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ABSTRACT: The volumetric hydrogen capacity remains one of the most
challenging criteria for on-board hydrogen storage system requirements. Here
a new concept for hydrogen storage of porous aromatic frameworks (PAFs)
impregnated with lithium-decorated fullerenes (Li6C60) is described. The
loading of Li6C60 and the effect on the adsorption of hydrogen (H2) has been
investigated by molecular simulation. It is shown that the incorporation of
Li6C60 can enhance the volumetric capacity of H2 from 12 to 44 g L−1, a 260%
increase at 10 bar and 77 K. The impregnation of Li6C60 increases the heat of
adsorption and surface area at the cost of the available pore volume. However,
the increase in adsorbed hydrogen outweighs any pore volume loss under
optimized Li6C60 loading and operating conditions. In addition, the H2
volumetric uptake is shown to correlate with the volumetric surface area at
all pressures whereas the H2 gravimetric uptake correlates with the heat of
adsorption at low pressures, surface area at moderate pressures, and pore
volume at high pressures.

I. INTRODUCTION

During the past decade, a significant amount of research has
been performed on nanoporous materials, which not only
possess high surface areas but also reversibly adsorb or desorb
hydrogen under pressure-swing and temperature-swing con-
ditions.1−9 They possess intrinsically high surface areas and
internal volumes, and these factors are known to enhance gas
storage at cryogenic temperatures.10 A recent report from the
U.S. Department of Energy (DoE) suggests that cryosorbents11

are promising on-board hydrogen storage systems, although the
capacity targets are yet to be met.11 Even though
cryoconditions are not within the DoE requirements, there is
considerable research in cryocompressed systems to meet the
DoE capacity targets.12−16 Hydrogen has always been
considered to be a medium for clean energy because of its
universal abundance and lack of carbon emissions during use.
The production of hydrogen remains a challenge, although
technologies such as the steam reformation of coal/oil/gas,17

fermentation of organic waste,18 photodecomposition of water
or organic compounds using bacteria,19 and photocatalytic
water splitting20 are viable options. To make the hydrogen-
driven fuel cell vehicle viable, efficient, safe, and economically
sound hydrogen storage systems are needed.21 A few years ago,
the U.S. DoE set a number of targets for hydrogen storage
systems including capacity requirements: 4.5 wt % or 28 g L−1

by the year 2010 and 5.5 wt % or 40 g L−1 by the year 2017.11

Physical adsorbents have achieved high hydrogen capacities but
usually at cryogenic temperatures. Fortunately, engineering
work has pushed the viability of cryocompressed hydrogen into
the realm of industrial feasibility.11−16

Designing adsorbent materials by tailoring the heat of
adsorption, surface area, and pore volume is an effective
strategy for enhancing the hydrogen capacity. Some of the
leading candidates include metal−organic frameworks
(MOFs)22−27 and covalent organic frameworks (3D
COFs)28−32 with surface areas of up to 7000 m2 g−1 (Farha
et al.33) and 5172 m2 g−1 (Babarao et al.34), respectively. The
most important drawback of most of the MOFs and COFs is
their low chemical stability. The development of porous
aromatic framework (PAF) materials provides a combination of
ultrahigh surface area and high physicochemical stability.
PAFs were recently reported as a new family of ultraporous

materials with BET surface areas above 5000 m2 g−1.35,36

Consisting of fused diamandoid tetrahedra with pore size
distributions centered around 12 Å, these carbonaceous
materials have been shown to deliver hydrogen storage
capacities of 7 wt % at 48 bar and 77 K. These values,
although when compared to most materials are exceptional, are
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lower than what might be expected given the large surface area
and may be attributed to the inert, nonpolarized surface.
However, PAFs are extremely stable and have been previously
shown to be resistant to 7 days of immersion in boiling water.35

This stability to harsh chemical environments facilitates the
functionalization of the inert PAF surface with reactive, charged
moieties to enhance the gas storage capacity. For example, we
recently demonstrated that pyrophoric lithium species could be
covalently bound to the PAF surface, tripling its CO2 storage
capacity without affecting the overall PAF architecture.37

Although PAFs can be tailored for excellent gravimetric
storage capacity, less progress has been made in enhancing the
volumetric performance, a key performance criterion for mobile
applications. The 2017 DoE target is 40 g (useable H2)/L
(system). The best nanoporous adsorbents to date can barely
meet these requirements, even under an idealized scenario
where the adsorbent packing is assumed to be perfect, all
adsorbed gas is useable, and the weight and size of the storage
system are not accounted for.38,39 Therefore, the next stage of
development for improved hydrogen storage materials needs to
focus upon strategies to enhance the volumetric storage
capacity. Here, we detail the potential of one such approach,
the impregnation of PAFs with lithiated fullerenes.
Previously we reported a concept to enhance both the

gravimetric and volumetric gas storage capacity of MOFs
drastically by infusing these porous media with metalated
fullerenes.40 This provided an additional surface within the
same given volume, with metal sites polarizing hydrogen
molecules. As a result, the enthalpy of adsorption was found to
increase to 11 kJ mol−1 in concert with a drastically increased
hydrogen storage capacity at low pressures. Metalated full-
erenes are extremely reactive species and therefore require
incorporation into particularly stable porous media for this
concept to be realized. The stability of the porous media is
imperative, and PAFs have the function and capability to
facilitate the isolation of native or metalated fullerenes.
It is of interest in this study to determine the optimal amount

of impregnation to maximize the volumetric uptake by utilizing
molecular simulation techniques. Molecular simulation has
proven to provide accurate predictions of hydrogen uptake in
PAFs as shown by Lan et al.41 The effect of impregnation on
hydrogen uptake in MOFs has been successfully simulated by
Rao et al.,42 proving a useful route to increasing both
gravimetric and volumetric uptake. Here we follow the same

procedure to investigate lithiated fullerene impregnation within
two PAFs with different pore sizes and explore the relationships
between storage performance and structure characteristics
described by Frost et al.43

II. MODELS AND SIMULATION

In this work, the PAF structures were constructed following
details outlined by Lan et al.41 The structures include PAF-30X
(X = 3 to 4), where 3 indicates 3D structure and X denotes the
number of phenyl rings used to replace the C−C bond. Each
unit cell was constructed using the Forcite module of the
Material Studio package with cubic periodic boundaries of
dimensions (a = b = c) 33.80 and 43.55 Å for PAF-303 and
PAF-304, respectively.44 The pore windows for PAF-301 and
PAF-302 were found to be too small for the impregnation of
Li6C60. The diameters of the largest cavities of PAF-303 and
PAF-304 were 20.8 and 28.6 Å, respectively. The atomistic
representation of PAF-303 and PAF-304 impregnated with
Li6C60 is shown in Figure 1.
Six lithium ions were distributed over the five-membered

rings of C60 at an approximate distance of 2.229 Å by geometry
optimization,45 forming Li6C60. Six lithium ions were chosen
rather than 12 because it has been shown that Li6C60 is the
more stable compound.46 The pore size distribution for the
PAFs and lithiated fullerene-impregnated PAFs is shown in
Figure S2 in the Supporting Information. A varying number n
of lithiated fullerenes (nLi6C60) were randomly inserted in the
PAF unit cell followed by geometry optimization. The
prediction of hydrogen uptake inside the nLi6C60@PAF
structures was calculated by the grand canonical Monte Carlo
(GCMC) routine. In this method, the sorbate structure (H2
gas) and the sorbent structure (nLi6C60@PAF) are treated as
rigid. Trial addition, deletion, translation, and rotational moves
of the H2 gas molecule are repeated and accepted/rejected on
the basis of the grand canonical ensemble at specific
temperature and pressure. Two million equilibration steps are
followed by 1 million production steps, ensuring that the final
composition represents the state of thermodynamic equili-
brium. The gravimetric capacity is expressed as wt % with the
relation [(mass of H2)/(mass of H2 + mass of structure)], and
the volumetric capacity is expressed in units of g L−1 with the
relation [(mass of H2)/(volume of unit cell)]. The interactions
among H2, PAF, and Li6C60 were modeled by the Morse
potential function given as

Figure 1. Atomistic representation of (a) PAF-303 and (b) PAF-304 impregnated with Li6C60. The PAF unit cell is highlighted in red, and Li6C60 is
highlighted in blue (lithium) and green (carbon).
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Here the parameter U0 is the well depth, r0 is the equilibrium
bond distance, rij is the distance between atoms i and j, and γ is
the force constant. We adopt the force field parameters that
were calculated using first principles by Han and Goddard2 for
H2−H2 interactions, Lan et al.41 for H2−PAF interactions, and
Rao et al.42 for H2−Li6C60 interactions, listed in Table 1.

Although there is no high-pressure data to test the accuracy of
the simulations, the force fields are derived from quantum
calculations and therefore are applicable at any pressure.47

Molecular simulation results are given as the total hydrogen
uptake including the gas-phase and adsorbed-phase contribu-
tions. Experimental results are usually reported as excess
uptake, which is the total uptake minus the gas-phase
contribution. Our simulated total uptake may be converted to
excess uptake by predicting the gas-phase contribution using
the Peng−Robinson equation of state and the pore volume of
the PAF structures.

III. RESULTS AND DISCUSSION
First we evaluate the effect of impregnation at low pressures up
to 1 bar in Figure 2 for PAF-303 and Figure 3 for PAF-304. The

different trends between gravimetric and volumetric uptake
with the Li6C60 loading are highlighted with arrows to
emphasize the results of this study. The significant difference
is that the gravimetric uptake increasing trend reaches a
maximum whereas the volumetric uptake continues to benefit
at high Li6C60 loading. This is a promising indication that
volumetric uptake can be improved with impregnation.
The maximum gravimetric uptake of H2 at 1 bar was found

to be 5.71 wt % in PAF-304 impregnated with 28 Li6C60, which
is approximately a 40% increase compared to that of bare PAF.
The maximum H2 uptake for PAF-303 was found to be 5.5 wt
% with 9Li6C60, an 80% increase. Moreover, the maximum
numbers of impregnated Li6C60 that can fit within the PAF unit
cells are 72 (or 91.73 wt %) for PAF-304 and 32 (or 87.41 wt
%) for PAF-303, resulting in the lowest gravimetric uptake.
There are two reasons for the maximum uptake at a particular
loading. First, the highest gravimetric storage capacity is due to
the highest N2-accessible surface area (m2/m3), shown in
Figure 8 and also mentioned in the supporting documents.
Second, the mass of the material increases with loading whereas
the volume of the material remains constant; therefore, the
gravimetric uptake reaches a maximum where the benefit of
uptake is overcome with the loss of material mass while the
volumetric uptake continually increases.
Volumetric uptake results are given in Figure 2b for PAF-303

and Figure 3b for PAF-304 with various loadings of Li6C60. The
maximum volumetric uptake of H2 was 39.23 g L

−1 in PAF-304
impregnated with 72 Li6C60. For PAF-303, the maximum
volumetric H2 uptake was 39.60 g L

−1 with 32Li6C60. H2 uptake
increases with the loading of Li6C60, and in both cases, 40 g L−1

is almost achieved for the optimal Li6C60 loading at just 1 bar
pressure.
The next series of simulations is for higher pressures up to

100 bar, presented in Figure 4 for PAF-303 and Figure 5 for
PAF-304. For gravimetric uptake, there is a critical pressure
between 1 and 10 bar where there is no benefit to having
impregnated Li6C60 within the framework, as shown in Figures
4a and 5a. It is clear for gravimetric uptake that the
incorporation of Li6C60 inside the PAFs ensures a favorable
environment for H2 molecules at low pressure but has a
detrimental effect at larger pressures. These results are
attributed to the relative influence of the heat of adsorption,
surface area, and pore volume at different pressures (vide infra).

Table 1. Force Field Parameters Employed in the Present
Worka

atom types U0 (kcal mol
−1) r0 (Å) γ ref

H_A−H_A 0.0182 3.570 10.709 Han and Goddard2

H_A−H_S 0.0124 3.201 12.003 Lan et al.41

H_A−C_R 0.0892 3.240 11.600 Lan et al.41

H_A−C_3 0.0620 3.240 11.006 Lan et al.41

H_A−Li 1.5970 1.994 7.940 Rao et al.42

H_A−C_C60 0.1008 3.120 12.006 Rao et al.42

aHere, H_A denotes the hydrogen atom in the H2 molecule, H_S
denotes hydrogen in the PAF structure, and C_R denotes the
resonantly coordinated carbon and C_3 denotes the tetrahedrally
coordinated carbon in the PAF structure, Li denotes the lithium ion,
and C_C60 denotes the carbon in the fullerene.

Figure 2. Total H2 uptake in PAF-303: (a) gravimetric and (b) volumetric uptake embedded with the number of Li6C60 molecules up to 1 bar and
77 K. Arrows indicate increased Li6C60 loading.
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Volumetric uptake at high pressures, however, continues to
improve with Li6C60 loading, as shown in Figures 4b and 5b.
The different trends between gravimetric and volumetric uptake
can be explained by the increased material mass with
impregnation whereas there is no increase in material volume.

Therefore, impregnation is an ideal strategy for enhancing
volumetric uptake.
Because excess uptake is also of interest to compare with

most experimental results, the predicted volumetric excess and
total hydrogen uptake for bare PAFs and impregnated PAFs are

Figure 3. Total H2 uptake in PAF-304: (a) gravimetric and (b) volumetric uptake embedded with the number of Li6C60 molecules up to 1 bar and
77 K. Arrows indicate increased Li6C60 loading.

Figure 4. Total H2 uptake in PAF-303: (a) gravimetric (b) and volumetric uptake embedded with the number of Li6C60 molecules up to 100 bar and
77 K. Arrows indicate increased Li6C60 loading.

Figure 5. Total H2 uptake in PAF-304: (a) gravimetric and (b) volumetric embedded with the number of Li6C60 up to 100 bar and 77 K. Arrows
indicate increased Li6C60 loading.
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given in Figure S1 with corresponding structural properties
listed in Table S1 of the Supporting Information (SI). A
remarkable increase in uptake is observed for both total and
excess uptake after impregnation. Excess uptake deviates from
total uptake at ambient pressure whereas total uptake continues
to increase as the gas-phase density increases.
Snapshots of hydrogen density within the bare framework

and the impregnated 28Li6C60 framework at various pressures
are given in Figure 6. The adsorption at low pressure is mainly
on Li6C60 as H2 is strongly attracted to the lithium ions. The
interaction strength between H2 and Li is 2 orders of
magnitude higher than for H2 to C interactions. A contribution
to the strong interaction is the delocalized anionic charge
created by Li6C60 described in earlier work by Konstas et al.37

In addition, Li6C60 has an intrinsic surface area of 6450 m2 g−1

(Figure S3). Therefore, a combination of greater surface area
and stronger adsorption energy leads to a high adsorbed
density. As expected, the H2 density increases with increasing
pressure for both materials. The most compelling insight is that
the impregnated structure contains a much higher H2 density
than the bare structure. As stated earlier, the total material mass
increases significantly with Li6C60 loading while the total
material volume remains constant. Therefore, the reason that
the total volumetric uptake increases with Li6C60 loading is that
the H2 density increases without an increase in the total
material volume.

To understand the effect of Li6C60 impregnation further,
Figure 7 displays the calculated H2 volumetric versus
gravimetric uptake with varying pressure and Li6C60 loading.
The aim here is to find the right combination of pressure and/
or Li6C60 loading to reach both the prescribed DoE target
region for gravimetric and volumetric uptake,11 outlined with
dashed lines. In the low-pressure range (0.1−1 bar), both
volumetric and gravimetric uptake increase with the impregna-
tion of Li6C60 for PAF-303 and PAF-304. In a medium pressure
range (10−50 bar), the volumetric uptake increases but the
gravimetric uptake decreases with Li6C60 loading. Finally, at
high pressures (∼100 bar), there is a concave shape (or seesaw
trade-off) with the number of Li6C60 molecules impregnating
the PAFs, as observed recently by Goldsmith et al.48 If
volumetric uptake is the top priority for energy storage, then a
maximum is obtained by impregnating PAF-303 with 9Li6C60’s
and PAF-304 with 28Li6C60’s. However, if gravimetric and
volumetric uptakes are of equal importance, then the optimal
Li6C60 loading greatly depends on the required operating
conditions. Therefore, it is necessary to define the dependence
that uptake has on structural characteristics under certain
operating conditions. As presented by Lim et al.,9 the storage
capacity is not the only indicator of performance but rather the
working capacity is of critical importance. Figure S4 in the SI
illustrates that the empty PAFs without Li6C60 apparently have
the largest delivery if cycled between the DoE pressure range of
5−100 bar. However, if cycled between vacuum and 1 bar, the

Figure 6. Snapshots of H2 adsorption in PAF-304 without Li6C60 at 77 K and pressures of (a) 0, (b) 0.01, (c) 0.1, (d) 1, (e) 10, and (f) 100 bar and
with 28Li6C60 at pressures of (g) 0, (h) 0.01, (i) 0.1, (j) 1, (k) 10, and (l) 100 bar, respectively, with the smallest hydrogen density highlighted in
orange and the greatest hydrogen density highlighted in blue.

Figure 7. Total volumetric and gravimetric hydrogen uptake with Li6C60 loading in (a) PAF-303 and (b) PAF-304 at 77 K and various pressures.
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impregnated PAFs’ performance is high with a greater working
capacity.
For a closer analysis, gravimetric and volumetric results are

presented separately in Figures S5 and S6 of the SI. At 1 bar,
the impregnation of 9Li6C60 loading within PAF-303 delivered
a maximum gravimetric H2 uptake. In addition, a maximum of
5.71 wt % gravimetric uptake for 28Li6C60 loading in PAF-304
has been achieved. Volumetric uptake is also maximized at the
same Li6C60 loading for pressures above 10 bar. At 10 bar, the
gravimetric uptake is almost constant with an increasing
number of Li6C60 molecules, but at 100 bar, the uptake is
reduced with Li6C60 loading. The volumetric uptakes showed a
more enduring increase with the impregnation of Li6C60 at all

pressures compared to the gravimetric uptake. As a result, we
can achieve a remarkable enhancement of up to 260% of the
volumetric adsorption capacity in PAF-304 at 10 bar, from 12
to 44 g L−1 with the impregnation of Li6C60.
It is noteworthy that if we assume that the hydrogen storage

tank is completely filled with the ideal adsorbent then the total
uptake may be compared to the DoE targets. However, the
cryogenic temperature condition is not within the DoE
required operating conditions. In reality, adsorbents are usually
compressed into pellets, losing their intrinsic pore volume and
creating pellet−pellet gaps. Therefore, the total uptake should
at least be accompanied by an estimated loss of pore volume
(24% loss according to Dailly and Piorier49) to extrapolate to

Figure 8. Structure−property relationships among gravimetric H2 uptake, Li6C60 loading and (a) heat of adsorption at 0.01 bar, (b) surface area at 1
bar, and (c) pore volume at 100 bar.

Figure 9. Structure−property relationships among volumetric H2 uptake, Li6C60 loading, and surface area for (a) PAF-303 and (b) PAF-304.
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macroscale system performance. In the case for PAF, the large-
scale packing method is yet to be determined, and pore volume
loss estimates are unavailable. Nonetheless, with the current
predictions one can extrapolate the results to an altered pore
volume using the structure−property relationships elucidated
further in the article.
In the interest of relating the observed trends in uptake with

the structural features such as the heat of adsorption, surface
area, and pore volume, Figure 8 for gravimetric uptake and
Figure 9 for volumetric uptake are presented. The heat of
adsorption is calculated as the pressure-dependent isosteric heat
of adsorption; see Figure S8 for the complete data set. As
suggested previously, correlations between gravimetric uptake
and Li6C60 loading strongly depend on the pressure conditions.
For gravimetric uptake, it is clear that the trend in heat of
adsorption (at 0.01 bar) with the number of Li6C60 molecules is
identical to the trend in gravimetric uptake at 0.01 bar (Figure
8a). Both PAF-303 and PAF-304 have very similar heats of
adsorption at low loadings of between 5 and 15 kJ mol−1.
According to Mendoza-Corte ́ et al.50 and Bhatia et al.,51 the
next generation of frameworks targeting hydrogen adsorption
with high delivery amounts should be at least as high as 15 kJ
mol to reach the DoE gravimetric targets. Therefore, the
kinetics of hydrogen adsorption and desorption in PAFs are
expected to be more favorable with Li6C60 impregnation.
Furthermore, the surface area correlates with the gravimetric

uptake at 1 bar (Figure 8b). Maximum surface areas (m2/m3)
of 1971 and 2033 are achieved for PAF-304 and PAF-303,
respectively, with corresponding numbers of Li6C60 molecules
of 28 and 9. Therefore, the maximum H2 uptake at this pressure
is a result of maximizing the surface area. It is clear that the
larger the surface area, the greater the gravimetric uptake (in
this pressure range).
Pore volume correlates with H2 uptake at 100 bar (Figure

8c). At 100 bar, as we impregnate more Li6C60, the pore
volume decreases. This decreasing trend is also observed in the
case of gravimetric uptake at high pressure,where the hydrogen
density is already at a maximum and therefore the available void
space is critical. As a result, we obtain excellent correlation at
100 bar.
It is worth noting that these relationships were first observed

by Frost et al.43 by varying the ligand length of MOFs. Frost et
al. also observed the effect of the heat of adsorption, surface
area, and pore volume at different pressures. Here we have
confirmed these trends with impregnation that can be
understood as an inverse action with respect to the ligand
extension of Frost et al., where Frost et al. increased the pore
volume with modification whereas we decrease the pore
volume with modification. In addition to these structural
parameters, the pore size distribution (calculated using Zeo+
+52) shows that the large pores are gradually filled with lithiated
fullerenes, creating smaller pores and wider size distributions
(Figure S2). For example, an empty PAF-303 pore of 21 Å
becomes filled after impregnation, creating smaller pores
ranging from 6 to 16 Å. This also explains the high heat of
adsorption with loading and the high uptake and low pressures.
More details are found in the Supporting Information.
Interestingly, for volumetric uptake as shown in Figure 9, the

surface area correlates with uptake at all pressures (ranging
from 0.01 to 100 bar). As a general trend, the volumetric uptake
is enhanced with increased volumetric surface area for all
pressures. By impregnating the PAF with lithiated fullerenes,
the available surface area for hydrogen adsorption is increased.

Because the hydrogen density on the surface is much greater
than in the gas phase, there is a continual benefit from
incorporating lithiated fullerenes.
Finally, we calculated the volumetric uptake of H2 in bare

PAF-304 and impregnated 28Li6C60@PAF-304 at varying
temperature from 50 to 300 K (Figure S7 in the SI). Above
the critical temperature (33 K), the H2 density increased rapidly
with pressure. In the cryogenic temperature range (50−150 K),
the volumetric uptake increases with the impregnation of
Li6C60. At high pressure and high temperature (243 K), we
found the highest uptake of 23.5 g L−1 for 28Li6C60@PAF-304
whereas for bare PAF the value is 9.56 g L−1. These results
demonstrate the benefit of impregnation across all pressures
and temperatures. Results such as these are critical for material
and process optimization for industrial-scale applications.

IV. CONCLUSIONS
The adsorption of hydrogen within Li6C60 impregnated PAF
materials have been investigated via GCMC simulation, with
the goal of reaching the DoE capacity targets for on-board
hydrogen storage at cryogenic temperature (not within DoE
specifications). Despite an apparent loss of free volume related
to pore filling by lithiated fullerenes, the adsorption capacity
was increased at low pressures for gravimetric uptake and
increased at all pressures for volumetric uptake. This improve-
ment strategy may remove the need for high-pressure vessels.
The incorporation of Li6C60 into PAF-303 and PAF-304
exceeds the 2017 DoE gravimetric target at a low 1 bar and
reaches the 2017 DoE volumetric target at a pressure range of
10−20 bar at cryogenic conditions. Although the capacity
targets seem to be achievable, the operating conditions are
outside of the DoE prescriptions. The idea of incorporating
Li6C60 inside PAF-303 and PAF-304 opens a new avenue for
the design, composition, and fabrication of highly porous
materials with an exceptional capacity for hydrogen storage and
other applications.
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