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The adsorption of hydrogen in carbon adsorbents was investigated at low and high temperatures (20.33, 77,
200 and 300 K) over a wide range of pressures using the classical density functional theory. The adsorbent
was simulated by a slit-like pore presented by the gap between two monocarbon (graphene) walls. In most
cases, our results demonstrate a good agreement with the available experimental and theoretical results of
other authors. A conclusion was made that, contrary to the low temperature region (7' < 100 K), at high
temperatures (200 and 300 K), predicted values for the adsorption and of the gravimetric density of hydrogen
are not sufficient for the practical design of a hydrogen accumulator.

Keywords: Adsorption, hydrogen, carbon adsorbents, density functional theory.
Received: 6 April 2015
Revised: 21 April 2015

1. Introduction

For the last decade, the interest in the adsorption of hydrogen in carbon porous
materials has peaked from time to time, first of all, in view of its possible applications in
the hydrogen energetics. This kind of energetics may be considered as a very clear way for
the production and storage of energy. Hydrogen is the most abundant element not only on
the Earth but also in the whole Universe. It has the highest combustion temperature, and
the only product of the hydrogen combustion is water. In the framework of the previously-
mentioned problem, a specific, and most importantly, still unsolved issue concerns hydrogen
storage. Some estimations [1] predict that 3.1 kg of the molecular hydrogen is required for
a car to travel 500 km car mileage. At the same time, in [1] it is noted that the existing
approaches to hydrogen storage do not allow one to solve the problem under consideration.
For instance, using the compressed gaseous hydrogen is usually treated as one of the main
alternatives to the liquefied hydrogen. However, the first of the above alternatives requires
extremely high pressures, which is very dangerous. The storage of the liquefied hydrogen
requires prohibitively high pressures as well as at very low temperatures. Among other
alternatives, the use of pure and mixed metal hydrides should also be mentioned; however,
these metal materials also do not allow one to solve the problem under consideration.

At the same time, other authors [2-7] believe that physical adsorption is a promis-
ing means of hydrogen storage. In particular, fullerenes, single-walled carbon nanotubes
(SWNTSs), carbon nanofibers and metal-organic frameworks [8] have been treated as promis-
ing adsorbents [4,7]. Monte Carlo simulations of hydrogen adsorption on SWNTs bunches at
77 and 293 K, and pressures up to 20 MPa [5,6] revealed a high enough adsorption capacity
of these structures. However, until recently, the results of adsorption simulation in micro-
porous carbon adsorbents on, SWNTs and nanofibers has not allowed one to draw a final
conclusion regarding the potential use of carbon adsorbents for practical hydrogen storage.
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At the same time, there are experimental data for hydrogen adsorption in carbon
materials at different temperatures and pressures [7]. As a rule, in theoretical estimations
and computer simulations, the porous adsorbents under investigation are represented as a
single slit-like pore of the width H corresponding to an average adequate value of the pore
size in real carbon adsorbents.

Basic theoretical approaches to adsorption in porous materials are based on semi-
empirical state equations of adsorption layers, in particular on the Langmuir isotherm,
the Dubinin-Radushkevich and Dubinin-Astakhov equations [9,10]. Among more modern
approaches,; the vacancy solution theory [11] and the classical density functional theory
(DFT) [12-14] seem to be of special interest. Monte-Carlo simulations [15,16] should also
be also mentioned as one of the available approaches for investigating the adsorption of hy-
drogen in different types of carbon adsorbents. However, Monte Carlo results for slit-like
micropores formed by graphene hexagonal planes do not give a clear answer on the potential
of microporous carbon adsorbents for the hydrogen storage [16].

In our previous papers [17-20], DF'T was used to calculate the adsorption of hydrogen
on fullerene molecules and in the slit-like pore formed by graphene walls. The slit-like pore
reproduces, to a greater or lesser extent, conventional industrial carbon adsorbents. In [20]
two important conclusions were made:

(i) at high temperatures (7" > 200 K) the adsorption a per 1 g of adsorbent and the
gravimetric density wt for the cases of the available industrial carbon adsorbents
and fullerene molecules are not sufficient for the practical design of the adsorption
hydrogen accumulator (according our estimations, a ~ 20 mmole/g and wt ~ 5%);

(ii) fullerenes and fullerene materials hardly have any advantages in comparison with
conventional carbon adsorbents.

In spite of many opinions that an appropriate hydrogen accumulator, including ad-
sorption one, cannot be designed, publications on this topic have not ceased. For instance,
in [21] some electrospun composite nanofibers containing carbon nanotubes were fabricated
and investigated. However, at high temperatures, the authors of [21] experimentally ob-
tained approximately the same adsorption characteristics as our DFT calculation results
for carbon modelling adsorbents and fullerene molecules [20]. So, additional more accurate
experimental and theoretical investigations are needed to solve the problem or to show that
it principally cannot be solved. In particular, we do not believe that the adsorption and
gravimetric density at 7" = 77 K and at 7" = 200 K can be approximately equal as it is
stated in [22].

2. Method of calculations

DFT theory may be regarded as a powerful modern method for the investigation of
vapor-liquid interfaces, adsorption in pores, and calculations of pore size distributions from
experimental isotherms. As the hydrogen molecule is nonpolar and has very low degree
of asphericity, molecular hydrogen belongs, in a reasonable approximation, to the class of
simple fluids. Respectively, theoretical results obtained in the framework of the simple fluid
model can be correctly compared with corresponding experimental data. However, a detailed
comparison of DFT results with experimental data is not straightforward. Structural and
energetic heterogeneity of pores strongly influences on the adsorption in real materials [23,24].
The ways of measurements are different and, therefore, some experimental results contradict
to each other [25]. Hence, there are reasons to calculate average values of the adsorption for
adequate modelling systems and to compare them with the available experimental data.
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TABLE 1. Molecular parameters for Hy and graphite.

Linear parameter o, nm Energy parameter ¢/k K

Graphite 0.34 [27] 28 [27]
Hydrogen 0.296 [29] 36.7 [29]

The slit-like pore model seems to be quite adequate, as the formation of micropores
in carbon adsorbents can be considered as a process of thermochemical elimination of atoms
from hexagonal planes in carbon crystallites being activated by water vapor [22]. In our
calculations, we used the model of an ideal pore, for which the distance between the surfaces
presented by two graphene layers corresponds the 1-5 deleted (burnt out) layers of graphene.
So, the neighboring micropores will be separated by single carbon grapheme monolayer. We
assume that the distance H between hexagonal layers in graphite is equal to 0.335 nm and
the side length b of hexagons, forming layers, is 0.142 nm [27].

An adsorbate molecule located in the pore undergoes adsorptive forces of two planes
(below referred to as upper and lower). The effect of the finite wall length is small enough
and, respectively, may be neglected [26]. The interaction potential between a fluid molecule
and one graphene wall was described by the next potential [28]:

2 0;0 a;l
Usf(z) = 27rpsssfo§f (g zlg _ z4f> 7 (1)
where p, is the wall surface density equal to the number of atoms per unit area, o,y and
£y are the parameters of the wall-fluid potential. The adsorption (single particle) potential
(1) was obtained integrating the Lennard-Jones (LJ) pair potential over the wall area. For
this reason, it will be referred to as the integrated LJ-potential (ILJ). The wall-adsorbate
parameters o5 and €55 were found using the Lorentz-Berthelot mixing rules, via the values
of 0, 5 for the solid walls and oy , ¢ for the fluid, respectively, i.e. 055 = (05 + 0f)/2 and
est = /€s€f. The reduced surface density of atoms in the walls may be evaluated as follows:
N, 402 43 04\?
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So, the total potential of the pore walls
U(z) = Uss(2) + Uss(H — 2) (3)

is equal to the sum of two terms corresponding to two walls located at z = 0 and z = H,
respectively, where z is the distance between the fluid particle and the first wall. All the
used parameters of the potential (1) are presented in Table 1 (k is the Boltzmann constant).

The main problem of DFT is the design of thermodynamic characteristic functions as
some density functionals. For this purpose, expressions for the Helmholtz energy F[p(r)] and
grand potential Q[p(r)] of the system under consideration are used as the density functionals.
The expression for Q[p(r)] can be written as [14]

Qp(w)] = Flotw) + [ [Uw) = plpe)as (@)

where p is the chemical potential. The Helmholtz energy functional can be formally expressed
as the ideal-gas term

Fulp(w)) = KT [ 1 pfe) - 1lp(r)as (5)
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and an excess contribution which, in turn, can be decomposed into the hard sphere (subscript
hs) and attractive (subscript att) terms:

Fea|p(r)] = Fas[p(r)] + Faur [p(r)]. (6)

In Eq. (5), the cube of the thermal wavelength A is omitted because it gives no direct
contribution to the density profiles or thermodynamic properties. The excess Helmholtz
energy term, due to hard sphere repulsion, will be presented in accordance with the modified
fundamental measure theory [30]:

Fuulp(r)] = kT / " [na (p(x))] d°r. (7)

In Eq. (7), the reduced excess energy density ®"* is interpreted as a function of six weighted
den81t1es no(r) = [w*(Jr' —r|) p(r')d®r’. The expressions for n, and w® are presented

n [30]. The attractlve part of the excess Helmholtz energy can be written in terms of the
mean—ﬁeld approximation:

Fuaur = 3 / / a (¥ = xf) p(x')p(r)de'dPr. (8)

In Eq. (8) u®" is the long-range attraction part of LJ potential represented according to
the WCA potential model [31]. The minimization of the grand potential with respect to the
density profiles yields the following Euler—Lagrange equation

1 SF[p(r)]
= -U(r) — ———=— 9
pte) =exp | (1= Ulw) = 2500 )
satisfied by the equilibrium density profile. Below we also use the reduced value of the local
density n = 7Tpd /6. Here, dy is the hard sphere diameter of the hydrogen molecular which
can be expressed though the o; parameter by the next expression [32]
1402977 kT /ey
o
1+ 0.33163 kT /ef + 10477 x 10-3 (kT /e;)° '

df = (10)

Knowing the density profile n (2), one can find the reduced absolute adsorption

F*:/O n(z)dz (11)

in the pore under consideration. Below, the next commonly used adsorption parameters will
be calculated:

(i) the adsorption of hydrogen (volume density)

6 ros\2 I
_ 6o 12
“ T ( d) M;pso? (12)
in kg/m?;
(ii) the gravimetric density (mass ratio)
M 1
t = ——100% = ——————=100 13
= ety S T a0 (13)

of Hy(%). Here M, and M/ are the molar masses of graphite and hydrogen re-
spectively, my is the total mass of hydrogen in the pore and m, is the mass of the
adsorbent.
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3. Calculation results

Previously, [17-20] we have calculated the density distributions in different modeling
fluid layers in the slit-like pore, for different wall parameters, external pressures and tem-
peratures (20.35, 77 and 200 K). In this work, our DFT results for hydrogen adsorption in
porous carbon at 20.35, 77, 200 and 300 K, and various pressures are presented. So, all the
former data have been recalculated for wider temperature and pressure ranges. Previously,
we calculated the density distribution profiles corresponding to different wall parameter val-
ues, in particular for a wide range of the wall surface densities ng (from 2.0 to 6.2). It is also
worth mentioning that an intermediate value ny, = 4.4 corresponds to real porous graphite
adsorbents [22].

In [22], the adsorption of hydrogen was calculated using a semi-empirical approach
based on the Dubinin-Radushkevich equation. Namely, standard data for the adsorption
of benzene were recalculated for the hydrogen-AC35 system. The abbreviation AC35 taken
from [22] corresponds to a model porous carbon adsorbent with 3 of 5 graphene layers deleted.
In the present paper, the above-mentioned adsorption characteristics were calculated for
different N values for deleted graphene monolayers and, in particular, for N = 3 as the
slit—like pore, corresponding to N = 3 and ny = 4.4, which reproduces the model adsorbent
AC35 most adequately.

In figure 1(a) the density profile is presented for the hydrogen layer when N = 3,
ns = 4.4 and T = 20.35 K, corresponding to the boiling point of hydrogen. The figure
demonstrates two reasonably high maxima at the pore walls, symmetrical relative to the
pore center and two additional lower but noticeable maxima in the central part of the pore.

In figures 1(b) and 1(c), density profiles are shown for higher (supercritical) tempera-
tures. Figure 1(b) corresponds to a supercritical but low enough temperature T'= 77 K| i.e.
to the nitrogen boiling temperature, and a wide range of the pressures: from 0.05 to 20 MPa.
One can see that at the lowest pressure 0.05 MPa only two weak maxima at the pore walls
are seen, i.e. the density profile corresponds to two density profiles at two separate graphene
layers. At p = 0.625 MPa, a slope central maximum is formed with a plateau, and only at
high pressures of about 6 MPa are two pronounced central maxima formed. In figure 1(c)
three density profiles are compared, corresponding to three different temperatures: 77, 200
and 300 K and a very high external pressure 20 MPa. One can see that, in spite of the high
pressure, at temperatures 200 and 300 K, central maxima are not observed and two maxima
at the pore walls are 5-10 times smaller than at 7" = 77 K. The known density profiles make
it readily possible to find the adsorption a and the gravimetric density wt. The dependences
of the a and wt parameters upon the external pressure p are shown in figures 2 and 3 for a
low (77 K) and high (200 K) temperatures, respectively.

Figures 2 and 3 demonstrate the dependence of a and wt on the pore width H or the
corresponding number N of the deleted graphene layers. As one could expect, increasing
the pressure p results in an increase of both a and wt parameters. At the same time, the
variation of NV affects a and wt parameters in opposite directions: increasing N results in a
decreasing of the adsorption a and an increase in the gravimetric density wt.

4. Analysis of the results and discussion

According to [33], for 2010 U.S. Department of Energy (DOE) proclaimed goals are
as follows: wt = 6.5% mass ratio and a = 62 kg/m? volume density. Obviously, these
goals relate to the problem of the hydrogen accumulator design. Later, the above goals were
deemed to be unrealistic and, therefore, to 2015 DOE established new goals as wt = 5.5% and
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Fia. 1. Density profiles for the hydrogen layers in modeling slit-like pores rep-
resenting the carbon adsorbent AC35 at different temperatures and pressures:
(a) T =20.35 K, p = 85.5 kPa; (b) T'= 77 K, values of the pressure are shown
in the figure; (¢) comparison of the density profiles at T'= 77 K, 200 K, 300 K
and p = 20 MPa

a =45 kg/m? at ambient temperatures and practical pressures (usually less that 10 bar = 1
MPa). However, according to our calculation results presented in figure 3, at 7' = 200 K and
even enormous pressures up to 25 MPa these values of both wt and a parameters cannot be
reached.

To confirm the reliability of our results, we compared them with the available exper-
imental and theoretical results of other authors. In figure 4, our results for wt at T' = 77
K are compared to experimental results [34] where a redefined pore thickness H = H — o,
was used as a pore parameter. The value H = 0.5 nm corresponds to H = 0.84 nm, i.e. to
N = 1.235. Obviously, in [34] an average (effective) value of H was used corresponding to a
real carbon adsorbent. As one can see, our calculation results satisfactorily agree with the
experimental results [34]. For p = 0.02 MPa our results and results of measurements [34]
coincide almost identically.

In figure 5 our results for the adsorption a are compared to Monte-Carlo results [35].
As in [35], the value e7/k = 34.2 K was used which differs a bit from the value presented in
Table 1, we also used (in this case) the same value of the e;/k parameter. One can see that
figure 5 demonstrates a good agreement between our calculation results and the results [35].
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F1a. 2. The pressure dependences of the adsorption parameters a (a) and wt
(b) at different values of N (T" = 77 K). Curves 1,2,3 and 4 correspond to
N=1(H =068num), N =2 (H =1.02nm), N =3 (H = 1.36 nm) and
N =4 (H = 1.7 nm), respectively
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F1a. 3. The pressure dependences of the adsorption parameters a (a) and wt
(b) at different values of N (T" = 200 K). The numeration of curves is the same
as in figure 2

As was mentioned above, in [22], standard data for the adsorption of benzene in
AC35 were recalculated to the adsorption of hydrogen using the Dubinin-Radushkevich
equation [9]. In figure 6, our calculation results for the a parameter are compared to the
results of [22]. One can see that at 7' = 77 K, our results satisfactorily agree with the results
of [22]. However, at higher temperatures (200 and 300 K), the divergence between our results
and [22] becomes noticeable enough. Obviously, at 200 and 300 K, the results for [22] are
overestimated. In particular, at high pressures (on the order of 25 MPa) the results [22]
correspond very closely to seemingly improbable a values.

Another important problem which is worth discussing here is the choice of the single
particle potential and its influence on the DFT calculation results. In the previous section,
we used the integral form (1) of the LJ-pair potential with reliable parameters presented
in Table 1. We also tried to use some ab initio data for the Hy - graphene interaction to
obtain corresponding adsorption potential. However, as one can see in figure 7, different
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approximations of the same ab initio method can give noticeably different results. Also, in
the available papers on the H, - graphene interaction, only separate values of the attractive
part of Uss(z) are presented, which makes it difficult to obtain an analytical form of Uss(2)

suitable for further classical DFT-calculations.

It is also noteworthy that ILJ potential (1) satisfactorily agrees with an integral form
of the pair potential [39]. Among the available and formally approved, to a greater or lesser
extent, semi-empirical pair potentials, proposed to describe the Hy — C interactions, the pair
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TABLE 2. Comparison of a and wt parameters calculated using ILJ and IP
single particle potentials.

T =150 K, P=20bar | T =298 K, P = 450bar
N a wt a wt

ILJ | IP |[ILJ| IP ILJ | IP |ILJ| 1IP

57.11939| 25| 40 |53.8|814]24 | 35
2277166.1| 20| 56 |419]629|3.6| 5.3
141142819 | 54 |37.9|527|48| 6.6
110321119 | 54 |358]471|60] 78
94 1262|211 55 |346|436| 72| 89

Ot = W N+~

potential [40] seems to have the deepest potential well and, therefore, may be expected to
give the highest adsorption characteristics. As one could expect, the potential [40] gives also
the deepest single particle potential Uss(2) (see figure 7).

So, we calculated the a and wt parameters for both ILJ and the integral form of
Patchkovskii’s potential (IP). The results of these calculations are presented in Table 2. As
one would expect, IP really gives noticeably higher values for a and wt in comparison to ILJ.
However, at high (room) temperature, 298 K, the deepest IP only gives practically suitable
a and wt values at very high pressures, which are unlikely to be realized in vehicles.

There are no reasons to consider IP as the most exact and reliable adsorption poten-
tial. Moreover, according to the results of comparison of our DFT calculations of a and wt
parameters with the results of other authors, a conclusion can be made that IP seems to give
overestimated results for the adsorption of hydrogen in carbon adsorbents. But even this
deepest potential does not demonstrate some realistic opportunities for high-temperature
hydrogen storage in currently-available carbon adsorbents.

5. Conclusion

The above comparison with the available experimental and theoretical results of other
authors confirms the adequacy of our DFT calculations for the adsorption of hydrogen in
carbon adsorbents. At the same time, our results demonstrate that at high (room) temper-
atures the adsorption capacity of carbon adsorbents is not sufficient for the practical design
of an appropriate hydrogen accumulator which can be, in particular, used in vehicles. Then,
according to our former results [18-20] and the results of other authors [21,41], neither
conventional carbon adsorbents nor fullerenes and carbon nanotubes can help to solve this
problem. This conclusion seems to be fulfilled not only for slit-like pores but also for pillared
graphene [42]. At the same time, according to Monte-Carlo calculations presented in [42],
the gravimetric density for Li-doped pillared materials can be several times higher than that
of the analogous pure carbon materials. However, the very significant role of active sites in
carbon adsorbents should be verified by further experimental and theoretical investigations,
including classical DFT-calculations, which can be carried out, but are beyond the scope of
this paper.
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