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Abstract.1The present work describes crosslinked and 
hypercrosslinked polymers viewed as high surface area 
materials to adsorb a large amount of molecular hydrogen. 
Crosslinked polyaniline and polypyrrole were used as 
examples of hydrogen adsorption by microporous organic 
polymers. The main reason for physical sorption 
happening in microporous organic polymers as well the 
challenges on the way to adjusting the value of hydrogen 
adsorption enthalpy within the range of 15-20 kJ·mol–1 H2 
are highlighted. 
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1. Introduction 
Hydrogen has a far higher gravimetric energy 

density than gasoline, coal, or methane, although gaseous 
hydrogen has a very low volumetric energy density. To 
eliminate this disadvantage, two approaches were 
proposed by scientists and engineers: i) hydrogen storage 
in the form of chemical hydrides [1] or ammonia [2] and 
ii) physical storage as compressed, liquefied, or adsorbed 
molecular hydrogen [3]. Microporous materials (set out 
by IUPAC pore size within the range of 0.2–2 nm) as 
porous organic polymers can store rather large amounts of 
hydrogen at the temperatures close to that of liquid 
nitrogen. It is obvious that maintenance at this 
temperature in an on-board storage system is 
inconvenient. Therefore, solutions for storage and release 
of hydrogen at ambient temperatures are required. 
Physical sorption of gases, dominated by the interplay 
between the values of surface area, changes in entropy and 
enthalpy might be a promising task. However, substantial 
amounts of hydrogen can be adsorbed only by micropores 
at about 2–3 nm. 
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The main advantages of organic polymers as 
compared to other porous materials are as follows: i) the 
possibility to use different reactions for their synthesis; ii) 
their insensitivity to ambient air; and iii) their mechanical 
stability as compared to porous carbons and metal-organic 
frameworks (MOFs). Unfortunately, these materials also 
have some disadvantages – their exact structures and pore 
sizes can hardly be evaluated. Additionally, microporous 
organic polymers adsorb moisture and oxygen when 
exposed to the atmosphere, but they can easily be 
regenerated. In the overwhelming majority of materials, 
only micropores enable to adsorb substantial amounts of 
molecular hydrogen because of high value of active 
surface area (4000–4500 m2/g). Today the hydrogen 
storage capacity at room temperature and Р(Н2) ∼20 MPa 
for microporous organic polymers reaches the values 
typical for interstitial metal hydrides, e.g. Ti- or Zr-based 
alloys, at Р(Н2) ∼0.2–0.5 MPa [4-6], that were recom-
mended for reversible electrochemical hydrogen reaction 
in Ni-MH batteries [7-10]. However, only at lower tem-
peratures (∼77 K) and Р(Н2) ∼20 MPa physical adsorption 
by microporous organic polymers demonstrates hydrogen 
storage capacity within the range of ∼6–7 wt % H2, and 
that becomes reasonable for fuel cell application. 
Moreover, hydrogen-saturated polymers usually show 
complete hydrogen desorption at ambient temperatures, 
which makes them fully reversible. It should be noticed 
that there are no limitations for fast kinetics in case of 
reversible hydrogen sorption for microporous organic 
polymers, while there is only one technical inconvenien- 
ce – their operation at low temperature.  

The present work describes crosslinked and 
hypercrosslinked polymers viewed as high surface area 
materials to adsorb a large amount of molecular hydrogen. 

2. Physical Sorption of Molecular 
Hydrogen 

The Brunauer-Emmett-Teller (BET) equation is 
well-known in estimating physical adsorption of gas 
molecules on a solid surface: 
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where p0 and p are the equilibrium and the saturation 
pressure of adsorbates at the temperature of adsorption, 
respectively, Pa; υ and υm are the adsorbed gas amount in 
bulk and in the monolayer, respectively, m3; c is BET 
constant.  

The BET approach was designed to overcome the 
assumption of monolayer coverage required by the 
Langmuir model [11]. Application of this equation to 
nitrogen adsorption isotherms is the most common 
approach to estimate surface area. While it often provides 
reasonable results, the BET method tends to provide the 
values that overestimate the surface area of microporous 
materials due to micropore filling with nitrogen [12]. This 
effect is most pronounced in pores which are small 
enough to be filled at low pressures, but still sufficiently 
large to hold multiple layers of nitrogen. Additionally, this 
approach does not recognize the pores that are too small 
and kinetically hindered for diffusion and adsorption of 
nitrogen at 77 K. Thus, it has become a common way to 
apply the Langmuir equation to adsorption isotherms of 
supercritical gases such as hydrogen at 77 K in order to 
overcome these shortfalls [13]. The Langmuir approach is 
based on the assumption that coverage of a surface with 
supercritical gas will not exceed that of a monolayer, 
which is generally correct at pressure values up to 
0.1 MPa. Therefore, it is convenient to use hydrogen as a 
probe molecule since it enables to detect pores that are too 
small for nitrogen.  

It is well-known that the enthalpy of adsorption 
determines the temperatures at which reversible 
adsorption takes place. When the change of adsorption 
entropy is assumed to be between the entropy of 
vaporization and 66 J·mol-1·K-1 [14], where operating 
temperature is 298 K, the estimated hydrogen adsorption 
enthalpy is within the range of 13–20 kJ·mol-1. The value 
of 15.1 kJ·mol-1 became a common enthalpy value for 
hydrogen storage at room temperature, while 4–7 kJ·mol-1 
– for hydrogen storage at 77 K. In determining the 
performance of physisorption-based storage systems the 
average value of pore size is a very important factor as it 
regulates the relationship between pore volume and 
surface area and influences adsorption enthalpy 
significantly. For a given pore volume, the surface area 
increases as the pore size decreases at any pore 
geometries. Small pores may enable interactions of the 
hydrogen molecule with multiple pore walls, resulting in 
higher values of hydrogen adsorption enthalpy [15]. In the 
classical approach of pore size distribution determination, 
the Barrett-Joyner-Halenda (BJH) method is applied to 
nitrogen adsorption isotherms [16]. The BJH method is an 

extension of the Kelvin equation, which relates surface 
tension to the size of a capillary and the physical 
properties of an adsorbent [17]: 

0
2ln( / ) mVp p
rRT
σ
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where p/po is relative pressure of the adsorbate; σ is the 
surface tension, N/m; Vm is the molar volume of the 
liquid, m3; R is the universal gas constant, J·mol-1·K-1; r is 
the radius of a capillary,m; and T is temperature, K. 

Nitrogen adsorption at relative pressures of  
p/p0 = 0.25, together with other values as p/p0 = 0.07 and 
0.1, is sometimes cited as it relies on a measurement that 
is readily available to most researchers [18]. However, 
since nitrogen is larger than hydrogen both in the gas 
phase and in the adsorbed phase, all nitrogen-based 
analyses neglect pores that are too small for nitrogen 
adsorption but large enough for hydrogen adsorption. In 
addition to that, micropore volume can also be estimated 
on the basis of CO2 adsorption at 273 K. Moreover, the 
correlation between hydrogen storage capacity and CO2 
micropore volume in porous carbons has been suggested 
[19]. Other approaches to determine micropore volumes 
include a plot of the volume of gas adsorbed as a function 
of statistical thickness of the adsorbed film (t-plot), or 
Dubinin-Radushkevich approach [20]: 

2
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where W and Wo are, the filled and total adsorption 
volume, respectively, m3; D = kR2T2/β2 with constant k 
and affinity coefficient β. The t-plot method is used with 
the Halsey thickness equation [21]: 
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where t is thickness of the adsorbed film, Å; the pre-factor 
a and the exponent b can be obtained by applying the 
Frenkel-Halsey-Hill approach.  

Unfortunately, BJH method cannot be used for 
materials with small pores as it relies on details of 
meniscus formation, which change with the decrease in 
dimension [22]. Therefore, alternative methods have been 
developed to analyze materials with pores smaller than 
5 nm, e.g. the density functional theory (DFT) [23] and 
the Horvath–Kawazoe method [24]. 

Positron annihilation lifetime spectroscopy (PALS) 
and small angle X-ray scattering (SAXS) are the most 
common non-sorption-based methods of micropore 
identification [25]. The PALS method is successfully used 
to examine mainly porous polymers. Bound pairs of 
positrons and electrons, generated at PALS, encountering 
pore walls can force them to annihilate. Thus, pore size 
can be estimated as a function of the time span needed for 
positron annihilation. In SAXS, part of a monochromatic 
beam of X-rays is scattered by a sample. The technique 
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relies on scattering by small species to provide 
information on the material nanostructure. SAXS was 
applied to porous silica, porous carbons and porous 
polymers. While the surface area is often a convenient 
access for adsorption sites and can be used to get a fast 
evaluation of hydrogen storage capacity, pore volume 
presents substantial limitations. For the case of 
physisorption at supercritical temperatures, the density of 
stored hydrogen is expected to be lower than that of liquid 
hydrogen. It is relevant for the majority of microporous 
hydrogen storage materials and can be used to define a 
saturation limit for hydrogen adsorption in such materials. 
However, this limitation does not apply when 
chemisorption or a chemical reaction takes place between 
hydrogen and substrate [26]. Today there is no agreement 
concerning the reasonable size of pores to be employed at 
reversible hydrogen sorption, although pores diameter 
about 2–3 nm seems to be a compromise solution. There 
are two main factors for finding the reasonable size of 
pores for hydrogen adsorption: i) when the pore size 
increases, the value of adsorption enthalpy decreases; ii) 
when the square of pore size increases, the density of 
pores decreases. Thus, the saturation limit for hydrogen 
physisorption in microporous material used under 
supercritical conditions can be estimated as the product of 
the micropore volume and the density of liquid hydrogen. 
It should be noted that the limit of adsorption defined by 
the micropore volume refers to total adsorption (the total 
amount of hydrogen stored in the pores) rather than to 
excess adsorption that represents the difference between 
the total hydrogen stored and the amount that would be 
stored in the same volume with no adsorption. It is clear 
that total and excess hydrogen storage might be 
approximately the same at low pressures while they differ 
a lot at high pressures. 

Both volumetric and gravimetric hydrogen 
adsorption measurements rely on the assumption that 
porous material does not adsorb helium. Therefore, in the 
case of volumetric method, the free space in the sample 
holder is usually measured using the known quantity of 
helium, while in the case of gravimetric method helium is 
used to quantify the skeletal density of the sample. 
However, in some cases microporous materials do adsorb 
small amounts of helium [27], and this adsorption results 
in the underestimation of hydrogen storage capacity since 
the free space of the sample holder is overestimated while 
skeletal density is underestimated. No complete 
experimental solution to the problem of helium adsorption 
has been proposed yet. At reasonably attainable pressures 
helium adsorption might be described by Henry’s law, 
which states that the amount of dissolved gas is 
proportional to its partial pressure in the gas phase: 

H
a

PK
С

=                                        (5) 

where KH is the Henry volatility, Pa∙m3/mol; P is partial 
pressure, Pa; Ca is aqueous phase concentration, mol/m3. 

Therefore, free space errors would be minimized 
through performance of helium-related measurements at 
the lowest pressure. It is also suggested that skeletal 
density measurements should be performed at high 
temperatures [27], but this is applicable to materials with a 
very small thermal expansion coefficient. 

3. Cross- and Hypercrosslinked 
Organic Polymers 

In porous organic polymers pores are generated via 
inclusion of porogen, which is typically an inert solvent, 
in the polymerization mixture [28]. Porogens that are 
more thermodynamically compatible with monomers are 
used to form small pores, while those that are less 
compatible – to form large pores. For example, 
polymerization of pentaerythritol triacrylate (PETrA) in 
xylene, which has a polymer-porogen affinity parameter  
δ = 14 MPa1/2, produces a material with an average pore 
size of ~5 nm and the surface area of ~228 m2/g, while the 
same polymerization in butyl acetate (δ = 9 MPa1/2) 
produces a material with a pore size of ~3.5 nm and the 
surface area of ~471 m2/g under the same conditions [29]. 
Crosslinked porous polymers show a higher value of 
specific surface areas that is within the range of 1000–
1200 m2/g [30-32]. These materials are typically 
synthesized through suspension polymerization [32-34], 
although they can also be prepared via precipitation or 
seeded polymerization [35, 36], even in a monolithic 
format [37]. Hypercrosslinked organic polymers have a 
very fine pore structure made of a special network of 
monomers or small molecules. Fig. 1 schematically shows 
that a lightly attached precursor is first swollen or 
dissolved in a solvent resulting in a space between 
polymer chains. The precursor is then crosslinked so that 
the majority of repeated units are linked to their 
neighbours by at least three bonds. Rapid crosslinking 
maintains polymer chains locked in an expanded form. 
Finally, when the solvent is removed from the reaction 
mixture, a porous structure of hypercrosslinked organic 
polymers can be obtained [38]. 

The first hypercrosslinked polymers were 
derivatives of polystyrene and after that polysulfones and 
polyarylates [39], poly(vinylpyridines) [40], and even 
polyanilines [38] were hypercrosslinked to provide 
materials with substantial surface area. 

Crosslinked poly(styrene-codivinylbenzenes) and 
their derivatives were the first large-surface-area porous 
polymers tested for hydrogen storage at 77 K [13]. Some 
of them are shown in Table 1 [3]. 
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Fig. 1. A general scheme of the preparation of hypercrosslinked organic polymers. Adapted with permission from [38] 
 

Table 1 

Experimental values* of surface area and hydrogen storage capacity of the first crosslinked polymers  
Surface area, m2/g Commercial name Chemical name BET(a) Langmuir(b) 

Hydrogen adsorption, 
wt % H2

(c) 
Hypersol-Macronet 

MN500 Sulfonated hypercrosslinked polystyrene 370 266 0.7 

Lewatit VP OC 1064 Poly(styrene-co-divinylbenzene) 810 377 0.7 
Amberlite XAD4 Poly(styrene-co-divinylbenzene) 1060 425 0.8 

Hypersol-Macronet 
MN100 

Amine functionalized hypercrosslinked 
polystyrene 600 477 1.1 

Wofatit Y77 Poly(styrene-co-divinylbenzene) 940 573 1.2 
Lewatit EP63 Poly(styrene-co-divinylbenzene) 1206 664 1.3 

Hypersol-Macronet 
MN200 Hypercrosslinked polystyrene 840 576 1.3 

 
Notes: * Reproduced with permission from [3]; (a) calculated from nitrogen adsorption isotherms using the BET equation; (b) 

calculated from hydrogen adsorption using the Langmuir equation; (c) hydrogen storage capacity at 77 K and 0.12 MPa. 
 
It should be noted that the correlation between the 

surface area values and adsorbed hydrogen values 
suggests availability of different type of interactions for 
the various materials. It was found that polymers based on 
networks of aromatic rings can adsorb more hydrogen in 
both total and per unit surface area. In particular, it was 
observed experimentally that under the same conditions 
hypercrosslinked polystyrenes like Hypersol–Macronet 
MN200 adsorb more hydrogen than poly(styrene-co-
divinylbenzene) chains such as Amberlite XAD4, even if 
the latter exhibits higher surface areas [13]. Additionally, 
when at 77 K the value of P(H2) changed from 0.12 to 
3.0 MPa [41] or to 8.0 MPa [42], the hydrogen storage 
capacity of hypercrosslinked polystyrenes increased to 3.0 
or 5.4 wt % H2, respectively. 

The HCl-treated polyaniline (PAn) and polypyrrole 
(PPy) were also tested in terms of their usage as H2 
adsorbers. Surprisingly, their value of hydrogen storage 
capacity was within the range of 6–8 wt % H2 at ambient 
temperature [43], although these results were not 
reproducible in practice [44]. The studies of hydrogen 
adsorption for mesoporous samples with the specific 
surface area of ~50 m2·g-1 confirmed hydrogen uptake of 
~2.2 wt % H2 at 9 MPa and 77 K [45]. This is highly 
noticeable since hydrogen adsorption of porous materials 
at 77 K typically follows the trend of ~1 wt % H2 per 
~500 m2·g-1 (the so-called Chahine’s rule [46]). PAn as a 
hydrogen sensor [47-49] suggests that there is certain 

interaction between gaseous hydrogen and doped PAn at 
room temperature. PAn is one of the most extensively 
studied conducting polymers due to interesting redox 
properties associated with nitrogen heteroatoms and the 
conjugation of π-electrons. Its low cost, good stability and 
high electrical conductivity make PAn environmentally 
friendly and very popular and [50-57]. Crosslinked PAn 
with a porous structure has been developed due to a great 
attention paid to ordered mesoporous and nanoporous 
materials [38, 58-61]. The crosslinking reactions for PAn 
might be carried out using diiodoalkanes or 
paraformaldehyde [38], α,α’dichloro-p-xylene or 
glutaraldehyde [62], or surfactant-forming micelles [63]. 
A crosslinking process for PAn was proposed via thermal 
treatment with no use of crosslinkers [64]. This process 
results in the presence of tertiary amine nitrogen atoms 
yielding an N,N’-diphenylphenazine structure at the site of 
crosslinking [65]. Later it was found that PAn undergoes 
some changes upon thermal treatment, including de-
doping, oxidation, chain scission, crosslinking and, 
finally, changes in the crystal structure [66-73]. For 
example, conversion of quinonoid to benzenoid rings 
upon heating at ~473 K in vacuum was confirmed in 
practice [74]. To increase the value of the active surface 
area for PAn, nanostructured PAn such as nanotubes or 
nanoparticles were proposed in [75-77]. At 398 K PAn 
nanocomposites can store less than 0.5 wt % H2 [78]. A 
slight increase in hydrogen adsorption of the material was 



Physical Sorption of Molecular Hydrogen by Microporous Organic Polymers   

 
 

89 

visible because of increase in porosity. Composites made 
of tin oxide and PAn showed no difference in hydrogen 
adsorption as compared to pure PAn. Inclusion of 
multiwall carbon nanotubes (MWCNT) showed some 
effect, while addition of aluminum fine powder 
demonstrated quite a big effect on the value of hydrogen 
storage capacity. Experimental FTIR data confirmed 
chemical interaction only between the aluminum powder 
and PAn, though reaction products were studied. In 
another work the MWCNT-PAn-Ni composite was 
synthesized as a promising hydrogen-storage material, 
though no hydrogen test was made in practice [79]. The 
interaction between MWCNT and PAn after addition of 
nickel powder was confirmed by a shift in the IR signal of 
NH vibrations, though a detailed analysis of the 
interaction between all components in MWCNT-PAn-Ni 
composite is still needed. In [80] the FTIR spectra showed 
that the chemical composition of HCl-doped PAn samples 
can be altered through thermal treatment. In addition, it 
was suggested that conductometric measurement can be 
exploited as a useful tool for systematic screening of 
active chemical species derived from conducting 
polymers or their composites for hydrogen storage. 
Nanofibers with the diameter within the range of 70–
90 nm and the length of 0.5–1 μm and the value of active 
surface area of 68.4 m2/g, synthesized in [81] PAn, 
showed electrical conductivity value of 3.46 S/cm. The 
hydrogen sensor based on PAn nanofibers showed high 
sensitivity and a short response time. The limit of 
detection and limit of quantification of the hydrogen 
sensor were 40 and 133 ppm of H2, respectively. 
Emeraldine salt (ES) with the imine nitrogen atoms 
protonated by sulphuric acid (Fig. 2a) that promotes 
delocalization of diiminoquinone-diaminobenzene state of 
the salt form of PAn has an open nanofiber structure. 
Degree of the protonation and size of doping anion are 
responsible for selectivity and permeability of PAn 
resulting in different gas-transport for common gasses like 
oxygen, nitrogen and hydrogen [82]. Crosslinked PAn 
with anthraquinone derivative (Fig. 2b) and an azo dye 
with a large π-conjugated structure and three sulfonate 
anions (Acid Red 27) demonstrates a chain segment of 
PAn arranged closely [57]. 

In case of crosslinked PAn, Acid Red 27 was used 
as the crosslinking agent and sulphuric acid was used as 
the doping agent for ES formation. When the molar ratio 
of Acid Red 27 to aniline was 0.01:1, the crosslinking 
density of the crosslinked PAn was low, so that it could 
not easily precipitate from the reaction mixture until the 
diameter of fiber was ~300 nm. At the same time, the 
chain segment of PAn would extend out of the fiber 
surface to form ES because of the low crosslinking 
density. In other words, in case of the increase in the 
crosslinking agent, the thin fiber could easily precipitate 

and the chain segments of PAn are arranged closely to 
form the crosslinked PAn fiber with a smooth surface. 
Because of high porosity this crosslinked PAn can be 
proposed as an effective H2 adsorber at 77 K. 
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Fig. 2. PAn protonated by sulphuric acid (a) and crosslinked  
by Acid Red 27 (b). Adapted with permission from [57] 

 
PPy is another good example of hydrogen 

adsorption by microporous organic polymers. In general, 
chemical and physical properties of PPy are quite similar 
to those of PAn, however there are some differences [83-
90]. Porous structure of PPy was studied by BET and BJH 
method in [83]. It was found that electrochemically 
synthesized PPy films have rather mesoporosity (pore 
diameter within 2–20 nm), than microporosity. This 
experimental result might explain lower mobility of larger 
ions in PPy layers soaked in electrolyte. It was concluded 
that properties of dopant ions have no effect on the 
average pore diameter of PPy (1.7–1.9 nm), while they 
showed a considerable influence on the values of the pore 
volume and the specific surface area. A compact structure 
of PPy films containing large oligomeric surfactants (e.g. 
dodecylsulfate and naphthalene (di)sulfonate anions) was 
explained by a better film package and more effective 
occupation of the void space in PPy by big dopants. Small 
hydrophilic inorganic anions promoted PPy films two 
times more sparse than large anionic surfactants. 
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Depending on the synthesis conditions and the degree of 
PPy oxidation, PPy films (< 1 mm) show different 
spectral properties [84, 88, 89]. Adhesion of PPy films 
depends on a number of factors including the nature, 
coarseness, hydrophobicity of the solid electrode surface, 
and the solvent [84]. Stability of the doped PPy films in 
the air is relatively high and depends on the doping agent 
resulting in their degradation within the temperature range 
of 423–573 K. Thermal stability of PPy films prepared 
through electropolymerization improves after their 
treatment with (SO4)2- anion. The films of reduced PPy 
are unstable in the air, therefore they change their 
transparent and yellow colour into a dark one and 
irreversibly lose their ability to undergo redox transition. 
PPy doped with an anthraquinone derivative could exhibit 
improved electrochemical performance due to its special 
structure with high porosity and large specific surface area 
[90]. The anthraquinone and sulfonate dopants can 
generate more hydrophilic surfaces with a 
submicron/nano-sized structure, which results in a higher 
value of the surface area of PPy composites, moreover, 
immobilized anthraquinone groups themselves show fast 
redox electrochemistry. 

Microporous organic polymers which exhibit size-
selective gas adsorption might consist of chains of 
aromatic rings crosslinked at trivalent nitrogen atoms, 
contain numerous pores that can adsorb hydrogen but are 
too small for nitrogen penetration. The use of doped 
polypyrrole as a material for hydrogen storage has also 
been suggested, although the promising value of hydrogen 
adsorption on nonporous polymers could not be 
reproduced. Crosslinking reactions for PPy with 
diiodomethane, iodoform and boron triiodide were used in 
[91] for the first time (Fig. 3). 

At 77 K and 0.4 MPa of H2 the hydrogen storage 
capacity values for the PPy crosslinked by diiodomethane, 
iodoform and boron triiodide were experimentally 
obtained as 1.6, 1.3 and 0.63 wt % H2. Moreover, these 
values correlated well with those of the surface area that 
were calculated from hydrogen adsorption isotherms 
using the Langmuir adsorption model. Using “solid-state 
vapor-phase polymerization method” [92], mesoporous 
PPy with sponge-like pockets was synthesized to be used 
as hydrogen storage material in [45]. The preparation 
method was responsible for the pore diameter of 
mesoporous PPy. It was found that the values of hydrogen 
storage capacity and pore volume decreased with the 
increase of reaction time. Experimental values of 
hydrogen storage capacity and heat of adsorption were 
2.2 wt % H2 at 77 K and 7.51 kJ/mol, respectively. 
Keeping identical mass ratio of pyrrole monomer and 
carbon nanotubes (CNT), spherical PPy structures were 
synthesized, and with a higher amount of pyrrole 

monomer – layer-by-layer formations were synthesized on 
the CNT surface [93]. Oxygen functionalization of CNT 
through acid treatment resulted in a homogeneous PPy 
coverage and thus agglomeration of PPy spheres was 
prevented. In that case wall thickness increased gradually 
with pyrrole feeding mass ratio increase. Increased PPy 
amount caused a decrease in the crystallinity of CNT-PPy 
composites as well as BET surface area and BJH pore 
size. On the other hand, PPy-coated CNT bundles formed 
new adsorption sites between the nanotube arrays for 
hydrogen molecules. That is why CNT-PPy composites 
might adsorb three times more hydrogen than pristine 
CNT at room temperature. Finally, it was concluded that 
untreated CNT should demonstrate weak van der Waals 
interactions between hydrogen molecules, while oxidized 
CNT or CNT-PPy composite suggested the ability to store 
hydrogen chemically since a hysteresis loop was observed 
between the adsorption and desorption curves. In other 
words, this originated from an increase in sp2 bonds after 
the oxidation process, defective and amorphous surfaces, 
and higher binding energies of chemisorbed hydrogen. 
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Fig. 3. Crosslinking reactions for PPy via N-alkylation with 
diiodomethane (a) in the presence of sodium tert-butoxide and in 
the presence of caesium carbonate with iodoform (b) and boron 

triiodide (c). Adapted with permission from [91]  
 
The synthesis of PAn-PPy composites was 

developed on the basis of PAn nanofibers covered with a 
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thin layer of PPy via vapor phase polymerization [94]. 
The hydrogen storage capacity of the composites was 
evaluated at room temperature and showed a two times 
higher value where HCl-doped PAn nanofibers 
demonstrated 0.46 wt % H2 and PAn-PPy composites – 
0.91 wt % H2. Higher value of hydrogen storage capacity 
was found for the composite where palladium 
nanoparticles were located between PAn nanofibers and 
the PPY layer. Analysing the effect of every component in 
PAn-PPy composites, a conclusion was made that higher 
hydrogen uptake was attributed to the introduction of the 
PPY layer through a large number of adsorption sites for 
hydrogen molecules. Consequently, reasonable modified 
PAn and/or PPy composites might be a promising solid 
state system for hydrogen storage due to their high 
volumetric/gravimetric capacity and fast adsorption 
kinetics at ambient conditions. 

4. Microporous Organic Polymers  
as Room Temperature Hydrogen 
Storage Materials 

Detailed analysis of the total hydrogen storage 
capacity and pore volume of microporous organic 
polymers confirmed that experimentally observed 
hydrogen adsorption might approach the value of liquid 
hydrogen density under the same saturation conditions. 
Calculated adsorption enthalpy of crosslinked 
polyfunctional benzyl chlorides was 7.5 kJ·mol-1 [95], that 
is even higher as compared to hypercrosslinked 
polystyrenes (6.6 kJ·mol-1 [42]). The studies of 
hypercrosslinked polystyrenes have demonstrated that 
they can store significant amounts of hydrogen at 
cryogenic temperatures, but they demonstrate a small 
hydrogen storage capacity at room temperature. Although 
it was difficult to distinguish the effects of swelling and 
the electron density on hydrogen adsorption 
characteristics, addition of electron-donating groups and 
introduction of smaller pores was used as possible 
approach aimed at bringing the value of hydrogen 
adsorption enthalpy to the range of 15–20 kJ·mol-1 H2, 
suggested for reversible hydrogen storage at room 
temperature. It was shown that aromatic rings might be a 
primary adsorption site in the materials that lack metal 
coordination sites [96, 97], and it was suggested that 
addition of electron-donating groups to the aromatic ring 
may increase interaction between polymer and molecular 
hydrogen [98]. A prominent example is deprotonated 
amine in PAn as a strong electron-donating group that 
increases hydrogen adsorption, while low ability to adsorb 
hydrogen molecules was found when this amine became 
electron-withdrawing via protonation (Fig. 4). 

 
Fig. 4. Hydrogen adsorption isotherms measured  

using leucoemeraldine form of PAn hypercrosslinked using 
diiodomethane before (squares) and after (circles) protonation 

with HCl at Р(Н2) of 0.12 MPa. Reprinted  
with permission from [38]  

 

Since the most common value of adsorption 
enthalpy for microporous organic polymers is located 
within the range of 5–7 kJ·mol-1 H2, screening of 
approaches to increasing the enthalpy value 
approximately three times is required. Today, the so-
called “spillover effect”, adsorption in very small pores 
and adsorption in unsaturated metal centers are suggested 
as the most recommended ones for all types of porous 
materials. In fact, the spillover effect has long been used 
to perform hydrogenation of many organic compounds. 
During spillover hydrogen molecules might be adsorbed 
chemically in a metal catalyst (typically, that is Pt, Pd, or 
any other noble metal), where they dissociate to hydrogen 
atoms and are transported to the surface. In literature the 
spillover effect is divided into two processes: i) the so-
called “primary spillover” – hydrogen atoms stay on the 
surface nearby the metal catalyst; and ii) “secondary 
spillover” – hydrogen atoms move to the second surface 
[99]. For both spillover processes the limit of hydrogen 
uptake is the function of the number of adsorption sites in 
a porous material, which depends on the surface area 
value. Initial works on the spillover effect produced high 
expectations but they almost disappeared due to non-
repetition of such results. Therefore, a better 
understanding of the primary and secondary spillover 
processes is absolutely necessary. 

In large-pore hydrogen molecules can interact with 
only one wall. However, when a pore is very small, the 
molecule is close enough to multiple pore walls, which 
results in a higher adsorption enthalpy value. The 
generation of small pores results in higher values of 
adsorption enthalpies, but lower values of the surface area 
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and pore volume. Therefore, production of materials that 
possess combined attributes required for high adsorption 
enthalpy with a large surface area and pore volume 
remains a difficult task. Hypothetically, using 
hypercrosslinking would likely require the use of a fast 
non-catalyzed crosslinking reaction that takes place 
unhindered in a solvent thermodynamically compatible 
with all precursors. 

Adsorption in unsaturated metal or boron centers is 
affected by the difficulties in the production of materials 
with large quantities of such unsaturated centers. 
Frequently, the conditions required for dissolution of these 
metal centers can approach the ones that have a negative 
impact on the framework, requiring a compromise bet-
ween hydrogen storage capacity and framework integrity. 

Nevertheless, one decade ago a series of 
microporous organic polymers consisting of aromatic 
rings connected by trivalent- and single-atom crosslinkers 
was prepared using these approaches to increase 
adsorption enthalpy value (Fig. 5). 
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Fig. 5. Experimental values of the enthalpy of hydrogen 
adsorption with the corresponding references published  

in 2006-2008. Highlighted range of 15–20 kJ·mol-1 H2 are 
desired values of the enthalpy of hydrogen adsorption for room 

temperature hydrogen storage by microporous organic polymers. 
Adapted with permission from [3] 

Cooper et al. [100] managed to achieve  
10 kJ·mol-1 H2 by packing aromatic rings with high density 
into a porous polymer. Experimental results in [101] suggest 
adsorption enthalpy values close to 18 kJ·mol-1 H2 at low 
coverages. Small size of the pores found in these materials 
constituted the reason for adsorbing only molecular hydrogen 
in practice, excluding nitrogen gas. It should be noted that 
these types of polymers might be considered as 
interpenetrating networks in which the distance between 
aromatic rings should be considered to estimate pore size.  

5. Conclusions 

Reviewed experimental results suggest that 
microporous organic polymers can approach the 
capacities required by DOE for hydrogen storage. In fact, 
hypercrosslinked polymers have been synthesized with 
hydrogen storage capacities equal to more than 6 wt % H2 
[102]. The success of these materials has demonstrated 
that the surface area, pore volume, and pore size are all 
important for storage hydrogen molecules [103]. 
Unfortunately, microporous organic polymers might be 
considered as hydrogen storage materials only at 
cryogenic temperatures. Since hydrogen storage at 77 K is 
more energy efficient than liquefaction of hydrogen at 20 
K, it has a limited feasibility for practical use of polymers 
at low temperature. Thus, the main challenge for 
microporous organic polymers is their reversible operation 
as hydrogen storage materials at room temperature. 
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ФІЗИЧНА СОРБЦІЯ МОЛЕКУЛЯРНОГО  
ВОДНЮ МІКРОПОРИСТИМИ  
ОРГАНІЧНИМИ ПОЛІМЕРАМИ 

 
Анотація. В огляді описані зшиті та гіперзшиті полі-

мери, як матеріали з високою площею поверхні для адсорбції 
великої кількості молекулярного водню. Зшиті поліанілін та 
поліпіррол використані як приклади адсорбції водню мікропо-
ристими органічними полімерами. Висвітлено основну причину 
фізичної сорбції, що відбувається в мікропористих органічних 
полімерів, а також виклики на шляху налаштування значення 
ентальпії адсорбції водню в межах 15–20 кДж/моль Н2. 

 
Ключові слова: гіперзшиті полімери, мікропористі 

матеріали, фізична сорбція, ентальпія адсорбції водню. 
 


