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Abstract : The amount of hydrogen adsorbed in arrays of single walled carbon nanotubes (SWNTs) was studied as a function of
nanotube diameter and distance between the nearest-neighbor nanotubes on square arrangements using a grand canonical Monte
Carlo simulation. The influence of the geometry of a triangle array with the same diameters and distances was also studied.
Hydrogen-carbon and hydrogen-hydrogen interactions were modeled with Lennard-Jones potentials for short range interactions
and electrostatic interactions were added for hydrogen-hydrogen pairs to consider quantum contributions at low temperatures. At
194.5 K, Type I isotherms for large-diameter SWNTs and Type IV isotherms without hysteresis between adsorption and
desorption processes for wider tube separations were observed. At 200 bars, the gravimetric hydrogen storage capacity of the
SWNTSs was reached or exceeded the US Department of Energy (DOE) target, but the volumetric capacity was about 70% of the
DOE target. At 77 K, a two-step adsorption was observed, corresponding to a monolayer formation step followed by a
condensation step. Hydrogen was adsorbed first to the inner surface of the nanotubes, then to the outer surface, intratubular space
and the interstitial channels between the nanotube bundles. The simulation indicated that SWNTs of various diameters and
distances in a wide range of configurations exceeded the DOE gravimetric and volumetric targets at under 1 bar.
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Table 1. Technical system targets for hydrogen storage in light-duty fuel cell vehicles by the US DOE [4]
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Storage parameter Units 2020 2025 Ultimate
System gravimetric capacity: wt% 4.5 5.5 6.5
Usable specific-energy from H, (kWh kg™) (1.5) (1.8) 2.2)
System volumetric capacity: kg Hy m™ 30 40 50
Usable energy density from H, (kWh L™ (1.0) (1.3) (1.7)
Durability/Operrability:
Min/max delivery temperature °C -40/85 -40/85 -40/85
Min/max delivery pressure bar (abs) 5/12 5/12 512

Table 2. Comparison between the various hydrogen storage methods
Compressed gas Physisorption

Parameters

Liquefied storage

Chemical storage

storage by porous materials
Usable specific-energy .
(Wt%) 13 Varies < 18 20
Usable energy density < 40 70.8 150 20
(kg m*) '
Temperature (K) 273 20.6 373 ~ 573 Varies
Pressure (bar) 800 1 1 100

Light weight, highly
beneficial for fuel

Efficient in energy
density, long term

Efficient in energy
density, long term

Fully reversible process,
no accumulation of

Advantages purpose, occupies smaller | hydrogen storage hydrogen storage impurities, fast cycle life
space and energy and refilling time
effective
Requires high-pressure Requires compressed Reacts with moist air, Clustering problem,
cylinder, inefficient in tanks, suffers from large | absorption of impurities, | requires low temperature
energy density energy loss due to lack of reversibility, or high pressure and

Disadvantages liquefaction and boil off | desorption at elevated shows weak interaction

process and high tank cost

temperature and slow
kinetics of
dehydrogenation

with the H, molecule
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Figure 1. The model square (a) and triangle (b) arrays of single
walled carbon nanotubes used in the molecular
simulations: D, is the diameter of the nanotube and /, is
the distance between centers of carbon on two adjacent
nanotubes.
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Table 3. Lennard-Jones parameters used in this work

Molecule Site o A) e/ (K) qi (e) Bond length (A) Ref.
Carbon C 3.40 28.0 - bec =142 [18, 19]
Hydrogen 1 2958 67 0468 Lun = 0.74 [16, 17]
com” 0.0 0.0 -0.936 '
1) COM : center of mass
Table 4. SWNT models used in this work and calculated physical properties
Model Array D, [A] I, [A] Vs [AY] Em
20s078 Square 15.66 7.83 1.13x10° 0.460
20s156 Square 15.66 15.66 2.01x10° 0.697
20s234 Square 15.66 23.49 3.13x10° 0.806
20s313 Square 15.66 31.32 4.51x10° 0.865
28s156 Square 21.92 15.66 2.89x10° 0.704
36s156 Square 28.18 15.66 3.93x10° 0.720
20t156 Triangle 15.66 15.66 1.87x10° 0.675
20t313 Triangle 15.66 31.32 4.11x10° 0.852
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Figure 2. Schematic diagram of experimental setup for volumetric measurements of pure gas adsorption equilibria (a) and density profile in
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Figure 6. Snapshots of hydrogen in SWNTs at 194.5 K and 5 bars

(a), 10 bars (b) and 50 bars (c). Upper snapshots represent
20s313, and lower snapshots represent 36s156.
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Figure 7. Comparison of calculated adsorption isotherms of
hydrogen in square and triangle arrays. Filled symbols
and solid lines represent square arrays and open
symbols and dashed lines represent triangle arrays.
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Figure 8. Calculated adsorption isotherms of hydrogen in SWNTs
at 77 K. Square: 20s078; Circle: 20s156; Diamond:
28s156; Star: 36s156.
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Figure 9. Snapshots of hydrogen in 36s156 at 77 K and 0.002 bar (a), 0.01 bar (b), 0.06 bar (c) and 0.1 bar (d).
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Nomenclatures
a;, b, ¢; : Constants associated with Equation (9)

erfc : Complementary error function
Ky, Ki, Ks

respectively

Constants of Henry, Langmuir and SIPS,

n : heterogeniety factor

ny : Moles of adsorbate [mol]

nry : Total moles in the system [mol]

P : Pressure [bar]

g™ . Absolute adsorbed phase concentration [mol m™]
¢“ : Excess adsorbed phase concentration [mol m™]
¢" : Net adsorbed phase concentration [mol m™]
¢m : maximum adsorption

g, q; : the charge of the atoms

R: Ideal gas constant [J mol’ K]

ry : the distance between two atoms [A]

7. : cutoff radius [A]

T : Temperature [K]

V4 : Volume of adsorption cell [m?]

V,a : Volume not accessible [m™]

Vz : Volume of reference cell [m?]

Vs : Volume of solid, including micropore [m™]

z : Compressibility factor

Greek Letters

a : the damping parameter (set to 0.2)

Bys : Proportionality factor {=exp(—f3,P)}
0;; + Lennard-Jones size parameter [A]

€y : vacuum permittivity (= 8.854x10™"?

€;; - Lennard-Jones energy parameter [K]

€,, : porosity of microporous material

FatteRE g £4 T2 EA 225

&, : Nonbonded potential energy between atom i and atom j [K]
@ pgr : Potential energy by damped shifted force [K]
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