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Anew model is developed to analyze oxygen interference in hydrogen storage materials. [t
is based on the competitive adsorption isotherm between the two gases, with the pa-
rameters fitted from molecular dynamic simulations. The medel is applied to a system
consisting of graphene sheets separated by different distances. For a gas-phase mixture of
hydrogen (89.9%) and oxygen (0.1%) in interaction with perous graphite of 6.5 A (optimum
size) it can be observed that after 50 cycles of charging/discharging the blocking of active
sites of the material by oxygen is ~10%, due to progressive pollution of the system by
oxygen. The model presented here may easily be extended to other systems of interest,
involving other blocking species or adsorbent materials.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introeducton

Hydrogen appears as one of the most promising candidates for
being used as a fuel, since it can be obtained from renewable
gources and its energy conversion does not produce pollution.
It also has the largest energy density out of all combustible
materials known today (three times greater than fossil fuels),
go that it is likely to gain ground in the world energy mix [1].
Storage remains the bottleneck in the application of
hydrogen as an energy carrier, which is necessary to solve in
an efficient and compact way. This represents the major
technical difficulty for practical applications [2]. The alterna-
tives for hydrogen storage can be divided into three groups: as
a compressed gas, as a liquid (at —250°C), or adsorbed on solid
state materials {metal hydrides or carbonaceous materials).

* Corresponding author. Tel/fax: +54 351 5353853.

Carbon-based materials present many advantages: low
cost, great surface area, low weight, quick and reversible
adsorption/desorption process, and thermodynamic stability.
Nowadays, the volumetric and gravimetric densities of
hydrogen storage on these systems are not yet suitable for
mobile applications under normal temperature and pressure
conditions [3].

Recently, there have been many efforts to improve signif-
icantly the hydrogen storage capacity of different carbona-
ceous materials such as activated carbons, carbon nanotubes,
and porous graphite [4].

In an attempt to improve the storage capacity of carbona-
ceous materials, have been decorated with different metals
[5]. However, although theoretical studies suggest that hybrid
materials would be promissory for storage purposes; experi-
ments did not match theocretical predictions [6].

E-mail addresses: mrojas@fcg.unc.edu.ar, marianarojasés5@gmail.com (ML Rojas).
0360-319%/% — see front matter Copyright © 2014, Hydrogen Energy Publications, LLC. Fublished by Elsevier Ltd. All rights reserved.
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In recent studies we found that oxygenh interference re-
duces the efficiency of hydrogen storage [7—9] of metal-
decorated carbonaceous systems, due to oxygen chemical
blocking or oxidation of the metal decoration. Although oxy-
gen in the gas phase can be evacuated until reaching ultra-
high-vacuum (UHV) conditions, the remaining molecules
present in the gas phase are capable of reducing the efficiency
and durability of the materials.

On the other hand, a methodoelogy widely used to geherate
hydrogen is via water electrolysis. During hydrogen produc-
tion through Polymer Electrolyte Membrane Water Electro-
lyzers [10,11] some oxygen produced in the anode may
permeate through the Nafion membrane towards the cathode
where hydrogen is produced, polluting the hydrogen
generation.

Oxygen interacts strongly with the metallic decoration;
however, after studying a set of different systems, we found
that the most promising metals are Ni, Pd and Pt [8]. Consid-
ering manufacturing costs, nickel appears as the most
conventent option. The application of a mechanical statistical
model allowed studying the effect of the partial pressures of
hydrogen and oxygen, suggesting that some of the present
gystems could work if oxygen access to the surface is sup-
pressed by using a suitable gas-selective porous design. Then,
the challenge is to find a way of eliminating oxygen interfer-
ence. As the oxygen moleculeis larger than the hydrogen one,
it appears as possible to avoid access of the former to the
surface by means of nanoporous surfaces with an optimized
pore size, allowing hydrogen access and restricting oxygen
entrance sterically [12—-14].

Since the last decade, much research work has been
devoted to optimize pore size of carbonaceous materials, in
order to improve hydrogen adsorption capacity from the gas
phase at normal pressures and ambient temperature [15,16].
Other articles have considered hydrogen adsorption on
carbonaceous materials with narrow homogeneous porosities
and its dependence on the pore size [12—14,17-22].

In the present paper, we employ a graphite porous ma-
terial to study hydrogen and oxygen adsorption by
means of Molecular Dynamics simulations in realistic
conditions. We analyze the optimum pore size for favoring
hydrogen adsorption and consider the response of the sys-
tem to oxygen adsorption. By means of heuristic fitting of the
adsorption isotherms, we take info account the different

adsorption/desorption cycles, analyzing contamination or
aging of the material with the number of charge/discharge
cycles.

2. Model and computations
21.  Molecular dynamics simulation

Molecular dynamics simulations were performed with the
program GROMACS. We set a graphitic absorbent consisting of
eight 6.39 nm x 4.18 nm (1020 carbon atoms per sheet) gra-
phene sheets parallel to the x-y plane. Fig. 1 shows a snapshot
of the MD configuration obtained at 300 K and under equilib-
rium conditions for hydrogen adsorption on porous graphite.
The positions of the plates were fixed at several separations to
study hydrogen and oxygen adsorption for different pore
sizes. Thenh, we enlarged the box up to 20 hm to infroduce the
adsorption gases.

The simulations were carried out with constant volume
and constant temperature {(NVT ensemble). The v-rescale
coupling was used to maintain a stable temperature around
ambient temperature, and the LINCS algorithm was used to
constrain molecule bonds.

For a given pore size, ah amount of hydrogen or oxygen
molecules was introduced in the simulation box initially, so
that the resulting gas density in the graphite-free volume (the
area of the box farthest from graphite}, corresponded to a
gaturation pressure in the adsorption isotherms to be ob-
tained. Then different numbers of molecules were progres-
sively removed, allowing construction of the adsorption
curves at lower pressures.

To calculate the equilibrium pressures of the system and
the adsorbed gas, we previously obtained the density vs.
pressure curve for a pure gas, using Berendsen semi-isotropic
coupling to keep temperature and the different pressures
stable. The equilibrium pressure values were calculated from
the polynomial fitting of this curve, collected during 2.2 ns,
after 1 ns of system equilibration.

The parameter for H-H and O-0 intermolecular in-
teractions were fitted from pressure-density experimental
data reported by NIST (National Institute of Standards and
Technology} [22]. The Lennard—Jones potentials between the
hydrogen {oxygen) molecules with the carbon substrate were

Fig. 1 — Hydrogen adsorption on porous graphite. Molecular dynamics configuration obtained at 300 K and under
equilibrium conditions. Brown, C; blue, H.[For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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fitted from PM6-DH2 semiempirical calculations with Van der
Waals interactions [24,25] and listed in Table 1.

2.2, Cycling model

In the practical performance of a hydrogen storage system,
the porous graphite storage media would be exposed to a
mixture of hydrogen and oxygen, and it would also undergo
numerous charge/discharge cycles, between a highest
charging pressure, P, and a lowest discharge pressure, Pa.
These pressure values were 200bar and 1bar respectively. It is
the purpose of the present section to ahalyze the behavior of
the storage media with respect to contamination by oxygen,
here assumed as the main interferent for hydrogen storage.
We will set up a model based on the results of our MD simu-
lations in order to find out to which extent storage capacity is
reduced along the cycling sequenhce of the container. As
pointed out by Bénard et al. [26], a practical model for micro-
porous adsorbents must have a minimal number of parame-
ters and it must allow a straightforward interpretation in
terms of the physical properties of the system. Despite its
shortcomings, the Langmulir model has been found highly
gatisfactory to describe the behavior of weakly interacting,
supercritical adsorbates, since it provides a simple description
of the monolayer filling [26]. This will be our current choice.

Let us denote with vy, the hydrogen purity of the gas
mixture introduced into the tank in each cycle. We will as-
sume that 30% of the volume of the storage reservoir is filled
with the adsorbing material, while the remaining 10% stays as
dead wvolume, denoted with V. While this is a somewhat
arbitrary choice and depends on the construction details of
the storage device, it is of the order of the magnitude of those
found in tanks using hydrogen storage alloys [27].

At a given charge/discharge cycle, the total humber of
hydrogenm?_}z, and oxygen mgz molecules is given by:

T y:] 5 T y:] 5
My, — Mg, A5, An, — 1, +HAG 0

where nfj and n,_are the number of hydrogen and oxygen
molecules in the gas phase respectively, and nj, and ng, are
those in the adsorbed phase.

Hydrogen purity allows writing the following equality for
the first charging cycle:

n,
" 2
maz + M-JC;Z H: ( )
While for all cycles the sum of partial pressures of
hydrogen and oxygen gives the total pressure:
nf, RT nd RT
WV + WV - (3)

Table 1 — Lennard—Jones parameters used in the present
simulations.

£ (kl/mol) o (nmy)
c-C 0.293 (.355
H-H 0.093 0.268
0-0 0.420 0300
C-H 0.230 0.305
C-0O 0.440 0.328

where, for the sake of simplicity, we have assumed ideal gas
behavior. This assumption is reasonable because we are
considering gas storage at room temperature and under these
conditions a fairly linear behavior between pressure and
density is found in the pressure range considered for the
charge/discharge cycles [23].

In the adsorbed phase, the number of sites occupied by
hydrogen and oxygen, according to the Langmuir isotherm for
competitive adsorption are:

5 CH, P Hz Nr 5

1 _ ﬂOZPOZNT
B + o, Py, +C€02P02?

A
I o, P, + 000, Po,

@

where Nr denotes the total number of adsorption sites in the
adsorbent. Nr is the sum of the empty sites n., the sites
occupied by hydrogen rj; , and the sites occupied by oxygen
1, according to:

Nr — my + 1, + 1, — constant. (5)

ou, ahd ap, are a measure of the affinity of the adsorbent of
hydrogen and oxygen respectively.

Assuming that the charging process is fast encugh to pre-
vent oxygen and hydrogen molecules on the adsorbent from
exchanging with the gas source generating the charging pro-
cess, the new pressure upon loading of the tank will be given

by:

P.— APy, + 4Py, + P, &PHfiH;Poz — Yu, ()
where APy, and APy, are the variations of the hydrogen and
oxygen pressures respectively, in the charging process, which
are given by APy, — Ang, RT/V and AP, — anp, RT/V , where
any, and Ang, are the corresponding in number of gas moles
introduced in the charging process. In other words, the pres-
sure of the external source is equilibrated with that provided
by the gas molecules previously existing in the dead volume
plus that delivered by the oxygen and hydrogen molecules
newly coming into the system.

Through mass balance and corresponding Langmuir iso-
therms, we have after equilibration of the gas with the
carbonaceous adsorbate:

QAHZPHZ NTRT
P 4 AP, Py + oo, V
o Pc.Eq MN-RT
SR . )

Ei Ei
1+ Q'HZP;];I + d%PCOZq W

where P is the charge pressure in the gas phase when the
gystem reaches equilibrium. With a similar equation for ox-
ygen, the new total pressure in the charge balance can be
computed from:

Pee — Pi! + PG (®)

We consider an infinitely slow discharge of the gas, so that
at each differential step a quantity dn?™ — dnl)" + dng exits
the tank. Every differential step leads to a new equilibrium, so
that the container is discharged reversibly. For each of these
steps, the intermediate partial pressures are computed from
the above equations until the desired 1 bar discharge pressure
P, is reached.
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With these values, we perform the calculations of the
gsecond cycle for loading/unloading, and so forth, until
reaching the nth cycle.

All the notation parameters of the model are listed in
Table 2.

3. Results and discussion
3.1.  Hydrogen storage

In order to optimize graphite pore size for hydrogen storage,
we first performed molecular dynamics simulations at 300 K
for hydrogen adsorption onto the system considering pore
sizes within a [5.5 A, 10 A] range. The reason for the lower limit
is that, below this size, hydrogen was found to be unable to
penetrate into graphite layers. The upper limit corresponds to
the formation of two adsorption layers, one on each side of the
pore and no direct interaction is expected between further
molecules added and the walls. As we will see below, the

Table 2 — Nomenclature of the model isotherm
parameters.

P, Highest charging pressure upon loading of the tank {right
after charging at the external pressure}.

P,  Lowest discharge pressure.

P Total pressure (pefore loading).

B9 Total pressure in charge balance (at equilibriumy.

Py, Partial pressure of hydrogen.

Py, Partial pressure of oxygen.

APy, Variation of hydrogen pressure in charging process.

APo, Variation of oxygen pressure in charging process.

P;fq Hydrogen charge pressure in gas phase when system reaches
equilibrium.

P=E4 Onygen charge pressure in gas phase when system reaches
equilibrium.

vy, Hydrogen purity of mixture introduced into the tank.

¥ Dead volume corresponding to a portion of the total volume
of the reservoir for hydrogen storage.

nf,  Total number of hydrogen melecules.

nh, Total number of oxygen molecules.

w3, Number of hydrogen molecules in gas phase.

Number of oxygen molecules in gas phase.

ng,  Number of hydrogen molecules in the adsorbed phase.

g, Number of oxygen molecules in the adsorbed phase.

R Universal gas constant.

T Temperature.

oy, Hydrogen constant in Langmuir isotherm for competitive
adsorption.

@,  Oxygen constant in Langmuir isotherm for competitive
adsorption.

Nr  Total number of adsorption sites in the adsorbent.

¥,  Empty sites in the adsorbent.

Ang, Number of hydrogen moles that are introduced in charging
process.

Avg, Number of oxygen moles that are introduced in charging
process.

drz*t Quantity of hydrogen and exygen that exist in the tank at
infinitely slow discharge process.

dngt Quantity of hydrogen that exist in the tank in infinitely slow
discharge process.

dng.t Quantity of oxygen that exist in the tank in infinitely slow
discharge process.

excess of adsorbed hydrogen actually reaches limit around
6.5—7 A and decreases for larger pores. Fig. 2 shows excess
hydrogen adsorption isotherms as a function of the hydrogen
pressure applied [0, 400 bar]. The maximum storage observed
is 0.5 %wf, similar to the values typically obtained for graphite.
With increasing pore size, hydrogen storage capacity im-
proves until the optimum pore size of 6.5 A, being reduced for
larger pore widths. The most efficient response is achieved for
the 6.5 A pore graphite, which can store up to ca. 2.25 %wt in
excess at 300 bar pressure. This is in agreement with previous
theoretical and experimental studies [10—21].

Particularly, the 9.0 and 10.0 A wide pores present curves
with a pronounced adsorption increase at 150 bar, whereas at
low pressures the slopes of these curves are still lower than
those observed for smaller pores. This effect can be observed
in the inset of Fig. 2. While in the 5.5 A pore the isotherm slope
is 0.0024 %wt_H,/bar, the optimum pore for adsorption of
hydrogen (6.5 A} presents a slope of 0.023 %wt_Hy/'bar {(an
order of magnitude greater), and in the pore of 10.0 A it drops
to 0.015 %wit_H./bar.

Fig. 3 shows the curve for hydrogen densities as a function
of distance from the center of the pore. As pore size increases
from 5.5 Ato6.5 A, the curve becomes higher and wider, a fact
which is in agreement with the increase in the storage ca-
pacity cbserved in Fig. 2. In the case of 7.0 A and 7.5 A pore
sizes, the curves decrease in height and increase in width. For
the 9.0 and 10.0 A pores, the hydrogen density curves show
clearly two peaks, indicating the formation of bilayers.

3.2.  Oxygen adsorption

In a previous work [7 9|, we found that themain interferent for
hydrogen storage is oxygen, due to the fact that this moelecule
competes for the same adsorption sites, but with a stronger
binding. For this reason, we have also studied oxygen adsorp-
tion in porous graphite. In the case of the oxygen molecule, we
also considered pores in the [5.5 A, 14.0 A] range. The reasons
for this choice are the same as those discussed above for the
case of hydrogen. From these simulations, it was found that
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Fig. 2 — Excess adsorption isotherms for H, at 300 Kin
idealized graphite slit pores of different sizes. Inset:
magnification in the range of 0—30 bar, which corresponds
to 0 to 0.7% wt H, in excess.
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Fig. 3 — Variation of H, density inside the different graphite
slit pores at 300 K. Pore widths are given in the figure inset.

oxygen was unable to penetrate the 5.5 A pores under our
simulation conditions. Fig. 4 shows adsorption isotherms for
oxygen. In the case of 6.0 A pores, the slope of the isotherm
curve is of 2.9 %wt_O./bar, saturatingat 20 %wt excess in O, at
ca. 100bar. In the range of 6.5—7.5 A, adsorption curves exhibit
a relatively high slope at low pressures, in the order of 7—8 %
wt_0y/bar, reaching the saturation region at pressures close to
40bar, showing storage capacities of 30 %wt O,. Graphite pores
of 80 and 9.0 A present adsorption curves with a transition
behavior between the smaller and greater pores, and slopes of
ca. 5 %wt_Oy/bar. On the other hand, graphite with wider pores

40 T T y
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Pressure (bar)

Fig. 4 — Excess adsorption isotherms for O, at 300 K in
idealized graphite slit pores of different sizes. Inset:
magnification from 0 to 10 bar, and from 0 to 25% wt O, in
excess.

in the range of 10.0-14.0 A, exhibits the lowest slopes at lower
pressures (2.5 %w{_O./bar on average), reaching saturation at
higher pressures, ca 60bar. In this casethe amount of excess O,
is 35% wt, that is larger than before.

Comparison between previously differentiated groups of
curves ig analogous to the case of hydrogen we have already
examined. As shown in Fig. 5, from 8.0to 9.0 A separations an
oxygen double layer is formed between the graphite sheets;
and from 13.0 to 14.0 A pores there begins the formation of a
third adsorption layer.

3.3.  Hydrogen storage as a function of the number of
cycles

Adsorption curves of hydrogen and oxygen corresponding to
65 A and 10 A pores were fitted to Langmuir isotherms,
resulting in the ey, and op, values reported in Table 3.

A6.5 A pore width was chosen due to the fact that thisis an
optimum size for the hydrogen storage capacity (Fig. 2).
Particularly, this pore size is the ohe presenting the steepest
isotherm curves for the low pressure region for oxygen, as
shown in Fig. 4. On the other hand, the 10 A pore width cor-
responds to the largest pore size studied for hydrogen in
which a double layer is formed, and where the slope of the
oxygen curve for low pressures is lower.

From the oy, and ag, values reported in Table 3 and using
Equation (4) to get n§y /n§ — ey, /oo, Py, /P, — o/ oo, My /1,
we gee that the adsorbed phase willbe enriched in oxygen by a
factor close to 50100 with respect to the gas mixture,
depending on pore size.

With this information, and the modeling presented in
Section 2.2, oxygen enrichment by the adsorbent as a function
of the number of charge/discharge cycles was calculated.

O, density
ET [ T [ T I T ] T | T | T | T | T [ T 3
2000 — 65A |
= 7.0A
N 7.5A
— 80A
fu | — 1LOA[]
o4 — 120A
= ! 13.0A
g 1000 — 140A
5]
) L 4
500 _
}
‘ t
0 e

05 -04 -03 0201 0 01 02 03 04 05
Distance from center (nm)

Fig. 5 — Variation of O, density inside the different graphite
slit pores at 300 K
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Table 3 — oy, andop, Langmuir parameters fitted from

molecular dynamics simulations for two different pore
sizes.

e, (1/bar) e, (1/bar)
65 A 0021 2478
10.0 A 0.037 1.214

The results are shown in Fig. 6 for different purities of the
incoming hydrogen mixture, namely vy, — 95%, 99%, 99.9%.

For the optimum pore size for hydrogen adsorption (5.5 A}
and a purity of the incoming gas of 99.9%, about 10% of the
adsorption sites become blocked by oxygen after ca. 50 cycles.
In contrast, in the case of the 10.0 A pores and for the same
purity of charging gas, the limiting blockage by oxygen drops
to ca. 2%. Although it sounds paradoxical that the pores more
suited to store hydrogen become more easily blocked by ox-
ygen, the reason for this behavior is to be found in Langmuir
parameter o. At low pressures, which are the conditions
operative for oxygen in the present systein, this parameter
determines the slope of the isotherms, thus favoring oxygen
adsorption according to the values reported in Table 3. The
situation worsens for low-purity hydrogen supply, where ox-
ygen blockage may reach values as large as 15% and 17% in the
case of 99% and 95% hydrogen purity respectively, considering
the 6.5 A pore width absorbent. While for the present
hydrogen system oxygen blockage appears as a minor hin-
drance, this effect could become critical in other materials,
such as those where metal decoration has been proposed asa
way to improve hydrogen storage in carbonacecus materials.
In fact, first principles calculations have shown that oxygen
may become a major competitor of hydrogenh in metal/
graphitic systems [7—9].

4, Conclusions

In this work we have presented a nhew model to analyze the
progressive blockage of a hydrogen storage material by oxygen

adsorbed species. Specific calculations were performed for a
model system, consisting of porous graphite, represented by
graphene sheets with different spacing between them.

Molecular dynamics simulations were used to determine
adsorption isotherms for hydrogen and oxygen that were
fitted to Langmuir-like isotherms.

For optimum pore size for hydrogen adsorption and a pu-
rity of 99.9% for the incoming gas, the blockage of active sites
by oxygen, at ~50 cycles of charge/discharge, is of 10%. In
contrast, in 10.0 A pores and for the same puwrity of the
charging gas, the tank is blocked by oxygen at 2%. Storage
capacity is found to be strongly dependent on the purity of the
input mixture.

To the best of our knowledge, the present one is the first
attempt to model increased blockage of an adsorbent for
hydrogen adsorptionbya co-adsorbate upon repetitivecharge/
discharge cycling of the system. For the present adsorbent, the
results show that oxygen is a relatively weak competitor of
hydrogen. However, according to the DOE (IJSA]) target criteria
of on-board hydrogen storage {room temperature, moderate
pressure and high hydrogen uptake}, metal-decorated carbon
may be a potential way to store hydrogen rather than the
purely porous carbons. On the basis of our previous work
related to hydrogen adsorption on metal-carbon systems [7—9]
we expect this effect to be dramatic for these adsorbents. In
order to extend the present model to these systeins, careful
fitting of hydrogen metal {(carbon} interaction potentials is
required and will be addressed in future work.
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