the porosity of IRMOF-1materials; i.e. the lower the R1 value, the greater 

the porosity and consequently the SA. Low SA values are likely to suggest either lower 

crystallinity in the presence of impurities, such as entrapped Zn species or solvent 

molecules, or the presence of an interpenetrated structure (i.e. refers to the physical 

entanglement of two or more identical frameworks) [25,46]. Additionally, a high intensity 

ratio between the peaks at 2θ ~13.6ο and ~6.8ο (named as R2 value), referring to the (400) 

and (200) reflections, respectively, may also suggest an interpenetrated structure, 

especially when the R1 value is low. In this study, the R1 and R2 ratio values calculated 

from the XRD pattern of the as-synthesized material (Fig. 3) were ~2.27 and ~0.55, 

respectively. The standard R1 value of IRMOF-1 is around 0.20, while the R2 value is even 

lower [18]. Hence, the estimated R1 ratio of ~2.27 is far higher than the aforementioned 

standard value, which implies that the as-synthesized material should exhibit a relatively 

low SA compared to the ideal IRMOF-1 structure. As previously mentioned, this might be 

attributed to the existence of solvent molecules (i.e. CHCl3 and DMF) or Zn species 

entrapped inside the IRMOF-1 framework upon the synthesis procedure and storage in 

CHCl3 solution. In any case, it can be concluded that the purification (i.e. washing and 

drying) and storage (i.e. dispersion in CHCl3) processes, followed upon synthesis, were not 

sufficient to remove DMF molecules still existing in the porous structure of the material. 

Therefore, the supercritical CO2 activation procedure followed prior the N2 and H2 

adsorption measurements was necessary for the definitive removal of any potential 



152 

 

solvents. Finally, the crystallite size was estimated in the range of 23-31 nm by applying 

Scherrer's formula on the (200), (220), (400) and (420) reflections. This suggests that the 

material probably consists of many smaller crystallites which are not clearly observable in 

the SEM images (i.e. below the measured mean size of ~44 nm). Thus, fractal attributes of 

a potentially self-similar crystalline structure (e.g. by molecular ordering and aggregation 

into a Menger sponge-like framework [47]) could not be compared with the microscale 

values of Table 2. The structural properties of the as-synthesized IRMOF-1 crystals derived 

by the analysis of the main XRD reflections are summarized in Table 3. 

 

 
 

Fig. 3: X-ray diffractogram of the as-synthesized IRMOF-1 material. 
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Table 3: Structural properties of the as-synthesized IRMOF-1 crystals based on the XRD analysis. 

 

 

 

 

 
Simulated 2θ: diffraction angles based on a theoretical IRMOF-1 model, Experimental 2θ: diffraction 

angles based on the recorded XRD pattern (Fig. 3), d: interlayer distance calculated by Bragg’s law, 

A: intensity, FWHM: full-width at half maximum, D: crystallite size calculated by Scherrer’s formula. 

 

3.2  Porosity and gas adsorption behavior 
 

Low-pressure N2 adsorption and desorption isothermal curves at 77 K are shown in Fig. 

4a. The activated IRMOF-1 material demonstrated features of type I and IV isotherms, as 

determined by the International Union of Pure and Applied Chemistry (IUPAC), which are 

usually associated with microporous (i.e. pore sizes below 2 nm) and mesoporous 

materials (i.e. pore sizes between 2 and 50 nm), respectively [48]. The physical adsorption 

initiated from high N2 volumes (i.e. ~115 cm3/g) for the lower P/P0 value (i.e. 6 × 10-3), as 

clearly observed in the inset of Fig. 4b, thus indicating the predominant microporous 

features of the studied sample. The relatively small hysteresis loop formed upon 

desorption (empty circle symbols) for P/P0 values beyond ~0.85 reveals very limited 

mesoporosity presumably due to packing of the IRMOF-1 crystallites. This hysteresis 

behavior is usually attributed to capillary condensation of N2 gas within the mesopores 

[39]. Finally, the adsorption isotherm did not reach a point of saturation (plateau) at the 

maximum P/P0 point of ~0.99, but it extended without limit in an almost vertical direction, 

a trend that could be attributed to condensation in macropores (i.e. pore sizes above 50 

nm) and/or multi-layer formation of N2 onto the powder's external surface. Such larger 

pores may represent empty spaces between finely divided IRMOF-1 crystallites, as clearly 

observed in the SEM images (Fig. 1) and especially at high magnifications (Fig. 1b). Table 

4 includes a summary of the porosity properties (i.e. SAs and PVs, respectively) of the 

activated IRMOF-1 material as determined by different mathematical and empirical 

methods applied on the recorded N2 sorption data. The total SSA was estimated at ~520 

and ~550 m2/g based on the multipoint BET and Langmuir methods, respectively. A linear 

BET plot was extracted, as shown in Fig. 4b, by using five sorption points in the lower P/P0 
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range of 5 × 10-3 and 0.05 (i.e. micropore region) with a correlation coefficient (r) close to 

unity. Similar BET SAs for IRMOF-1 materials were also reported from Panella and 

Hirscher [12] and Li and co-authors [27]. The micropore SA was estimated by the t-plot 

method at ~480 m2/g, thus representing a very significant fraction of the total BET SA (i.e. 

~92.5 %). The remaining minor percentage (i.e. ~7.5 %) represents the sum of mesopore, 

macropore and external SA. In addition to the previous calculations, a rough qualitative 

analysis of the adsorption isotherm, based on the QSDFT kernel, revealed pores with sizes 

around 1.6 nm or less (see Fig. S1). This result provides an adequate explanation to the 

enhanced N2 adsorption behavior in the lower P/P0 region of 6 × 10-3 and 0.1, as shown in 

Fig. 4b. The micropore volume defined by the QSDFT method as the cumulative value for 

pore sizes below 2 nm agreed quite well with the one estimated by the t-plot method (i.e. 

0.19 cm3/g in both cases).  

 

Table 4: Textural/porosity properties of the activated IRMOF-1 material based on the N2 sorption data 

recorded at 77 K (Fig. 4a). 

 
 

 
 

 

SBET: total specific area (SA) derived by the multi-point Brunauer-Emmet-Teller (BET) method, 

SLangmuir: total SA derived by the Langmuir method, SMicro: micropore SA derived by the statistical 

thickness (t-plot) method, SExt: sum of mesopore, macropore and external SA given as the difference 

between BET SA and micropore SA (SBET-SMicro), SMicro(p): % percentage of micropore SA to BET SA, 

SExt(p): % percentage of mesopore, macropore and external SA to BET SA, VMicro: micropore volume 

derived by the t-plot method, VQSDFT: Cumulative micropore volume for pores smaller than 2 nm 

derived by the Quenched Solid Density Functional Theory (QSDFT) method.         
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Fig. 4: (a) Low-pressure N2 adsorption and desorption isothermal curves at 77 K of the activated 

IRMOF-1 material; the inset shows the increased volumes of adsorbed N2  at the lower relative 

pressures (P/P0 < 0.1) due to microporosity (pore sizes < 2 nm) and (b) linear multi-point BET plot 

with a correlation coefficient close to unity (r ~1). 
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Low-pressure (0-1 bar) H2 cryo-adsorption and desorption isothermal curves at 77 K are 

shown in Fig. 5. The activated IRMOF-1 sample demonstrated a completely reversible type 

I isotherm, based on IUPAC's classification [48], as desorption of H2 (empty circle symbols) 

followed the exact same path with its adsorption (colored circle symbols); i.e. no hysteresis 

loop was apparent between the two procedures. The H2 uptake in gravimetric terms 

reached ~0.97 wt.% or ~109.3 cm3/g at 77 K and ~1 bar, which could be considered a 

moderate value relative to high-surface area IRMOF-1 materials described in the literature 

[24,28,30,31,33]. In any case, this specific value is comparable to recently published results 

for other type of adsorbent materials under similar experimental conditions (i.e. 77 K and 

1 bar), such as a solvothermally-derived magnesium- based formate [49] and plasma-

derived few-layer graphene flakes [50] with BET SAs as high as ~496 and ~777m2/ g, 

respectively. However, taking into consideration the estimated BET SA value of ~520 m2/g, 

based on the N2 sorption data, as well as the low-pressure regime up to ~1 bar, the IRMOF-

1 sample exhibited an adequate ratio of H2 uptake to BET SA of 1.874 × 10-3 wt.% m-2 g at 

77 K and ~1 bar, which is superior to several other IRMOF-1 materials [16,23,24,26,28,32]. 

This increased ratio could be attributed to the significant and narrow microporosity, as 

estimated by the t-plot and QSDFT methods. As already mentioned, pores with sizes below 

2 nm are considered highly energetic sites of enhanced H2 adsorption due to the 

overlapping potential fields of the opposite pore walls [34]. This comes in good agreement 

with the enhanced adsorption behavior observed at the lower pressures (i.e. below 100 

mbar), as clearly shown in the inset of Fig. 5. Specifically, the adsorbed H2 volume at ~90 

mbar was ~53.1 cm3/g (or 0.47 wt.%), corresponding to the ~48 % of the overall H2 uptake 

at ~1 bar. Hence, it would be safe to assume that the recorded H2 uptake value at 77 K is 

attributed not only to the available BET SA of the IRMOF-1 material, but also on its 

increased values of microporosity (i.e. micropore SA and volume), as well as on its small 

and narrow pore sizes. Finally, the fact that the adsorption curve did not reach a plateau at 

~1 bar implies that H2 uptake could be further increased at higher pressures. 
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Fig. 5: Fully reversible low-pressure (0-1 bar) H2 adsorption and desorption isothermal curves at 

77 K of the activated IRMOF-1 material. The inset shows the enhanced H2 adsorption at the lower 

pressures (P < 100 mbar) due to microporosity (pore sizes < 2 nm).  

 
4. Conclusions 
 

A rather simple and few-step solvothermal reaction method was adopted with the aim to 

produce a nanoporous IRMOF-1 type material. A mixture of Zn(NO3)2 and TPA dissolved 

in DMF solution was thermally treated at 150 oC for 24 h inside a PTFE autoclave reactor. 

The as-synthesized crystals were properly washed, dried and stored in CHCl3 solution to 

avoid any contamination. A series of advanced materials characterization methods were 

used to investigate nanoparticle morphology, chemical bonding, crystalline structure and 

porosity. SEM images revealed a continuous network of cubic-like shape particles with a 

mean size around 50 nm. FT-IR analysis indicated the characteristic vibration modes of the 

Zn–O, C–H and C–O bonds related to the IRMOF-1 framework around 523, 600 to 1200 and 

1400 to 1700 cm-1. XRD patterns presented the characteristic (200) and (220) reflections 

of the cubic IRMOF-1 structure at the diffraction angles of ~6.8o and ~9.6o, corresponding 

to interlayer distances of 13.1 and 9.2 Å, respectively. The crystallite size was estimated 
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around 25 nm by applying Scherrer's formula on the XRD data. Prior the low-pressure (0-

1 bar) N2 and H2 adsorption and desorption measurements, the IRMOF-1 crystals were 

further dried and activated by supercritical CO2-flow under high-pressures (i.e. 1.5 ml/min 

for 1.5 h under 110 bar) and constant heating under high vacuum (i.e. at 200 oC for 6 h 

under 10-6 mbar) to remove any residual solvents from its porous structure, including 

CHCl3 and DMF. The N2 sorption data provided BET SA and micropore volume values of 

~520 m2/g and ~0.2 cm3/g, respectively, a predominant micropore SA of ~480 m2/g (i.e. 

~92.5 % fraction of the total) and micropore sizes below 1.6 nm. Fully reversible H2 

sorption isotherms were recorded at 77 K without showing a point of saturation up to ~1 

bar. The H2 uptake, expressed in gravimetric terms, reached up to ~1 wt.% at 77 K and ~1 

bar. Future work will be focused on optimizing the synthesis procedure of the presented 

IRMOF-1 material with the aim to increase even further the available BET SA value and 

maintain the significant micropore features towards the overall improvement of its H2 

adsorption performance at 77 K. 
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Supplementary material 

 

 
 

Fig. S1: Differential and cumulative pore size distribution analysis of the activated IRMOF-1 

material using the Quenched Solid Density Functional Theory (QSDFT) method in the N2 

adsorption data. 
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