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Xenon is used as a propellant for spacecraft. Conventionally, xenon is compressed to high pressures
(75-300 bar) for bulk storage onboard the spacecraft. An adsorbed xenon storage system based on nano-
porous materials (NPMs) could, potentially, (i) reduce the storage pressures, (i) allow for thinner-walled and
lighter pressure vessels, and (iii) if the NPM itself is sufficiently light, reduce the overall mass of the storage
system and, thus, of the payload of the rocket launch. To investigate, we develop a simple mathematical
model of an adsorbed xenon storage system by coupling a mechanical model for the pressure vessel and a
thermodynamic model for the density of xenon adsorbed in the NPM. From the model, we derive the
optimal storage pressure, tailored to each NPM, with the objective of minimizing the mass of the materials
(walls of the pressure vessel + NPM) required to store the xenon. The model enables us to: (i) rank NPMs for
adsorbed xenon propellant storage, (i) compare adsorbed storage to the baseline of bulk storage, and (iii)
understand what properties of NPMs are desirable for adsorbed xenon propellant storage. We use the
model to evaluate several NPMs, mostly metal—-organic frameworks (MOFs), for adsorbed xenon propellant

Received 26th February 2021, storage at room temperature, using experimental xenon adsorption data as input. We find Ni-MOF-74 and

Accepted 12th May 2021 MOF-505 outperform activated carbon, a traditional adsorbent. However, each optimized adsorbed xenon
DOI: 10.1039/d1ma00167a storage system is heavier than the optimized bulk storage system, owing dominantly to the large mass of

the NPM itself. To provide a lighter adsorbed xenon storage system than a bulk storage system, our model
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1 Introduction

Ion thrusters are used to propel spacecraft and satellites.?
Xenon is commonly used as a propellant owing to its inertness,
high molecular weight, and relatively low ionization energy.’

To store xenon propellant onboard the spacecraft, xenon is
typically compressed and stored at high pressures (75-300 bar)*~”
between 20 °C and 50 °C, in a supercritical state.® The pressure
vessel must have thick walls to safely contain the xenon at these
high pressures, making it heavy. Because the cost of launching a
payload into Earths orbit is ca. 10 000 USD per Ib,” it is desirable to
reduce the mass of storage materials required to store xenon
propellant onboard spacecraft.

We investigate the feasibility of an alternative xenon storage
strategy, with the objective of reducing the mass of the storage
materials required to carry the xenon propellant into space:
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suggests to pursue light adsorbents with a high gravimetric saturation loading of xenon.

packing the pressure vessel with a porous adsorbent material to
help densify the xenon (i.e., use an adsorbent in combination with
pressurization). Activated carbon has been investigated for
adsorbed xenon propellant storage, but it does not reduce the
mass of the storage system.'® Newer classes of nanoporous
materials, such as metal-organic frameworks (MOFs),"" porous
organic cages (POCs),"> and covalent organic frameworks (COFs),"
exhibit very high internal surface areas'*'> and have demonstrated
promise for gas densification in the context of vehicular hydrogen
and methane storage,'® motivating us to consider these advanced
nanoporous materials for adsorbed xenon propellant storage.
Moreover, several of these nanoporous materials exhibit a high
affinity for xenon, evidenced by their adsorptive selectivity for xenon
in the context of separations.’”’°

Herein, we develop a simple mathematical model of an
adsorbed xenon propellant storage system by coupling a
mechanical stress model for the pressure vessel and a thermo-
dynamic model for gas adsorption in the nanoporous material.
This model enables us to evaluate and rank adsorbents for
adsorbed xenon propellant storage. The performance of each
adsorbed storage system is judged by the mass of storage
materials - composed of the walls of the pressure vessel and
the mass of the adsorbent material - required to carry the
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xenon propellant needed for the mission. We use our model to
find the optimal storage pressure, tailored to each nanoporous
material, that minimizes the mass of the storage materials
needed. Conventional, bulk xenon storage serves as a baseline
for evaluating porous materials for adsorbed xenon storage.
Thus, we also use our model to find the minimal-mass pressure
vessel under a bulk storage strategy. Our hypothesis is that
the optimal storage pressure for an adsorbed xenon storage
systems is lower than that of the bulk xenon storage system,
thereby allowing for thinner-walled and thus lighter pressure
vessels in the adsorbed storage system. The important question
our model addresses is whether the reduced mass of the
pressure vessel in the adsorbed xenon system compensates
for the (additional) mass of the adsorbent required to store
the xenon at a lower pressure. The answer to this question
depends on the xenon adsorption isotherm in and density of
the nanoporous material.

We use our model to assess several nanoporous materials
for xenon propellant storage, using experimentally reported
xenon adsorption isotherms as input. We find that MOF-505
and Ni-MOF-74 outperform the traditional adsorbent, activated
carbon. However, when comparing the adsorbed and bulk
xenon storage systems, we find that none of the nanoporous
materials considered compete with the bulk storage system
in terms of reducing the overall mass of the storage system. On
the basis of a strong relationship between the adsorbent
performance and its xenon adsorption properties, our model
suggests the saturation loading of xenon in the adsorbent must
exceed ca. 94 mmol Xe g~ for the adsorbed storage system to be
lighter than the bulk storage system. Also, nanoporous materials
that exhibit high gravimetric surface areas tend to perform well
for adsorbed xenon storage. Our conclusions rest on several
simplifying assumptions, which we clearly list and discuss.

2 Modeling the pressure vessel, bulk
xenon density, and xenon adsorption in
the adsorbent

In this section, we formulate the mathematical models we use

to describe the pressure vessel, bulk xenon gas, and xenon
adsorption in the adsorbent. We later couple these models

Table 1 Description of model parameters/variables
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together to compose our models of both a bulk and adsorbed
xenon propellant storage system. Table 1 summarizes the
parameters and variables in our model.

2.1 The pressure vessel: spherical and thin-walled

Take the pressure vessel storing the xenon, in either the bulk or
adsorbed phase, as a spherical shell composed of a
homogeneous, elastic material. Let 7 [m] be the inner radius
of the shell and ¢ [m] be the (uniform) thickness of the vessel
walls. Here, we relate the pressure P [bar] of (bulk or adsorbed)
xenon inside the vessel to the resulting circumferential stress o
[bar] internal to the material composing the vessel walls.
We use this relation to set the thickness of the walls of the
vessel to safely contain the xenon without rupturing.

By invoking the thin wall approximation,®* assuming r > ¢,
(i) the circumferential stress ¢ is spatially uniform in the
material and (ii) we do not distinguish between the inner and
outer radius r. A free body diagram on a hemisphere of the
vessel (see Fig. 1) balances two opposing forces in the direction
normal to the plane on which the hemisphere sits, arising
from: (a) the circumferential stress in the material and (b) the
pressure of the gas on the inner walls, giving:

Prr? = g2mrt. (1)

We design the vessel by choosing the wall thickness ¢ such that
the wall stress ¢ is equal to fo, where f < 1 is a safety factor
and g, [bar] is the yield strength of the material composing the
vessel walls:

P
2By’

t (2)
We assume the vessel walls are composed of a titanium alloy
(Ti-6Al-4V) commonly used for aerospace applications**** with
yield strength o, = 8250.0 [bar]** and density p, = 4429 kg m™°*.**
N.B. mechanical properties of alloys could depend on whether
they are under uniaxial or biaxial stress.>* We use a safety factor
p = 0.5 as in ref. 25.

2.2 Density of bulk xenon fluid: interpolation of NIST data

We interpolate data from the NIST Chemistry WebBook*® to
characterize the density of bulk xenon gas, px. [mol m*], as a
function of pressure, P, at constant temperature, T = 298 K.

Symbol Description Units
Nxe Moles of xenon required for mission mol

P Pressure of xenon gas in the bulk- or adsorbed-storage vessel bar

Pxe Density of xenon gas in the bulk phase mol m~*
pids Density of xenon gas in the adsorbent (absolute adsorption) mol m?
K Langmuir parameter: describes xenon-adsorbent affinity bar !

M Langmuir parameter: saturation loading of xenon in the adsorbent mol kg !
Dads Bulk density of the (empty) adsorbent kg m*
Py Density of the material composing the vessel walls kg m
ay Yield strength of material composing the vessel walls bar

my Mass of material composing the vessel walls kg

Mads Mass of adsorbent filling the vessel kg

Wxe Molar mass of xenon kg mol "
4082 | Mater. Adv., 2021, 2, 4081-4092 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thin-walled, spherical pressure vessel model. (a) A spherical pres-
sure vessel (a shell of homogeneous material). A patch is shown on an
arbitrary location, subject to biaxial stress a. The stress ¢ is internal to the
material comprising the walls of the vessel and, under the thin-wall
approximation, is spatially uniform within the material. (b) A static free-
body diagram of half of the spherical pressure vessel, showing the
circumferential stress ¢ inside the walls, giving rise to a force that balances
the force arising from the pressure P exerted on the plane by the xenon
fluid inside. The thickness of the wall of the vessel is t.

Fig. 2 displays pxe = pxe(P;T). Note that 298 K is above the
critical temperature of xenon (7. = 289.74 K). Near the critical
pressure of xenon (P, = 58.42 bar), small changes in pressure
result in large changes in density.

For comparison, we also show the density of the ideal gas in
Fig. 2. The ideal gas law is not sufficiently accurate for describing
the density of xenon at high pressures relevant to propellant
storage. As a result of attractions between the xenon particles,
the xenon fluid exhibits a higher density than the ideal gas in the
pressure range shown in Fig. 2.

2.3 Density of adsorbed xenon: the Langmuir adsorption
model

To describe the density of adsorbed xenon in a porous material,

pads [mol m™%), as a function of pressure and at fixed
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Fig. 2 The density of xenon, pxe = pxe(P), as a function of pressure, P, at a
fixed temperature of 298 K, taken from NIST.?® For comparison, the
density of the ideal gas is also shown. The vertical, dashed line marks the
critical pressure of xenon (P. = 58.42 bar. Note T, = 289.74 K.). The x marks
the optimal storage conditions in a bulk xenon propellant storage system,
which we will derive later.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature, we use Langmuir’s single-site equilibrium
adsorption model:*’

KP
ad
pxe (P) = padstv (3)

where M [mol kg™ '] is the saturation loading of xenon in the
adsorbent, K [bar~'] is the Langmuir parameter, the inverse of
the pressure at which half the adsorption sites are occupied
and a metric of the affinity of xenon for the material, and
Paas [kg m~?] is the bulk density of the adsorbent (when devoid
of gas); this makes Mp,qs [mol m~?] the density of adsorption
sites in the adsorbent.

For the purposes of modeling adsorbed xenon storage, under
the single-site Langmuir model, a porous material is fully
characterized by M, K and p,qs. Volumetric (p?{és) and gravimetric
(P?(%S/pads) xenon adsorption in the material, both of which are
important for xenon propellant storage, are related by p,gs.

For each adsorbent material under consideration:

e We identify its Langmuir model parameters K and M from
its experimentally measured, gravimetric xenon adsorption iso-
therm [mol Xe kg~ " adsorbent] in a least-squares fitting routine.
As opposed to constructing pi%(P) by interpolating the data, the
Langmuir model allows us to extrapolate the adsorbed density to
larger pressures than observed in the experiments (ca. 0-1 bar).

e We approximate the bulk density p,qs of each nanoporous
material as equal to its crystal density. We revisit this assumption
later for materials with reported bulk densities.”® The bulk density
depends on the form of the material (powder, pellet, etc.)**" but is
typically less than the crystal density owing to interstitial voids.>®

3 Xenon storage

We now couple the models for the xenon fluid, pressure vessel,
and adsorbent to formulate a model for both bulk-
adsorbed-xenon storage systems. For both storage strategies,
our first goal is to determine the mass of storage materials—
the mass of material composing the walls of the pressure vessel
and, if adsorbed-xenon storage, the mass of the adsorbent
material- needed to carry the ny. [mol] of xenon required for
the mission. The mass of storage materials required is a function
of our choice of storage pressure. Our second goal is to then find
the storage pressure, for both bulk- and adsorbed-xenon propel-
lant storage systems, that minimizes the mass of storage materi-

and

als. The primary performance metric of a given xenon propellant
storage system is the tankage fraction: the mass of storage
materials required per mass of xenon propellant stored.”®

3.1 Bulk xenon propellant storage

In bulk xenon storage, we compress the pure xenon fluid and
contain it in a free-space, spherical pressure vessel.

The volume of the vessel requiredi to store the ny. [mol] of
Xenon is nxe/pxe- Thus, the radius of the spherical vessel as a

# Recall, under the thin-walled vessel approximation, we do not distinguish
between an outer- and inner-volume.

Mater. Adv, 2021, 2, 4081-4092 | 4083
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function of storage pressure is:

nxe

=10 = (gt - @

Substituting 7(P) into the stress model for the vessel in eqn (2),
we arrive at the required thickness of the vessel, ¢ = ¢(P), to
safely contain the compressed xenon. Finally, the mass of
material comprising the walls of the pressure vessel is, after
(conceptually) flattening the vessel walls:

_ 3nxep, P
zﬂo}’pXe (P)7

where p, is the density of the material composing the vessel
walls. Intuitively, m, scales with the density of the material
composing the walls of the vessel, p,, and with the required
amount of xenon for the mission, nyx.. On the other hand, m,
scales inversely with the yield stress of the vessel material, oy.

3.1.1 Optimizing the storage pressure. The optimal storage
pressure P, [bar] minimizes the material composing the vessel
walls that is required to safely contain the ny. [mol] xenon for
the mission:

my = dnrttp, = my(P)

(5)

Py = arg min[m, (P))]. (6)

We minimize m,(P) numerically to find P,,. The associated
tankage fraction of the optimized bulk-storage vessel is then:
_my (P om)

Topt: =———— 7
opt HxeWXe ) ( )

with wg. the molar mass of xenon.

3.2 Adsorbed xenon propellant storage

In adsorbed xenon storage, we fully pack the spherical pressure
vessel with porous material to store xenon gas in the
adsorbed phase.

The mass of adsorbent m,qs needed for the mission, as a
function of storage pressure, P, is

Pads"Xe (
= ads/ oV’ 8)
P (P)
with the density of adsorbed xenon, pi%%, given by the Langmuir
adsorption model in eqn (3). Imposing the volume of the vessel
to be equal to the volume of the adsorbent required, the radius
nXe

of the spherical pressure vessel is:
=)= (4 )1/3 0
arpip(pP))

which is eqn (4) with the bulk xenon density replaced with the
adsorbed xenon density.

The required thickness of the vessel walls, ¢ = ¢(P), follows
from substituting 7(P) into the stress model for the vessel in
eqn (2). Finally, the mass of material composing the walls of the
pressure vessel is:

Mads = mads(P)

3nXEpvP

my = 47'5”2va =my(P) = — 55
280,055 (P)

(10)
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which is eqn (5) with the bulk xenon density replaced with the
adsorbed xenon density.

3.2.1 Optimizing the storage pressure. The storage
pressure that minimizes the total mass of storage materials
required to carry the xenon for the mission is found analytically
(setting the derivative equal to zero):

. zﬁo'vpads
P e 1 (P P)| = =
opt arg;ﬂ"ﬂ”hm( ) + my(P)] \/_;;;;j_

This optimum storage pressure balances the mass of the
adsorbent required, which decreases with increasing pressure,
and the mass of the vessel walls required to contain the
pressure. Intuitively, the optimal storage pressure is low when
using porous materials that adsorb xenon strongly (large K) and
high if the porous material is very dense (large p,qs) or if the
vessel walls have a high yield strength (large ay).

Finally, the minimal mass of storage materials required
for the mission is Muqs(Popt) + My(Popy). The optimal tankage
fraction is then:

(11)

mads(Popt) + mv(Popt)
NxeWXe

(e

TOpt L=

_ 1
Mpagswxe

2
3py
P /31() . (12)

The effects of material properties on the tankage fraction are
apparent: to provide a small tankage fraction, we wish for:

e the material composing the vessel walls to be light (small
pv) and strong (large ).

e the adsorbent material to be light (small p,qs), strongly
adsorb xenon (large K), and have a large number of xenon
adsorption sites packed per volume (large Mp.qs).

While these effects of material parameters on the tankage
fraction are qualitatively unsurprising, eqn (12) allows us to
quantitatively evaluate several adsorbents for adsorbed xenon
propellant storage and compare to the bulk storage strategy.

3.3 Remarks

Conveniently, the optimal storage pressure and tankage fraction
do not depend on the amount of xenon required for the mission,
Nxe, for both bulk and adsorbed storage systems (see eqn (5) and
(7) and eqn (11) and (12), respectively). However, the choice of
the safety factor § could affect (i) the ranking of adsorbents
according to their optimal tankage fractions (see eqn (12)) and
(ii) the ratio of the bulk to adsorbed optimal tankage fractions
(divide eqn (7) by eqn (12)).

While eqn (12) shows the effects of material parameters on
the optimal tankage fraction, these material parameters are
intimately coupled and correlated, and therefore generally
cannot be independently tuned. E.g., denser materials tend to
more strongly attract xenon, giving rise to a positive correlation
between p,qs and K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4 Results

We now evaluate several porous materials for adsorbed xenon
propellant storage, with bulk xenon storage as a baseline. The
data and Julia code to fully reproduce our calculations and plots
are available at github.com/SimonEnsemble/PropellantStorage.
Without loss of generalization, we take the required mass of
propellant needed for the mission as nx.Wxe = 100 kg.

4.1 Compressed, bulk xenon storage

As a baseline, we first analyze a bulk xenon storage system,
where xenon gas is compressed and stored in a spherical,
thin-walled pressure vessel, without an adsorbent.

Fig. 3 shows the radius, wall thickness, and tankage fraction
for bulk xenon storage over a pressure range of 20 bar to
125 bar. The optimal storage pressure is Py, = 77.6 bar, which
provides a minimal tankage fraction of 7, = 0.08. Notably,
Pype > P to exploit the large slope of py.(P) in Fig. 2, where a
small change in pressure results in a large change in xenon
density. See the x in Fig. 2 that marks (Pope,0xe(Popt))-

4.2 Adsorbed xenon storage

Next, we evaluate and compare the performance of several
porous materials for adsorbed xenon propellant storage, with
the bulk storage system as a baseline.

bulk Xe storage

radius, r[m]
o
N
wm
\

o
o
o

N
1

o

thickness, t [mm] ¢

o

.25 A

0.20 A

0.15 - (77.6 bar, 0.08)

tankage fraction, 7

0.05 A

0.00 T T T T T
20 40 60 80 100 120
pressure, P [bar]

Fig. 3 Optimizing the compressed, bulk xenon storage system at 298 K.
The radius of the vessel, the thickness of its walls, and the tankage fraction
are shown as a function of the storage pressure. The optimal storage
pressure (vertical, dashed line) minimizes the tankage fraction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.2.1 The porous material candidates. As candidate nano-
porous material adsorbents for adsorbed xenon propellant
storage, we consider the MOFs, SBMOF-1,°> Ni-MOF-74,*
HKUST-1,* SBMOF-2,**> Co3(HCOO)s,*® MOF-505°" (= NOTT-
100%®%), and Ni(PyC),*® and POC material CC3."® We also con-
sider activated carbon as a baseline. We selected these materials
because their experimentally measured xenon adsorption
isotherms near 298 K are available in the literature.'”**3%4174
Fig. 3 displays the crystal structures of the candidate nanoporous
materials and their crystal densities (= pa.qgs). For activated
carbon, which is amorphous, we took the density as that of
1230C coconut shell activated carbon, used in ref. 44, from the
data sheet in ref. 45, 500 kg m™>.

4.2.2 The adsorbed xenon density in each porous material.
We use the Langmuir adsorption model p32%(P) in eqn (3) to
describe the adsorbed density of xenon in each material as a
function of pressure. We identify the Langmuir parameters M
and K for each adsorbent by fitting p3a%(P)/paas to the experi-
mentally measured, gravimetric (per mass of adsorbent) xenon
adsorption data at 298 K (with the exception of MOF-505, 292 K
and Ni-MOF-74, 297 K). Fig. S1 (ESIt) shows the raw gravimetric
xenon adsorption data and the gravimetric Langmuir model
fits, all of which reasonably describe the shape formed by the
data. Table 2 lists the identified Langmuir parameters M and K
for each adsorbent, in addition to the references for the
adsorption data. Finally, Fig. 5a displays (i) the volumetric
(per volume of adsorbent) xenon adsorption data, converted
from the gravimetric adsorption data using p.gs, (ii) the fitted
models for the adsorbed xenon density, p32%(P), and (iii) the
bulk gas density px.(P). The plot shows a larger pressure range
than Fig. S1 (ESIt), on a logarithmic scale, to see how the model
p335(P) extrapolates to pressures larger than found in the data.
Compared with the bulk xenon density at the same temperature
and pressure, adsorbents achieve a much higher xenon density
at lower pressures (ca. <40 bar), but, at higher pressures,
the bulk density is greater because the skeleton of the
adsorbent occupies a fraction of the space and excludes xenon
adsorbates.

Although xenon adsorption data was also available for
IRMOF-1*® and PCN-12,** we omit these MOFs from our
analysis because their xenon adsorption isotherms do not
exhibit a plateau, preventing reliable estimation of M to
extrapolate the adsorbed xenon density beyond the maximum
pressure observed in the data, ca. 1 bar.

To summarize the properties of the adsorbents that dictate
their performance for adsorbed xenon propellant storage,
Fig. 5b displays the distributions and correlations between
the adsorbent parameters K, M, and paqs.

4.2.3 Optimizing the adsorbed-xenon storage system for
each material. For each adsorbent, we find the optimal storage
pressure, P in eqn (11), and the associated optimal tankage
fraction, given in eqn (12). Fig. 6a summarizes the performance
of the materials for adsorbed xenon propellant storage, with the
aim of minimizing the mass of storage materials required to
carry the xenon propellant into space. The x’s in Fig. 5a mark
(PoptsP3e3(Popy)) for each adsorbent.

Mater. Adv,, 2021, 2, 4081-4092 | 4085
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Table 2 The identified Langmuir model parameters in the candidate
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Fig. 4 The crystal structures of the nanoporous material candidates we consider for adsorbed xenon propellant storage and their (crystal) densities, pags.
For CC3, a molecular material, we show only a single cage.

materials storage system.

Reference for 4.2.4 Relationship bt.:tween performance and at.lsorptlon
Material M [mol kg™ '] K [bar ] adsorption data  properties. What properties of an adsorbent are desirable for

R . . .

MOF-505 12.37 0.98 1 xer%on propellant storage? Addfessmg this question could lead
Ni-MOF-74 7.17 1.52 17 to improved adsorbents that yield an adsorbed xenon storage
Activated-Carbon  5.26 2.26 u“ system with a lower tankage fraction than bulk storage. While
SBMOE-2 371 327 35 eqn (12) provides insights into how K, M, and influence the
Ni(PyC), 3.30 18.9 39 qn (12) prov g WK, M, Pads INHUET
HKUST-1 2.99 2.04 17 optimal tankage fraction, these parameters are in practice not
CCQ»( ) 2.74 7.57 43 independent, but correlated (see Fig. 5b).
Co3(HCOO)e 2.30 6.50 41 . . .
SBMOF-1 141 379 17 The saturation loading, M, of the adsorbent is a strong

Ranking the adsorbents. The adsorbents in Fig. 6b are ranked
by the optimal tankage fraction. Ni-MOF-74 and MOF-505 provide

"8, 9"
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8585
Q

838,
Q

838, o

9‘9& 808,

Pads = 1192 kg/m3

Pads = 9589 kg/m?3

the mass of the storage materials (vessel walls) for the bulk

predictor of the optimal tankage fraction of the adsorbed xenon
storage system. See Fig. 7. Eqn (12) provides an explanation, by
noting the tendency for (i) the mass of the adsorbent to dominate

lower tankage fractions than an adsorbed xenon storage system

based on the traditional adsorbent, activated carbon.

mads(Popt) + mv(Popt) - mads(Popt)

the optimal tankage fraction (see Fig. 6b) and (ii) kP, > 1, giving
the approximation to the optimal tankage fraction:

nXeWXe

Bulk vs. adsorbed xenon storage. The optimal storage
pressures for the adsorbed xenon storage systems are lower

than for the bulk storage system; however, the optimal tankage
fractions of the adsorbed storage systems are larger. Fig. 6b
shows, with the bulk storage system as a baseline, the adsor-
bents reduce the mass of the vessel walls required to store the
xenon, but at the expense of (i) achieving a lower density of
xenon, resulting in a larger pressure vessel and (ii) carrying a
large mass of adsorbent material. In conclusion, according to
our mathematical model, the adsorbents provide a reduction
(compared to bulk storage) in the mass of the vessel walls,
owing to reduced storage pressures, but this does not compensate
for the (additional) mass of the adsorbent material itself; for each
adsorbent, the mass of the storage materials (vessel walls +
adsorbent) required to carry the xenon into space is greater than

4086 | Mater. Adv, 2021, 2, 4081-4092

conditions.

~
~

nXeWXe
1

Mwxe

seftosi)
Mwxe KPopy

(13)

This approximation is shown as the curve in Fig. 7, along which
the data approximately lie. So, the performance of an adsorbent
for adsorbed xenon propellant storage tends to be determined
by, to first order, its saturation loading, M. This result is intuitive
because (i) the optimal storage pressure tends to be near
saturation conditions (KP,pe > 1), (ii) we wish to minimize the
mass of storage materials, dominated by the adsorbent, and (iii)
M is the amount of Xe stored per mass of adsorbent at saturation

We use the approximation in eqn (13) to estimate that, for
an adsorbed storage system to give a lower optimal tankage
fraction than the bulk storage system, the saturation loading of
xenon in the adsorbent must exceed 94 mol kg™, much larger

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Xenon adsorption in the candidate adsorbents. (a) Curves show the fitted Langmuir adsorption model, p%e*(P) in egn (3), to describe the adsorbed
xenon density in each adsorbent at 298 K. Points show the experimentally measured xenon adsorption isotherms (at 298 K, except for MOF-505, 292 K,
and Ni-MOF-74, 297 K), converted from the raw gravimetric adsorption data using p.qs. The dashed curve shows the density of the bulk gas, pxe(P). The
x's mark the optimal storage conditions (Popt,pi‘és(Popt)) that we will derive later. (b) The distributions (diagonal) and correlations between (off-diagonal)

the Langmuir M, Langmuir K, and density p.qs Of the adsorbents.
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Fig. 6 Performance of the optimized adsorbed xenon propellant storage systems. (a) The optimal storage pressure Pop: and associated optimum
tankage fraction for each adsorbent. As a baseline, the bulk storage system is depicted by the x. (b) For each optimized adsorbed Xe storage system: the
mass of the pressure vessel walls, mass of adsorbent material, radius of the vessel, thickness of the vessel walls, and density of adsorbed xenon. Where
relevant, the horizontal dashed lines show the corresponding characteristic for the optimized bulk storage system.

than seen for the adsorbents in Table 2. Based on the relation-
ship between M and p,qs in Fig. 5b, such an adsorbent must not
be dense. Indeed, lighter adsorbents (lower p.qs) also tend to
give adsorbed Xe storage systems with lower optimal tankage
fractions; see Fig. S2 (ESIt).

We also find that nanoporous materials that exhibit high gravi-
metric surface areas (defined by the zero potential energy contour of
a xenon adsorbate in the pores, computed in iRASPA*"**®) tend to
provide lower tankage fractions. See Fig. S3 (ESI{). Similarly, virtual
screenings of MOFs for hydrogen storage show that MOFs with
high gravimetric surface areas tend to have the highest deliverable
capacities of hydrogen;*® however, for methane storage, intermedi-
ate gravimetric surface areas are desirable.”

5 Limitations

Our mathematical model and the conclusions we extract from it
are subject to several limitations emanating from simplifying
model assumptions. We discuss some of these below.

4088 | Mater. Adv, 2021, 2, 4081-4092

The safety factor

The choice of the safety factor influences the comparison
between adsorbents and between adsorbed and bulk storage
systems (see eqn (5) and (12)) because it scales the contribution
to the tankage fraction by the metal composing the vessel walls.
We crudely investigated the sensitivity of our results to ff: only
when f < =~0.05 does the tankage fraction of MOF-505
compete with the bulk storage system. For this very low f3, only
CC3 and HKUST-1 switch rankings, indicating the ranking of
adsorbents here is insensitive to the choice of f.

Extrapolation of data on adsorbed xenon density in the
nanoporous materials

We used fitted Langmuir adsorption models to extrapolate
experimental adsorption data, which is available only up to
ca. 1 bar (see Fig. 5a). Though we excluded adsorbents from our
study whose adsorption isotherm data did not exhibit a plateau
for reliable estimation of the saturation loading M, this extra-
polation could still introduce significant error.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The relationship between the tankage fraction of each optimized
adsorbed xenon storage system and the saturation loading of xenon in the
adsorbent, M. The solid curve shows the approximation to the optimal
tankage fraction in eqn (13).

Bulk vs. crystal density of the nanoporous materials

The bulk density of the nanoporous material, p,qs, influences
the optimum storage pressure and tankage fraction of the
adsorbed xenon storage system. See eqn (11) and (12). For each
nanoporous material, we approximated p,qs as its crystal den-
sity (easily computed from its crystal structure, listed in Fig. 4)
because bulk densities were not reported for each nanoporous
material in our study. However, in practice, the adsorbent when
packed into a pressure vessel will take the form of a compacted
powder forming granules or pellets; the bulk density of such
MOF powders is usually lower than the crystal density owing to
interstitial voids.* %"

We now investigate how our approximation, bulk density of
the nanoporous material p,qs & crystal density, influences our
results. We properly used measured bulk/tap densities reported
for CC3, HKUST-1, and Ni-MOF-74>® (see Fig. S4a, ESIt) for p,qs
in our model to investigate how the tankage fraction changes
for these materials, compared to when we used the crystal
density. Fig. S4b (ESIt) shows that, for these three materials for
which the bulk density was available: when inputting into our
model the more realistic bulk density for p,qs instead of the
crystal density, the optimal storage pressures are reduced, but,
the tankage fraction increases only marginally. The latter is
consistent with the approximation of the tankage fraction in
eqn (13), which does not involve p,qs. Le., the approximation
bulk density = crystal density is unlikely to influence our
conclusion that the adsorbed storage systems we considered
do not provide lower tankage fractions than a bulk storage
system.

The paucity of material space sampled

We only considered the eight nanoporous materials in Fig. 4
owing to a paucity of experimentally measured xenon
adsorption isotherms for input to our model. Fig. 5b displays
the diversity of the material parameters {M,K,p.qs} among this
set of materials. There are thousands of additional existing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MOFs>>>* that could, possibly, provide a lower tankage fraction
than the bulk storage system.

Thin-wall approximation for the pressure vessel

We invoked the thin-wall approximation to determine the
thickness of the walls of the pressure vessel via eqn (2). Fig. 3
and 6b show that, indeed, r > t, making this approximation
reasonable.

Geometry of the pressure vessel

We took the pressure vessel to be a sphere. Different pressure
vessel geometries will require a different mechanical model to
determine the mass of vessel material needed to safely contain
the xenon.

A pressure vessel composed of a titanium alloy

For a simple estimate, we took the pressure vessel as composed
of a titanium alloy. In practice, composite overwrapped pressure
vessels (COPVs) are typically used for xenon propellant storage.
In a COPV, a gas-impermeable, metallic inner-liner is over-
wrapped with a strong, permeable carbon fiber overwrap such
as Kevlar. The partnership between these materials could allow
for a lighter pressure vessel.>*>”

Residual gas in the adsorbent

A consideration for adsorbed gas storage is the residual gas
trapped in the adsorbent at the desorption conditions. Studies
on vehicular methane or hydrogen gas storage and delivery via
adsorbents use the deliverable capacity of the gas in the
material- the density of gas in the material at the storage
condition minus the residual gas at the discharge condition®**’-
as a performance metric for the material. We assumed the
deliverable capacity of xenon in the adsorbent is equal to the
adsorbed xenon density at the storage pressure because, in space,
the discharge pressure corresponds to vacuum. Le., we assume
that the xenon gas adsorbed in the material at the storage

pressure P can be fully delivered.

Temperature of 298 K

We assumed a constant storage temperature of 298 K, as in
ref. 8 and 25. The performance of adsorbents compared to bulk
storage could be improved by lowering the storage temperature,
since generally adsorbents will achieve a higher adsorbed
xenon density at lower temperatures. However, the insulation
and/or refrigeration system required to maintain a lower
storage temperature®> would contribute more mass to the
storage system and complicate its design.

6 Conclusions and future work

We formulated a simple mathematical model of an adsorbed
xenon propellant storage system by coupling (i) a stress model
for the thin-walled, spherical pressure vessel and (ii) a Langmuir
adsorption model to describe the adsorbed xenon density in the
porous material. We used the model to find the optimum

Mater. Adv.,, 2021, 2, 4081-4092 | 4089
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storage pressure that minimizes the mass of the storage
materials (composed of (i) the metal comprising the walls of
the pressure vessel and (ii) the adsorbent material) required to
carry the xenon onboard the spacecraft. We derived eqn (11) and
(12), interpretable expressions for the optimum storage pressure
and associated minimum tankage fraction, revealing how
properties of the materials (both the metal and the adsorbent)
affect the performance of the adsorbed xenon storage system.
Fig. 6 compares the performance of several adsorbent materials
for Xe propellant storage, with bulk Xe storage as a baseline.

We conclude that, for the adsorbent materials considered in
Fig. 4, the reduction in the mass of the pressure vessel walls,
enabled by reduced storage pressures provided by the adsorbents,
does not compensate for the added mass of adsorbent material.
That is, an adsorbed Xe storage system does not provide weight
savings compared to the bulk Xe storage system. Because the
mass of the adsorbent dominates the tankage fraction, the
tankage fraction is, to first order approximation, inversely related
to the gravimetric saturation loading of xenon in the adsorbent
[units: amount of Xe per mass of adsobent]. Our model suggests
to, in pursuit of an adsorbent that can outperform the bulk
storage system, search for adsorbents that (i) are not dense and
(ii) have a very high gravimetric xenon saturation loading,
>94 mmol Xe g~ adsorbent.

Ni-MOF-74 and MOF-505 do, however, offer an improved
tankage fraction over the traditional adsorbent, activated carbon,
which was previously considered for xenon propellant storage."

N.B., the optimal storage pressure and tankage fraction of an
adsorbed Xe propellant storage system depend on the xenon
adsorption isotherm in the adsorbent, the density of the
adsorbent, and the properties (density, yield strength) of the
material composing the walls of the pressure vessel.

Our model is only a first-order approximation/Fermi estimate
to approach the question of whether nanoporous materials are a
worthy pursuit for xenon propellant storage, with the objective of
minimizing the mass of the storage materials. We listed and
discussed several limitations of our model above.

Future work includes (a) developing a COPV stress model
and coupling it with the adsorbent model, (b) considering
different tank geometries, and (c) expanding the scope of
adsorbent materials considered by e.g., a high-throughout
computational screening of materials for xenon propellant
storage.”®%°
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