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The storage of gases in porous adsorbents, such as activated carbon and carbon nanotubes, is examined here
thermodynamically from asystems viewpoint, considering the entire adsorption—desorption cycle. Theresults provide
concrete objective criteria to guide the search for the “Holy Grail” adsorbent, for which the adsorptive delivery is
maximized. It isshown that, for ambient temperature storage of hydrogen and delivery between 30 and 1.5 bar pressure,
for the optimum adsorbent the adsorption enthal py changeis 15.1 kJ/mol. For carbons, for which the average enthal py
change is typicaly 5.8 kJ/mol, an optimum operating temperature of about 115 K is predicted. For methane, an
optimum enthalpy change of 18.8 kJ/mal is found, with the optimum temperature for carbons being 254 K. It isaso
demonstrated that for maximum delivery of the gasthe optimum adsorbent must be homogeneous, and that introduction
of heterogeneity, such asby ball milling, irradiation, and other means, can only provide small increasesin physisorption-
related delivery for hydrogen. For methane, heterogeneity is always detrimental, at any value of average adsorption
enthalpy change. Theseresultsare confirmed with the help of experimental datafromtheliterature, aswell asextensive
Monte Carlo simulations conducted here using slit pore models of activated carbons as well as atomistic models of
carbon nanotubes. The simulations also demonstrate that carbon nanotubes offer little or no advantage over activated

carbons in terms of enhanced delivery, when used as storage media for either hydrogen or methane.

I ntroduction

In recent years, the increasing worldwide demand for energy
has placed considerable strain on petroleum and other conven-
tional sourcessuch ascoal. Combined with concernsabout climate
change arising from larger gas emissions associated with coal
use, this has led to an acceleration of efforts to facilitate the
development and utilization of technologies based on alternate
sources such as natural gas and hydrogen. However, their
application in the large mobile energy consumption sector, in
conjunction with fuel cells or otherwise, has been impeded by
the absence of safe and economical techniques for their on-
board storage and thishas been an areareceiving much attention.
Issues of safety and delivery pressure control preclude conven-
tional ambient temperature storage as compressed gas, since
pressures as high as 200—300 bar would be involved. Although
thesafety concernismitigated by cryogenic storageor liquefaction
(eg. a 20 K for Hy), which involve substantially reduced
pressures, thisisnot an economically viable option. Other options
being considered are storage as chemisorbed hydrogen in
hydrides,! of both hydrogen and methane in clathrate hydrates,?
or as an adsorbed species within a suitable adsorbent.3~5 For
methane, the DOE storage target is that of 150 v/v at 35 bar,
which represents the volume of stored methane at standard
conditions (298 K and 1 bar) per unit volume of vessel, though
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recently this has been revised to 180 v/v to achieve the same
energy density as compressed natural gas. For hydrogen, the
target is set at 6.5 wt % of stored hydrogen and a volumetric
density of 60 kg/m?, to be achieved by 2010, with more ambitious
targets of 9 wt % and volumetric density of 80 kg/m? set for
2015. Although hydrides such as NaAlH4, LisNH,4, and LiBH4
are readily able to meet the 6.5 wt % DOE target for hydrogen,
the high temperature needed for desorption, the stability of the
hydrides, and high costs remain key impediments.® In the case
of hydrates, the targets have still not been achieved because of
the prohibitively high pressures (in excess of 120 bar) needed
for their formation.2 Consequently, much effort has been devoted
toinvestigating adsorptive storage as an alternative, >~ 1> whereby
significantly higher storage densities comparable to that of the
bulk fluid can be achieved at more moderate pressures.

Key tothesuccessof adsorptive storageisthechoiceof suitable
adsorbent and operating conditions. The early reports of over 60
wt % storage of hydrogen at ambient temperature and 112 bar
pressure in carbon nanofibers!® and of 14—20% in alkali doped
carbon nanotubesat 1 bar pressureand temperaturesfrom ambient
to 673 K7 have evoked much interest in carbons as the storage
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material. However, such extraordinary capacities have been
criticized on fundamental grounds,’” and even questions of
moisture contamination have been raised,’® with subsequent
workers reporting much more modest storage of less than 5 wt
9% hydrogen even at cryogenic conditions of 77 K.361219 At the
ambient temperature of 298 K and pressure of 30 bar, the capacity
isdrastically less, in the range of 0.1—0.5 wt %. As aresult, a
variety of inorganic materials have also been examined, such as
zeolites and metal organic framework (MOF) materials or
coordination polymers, in additionto other carbonaceousmaterials
such as activated carbons and carbon nanotubes. Nevertheless,
the DOE targetsremain el usive despite the large amount of effort
expended on adsorptive storage. For aluminosilicate zeolitesH—Y
and H—ZSM-5, hydrogen adsorption of lessthan 0.1% isreported
at 300K and 35 bar,'° whereasfor sodalites, maximum capacities
of lessthan 4.8 wt % H, are predicted based on thermodynamic
optimization,* but even this is far from attainable at pressures
below 30 bar. Similarly, aluminophosphates are shown to be
unsuitable material s for methane storage.? MOF materials, now
being moreintensively studied,-1321-25 gppear to show somewhat
greater storage capacity, though they still fall short of DOE targets
for Ho. Among thefamily of isoreticular metal organic framework
(IRMOF) materids, IRMOF-8 appears the most promising
adsorbent, with a reported capacity of 2 wt % H, at 298 K and
10 bar pressure.l! However, the subsequent results of Rowsell
et a.,?* yielding a surface area of 1466 m%gm and hydrogen
uptake of 0.75 wt % at 77 K and 1 bar for IRMOF-8, would
suggest a significantly lower capacity. Indeed, based on the
simulations of Garberoglio et a.2> such materials are also well
short of the target, though at present there is some disagreement
between simulation and experiment, and between data from
different sources, with ssimulation generally predicting more
modest capacities.?® Although thiswould suggest lack of reliable
datawith IRMOFs, the possibility of interaction potential sbased
on existing models being inaccurate cannot be discounted. For
methane, IRMOF-621 and specially designed but yet to be
synthesized materials, IRMOF-992 and IRMOF-993, perform
aswell or better than carbon nanotubes, with storage capacities
meeting the DOE target.® Thus, this family of materials does
show potential butiscurrently economically prohibitive. A further,
though lesser, concern is the low density of these materials,
which necessitates high container volumes.

While progress is being made, and capacities gradually
improved, albeit still far from target in the case of hydrogen, the
drive to meet DOE goals would appear to lack a well-defined
objective. Thus, the necessary properties of the “Holy Grail”
adsorbent have not been objectively established. The general
(mis)conception has been that an adsorbent with a sufficiently
high specific volume and adsorption affinity is desirable,
predicated on the assumption that this will increase storage
capacity and thereforeimprove performance. However, too high
an adsorption affinity will lead to a large amount of residual
adsorptive at the exhaustion pressure, and therefore to reduced
delivery, whereas too low an affinity will aso result in low
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delivery. Thus, an analysis of the entire adsorption—desorption
cycle is necessary in order to assess the utility of an adsorbent
for on-board storage, rather than considering the storage capacity
in isolation. Such an analysis has been suggested earlier by
Matranga et al.,> who determined the optimum value of the
adsorption equilibrium constant necessary for maximizing
delivery, based on the Langmuir isotherm. Since adsorption
affinity, or the equilibrium constant, is related to the heat of
adsorption, onemay surmisethat itisthisproperty that isimportant
inthesearch for theright adsorbent. However, it should be noted
that since the heat of adsorption generally varies with amount
adsorbed, it is not the low coverage Henry’s law value but the
average heat over the coverage range of interest that is crucial.
Theaverage heat of adsorption of hydrogen on activated carbons
is around 5.8 kJ/mol, which is close to the values reported by
Bénard and Chahine® and to the average value for severa
polynuclear aromatic hydrocarbon molecul es used as models of
carbons.?8 Similar heats are observed in zeolites,2” but their pore
volumeistoo small for practical application in storage. Littleis
known about the heat of adsorption of hydrogen in MOF
structures, but the simulations of Sagara et al.2® indicate a broad
distribution of energies in the range 0—7 kJmol at room
temperature for MOF-5 (also termed |RM OF-1), suggesting this
to be a rather heterogeneous material. For the more promising
IRMOF-8, the simulations of Garberoglio et al.%® yield homo-
geneous behavior at 298 K, with a relatively constant isosteric
heat of 4.39 kJ/mol, and heterogeneous behavior at 77 K, with
the heat decreasing from 4.25 kJ/mol to about 3.5 kJ/mol asthe
pressureisincreased to 90 bar. For singlewall carbon nanotubes
(SWNTSs) of about 0.8 nm diameter, the estimated average heat
of adsorption of hydrogen, taken asthat at 3% coverage, isabout
8—9 kJmol,?® considering both endohedral and exohedral
adsorption, but decreasesto about 5.9 kJ/mol for 1.2 nm diameter
tubes. The adsorption at ambient temperatures is expected to be
almost entirely due to van der Waals interactions or physisorp-
tion,2® with chemisorption having prohibitively slow kinetics
and requiring a desorption temperature too high (>600 K) to
makeitsexploitation practical . For methanein carbon nanotubes,
thelow coverage heat is about 17—20 kJmol*2 and is somewhat
higher than that for IRMOFs, where values in the region of
12—15.5kJmol arereported for the most interesting structures. 13
Interestingly, silicalite hasahigh heat of adsorption for methane,
of about 19.7 kJ/mol 3 attributable to its small pore size of about
0.6 nm, but its pore volume and surface area are too small for
practical interest as a storage material.

From the above discussion, it is evident that for hydrogen the
heats of physisorption for the materials surveyed above are in
the range of about 4—8 kJ/mol, whereas for methane the heats
lieintherangeof 12—19kJmol, depending on adsorbent material.
However, without an objective criterion in this regard, it is not
obvious whether these values are adequate or even promising.

Furthermore, is a homogeneous or heterogeneous adsorbent
more desirable? Attempts are being made at creating hetero-
geneities in various ways to enhance adsorption, particularly in
carbons, but it isnot established if thisisan appropriate strategy.
Among the various techniques, alkali-metal doping of carbons
and nanotubes’ has been claimed to lead to 14—20 wt % of
hydrogen, but this has subsequently been suggested'® as being
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due to moisture contamination. Defect creation in SWNTs and
nanostructured graphites by mechanical means such as by ball-
milling,3°~3* as well as by ion irradiation,®® has aso been
attempted, but such defects have largely created chemisorptive
trapping siteswith desorption temperaturesin the range of 600—
950 K that are far too high to be of practical interest. Similar
behavior has also been observed for nanocomposites obtained
by the mechanical grinding of graphite with metals such as
magnesium al ong with organic additives.3 Thus, theintroduction
of heterogeneities has not been successful, and it is not obvious
if this is an appropriate or well-directed strategy. Indeed, no
analysis of heterogeneity as a strategy for the storage-delivery
cycle appears to have been made.

Based ontheearlier discussion, itisevident that carbonsremain
the most attractive candidates for physisorptive storage of both
hydrogen and methane, considering their strong adsorption as
well aslow cost. Herewe devel op objectiveccriteriafor thedesired
heat of adsorption and level of heterogeneity for optimum
performance of the storage delivery cycle. For agiven adsorbent
the optimum operating temperature of thecycleisalso determined
based on thermodynamic grounds, and application of the results
to dit pore carbons as well SWNTSs is discussed, with support
from simulation.

Optimum Isosteric Heat and Temperature

Asdiscussed above, the current search for asuitabl e adsorbent
for storagelacksawell-defined objectivein termsof therequired
strength of the adsorption interaction. To this end, we consider
a homogeneous adsorbent and the Langmuir isotherm

KPn,, !
1+ KP @

n=

whereK istheequilibrium constant, n, isthe adsorption capacity,
and P is the pressure. The Langmuir model is admittedly an
approximation, but for a light gas such as hydrogen that is also
weakly interacting, it provides sufficient accuracy over a wide
rangeof pressures. Ideally, for maximizing delivery, acooperative
isotherm, having a positive value of the second derivative (82n/
oP?)7 (type Il or type V in the IUPAC classification®), is
desirable. Although such cooperative behavior may be observed
for adsorption at subcritical conditions in mesopores and
macropores, under supercritical conditions, (82n/oP?)t isalways
negative (type 1isotherm). Microporous material ssuch aszeolites
and carbons always yield this behavior, even under subcritical
conditions. For storage applications involving hydrogen or
methane, it is almost certainly the supercritical region that is of
interest, and the Langmuir model provides the simplest yet
sufficiently accurate isotherm for this region.

Upon equilibration at storage pressure P;, the subsequent
delivery at exhaustion pressure P, is given by
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Itisreadily determined that, at fixed P, and P, the delivery, D,
is maximum for®

1
K= 3
P, ©)

Further, K = (eAS7R)(e~AHRT)/pP,, where AH® is the enthal py
change on adsorption, AS® is the entropy change relative to the
standard pressure P, (1 bar), T istemperature, and Risthe ided
gas constant. It should be noted that in reality the differential
enthalpy of adsorption will vary with coverage, or amount
adsorbed, but for the Langmuir isotherm approximationineq 1,
the constant enthalpy change AH® represents the average or
integral heat of adsorption between P; and P,, and its absolute
value is equal to the isosteric heat. It then follows that for
maximum delivery between P; and P, at given temperature T

P,P
S j) (4)

o

AHow =TAS + R?Tln

Aswill be subsequently shown, for the adsorption of hydrogen,
AS = — 8Rfor avariety of adsorbents. For the delivery cycle,
reasonable values of adsorption and desorption pressures may
be taken as P, = 30 bar and P, = 1.5 bar, respectively, which
upon substitution in eq 4 yields AH%y = —15.1 kJ/mol at T =
298K. Thus, for optimum delivery of hydrogen between pressures
of 30 and 1.5 bar at 298 K, an adsorption enthalpy change of
—15.1 kJ/mol is desired.

Asindicated earlier, theisosteric heat of adsorption of hydrogen
on carbonsistypicaly about 5.8 kJ/mol, substantially less than
the optimum value 15.1 kJ/mol required for maximum delivery
at 298 K. However, if cryogenic conditions are acceptable then
one may determine an optimum temperature of operation in the
case of activated carbon, for which delivery ismaximized, given
the value of the isosteric heat of adsorption of 5.8 kJ/mol.
Following eq 4, this temperature is obtained as

_ AH°
[AS + (R2) In(P,P,/P 2]

©)

Topt

which provides Toy = 114.4 K, for P, = 30 bar, P, = 1.5 bar,
AH° = —5.8 kJmol and AS® = —8R. Thus, for optimum
performance of the delivery cycle using an activated carbon
adsorbent an operating temperature of about 115 K isdesirable.
This is substantially lower than ambient temperature and
demonstratesthefutility of current worldwideeffortsat improving
ambient temperature hydrogen storage capacity of carbons, and
other materialswith evenlower isosteric heat. These conclusions
will be further supported with simulations of the delivery in a
subsequent section.

It may be noted here that values of the binding energy ashigh
as 10 kJmol are predicted for interstitial hydrogen in Ceo
carbons,® an extreme condition that neverthelessillustrates the
maximum possible value of the heat for the most favorable sites
in carbons. Thisalso showsthat avalue of the standard enthal py
change of the value of —15.1 kJ/mol is essentially unattainable
in carbons.

The above concepts of optimum isosteric heat of adsorption
and optimum temperaturemay al so be applied to methane storage.
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Figure 1. Slit pore having size large enough to pack two layers of
adsorptive.

In this case, as will be shown later, AS’ = —9.5R for a variety
of adsorbents, and eq 4 yields AH® = —18.82 kJ/mol for acycle
operating between 30 and 1.5 bar at 298 K. This is consistent
with therange of valuesfound for methanein carbons, and close
tothat for some | RMOFs, as discussed earlier. Consequently, for
methane efficient operation of the storage-delivery cycle should
be feasible at near ambient temperatures. Indeed, for activated
carbons, atypical average value of the standard enthal py change
on adsorption is about 16 kJ/mol, based on which eq 5 provides
an optimal temperature of 253.3 K. For IRMOFswhere slightly
lower values of the adsorption enthal py change are encountered,
the optimal temperature is expected to be lower. Given the low
cost of activated carbon, therewould appear to belittleincentive
for using IRMOF materials in this application.

Optimal Déelivery from Carbons

For the optimal adsorbent, for which K = 1/(P,1P,)Y2, following
eq 3, itisreadily determined that the maximum delivery is63.5%
of the adsorption capacity, for P, = 30 bar and P, = 1.5 bar.
Considering activated carbon, to estimate the capacity we may
assume that the carbon comprises of single graphene sheets,
separated by slit micropores just wide enough to accommodate
exactly two layers of the adsorptive (one layer near each wall),
asdepicted in Figure 1. Such acarbon has asurface area of 2630
m?/g, which is the maximum possible value for ideal dlit pore
carbons.>° Real carbons, of course, do have considerable short-
range disorder, and the slit-pore depicted in Figure 1 istherefore
anidealized case. Themicropore sizethat can just accommodate
two layers may be expected to have the maximum adsorptive
packing density under supercritical conditions at which larger
pores do not form multilayers. Even higher densities may be
obtained at larger poresizes, dueto packing transitions* 4! typical
of Lennard-Jones (LJ) fluids, however very high pressures or
low temperatures would be needed.

Studies with different adsorptives based on the LJinteraction
model have shown that the pore size, measured center-to-center
between carbon atoms in opposing planes, at which exactly two
adsorptivelayers can beaccommodated isabout 2.90¢s,%%* where
ots is the value of the fluid-solid LJ interaction length scale
parameter. For the case of hydrogen we use the value of 0.296
nm for the fluid-fluid parameter o%,*? whereas for carbon, we
assume, following Steele,* the solid—solid parameter value of
0s = 0.34 nm. Employing the Lorentz—Berthelot mixing rules,
we obtain the binary parameter, ots which leads to a center-
to-center porewidth of 0.92 nmastheoptimal valuefor hydrogen.
Assuming 2-D hexagonal close packing of the LJ hydrogen,
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with spacing of 2V8a¢;, the molecular areais estimated as 0.0956
nm2. Given theareaof 2630 m?/gm, we now obtain the maximum
hydrogen capacity of our idealized carbon as 9.2 wt %, which
yields a maximum delivery of 5.8 wt % based on the maximum
fractiona delivery of 63.5%. Somewhat higher deliveries may
be obtained for larger pore size carbons having larger pore
volumes, at highly cryogenic conditions where multilayers can
form, as will be subsequently shown. However, based on the
present calculation, it woul d appear that the DOE goal's, considered
as delivery rather than storage targets, cannot be met by
physisorption in carbon, even under the most optimistic of
conditions.

For the case of methane, we may take o3 to be 0.381 nm,
whichyieldsan optimum porewidth of 1.045 nm, and amol ecular
area of 0.158 nm?, considering hexagonal close packing with
spacing of 2Y8g¢. Considering the surface area of 2630 m#gm,
we obtain the maximum capacity as44.24 wt %, and amaximum
delivery of 28.1 wt %. To convert thisinto avolumetric capacity
we first calculate the local microporosity, ¢, estimated as (H —
0.334)/H, which representstheratio of open porewidth to center-
to-center pore width, and obtain ¢, = 0.680. This local
microporosity isthat within regionshaving singlelayer graphene
sheets separated by the micropores. Such microporous regions
must be surrounded by larger macroporous regions that will
serve to transport the adsorptive into the particle. Assuming a
reasonabl e val ue of such macroporosity to be 26% of the particle
volume (based on closed packing of spherical microporous
domains), we obtain aparticle density of 0.538 g/cm? considering
the density of 2.27 g/cm? of graphite. This leads to amaximum
delivery of 9.44 x 10~2 mol/cm3. Assuming al so the cl ose packed
porosity of 26% for the particle packing, and ideal gasconditions
at 298K, 1 bar pressure, we now obtain the maximum volumetric
delivery as 173.1 v/v, which is only marginally lower than the
most recent DOE target of 180 v/v. Thus, under the ideal
conditions explored here carbon would appear to be well suited
for methane storage and delivery at near ambient temperature.

Effect of Heterogeneity

Considerable effort, outlined earlier, is being devoted to
improving specific storage density in carbons, particularly in
carbon nanotubes, by means of alkali metal doping, creating
defects by ball milling or irradiation, and preparing composites,
all of which may beviewed inthe general context of introducing
heterogeneities. To investigate whether this is an appropriate
strategy we consider the Langmuir isotherm with a uniform
distribution of AH®, which leads to the Unilan model44

(1+K,eP)
(1+K.eP)

Ny,

Here Kpisan equilibrium constant, determined at themean value
of AH®, following

K, = (") e " NP, (7)

Further, the magnitude of the mean value of the enthal py change
isgiven by (—AH®) = (Emax + Emin)/2, where Eqyax and Enin are
the maximum and minimum valuesof —AH°®, whichisuniformly
distributed between these limits, and the parameter s represents
a heterogeneity parameter given by s = (Eqnax — Emin)/2RT. It
is now possible to maximize the delivery between pressures P,
and P,, at fixed value of this heterogeneity parameter s, in a

(44) Honig, J. M.; Reyerson, L. H. J. Phys. Chem. 1952, 56, 140.
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Figure 2. Variation of delivery with heterogeneity parameter sfor
various values of —AH°/RT, for () H, and (b) CH,.

manner similar tothat illustrated earlier for the Langmuir model.
Thisleadstoaresult for K identical toeq 3, i.e., Kn= 1/(P1P,) Y2,
Similar to eq 4, we now obtain the optimum value of the mean
standard enthalpy change as AHS, = TAS® + (RT/2)In(P,P,/
Po?), which holds provided —AHG,/RT =, since Emin must be
positive. When thisinequality is not satisfied, i.e., s > —[TAS’
+ (RT/2) In(P1P2/P,?)], the optimum value is given by the value
of s. Thus, for a heterogeneous system following the Unilan
model

A, =TAS + Sl in(P.p/P), for s < -

[TAS’ + 2l n(PlPZIPOZ)] ®)

AFe, =s fors> —[TASO +5 In(PlPZIPOZ)] ©)

opt

Itisclear that the optimum value of the standard enthal py change
isthe same asfor ahomogeneous system, suggesting that for the
optimum adsorbent heterogeneity is detrimental for the storage
delivery cycle. This is aso intuitively obvious, because in a
collection of independent adsorption sites, it is the optimal site
that is most productive. Thus, for maximum delivery every site
must be independently optimal, i.e., the adsorbent must be
homogeneous.

Figure2 depictsthevariation of delivery expressed asafraction
of the capacity, nm, with heterogeneity parameter s, for various
values of —AH°/RT, for both hydrogen and methane. For
hydrogen, for which AS’ = —8R, the value of ngt/ RTis6.1at
298 K, and Figure 2a shows that in this case any heterogeneity
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reduces delivery, supporting the above conclusion that the
optimum adsorbent must be homogeneous. At thiscondition, the
delivery is about 63.5% of capacity. As will be subsequently
shown, this corresponds to as much as 5—6 wt % delivery in the
most optimistic casefor carbon, attained at cryogenic conditions
of about 100 K. However, for carbons, considering —AH® to be
5.8 kJ/mol and —AHgm/RT = 2.34 at 298 K, thereis some merit
in heterogeneity (with saslarge as 2.34) if ambient temperature
operation isdesired, although the maximum increasein delivery
isnot large, fromabout 9% to 14.2% of capacity. If theadsorption
heat is increased to 9.91 kJ/moal (i.e., —Angt/RT = 4.0 at 298
K) by creating heterogeneity through alkali metal doping or other
methods, then a value of s as high as 2.5 is beneficia, as is
evident from the curve for —AHg,/RT = 4.0 in Figure 23, and
increasein delivery to about 35% of capacity ispossible. However,
this delivery is dtill significantly smaller than that (63.5% of
capacity) for the optimal condition, which is attained for the
homogeneous adsorbent at 298 K having heat of adsorption of
15.1 kJmol or the homogeneous carbon at 114 K having heat
of adsorption of 5.8 kJ/mol. Even in this optimized scenario the
maximum delivery is less than 6% by wt. hydrogen. Thus, it
appears that efforts to introduce heterogeneity in carbons, by
techniquessuch asball milling or akali metal doping areunlikely
to result in targets being achieved for hydrogen, though some
incremental improvement in delivery is possible.

In the case of methane, for which AS* = —9.5R, the value of
—AHg,/RT is 7.6 at 298 K. Figure 2b depicts the variation in
delivery with heterogeneity parameter, s, determined using the
Unilan model, for various values of —AH°/RT. It is clear that
heterogeneity is always detrimental in this case, and a homo-
geneous adsorbent is desired for any value of temperature or
adsorption enthalpy change.

Insummary, theobjectivesin the search for asuitable adsorbent
arenow fairly clear. Inthe case of hydrogen it isahomogeneous
adsorbent operated at atemperature such that —AHg,/RT = 6.1.
If the adsorbent is carbon, for which —AH® ~ 5.8 kJ/mal, this
yieldsan optimal temperature of about 115K, whereasfor ambient
temperature operation an adsorbent for which the value of AH®
is—15.1 kJmol isrequired. For methane, —Angt/RT =7.6,and
if the adsorbent is carbon, in which case AH® ~ 16 kJ/mal, the
optimal temperatureisabout 254 K, whereasambient temperature
operation requires the value of AH® to be —18.8 kJ/mol. These
results point to the difficulty of attaining DOE targetsfor hydro-
gen. However, it should be recognized that while the targets
provide long-term goals for research outcomesin the area, their
achievement isnot the criterion determining commercial interest.
Givenan adsorbent material and the associ ated adsorption affinity,
ultimately it isthe economicsthat will decideitsviability for use
in on-board storage, even when DOE targets are not achieved.
Inwhat follows, we analyze storage in activated carbons as well
ascarbon nanotubes, using grand canonical Monte Carlo (GCMC)
simulationstoinvestigatethe delivery and, in particular, to confirm
the predictions of optimal temperature.

Simulation

GCMC simulation isacommonly used technique to study the
properties of confined as well as bulk fluids, especidly at
supercritical conditions. Thesimulationisconducted inaconstant
volume system defined by asimul ation box, inwhich the number
of fluid particles, N, and configurational energy, E, are allowed
to fluctuate at constant temperature and chemical potential.
Random mi crostates are generated based on the well-established
Metropolis scheme,* involving three types of moves, namely
creation, deletion, and displacement of fluid particles, with
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Table 1. Lennard-Jones Interaction Parameters Employed in
the Simulations

parameter CH4- CH4 Ho- Ho silica, O—O c-C
gii (Nm) 0.381 0.296 0.29 0.34
ciilks (K) 148.1 34.2 290 28

acceptance probabilities for the moves given by Adams ago-
rithm.#6 Our simul ationsfollowed thiscommonly used procedure,
with properties estimated by averaging over the microstates.
Thus, the density of the system is defined by the mean number
of particles per unit volume of the box. For the isosteric heat,
we employ the widely used fluctuation formula®”

~(NU) — (NXU)
(NP — (NXN)

where N and U are the number of particles and the total internal
energy in any given configuration respectively, whereas (-)
represents a configurational average. Further, since fugacity is
thenatural independent variablefor GCMC, bulk fluid simulations
wereal so performed to determinethe corresponding bulk pressure.
For this, we used the viria expression

Oy = kT (10)

Nk T

1
P=—t R/<i;f(r”) Ty (11)

whereV isthevolume of the simulation box and f(r;;) istheforce
between two particles separated by the distance vector rj;.
However, for hydrogen, for which quantum effects can be
significant at low temperature, the pressure was computed using
avirial equation of state fitted to experimental PVT data.

Initially, simulations were performed for adsorption of
hydrogen and methanein carbon dlit pores, aswell asfor hydrogen
in infinitely long cylindrical pores in amorphous silica, to
determine the standard entropy change for hydrogen as well as
methane adsorption. Subsequently, simulations were conducted
to determine deliveries between 30 and 1.5 bar pressure for dlit
pore carbons, as well as carbon nanotubes, for various temper-
aturesin therange of 77—298 K. In the case of cylindrical pores
in silica the pore walls were considered infinitely thick and
modeled as comprising 12 layers of close packed LJsites. Inall
cases the LJ 12—6 potential is used to model the fluid-fluid as
well asfluid solid intermolecular pair interactions. The Lorentz—
Berthelot (L B) mixing ruleswere used to estimate L J parameters
for the fluid-solid interaction. Table 1 lists the values of the LJ
parameters used for the different components. The solid—solid
parameters for silica are based on fit of argon isotherms at 87
K in MCM-41,% whereas for hydrogen, we used the Buch®
parameters. In al cases, a cutoff distance of 1.5 nm was used
in estimating potentials. The pore length was chosen sufficiently
large so that the system had at least 200 fluid particles, and in
each run, atotal of 8 x 10°% to 1.5 x 107 configurations were
sampled. Periodic boundary conditions were used in the axial
direction in a cylindrical pore to simulate infinite length.

In the case of dlit pores, the Steele® 10—4 potential

RN

(45) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. N.;
Teller, E. J. Chem. Phys. 1953, 21, 1087.

(46) Adams, D. J. Mol. Phys. 1974, 28, 5.

(47) Nicholson, D.; Parsonage, N. G. Computer Smulation and the Satistical
Mechanics of Adsorption; Academic Press: London, 1982.
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was used to model the gas—solid interaction on a single plane,
where z is the distance between an adsorbate molecule and the
solid surface and ps is the surface density of the carbon atoms
on agraphene plane. The total potential in a pore of width H is
now obtained by adding the contributions from each wall, based
on eq 12, to obtain

P2 = D (2) + P (H — 2 (13)

Periodic boundary conditions in the x and y directions were
used in modeling the interactions in dlit pores. For graphite, ps
has value 38.17 nm~2, and e./k has the value of 28 K,* and
these were assumed applicable to the LJ sites in activated
carbon. Application to the interpretation of hydrogen
adsorption data® on AX-21 activated carbon confirmed the
applicability of these parameters for the gas—solid inter-
action.

Simulations of delivery were aso conducted for the case
of single walled carbon nanotubes, using an atomistic model
of the tube with carbon atoms arranged on the surface of
the tube in a hexagona lattice. Tubes of four different
diameters were considered, corresponding to chira vectors
(6,6), (9,6), (9,9), and (10,10), having diameters (measured
between centers of carbon atoms) of 0.81, 1.02, 1.22, and
1.36 nm, respectively. Of these, only the (9,6) tube, whose
framework is depicted in Figure 3a, is chiral. The nano-
tubes were organized on a sguare lattice, as depicted
in Figure 3b, with spacing between tube surfaces of 0.9 nm.
The simulations were conducted in a rectangular three-
dimensional unit cell, with periodic boundary conditionsin all
three directions.

Application to Experimental Data

Although the C—C interaction parameters in Table 1 have
been commonly employed for modeling thegas—solidinteraction
for methane on carbon, based on the LB mixing rules, there
appears little work on assessing their applicability for the case
of hydrogen on carbon. To determinethe parametersin thiscase,
we applied our GCMC simulations to the interpretation of the
extensive data of Bénard and Chahine® for H, on AX-21 carbon
at various temperatures (12 different temperatures) in the range
of 77—298 K and pressures up to about 60 bar. In these
simulations, the aim wasto determinethevalue of ;s for accurate
matching of the gas—solid adsorption virial coefficient at the
various temperatures. However, since the pore size distribution
(PSD) is unknown, it was necessary to simultaneously also
determine this distribution by jointly aso fitting the whole
isotherm at the various temperatures. To determine the virial
coefficients, we first fitted the Bénard and Chahine data by the
viria isotherm*®

In(P/n) = A+ Bn+Cn’+ ..... (14)

which provides the Henry law constant, Ky as exp(—A). The
gas—solid virial coefficient Bys is theoretically defined as®

B= [e e dr (15)

where the integration is performed over the volume of the

(48) Bhatia, S. K.; Nicholson, D. J. Chem. Phys. 2003, 119, 1719.
(49) Avgul, N. N.; Bezus, A. G.; Obrova, E. S.; Kiselev, A. V. J. Colloid
Interface Sci. 1973, 42, 486.
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Figure 3. (8 (9,6) Nanotube and (b) array of nanotubes in sguare geometry.

adsorbent. In terms of the Henry Law coefficient this is also
given as

B,=K,RT=¢e"RT (16)

so that the experimental value of By is readily determined
from the fitted value of A. Application of eq 14 to the Bénard
and Chahine data yielded excellent fit with an average error of
2.5%, utilizing only the first two terms of the expansion. This
isindicative of therelatively weak nature of the H,—H, interac-
tion, compared to the C—H, interaction. In thisfit the isotherm
was corrected for excess, asis appropriate to experimental data,
using the pore volume as an additional fitting parameter.

The determination of the theoretical value of Bs by means
of eq 15 requires some assumption about the structure of the
carbon. We considered the structure ascomprising of poreshaving
sizesH; = 0.755 nm, H, = 1.08 nm, Hz = 1.44 nm, and H; =
1.76 nm, based on recent observations® that peak micropore
sizesare nearly the samefor most carbonsand have these values.
Since AX-21 is a super-high surface area carbon, with an area
close® to the dlit pore based maximum possible value of 2630
m?/g, we consider itsstructure as comprised of single sheet walls,
so that

I éf(H) dH = 2630 m*g (17)

wheref(H) isthe PSD. Withtheintegral sdiscretized at the above
four sizes, eqs 15 and 17 yield

4 .
Be= 3 — [0 & #T g (19)
i=lHi
4 v,
—=1315 (19)

where uj; is the specific pore volume (cm3/g) at pore width H;
(nm). Hereboth v; and H; correspond to the space between centers
of carbon atoms in the opposing single sheet walls of the dit

(50) Thanh, T. X.; Bhatia, S. K. J. Phys. Chem. B 2004, 108, 14032.

pore. The specific open pore volume at any pore size, Vpi (cm?/
0), isgiven as

(H; — 0.334)

Vp’i = Ui—l )

(20)

Combining egs 19 and 20, the total specific open pore volume,
Vp (cm®g), is obtained as

4
V, =Y — 04392 (21)
i=1

Theoretical values of Bss and the GCMC generated isotherms
were simultaneously fitted to their experimental counterparts
using nonlinear regression with etdkg, v1, v2, and vs as fitting
parameters, and v4 determined from eq 19. In actual implemen-
tation the fitting was performed for v1, v,, and v3 at various
values of et4/kg, and the value of e;4/kg for minimum fitting error
was subsequently determined. The error, E, of thefit is defined
using a combination of isotherm (n), excess delivery (D) and
viria coefficient (B) points

12 4

E= ZZ(nU@‘p — mMA(n")? +

i=1lj=1
12

11
Y (B2P - BB’ + D (D — D™D (22)
i=1 i=1

inwhichthedummy variablei correspondsto temperature points
and j to pressure points. For the virial coefficient the data at the
lowest temperature of 77 K was not utilized because of greater
uncertainty at this point. To reduce the computational load, the
isotherm was fitted at only four points at each temperature,
utilizing also an additional point for the delivery (between 30
and 1.5 bar) at each temperature. The latter was obtained from
the viria fit of excess isotherms, which is accurate to within
2.5% and can essentially be considered experimenta data.
Figure 4 depicts the fitting results for the gas—solid virial
coefficients (Figure 4a) and the excess isotherms (Figure 4b) at
various temperatures, showing good agreement in both cases.
The vaue of the mean internal energy change AU (relative to
an isolated H, molecule in vacuo), estimated from the slope of
the linear correlation of the dashed linein Figure 4ais obtained
as —4.52 kJmol, leading to an isosteric heat (—AU + RT) of
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Figure 4. Fit of simulation to experimental data of Bénard and
Chahine,® for adsorption of hydrogen on AX-21 activated carbon.
() Experimental and theoretical variation of gas—solid viria
coefficient with temperature and (b) experimental and simulation
isotherms at various temperatures. Open symbols represent experi-
mental data, and filled symbolsthetheoretical or simulation results.
In panel a, the dashed line represents linear regression over
experimental values, and the inset shows the deviation of the value
of the gas—solid virial coefficient at the lowest temperature of 77
K.

Table 2. Open Pore Volumes at Different Pore Sizesin AX-21
Carbon, Based on Fit of Hydrogen Adsor ption Data

pore width, center-to-center open pore volume,
Hi (nm) volume, v; (cm3/g) Vp (cm3/g)
0.755 0.509 0.284
1.08 0.296 0.204
144 0 0.0
1.76 0.646 0.523

6.08 kJymol at the mean temperature of 187.5 K (midpoint over
the 77—298 K range), close to the typical value of 5.8 kJ/mol
discussed earlier. For the fits excess isotherms from experiment
were corrected to absolute isotherms using the calculated pore
volume based on eq 20. The fitting results for the center-to-
center and the corresponding open pore volumes at the different
poresizesaregivenin Table2 andyield atotal open porevolume
of 1.01 cm3/gm, based on the hydrogen adsorption isotherms.
The fitted value of et/ks was 30.87 K. Thisis very close to the
value of 30.95 K, expected based on the LB mixing rules and
the value of ec/kg given in Table 1. Accordingly, the value of
ec/kg in Table 1 was adopted for this study.

It may be noted that in the calculations reported above the
quantum effect has not been considered for hydrogen. Although
such an effect is expected at low temperatures,>® at the lowest
temperature of 77 K used by Bénard and Chahine, this is not
likely to belarge. Neverthel ess, sincewe havefitted experimental
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Figure 5. Experimental and calculated variation of delivery with
temperaturefor hydrogen on AX-21. Symbolsjoined by dotted lines
represent simulation values, and solid curves represent the experi-
mental result. The absolute delivery isfor the micropore volume of
the adsorbent and does not include the gas delivered from the bulk-
gas dead space inside the container.

data, this effect isimplicitly imbedded in the value of the gas—
solid interaction parameter obtained. Indeed the good prediction
of the data at 77 K in Figure 4b supports the approach. As an
aternative we also performed fitting of the data using the
Feynman-Hibbs® variationa formulation of theeffective quantum
potential, for the gas—solid interaction. Thisyielded essentially
the same fitting error with very similar results but with e;/ks =
31.73 K. The dlightly higher value is anticipated in view of the
fact that quantum uncertainty leads to an effective swelling of
the hydrogen and reducesthe effective magnitude of the potential
energy. For our purposes, therefore, the effective classical
potential imbedding the quantum effect suffices.

Figure 5 depicts the comparison of variation of experimental
and calculated delivery with temperature, showing excellent
agreement. In both cases, the optimum temperature is about
100 K, dlightly lower than the theoretical value of 115 K for
carbon discussed above. Such reductionin optimum temperature
is, however, to beanticipatedin view of theeffect of heterogeneity,
as a result of which large pores reduce the heat of adsorption.
Thus, based on the internal energy change of —4.52 kJ/mol, at
100 K the heat of adsorption is estimated to be 5.35 kJ/moal,
which leadsto an optimum temperature of about 106 K. Further,
at the optimum temperature of about 100K themaximum delivery
is only about 3.4 wt %, significantly less than the maximum
delivery of about 5.8 wt % estimated above, despite theisosteric
heat of 6.08 kJ/mol. Thisis due to the effect of heterogeneity,
evident in the fitted pore size distribution given in Table 2.

Entropy Change on Adsor ption

Our determination of the optimal value of —AH®°/RT has been
based on the assumption that AS’* = —8R for the adsorption of
hydrogen, and AS’* = —9.5R for the adsorption of methane.
These valueshave been estimated based on Langmuirian analysis
of simulation based adsorption isotherms on slit poresin carbon
aswell as cylindrical poresin silica, together with the thermo-
dynamic formula K = (e*S/R)(e"AH/RT)/P,. Figure 6, panels a
and b, depicts the isotherms of hydrogen in carbon dlit pores of
different sizes at 100 and 298 K respectively, plotted on
Langmuirian coordinates, while Figure 6¢ gives the isotherms

(51) Tanaka, H.; Kanoh, H.; EI-Merraoui, M.; Steele, W. A.; Yudasaka, M ;
lijima, S.; Kaneko, K. J. Phys. Chem. B 2004, 108, 17457.

(52) Feynman, R. P.; Hibbs, A. R. Quantum Mechanics and Path Integrals;
McGraw-Hill: New York, 1965.
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Figure6. Langmuir plotsfor (aand b) hydrogen adsorption in carbon slit pores of various width at 100 and 298 K, respectively, (c) hydrogen
adsorption in cylindrical pores of various diametersin silica at 298 K, and (d) methane adsorption in carbon slit pores of various width at
298 K. In pand d, alternate coordinates are used due to the larger value of the equilibrium constant.

Table 3. Entropy Change on Adsorption of Hydrogen

system pore width or diameter (nm) K (bar™?) —AH?® (kJmol) —ASIR
Hz in carbon dlit pore at 100 K 0.755 0.852 6.46 7.93
1.08 0.0690 4.38 7.94
144 0.0493 3.90 7.7
1.76 0.0456 371 7.55
Hz in carbon dlit pore at 298 K 0.755 5.808 x 1073 7.56 8.20
1.08 2.383 x 1073 5.23 8.15
144 1.810 x 1073 4.54 8.15
1.76 1.599 x 1073 421 8.14
H, in cylindrical silicapore at 298 K 0.65 1.137 x 102 11.17 8.95
1.04 7.207 x 1073 6.67 7.61
2.39 1.847 x 103 4.13 7.95
CHy in carbon dlit pore at 298 K 0.755 8.3247 x 107* 22.84 9.40
1.08 1.735 x 1072 14.59 9.94
144 8.304 x 1073 11.73 9.53
1.76 9.451 x 1073 10.83 9.03

incylindrical silicaporesat 298 K. Theseisothermsshow excellent
linearity, providing strong evidence for the rel ative weakness of
theH,—H,interaction and vaidity of the Langmuir model, thereby
justifying our analysis of optimal delivery. At 100 K, some
deviation from linearity occurs above about 35 bar pressure,
attributed to increasing importance of fluid-fluid interactions.
Table 3 provides the values of equilibrium constants obtained
fromthe Langmuir plotsin Figure 6, aswell astheisosteric heats
obtained from simulation and the corresponding valuesof —AS’/R
calculated from thethermodynamic formula Theseresultssupport
the value of AS® = —8R as a reasonable value for hydrogen
adsorption, except at very small poresize. Thus, in silica, at the
pore diameter of 0.65 nm thevalue of —AS’/Rincreasesto 8.95.
Thisisattributed to the strong confinement at this pore size, with
the hydrogen being essentialy a one-dimensional fluid. The
relatively weak variation of —AS°/Randitsslightly smaller value
at the other pore sizes in Table 3 may be interpreted as being

due to similar degrees of confinement. In support, it may be
noted that even larger values of —AS’/R, approaching the bulk
value of —10.5 associated with Trouton’s rule® have been
reported for the highly confined spaces of zeolites?”>* and for
surfaces of metal swhere strong adsorption occurs.%® Neverthel ess,
for most carbons, where pore sizesaretypically larger than those
of zeolites, the approximation AS’ = —8R would appear
reasonable. Aswill be subsequently demonstrated this value of
AS’ is also appropriate for endohedral (internal) adsorption in
carbon nanotubes.

Figure 6d depicts Langmuirian plots for methane in carbon
poresof varioussizesat 298 K. Inthiscase duetothesignificantly
higher equilibrium constants and appearance of nonlinearity at

(53) Atkins, P. W. Physical Chemistry; Oxford University Press. Oxford,
1994

(54) Myers, A. L.; Siperstein, F. Colloids Surf. 2001, 187, 73.

(55) Sellers, H.; Gislason, J. Surf. Sci. 1999, 426, 147.
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Figure 7. Temperature variation of (a) specific absolute delivery, (b) isosteric heat of adsorption, (c) specific excess delivery, and (d)
enhancement factor, for hydrogen on activated carbons of various pore sizes.

lower pressures, it was found more appropriate to plot the
isotherms in the alternate coordinates used. From the results
givenin Table 3, it is evident that a value of AS’ = —9.5Ris
areasonabl e approximation for methane at ambient temperature,
which has been shown to be near the optimal value for methane
storage on carbon.

Hydrogen Delivery from Slit Pore Carbons

Simulationswere next conducted for thetemperaturevariation
of delivery between 30 and 1.5 bar pressure for hydrogen from
homogeneous activated carbons having various porewidths. For
the calculation, pore densities from simulation which are based
on center-to-center pore volume, were converted to specific
amounts (per unit mass of carbon) using the specific center-
to-center pore volume (in cm3/g)

v=1.315H (23)
which follows from eq 19. Figure 7a depicts the results for the
absolute delivery from the microporesasafunction of temperature
for severd dit widths. Clear evidence of an optimum temperature
for maximum delivery at any dlit width is seen, supporting the
earlier analysis, with the optimum temperature decreasing with
increase in dit width. This is to be expected, because of the
decrease in isosteric heat with slit width. Further, at pore widths
of 0.9 or 1.08 nm, that are typical for activated carbons, the
optimal temperatureisabout 100 K, whichis consistent with our
earlier observation of 115K ashbeing optimal for carbons. Figure
7b depictsthe variation of isosteric heat with temperaturefor the
different slit widths, and the locus of the optimum, following
eq 4. Based on our analysis, the intersection of the latter with

the isosteric heat curve at any size provides the optimal
temperature at that size. Thisis readily confirmed for the three
smaller sizes, by comparison with the temperatures of maximum
delivery in Figure 7a. At the two highest sizes of 1.44 and 1.76
nm, the optimaoccur near 77 K, which isthelowest temperature
examined, and are therefore not evident in Figure 7a.

It hasearlier been shown that the maximum hydrogen delivery
from carbons is about 5.8 wt % (i.e., 28.8 mol/kg), and thisis
borne out by Figure 7a, where maximum values of about this
magnitude are seen near the optimal temperature of about 100
K. Slightly higher values can be observed for thetwo larger pore
size carbons but at very low temperatures of 77 K. From an
excess delivery point of view, the maximum values are even
lower, as seen in Figure 7c, further confirming the difficulty in
meeting DOE targetsof over 6.5wt % delivery of hydrogen with
this material.

An interesting measure of the effectiveness of the storage
delivery cycle isthe enhancement factor, defined as the ratio of
delivery from an adsorbent-packed container to that from an
identical onefilled with bulk gas, operating between 30 and 1.5
bar. To determine this factor, we consider a container packed
with activated carbon with a bed voidage of ¢, and assume the
carbon to comprise of macroporosity em, inwhich thefluid phase
density is that of the bulk fluid. The volume of the micropore
phase per unit volumeof bedisthen (1 — ¢y)(1 — ¢,). Considering
uniform micropore width of H (nm), we now obtain the total
delivery per unit volume of container as

(1— ep)(1— D
1.315H

Dtot = [eb + 6m(l - 6b)] va + (24)
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Figure 8. Temperature dependence of (a) hydrogen delivery and
(b) isosteric heat of adsorption, for endohedral adsorptioninnanotubes
of various diameters.

leading to the enhancement factor

(1—€p)(1—€)D
1.315HD,,

E=le, te(l—€)] + (25)

where Dy, isthe delivery per unit volume from the bulk gas, and
D is the delivery per unit mass of carbon from the micropore
adsorbate. Here we have used eq 23 for the specific micropore
volume (center-to-center volume between carbon planes), and
taken ep = ey = 0.26 (the close packed value). Figure 7d depicts
the variation of enhancement factor with temperature, for the
homogeneous carbons of various poresizes. It isevident that the
maximum enhancement factor possibleisabout 3.1, attained for
the 0.9 nm pore width carbon at about 110 K. A slightly lower
result is obtained for the 1.08 and 0.755 nm carbons, whereas
thelarger porewidthsof 1.44 and 1.76 nm, aswell asthe smaller
pore width of 0.755 nm, yield significantly lower enhancement
factors. Thus, the 0.9 nm pore width carbon utilizesthe container
volume most effectively, though the higher optimal temperature
of about 150 K for the 0.755 nm carbon may possibly make this
a more attractive option. Nevertheless, it should be noted that
the enhancement factors determined here are based on the densest
possible packing of spheres, with a void fraction of 26%. In
practice the particles will not be spherical but irregular, and
lower packing efficiencies will be attained, typically with 30—
35% porosity, which will reduce enhancement factors slightly.

Hydrogen Delivery from Single-Walled Carbon
Nanotubes
In the case of carbon nanotubes, initially simulations were
conducted to determine the endohedral or internal adsorption of
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Figure 9. (a) Absolute delivery and (b) enhancement factor, for

hydrogen from carbon nanotubes spaced 0.9 nm apart in sgquare

array.

hydrogen in the tubes. For this, a one-dimensional gas—solid
potential energy profile was used, obtained by angular and
lengthwise averaging of the three-dimensional potential energy
profile at any radia position. In the calculations, we assumed
erdkg = 30.95, as was found appropriate for the AX-21 data of
Bénard and Chahine.® Such aone-dimensional profileisjustified
on the grounds that nanotubes have a rather smooth potential
energy landscape, arising from the very small spacing (0.142
nm) between the centers of the covalently bonded carbon atoms,
compared to their van der Waals diameter (0.34 nm). Figure 8a
depicts the temperature variation of the delivery obtained based
only on the endohedral adsorption in nanotubes of various
diameters. Asin the case of dlit pore carbons, clear evidence of
optimal temperature is seen, with the optimal value increasing
from 113 K for the (10,10) nanotube of 1.36 nm diameter to
about 213 K for the (6,6) tube having 0.81 nm diameter, as the
tube size decreases. These temperatures are somewhat higher
than those observed earlier for dit pores, which is attributable
to the larger enthalpy changes for the endohedral adsorption in
nanotubes. Figure 8b depicts the variation of isosteric heat of
adsorption with temperature for the different nanotubes, con-
firming the larger enthalpy change. Also shown in the figureis
the locus of optimum delivery, based on eq 4 and AS’ = —8R,
whose intersections with the heat curves determine the optimal
temperatures. The optimal temperatures thereby determined are
completely consistent with the maximain Figure 8a, indicating
that the approximation AS® = —8Ris suitable also for this case.

The magnitudes of the deliveries based on endohedral
adsorption alone, seen in Figure 8a are significantly less than
those from single sheet dlit pore carbons, shown in Figure 7a.
This is due to the fact that in the latter case adsorption occurs
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enhancement factor, for methane on activated carbons of various pore sizes.

on both sides of the graphene sheet, whereas endohedral
adsorption in nanoutubes occurs on one side of the wall only.
Accordingly, one expectsthat simultaneousexohedral (external)
aswell as endohedral adsorption in nanotubes, asis expected in
real systems, will significantly enhance the delivery. Figure 9a
depicts the results of such simulations, described earlier, for
nanotubes packed in a square array, and spaced 0.9 nm apart.
Inall of the nanotubes of different sizesexamined, it is seen that
the optimal temperatureissignificantly reduced and lessthan 77
K. Thisisduetothehighly inhomogeneousnature of theinterstitial
pore space in the nanotube array, depicted in Figure 3b, which
isincreasingly filled at the low temperatures. As a result, the
average isosteric heats between the filling and exhaustion
pressures decrease strongly with decrease in temperature. This
decreaseislargely duetothehigher loading at lower temperatures
and only partly dueto the effect of temperature reduction. In the
caseof thesmallest diameter tube (0.81 nm diameter), for example,
theaverageisosteric heat between these pressures (not at constant
loading) obtained from simulation using eq 10 decreases from
about 6.4 kJ/mol at 298 K to about 3.65 kJ/mol at 77 K. In the
latter case, the optimal temperature would be obtained as 72 K
for a homogeneous adsorbent, but is somewhat lower in the
present case because of the heterogeneity of theinterstitial space.
For the larger tubes, the optimal temperature would be expected
to be even lower. In comparison to dlit pore activated carbons,
where higher optimal temperatures have been found, it would
appear that carbon nanotubesarelessattractive. Indeed, eventhe
absolute deliveries of about 23 mol/kg or 4.6 wt % at 100K are
lower than the amounts of about 28 mol/kg or 5.7 wt % obtained
for activated carbons at this temperature. Nevertheless, it would
appear that the nanotubes in the square array chosen here can
make more efficient use of the space, as is evident from their

dlightly higher enhancement factors, depicted in Figure 9b. Here
the enhancement factor iscal culated astheratio of delivery from
the simulation box packed with nanotubes, to the delivery from
the empty box filled with bulk gas. In this case, an optimal
temperature near 100 K is evident for the two largest diameter
tubes, with enhancement factors of about 4. However, some
reduction in enhancement is likely in comparison to the results
inFigure9binview of dead spacescreated i n supporting nanotube
bundles in a container, as transport in a fully packed container
would be a serious bottleneck for delivery.

Methane Delivery from Slit Pore Carbons

For the case of methane in dlit pore carbons, we have shown
that the optimum temperature is about 254 K, given the typical
standard enthal py change of about —16 kJ/mol. Our simulations
for methanedelivery, depictedin Figure 10, confirmed thisresult.
Although the optimal temperature decreases with increase in
porewidth, as seen in Figure 10a, for the pore width of 1.08 nm,
whichisrepresentative of themodal porewidthin most activated
carbons, the optimal temperature is about 253 K. At this pore
width, the maximum absolute delivery of 15.2 mol/kg, or 24.3
wt %, is consistent with our estimate of 28.1 wt % maximum
delivery at the optimal condition. At larger pore widths, the
maximum delivery doesincrease but at the cost of lower optimal
temperature. Figure 10b depicts the variation of isosteric heat,
or magnitude of standard enthalpy change when interpreted in
termsof the Langmuir isotherm, with temperature at the different
pore widths. The optimal temperature at any pore size, obtained
from the intersection of the heat curve with the locus of the
optimum, is seen to be consistent with that in Figure 10a, again
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Figure 11. (&) Absolute delivery and (b) enhancement factor, for
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confirming the applicability of our Langmuir isotherm-based
analysis with the approximation of AS> = —9.5R for methane
adsorption.

Figure 10c depicts the excess deliveries as a function of
temperature, for the different pore sizes. In this case, at the pore
width of 1.08 nm, the excess delivery is reduced to about 22.1
wt %, which corresponds to a volumetric delivery of about 136
viv. If the targets are interpreted on an excess delivery basis,
then the value of 136 v/v is significantly less than desired (180
v/v), and alarger pore width is advantageous, though requiring
lower temperature, as is evident in Figure 10, panel a or c.
Nevertheless, maximum volumetric efficiency is obtained for
the pore width of about 1.08 nm, as is evident from the
enhancement factors depicted in Figure 10d. These values are
somewhat larger than those for hydrogen delivery from dlit pore
carbons, depictedin Figure 7d, predominantly dueto the stronger
interaction of methane with carbon. Indeed, maximum enhance-
ment is obtained at about 273 K at the pore width of 1.08 nm,
and from an economic viewpoint, this may well be the most
appropriate condition for methane storage and delivery from
activated carbon. However, as indicated earlier for the case of
hydrogen, actual enhancement factors will be slightly lower
because of particle shape irregularities and lower packing
efficiencies.

Methane Delivery from Single Walled Carbon
Nanotubes

Figure 11adepictsthe absolute methane delivery asafunction
of temperature, for carbon nanotubes of different sizes, obtained
from our atomistic simulations considering both endohedral and
exohedral adsorptionfor tubesplacedinasquarearray and spaced
0.9 nm apart. The optimum temperature is about 233 K for the
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largest nanotube examined, having 1.36 nm diameter, and
decreasesto about 213 K for the three other smaller sizes. These
temperatures are lower than the value of 254 K established here
for atypical activated carbon, and attained for a homogeneous
carbon having 1 nm pores, predominantly dueto the heterogeneity
of theinterstitial spaceinwhich theexohedral adsorption occurs.
Further, the maximum deliveries range between 14 and 15 mol/
kg, which, although comparable to the activated carbon of 1.0
nm, are lower than the maximum deliveriesfor larger porewidth
carbons, as seenin Figure 10a. These resultswould suggest that,
asinthe case of hydrogen, carbon nanotubes have no advantages
over activated carbon from the viewpoint of methane delivery.
Nevertheless, as for hydrogen, they appear more efficient in
terms of utilization of the container volume, asis evident from
the slightly higher enhancement factors depicted in Figure 11b.
In practice however, the enhancement factor will besignificantly
lower because of dead spaces in the container, which will be
necessary to allow access to the nanotubes in order to mitigate
transport resistances that would arise in very large bundles.

Conclusions

The thermodynamic requirement for an adsorbent capable of
storing hydrogen at ambient temperature is a heat of adsorption
of hydrogen equal to 15.1 kJ/mol. This vaue for the heat of
adsorption is optimal with respect to the affinity of hydrogen:
strong enough to store a large amount of hydrogen gas at the
charging pressure (about 30 bar) but weak enough to release
most of that hydrogen at the discharge pressure (about 1.5 bar).
For methane the corresponding optimal value of the heat of
adsorption is equal to 18.8 kJ/mol

Current research targets of adsorption of 6.5 wt % of hydrogen
at high pressure fail to consider the complete adsorption cycle
of charging and discharging. Achievement of the target will be
meaningless unless most of the gasis released reversibly at the
discharge pressure. It is shown that the maximum delivered gas
is about 63.5% of the total capacity of the adsorbent at high
pressure, even for an optimal cycle, and thisresult isindependent
of the adsorbate.

For carbons, the heat of adsorption of hydrogen is only about
6 kJmol, so adsorption of hydrogen on carboninany form (active
carbon or carbon nanotubes) is too weak for storing hydrogen
at ambient temperature. The optimal temperaturefor maximizing
the delivery of hydrogen adsorbed on carbon is 115 K, which
is far below the desired ambient temperature of 300 K. For
methane, for which the standard heat of adsorption on carbons
isabout 16 kJ/'mol, the optimal temperatureisabout 254 K. This
is only dightly less than ambient temperature, suggesting
feasibility of methane storage on carbons, at least from a
thermodynamic perspective.

Theideal adsorbent isenergetically homogeneous, that is, the
isothermal heat of adsorption should be constant with loading
for optimal delivery. Energetic heterogeneity in any form is
detrimental to adsorptive storage of gas.

The above conclusions are strongly supported by extensive
experimental data and simulations.
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