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Abstract: Physical adsorption remains a promising method for achieving fast, reversible hydrogen
storage at both ambient and cryogenic conditions. Research in this area has recently shifted to focus
primarily on the volumetric (H; stored/delivered per volume) gains achieved within an adsorptive
storage system over that of pure H, compression; however, the methodology for estimating a
volumetric stored or delivered amount requires several assumptions related to the ultimate packing
of the adsorbent material into an actual storage system volume. In this work, we critically review
the different assumptions commonly employed, and thereby categorize and compare the volumetric
storage and delivery across numerous different porous materials including benchmark metal-organic
frameworks, porous carbons, and zeolites. In several cases, there is a significant gain in both storage
and delivery by the addition of an adsorbent to the high-pressure H; storage system over that
of pure compression, even at room temperature. Lightweight, low-density materials remain the
optimal adsorbents at low temperature, while higher density, open metal-containing frameworks are
necessary for high-density room temperature storage and delivery.

Keywords: hydrogen; energy; physical adsorption; physisorption; porous materials; adsorbents;
volumetric; gravimetric; energy storage; energy density

1. Introduction

After over eight decades [1] of dedicated research, the state-of-the art in compact,
lightweight, and affordable hydrogen storage remains pure compression of Hy at ambient
temperature [2]. In modern Type-1V carbon fibre reinforced high-pressure vessels, the
amount of hydrogen stored per unit mass at 700 bar corresponds to 5.33 & 0.14 MJ kg ! [3];
far below the theoretical lower heating value (LHV) of 120 MJ kg~! of pure hydrogen
(without a container) but substantially higher than the energy density of a lithium-ion
battery (<1 MJ kg~!). The volumetric storage capacity of hydrogen compression, on the
other hand, remains modest: 2.99 + 0.04 MJ L1 (compared to ~2.6 M] L~ for benchmark
commercial lithium-ion batteries). For mobility applications, the key priority is to increase
the volumetric energy density of the hydrogen storage system, while maintaining safety
and ease of use. The 2025 target set by the United States Department of Energy (DOE)
is 48 MJ L~! (1.3 kWh L), which corresponds to 40 g L~! of Hj that is deliverable to
the power plant (e.g., a fuel cell) based on its LHV at 298 K. The primary distinction
between total hydrogen capacity and deliverable hydrogen capacity, as it relates to storage
at elevated pressures, is the minimum delivery pressure of 5 bar absolute (0.5 MPa), a limit
below which a typical power plant cannot maintain optimal function [4].

Physisorption of hydrogen on the surface of a porous adsorbent material provides a
means for the volumetric densification of hydrogen without causing a prohibitive change in
the thermodynamics or kinetics of storage at elevated pressures [5,6]. This effect is increased
at low temperatures, and a vast number of traditional as well as novel, purpose-designed
adsorbents have been investigated and are shown to exhibit appreciable densification [7,8]
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of Hp at 77 K, the normal boiling point of liquid nitrogen (a readily available coolant). The
relatively light weight of hydrogen initially led to a focus on the gravimetric hydrogen
storage capacities of adsorbents for comparison to alternative liquid- and solid-state storage
concepts, but this focus has recently been shifted toward volumetric optimization [9-12].

Interestingly, adsorbent materials which are designed to optimize for gravimetric ca-
pacity do not necessarily optimize for volumetric capacity owing to fundamental packing
limitations (high surface area being correlated with low packing density). This is well-
exemplified by a series of isoreticular MOFs based on highly stable zirconium-oxo/hydroxo
nodes which exhibit highly different gravimetric to volumetric hydrogen storage densi-
ties [13]. Numerous studies show that while increasing the gravimetric surface area of
the sorbent leads to an increase in the gravimetric hydrogen storage amount (at 77 K, this
relation is commonly referred to as Chahine’s rule [14]), volumetric H, storage reaches a
maximum beyond which increasing gravimetric surface area leads to no further improve-
ment or even a decrease in volumetric storage [15-17]. Hence, to optimize total H, storage
at 77 K, a material with moderate density (reported variously as pp,x = ~0.5 g mL~! or
Xpoid = ~0.75) and high surface area must be identified. The total gravimetric and vol-
umetric hydrogen capacity is ultimately optimized in materials showing a volumetric
surface area between 1500 and 2250 m? mL ! [11]. Complications arise when optimizing
for hydrogen delivery (the amount stored above the 5 bar minimum usable pressure) at
77 K, a major focus of this review. Optimization for volumetric storage at room temperature
as opposed to 77 K calls for different structural parameters, namely smaller pores [18] and
a significant presence of open metal sites [17]. At room temperature, the density and nature
of unsaturated metal sites within the porous framework correlate directly with increased
hydrogen delivery, as is well-exemplified by Ni, (im-dobdc), the current apparent champion
material for hydrogen storage and delivery at 298 K.

Of particular interest within this review is the fact that while the role of open metal
sites is clear for improving room temperature hydrogen storage and delivery, the role of
metals within metal-organic frameworks is not obviously established for 77 K delivery
applications. A higher binding affinity toward H, (commonly observed near unsaturated
metal centers in MOFs [7]) could very well be detrimental to delivery above 5 bar. A
judicious comparison of metal-free carbons and MOFs toward ultimate hydrogen storage
limitations is warranted, where idealized models of carbon-based sorbent crystals should
be compared in an apples-to-apples fashion with MOFs.

In this work, we critically review the literature in order to determine universal trends
in volumetric hydrogen storage and delivery across three prominent classes of adsorptive
storage materials in order to clarify best practices for the measuring and reporting of
hydrogen adsorption volumetrics, and to identify ultimate storage and delivery limits of
systems based on the adsorptive storage mechanism (if such limits exist). The majority
of the literature in this area has focused on metal-organic frameworks (MOFs), a class
of permanently porous compounds that emerged in the 1990s which are both highly
diverse in terms of structure and composition as well as highly crystalline (allowing for
atomistic modeling of their adsorptive storage behaviours) [19]. Several benchmark MOFs
have been investigated with respect to densification [20] and preparation of high-density
pellets and monoliths [21]. Zeolites, perhaps the archetypical class of crystalline porous
framework materials, have rightly received much less attention owing to their heavier
weight (per unit surface area or pore volume) in addition to their lower overall porosity
(fraction of crystalline density accessible to molecular guests such as Hj). Nevertheless,
we exploit several well-known zeolites in this work for comparison to MOFs in the low
surface area and high-density limit. Lastly, porous carbons, while widely adopted in
practical adsorption applications, remain less commonly compared directly to MOFs and
zeolites; this is mainly owed to a lack of crystalline structure of carbon materials, seeming
to preclude the possibility of an apples-to-apples atomistic understanding of their ultimate
H, storage limitations. Herein, we highlight zeolite-templated carbon (ZTC) [22] as a
class of porous carbons with defined atomistic structure [23] as well as a well-established
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synthesis at a large enough scale to permit accurate measurement of their properties, as
both powders and densified, monolithic pellets.

Lastly, after a selective review of the materials-level limits on adsorptive hydrogen
storage, we present a modest analysis of the penalties in system weight, cost, complexity,
and thermal management imposed by the addition of adsorbent. The state-of-the-art in
pure compression is Hy storage at 298 K and 700 bar in Type-IV pressure vessels with
a polymer liner, overwrapped with a carbon fibre and resin composite (Figure la). A
representative such vessel contains 147 L of void volume, actually takes up 226 L of system
volume, and weighs 121 kg (when empty); the maximum capacity is 5.8 kg of Hp, or 5.6 kg
of Hy deliverable to a fuel cell [3]. Hence, the state of the art in volumetric hydrogen storage
corresponds to 24.8 g L~! system, or 38.1 g L~! of volume available for replacement by a
sorbent. We focus on the latter metric within this review, in order to determine whether
adsorption-based storage can out-perform pure compression.

A review of the current state of knowledge of the volumetric adsorptive hydrogen
storage limitations of MOFs, carbons, and zeolites between 77 and 298 K and between
5 and 100 bar follows herein. This review focuses on materials that can be reproducibly
prepared across multiple laboratories and in large enough quantity for accurate hydrogen
sorption characterization. Existing reports of densification and compaction into monolithic
pellets are strongly emphasized. It is shown that several actual monolithic materials can
meet the 40 ¢ L~ DOE target under temperature-pressure swing conditions between 77
and 298 K, but no real-world material yet meets this target under isothermal pressure
swing at either 77 or 298 K. Simple guiding principles for materials design and the limits of
adsorption-based hydrogen storage are given in the summarizing conclusions.

2. Adsorption Fundamentals
2.1. Adsorption Measurements

Hydrogen adsorption equilibria are typically measured under isothermal conditions
using either the gravimetric (with a balance) or volumetric (with a Sieverts apparatus)
technique; the method chosen has no bearing on the type or quality of data obtained.
The raw data obtained in either type of experiment is the excess amount of hydrogen
adsorbed (e.g., in mmol or in g), 1., and is typically normalized per mass of the adsorbent
sample (e.g., in g). This yields the common units of mmol g~! (most preferred herein) and
g kg~!, among numerous others. In some cases, it is normalized per mass of the adsorbent
plus hydrogen adsorbed, yielding a true “final” weight percent uptake upon adsorption.
Therefore, when reporting the excess adsorption uptake as a weight percent (wt.%), it is
crucial to indicate whether the denominator is taken to be the mass of the initial adsorbent
or that of the adsorbent plus adsorbed H;. We caution all researchers to be clear about
the definition of wt.% employed, and recommend against its use in favour of mmol g~!
(which always refers to grams of sorbent material alone).

Specific considerations to ensure the highest possible accuracy and reproducibility
of the reported results must be taken [24,25]. In particular, additional precautions must
be exercised in measuring high-pressure (>20 bar) H, adsorption equilibria owing to the
difficulty in achieving thermal equilibration and stability as well as in preventing leaks and
performing accurate volume calibrations [26].

Regardless of the method employed, to assess either the buoyancy of the apparatus (as
in the gravimetric method) or the gas-accessible inner volume of the apparatus (as in the
volumetric method), the skeletal density of the sample, pgt,.;, must be determined. This is
typically performed using helium pycnometry at elevated pressures and room temperature,
although it has been recognized that helium adsorption at room temperature may be a
non-negligible effect [27], causing the measured skeletal density to be higher than the
actual skeletal density. This can lead to large errors in skeletal density measurements while
the error in the practical quantity needed for adsorption measurements (actual buoyancy
or inner volume) is significantly smaller. To mitigate these errors, it is recommended to
perform helium pycnometry at elevated temperatures, as high as 673 K [28] where the effect
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of helium adsorption is negligible. The measured skeletal densities of MOFs, in particular,
seem to be largely underestimated compared to theoretical values (by comparison of
Tables S1 and S4).

Accordingly, the careful experimentalist is yielded two types of information about a
solid adsorbent upon the measurement of adsorption equilibria: the pressure-excess uptake
isotherm at the desired temperature, and the skeletal density (i.e., the gas-inaccessible
volume of the sample, Vi, = p;k},l). Unfortunately, many experimentalists do not report
the skeletal density information along with the adsorption isotherm equilibria. We attest
that it should be standard practice to report both the adsorption equilibria and the skeletal
density (along with the specific measurement techniques employed) for every report of Hp
storage by physisorption on a porous solid, especially for new materials of unique chemical
composition and structure.

2.2. Adsorption Analysis

While various adsorption quantities are of interest to the hydrogen storage researcher
(e.g., “net adsorption” [29] or “absolute adsorption” [30]), the measured “excess” adsorp-
tion quantity is the only quantity needed for practical assessment of volumetric storage and
delivery. The so-called “total” amount of H; stored within a given overall system volume,
Viys, is the quantity of practical interest for mobility applications [11]. The total adsorption
uptake, 714, should always be directly calculated from the excess quantity of adsorption; it
is equal to the excess uptake plus the amount of hydrogen that would occupy the entirety
of the gas-accessible volume of the system, V4, in the absence of any adsorption taking
place (see Figure 1) based on the bulk fluid density, pg:

Mot = Ne + Pg'vvoid )

Herein, we ignore any contribution to the system volume by the thickness of the
pressure vessel walls or any “balance of plant” components (all lumped into the term Vpop
as shown in Figure 1a). Therefore, for simplicity within this review (and which should
generally be employed by researchers in the materials development community) the
relevant total volume, referred to as V;,, is precisely equal to the void volume (accessible
to Hy) plus the skeletal volume of the adsorbent (inaccessible to Hy):

Viuik = Viskel + Vooid )

Hence, the total gravimetric H, uptake quantity can be converted to a volumetric
quantity by assessment of the fraction of the bulk volume taken up by the skeleton of
the adsorbent:

ot = He + pg'Xvoid ®)

where the void fraction of the system is defined as:

Vooid
X, ., — Jvoi 4
void Vbulk ( )

1

The quantity determined in Equation (3) is referred to herein as the “stored amount
or the “volumetric capacity” and represents the ultimate amount of H, contained within
the confines of a pressure vessel containing adsorbent (for direct comparison to the pure
compression density of Hy). We note that this quantity is inherently measurable (with some
complications [31], as explored in Section 2.3) and is not model-dependent.

The metric of “deliverable” (i.e., usable) total Hy uptake is calculated by subtraction
of the total stored amount remaining under “spent” or “ineffective” conditions, typically
taken as the amount stored at below the minimum storage pressure, P,;,. The minimum
pressure considered in this review is 5 bar, at either 77 or 298 K (as specified in the current
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Viys = Vouik + Vaor

DOE Hj; storage targets) [4]. Thus, if the delivery is considered under isothermal “pressure
swing” (PS) conditions:

14e1,ps (T, P) = Titot (T, P) — 7irot (T, Pryin) 5)

To permit more efficient use of the total H, capacity of an adsorption-based storage
system, a combined “temperature-pressure swing” (TPS) condition can be implemented,
which calls for warming of the pressure vessel in its depleted state to a higher final
temperature (Tiax).

1ige1 TPs (T, P) = #itot (T, P) — 7itot (Tinax, Prin) (6)

A practical maximum temperature to ensure energy efficiency as well as optimal Hj
delivery has been noted to be 160 K [32]. For the purposes of this review, owing to limited
data reported across diverse adsorbent materials at 160 K, analysis of TPS delivery was
only performed between the pressure of interest at 77 K and the minimum usable pressure
of 5 bar at Ty, = 298 K.

b
Pure VS
Compression :
Vouik = Vvoid
d Adsorption +
Vel .
Viparticle ske Compression
Vinter-particle Viuik = Veket + Vioid

Figure 1. Adsorptive Hydrogen Storage Volumetric Concepts. (a) Type-IV composite overwrapped hydrogen compression
cylinder [33]. (Adapted from ref. [33]. Copyright 2017 Process Modeling Group, Nuclear Engineering Division, Argonne
National Lab (ANL)) (b) Schematic depiction of pure hydrogen compression versus adsorptive hydrogen storage, showing

both H; densification as well as volume exclusion by the solid adsorbent. (¢) Scanning electron micrograph of high-quality

MOFEF-5 crystals synthesized at laboratory scale (50-150 um in size) [34]. (Adapted with permission from ref. [34]. Copyright

2006 Royal Society of Chemistry) (d) Atomistic depiction of crystal volume, skeletal volume, and void volume of perfect

MOF-5 crystals.

2.3. Assessments of System, Skeletal, and Void Volumes

Two of the three volumes (Vy,1x, Viker, and Vi,iq) necessary to define the adsorption
system must be measured or otherwise obtained prior to evaluation of the total volumetric
storage (as in Equation (3)) or delivery (as in Equations (5) and (6)). The third of the three
volumes/densities can then be determined, in principle, by Equation (2). Effectively, the
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researcher must obtain the relationship between the mass and volume of the sample, as well
as the fraction of that volume that is accessible to gaseous Hj, X,;s. The gas-phase density
and the excess adsorbed amount (as measured by either gravimetry or using a Sieverts
apparatus) can then be combined to determine the total stored amount. Since all three
volumes can be measured independently, but only two need to be combined to determine
the total storage capacity, three unique methods can be employed, as summarized below.
Each method only needs information gathered from two independent measurements, and
the source of the two measurements determines which method is employed.

The raw H; adsorption equilibria (excess gravimetric uptake, 7., as a function of
temperature and pressure) must first be converted to a volumetric quantity representing
the total amount of hydrogen in a pressurized vessel filled with adsorbent. This total
volumetric quantity is the sum of the excess amount adsorbed and the amount of hydrogen
that would be present in the same fraction of the total volume accessible to H; (the void
fraction, X;,;;) having the following general definition:

~ ~ = n
Mot = He + Ng = W:lk + Xvoid'Pg )

Here, the tilde indicates a volumetric quantity (in dimensions of amount per volume)
and pg is the fluid density of pure compressed hydrogen under the temperature and
pressure conditions of adsorption. The fluid density should be obtained via the modified
Benedict-Webb-Rubin (mBWR) equation of state for normal hydrogen, implemented
herein by the NIST Refprop software package (version 10.0) [35]. Use of the ideal gas law
introduces ~6% error at 298 K and 100 bar and should not be used [30].

In the first calculation method, referred to herein as the “common” approximation,
the bulk density (typically measured by hand tapping for a powder or by the physical
dimensions for a pellet), pp,x, and total pore volume (typically measured by single-point
analysis of the N adsorption uptake upon pore filling at 77 K and P/Py ~ 0.95), Vyr,, are
combined to determine the total volumetric uptake as follows:

Mot = (”e + Vpore'Pg) *Cbulk (8)

In the second calculation method, referred to herein as the “skeletal” approximation,
the bulk density (typically measured by hand tapping for a powder or by the physical
dimensions for a pellet), py,5x, and skeletal density (typically measured by helium pycnom-
etry at 298 K), psg.1, are combined instead as follows:

Aotz = (e + (Opui = Pkt ) P ) Pvut ©)

In the third calculation method, referred to herein as the “swollen” approximation,
the total pore volume (typically measured by single-point analysis of the N, adsorption
uptake upon pore filling at 77 K and P/Py ~ 0.95), Vpor,, and skeletal density (typically
measured by helium pycnometry at 298 K), pg,;, are combined instead as follows:

-1
ﬁtot,3 = (”e + Vpore'Pg) : (Vpore + P;él) (10)

If the three experimentally determined volumes (Vy,, ik, Vsker, and Vi) are internally
consistent, then the results of Equations (8)-(10) are equal. However, the nature of the three
measurements being independent and subject to different experimental assumptions gen-
erally gives rise to variations in the determined results; this discrepancy is most notable for
powders, as shown in Figure 2b,c and Table 1, and less grievous for pellets and monoliths,
as shown in Figures S27 and S28. For all estimations of volumetric H, storage and delivery,
on powders or pellets, the skeletal approximation is preferred (Figure 2e,f).
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Figure 2. Representative measurements and methods of calculation of volumetric H; storage via physical adsorption.

(a) Excess Hy uptake on MOF-5 at 77 K: loose powder (used for crystal, tapped powder, and jolted powder analysis)
compared to two representative pellets. (b,c) Total H, uptake and delivery on jolted MOF-5 powder under three different
assumptions: common, skeletal, and swollen. The crystalline assumption is shown for comparison. (d) Crystal structure
of MOEF-5 and calculated structural parameters (2.4 A diameter probe). (e,f) Total H, uptake and delivery on densified
variants of MOF-5: tapped powder, jolted powder, and two representative pellets, all under the skeletal assumption. The

crystalline assumption is shown for comparison. Excess H; adsorption data were obtained from the following references:
MOFE-5 powder [36], neat pellet (0.52 g mL~1) [37], and MOF-5/ENG pellet (5% ENG, 0.47 g mL~1) [37].

Table 1. Representative measurements and methods of calculation of volumetric H; storage calcula-
tions on MOF-5 (as shown in Figure 2).

. . for (g L~1)

Material Form Calculation ef

5 bar 50 bar 100 bar
MOE-5 Powder >  Tiy1 (Equation (8)) 83 17.8 20.5 [36]
Powder 2* iy (Equation (9)) 9.3 27.9 39.7  [36]
Powder > 7y 3 (Equation (10)) 214 46.0 52.9 [36]
Powder © fitot,x (Equation (11))  22.6 489 56.5 [36]
MOF-5 Powder ! Titor,2 (Equation (9)) 6.1 23.3 36.3 [36]
Powder 2 fitor 2 (Equation (9)) 9.3 27.9 39.7 [36]
Pellet 3 T2 (Equation (9)) 16.7 38.0 45.2 [37]
MOF-5/ENG Pellet 3 fitor 2 (Equation (9)) 13.2 33.9 41.5 [37]

1 Bulk density measured by manual tapping [36,37]; 2 Bulk density measured by jolting volumetry [36]; 3 Bulk
density measured by calipers or ruler [37]; * Skeletal density measured by He pycnometry at 298 K [20]; ® Pore
volume measured by N, adsorption at 77 K [20]; 6 Bulk density and X4 calculated from the CIF using Zeo++.

To determine the theoretical limit of the volumetric uptake quantity on a given mate-
rial, the raw gravimetric excess adsorption equilibria measured on a pristine powder (prior
to densification) may be converted using the ideal crystalline properties of both V,,;x and
Xpoid- In this case, all three methods described above yield the same result since a single
porosity calculation provides a self-consistent relationship between the total volume of the
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unit cell, the volume accessible to the probe molecule, and the volume inaccessible to the
probe molecule. The “crystalline” total volumetric uptake is thus defined as follows:

ﬁtot,x = Ne*Ppulk,x T Xvoid,x'Pg (11)

For this review, pp,x » and X,;; , were independently determined for each crystalline
material under identical conditions (see Section S3 in the Supplementary Materials for details).

2.4. System Performance Metrics

System-level performance is dependent on numerous factors out of the purview of the
materials design/characterization researcher such as the overall size, specific application,
and even the precise definition of “system” [38]. Nevertheless, a simple estimate for
adsorptive system performance can be achieved by comparison to pure compression in
an existing pressure vessel designed for use under the same temperature and pressure
conditions. Two representative 5.6 kg H, delivery “systems” are used for a simple such
analysis in this review: a Type-IV pressure vessel [33] for room temperature storage (121 kg,
226 L) and a 77 K Type-I cryo-compression vessel [39] for 77 K storage (109 kg, 246 L)
which achieve 24.8 g L1 and 22.8 g L~! H, delivery, respectively, via pure compression.
The actual void volume in each system is 147 L and 180 L, respectively; on this basis, the
“material-specific” metric for the comparison of adsorptive delivery to pure compression is
38.1gL!and 31.1 g L1, respectively. We conclude that this corresponds to a reduction in
volumetric delivery due to consideration of the system components by 35% and 27% at
298 K and 77 K, respectively.

3. Density and Densification

The apparent density of a porous adsorbent plays a crucial role in its volumetric
storage properties; its ultimate density is limited both intrinsically (as a function of the
ideal density of the crystal and its mechanical properties) and as a function of packing.
Adsorptive energy storage is a surface-based phenomenon, and therefore the amount of
surface that is packable within a given three-dimensional volume is of high importance
in adsorbent design toward high volumetric storage and delivery. Guiding relationships
between the properties related to the compaction of free-standing, three-dimensional
porous solids are shown in Figure 3 and Table 2. By inspection of Figure 3a, the gravimetric
surface area monotonically increases with decreasing density, approximately exponentially.
An experimental study of porous carbons derived from coconut shells prepared by physical
activation under varying conditions within a rotary kiln under CO, atmosphere also shows
that higher density corresponds to lower gravimetric surface area (shown as grey X sin
Figure 3a) [40]. Several other benchmark series of pellets and powders reveal intricate
trends dependent on materials stability; the precise trend within a given series depends
on the nature of the three-dimensional geometry. As shown in Figure 3b, a maximum in
volumetric surface area for crystals persists at a bulk density of ~0.6 g mL~! (the results
presented herein are based on a small subset of known materials, but are consistent with
large-scale computational screening of real [16] and hypothetical [41] materials). This
density can be seen as an optimal packing density of “surface” within three-dimensional
porous media, from a materials design perspective.

Porous materials prepared using conventional synthesis methods are in the form of
powders; the presence of large void spaces between the individual crystallites results in
packing densities that are generally a factor of 2-10 lower than their single crystal densities.
In general, the apparent density and ultimate compaction density of a substance depend on
factors such as crystal size, shape, and friction [42,43]. Manual agitation (“tapping”) of the
powder is the simplest method of densification. High-quality MOF-5 powder, for example,
can typically reach a hand-tapped density of 0.13 g mL.~! (compared to its single-crystal
density of 0.599 ¢ mL~1) [32]. This reduction in density has the effect of reducing the total
volumetric storage density at 77 K and 100 bar by 36% and, more importantly, the total
volumetric delivery (5-100 bar, 77 K) by 10% (Figure 2e,f). The latter reduction is nearly the
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entirety of the gain realized by adding MOF-5 to the container (13% over pure compression
for crystalline MOF-5). Therefore, the use of appropriate densification methods to obtain
structurally coherent and robust morphologies with high packing densities is necessary for
their application in adsorption-based hydrogen storage systems.

5000 2400 100%
a YSNU-70 b - o MOF-5 %
X
w000 [ *x x DUMOF-177 I P X o
0 ks &
= * x @ ZTC - 1800 ° 75% (,/\30
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Figure 3. Structural trends across select porous carbons, zeolites, and MOFs. (a) Gravimetric BET surface area, (b) volumetric
BET surface area, and (c) void fraction, X4, as a function of bulk density for ideal single crystals (e), laboratory powders
(%), and laboratory-densified materials (x). Select zeolites shown in yellow, MOFs in orange, MOF-5 in red, MOF-177 in
blue, ZTC in black, and expanded/compressed ZTCs in green. The lines in (a,b) correspond to an exponential fit to all
crystalline materials. The lines in (c) correspond to constant skeletal densities: 1.56 (blue), 2.10 (grey), and 3.04 (turquoise)
g mL~1. See Section S3 in the Supplementary Materials.

Table 2. Structural properties of selected MOFs, porous carbons, and zeolites (a more complete list is shown in

Tables 54 and S5).
: 4 Viyore 5 SAS SA Xvoid 6

Material Form (g‘[;rh&”i 1) (gprsrl:iffl) (mi 1) (m? g 1) (2 mL-1) o
MOF-5 powder 0.131 2.03 1.27 2763 359 94%
MOF-5 powder 0.222 2.03 1.27 2763 608 89%
MOF-5 pellet 0.52 3 2.03 112 2263 1177 74%
MOF-5/ENG pellet 0.473 2.03 1.14 2623 1233 77%
MOF-177 powder 0.211 1.56 1.74 4143 858 87%
MOFEF-177 pellet 0.393 1.56 1.62 4029 1551 75%
SNU-70 powder 0.201 1.95 2.03 4944 989 90%
SNU-70 pellet 0.243 1.95 NR NR NR 88%
ZTC powder 0.191 1.75 1.70 3792 720 89%
ZTC/rGO pellet 0.67 3 1.69 1.35 2585 1732 60%
Zeolite 13X powder 0.595 1 2364 NR NR NR 75%

! Measured by tapping; 2 Measured by jolting volumetry; > Measured by calipers or ruler; * Measured by He pycnometry at 298 K;
5 Measured by N, adsorption at 77 K; ¢ Calculated by skeletal approximation; NR—not reported.

Densification can be accomplished by manual agitation (tapping), mechanically as-
sisted agitation (e.g., “jolting”), mechanical compaction in a press, pelletization via the use
of a binder, hot-pressing, or dedicated bottom-up synthesis methods, in addition to more
exotic techniques. In this review, we differentiate between monoliths and pellets by the
following distinction: monoliths have a continuous, homogeneous morphology whereas
pellets are characterized by distinct morphological regions, typically owing to the presence
of a dissimilar active material and binder [21]. Monoliths typically have higher mechan-
ical stability than pellets; overall, the stability and cohesion characteristics of the native
crystals give rise to different characteristics toward densification, often favouring zeolites
and carbon-based powders over MOFs. A notable example is that of HKUST-1, which
significantly decomposes under moderately severe compaction conditions [44]. Lastly,
while increasing density is important for achieving high hydrogen storage and delivery,
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the use of a densified adsorbent as the storage medium requires considerations of thermal
conductivity [20,37], outside the scope of this review.

3.1. Tapping and Jolting

The increase in density of a powder by the mechanical striking of a container holding
it is referred to herein as “tapping.” When persistent (typically automated) assistance is
provided by a mechanical tapping device, we refer to this method herein as “jolting.” The
same physical process is occurring in both cases, but the former is used to refer to the
human-controlled process of dropping a container from a constant height (typically within
a graduated cylinder or known volume container) whereas the latter is performed by a
device such as a jolting volumeter [36] to obtain a more standardized result. It is also often
the case that automated jolting results in a higher measured density owing to the larger
number of eventual taps possible.

A study of porous carbons derived from coconut shells prepared by physical activation
under CO, atmosphere shows that higher density (under standard tapping conditions)
corresponds to lower gravimetric surface area in the random pore networks of activated
carbon (shown as grey x s in Figure 3a) [40]. However, densification is also possible for
a given material while keeping the gravimetric surface area constant. For MOEF-5, jolting
resulted in a significant increase in bulk density from 0.13 to 0.22 g mL~! [36]. This indicates
a very significant improvement in volumetric storage and delivery (Figure 2e,f) of 70% (by
comparison to pure compression). This effect needs further investigation across a wider
range of porous materials, especially for high surface area and low-density powders such
as ZTC, MOF-177, and SNU-70.

We note that tapping or jolting densities may be applied as the bulk density, pp,,
of any powder sample without further justification, which is not the case for the more
severe methods of densification described below. In other words, measurements of H,
uptake on a loose powder can be directly used to determine the volumetric quantity by
applying the skeletal approximation (Equation (9)) together with the skeletal density and
the highest tapping or jolting density achieved, whether measured before or after the
adsorption experiments themselves.

3.2. Mechanical Compaction

Mechanical compaction is a commonly used powder densification method, in two
distinct categories: light compaction (e.g., in a syringe or press under low compacting pres-
sures of <10 MPa) or heavy compaction (e.g., in a hydraulic press at >10 MPa). In general,
the maximum density achievable upon mechanical compaction depends on particle shape
and size, as well as mechanical and chemical properties of the crystal (e.g., hardness [45]).
In general, issues of instability do not plague carbons or zeolites [46], where the latter
usually requires several GPa of compaction pressure to undergo pore collapse [47]. The low
mechanical stability of some MOFs, however, can severely restrict the range of allowable
compaction pressures; such destruction of the porous structure has very significant effects
on the subsequent adsorption properties of the material. This effect is well-known in the
case of HKUST-1 [44,48]. The porous fidelity of several other MOFs has been reported
to significantly degrade upon compaction to densities >50% of the crystalline density (at
pressures up to ~80 MPa) [32]. However, for MOFs with better mechanical strength, such
as UiO-66 and its analogues, a less severe degradation occurs [49]. We note that such
effects have a strong dependence on the purity and crystallinity of the material. There are
numerous reports on the severe mechanical compaction of MOFs and the stability limits
thereof [49-52].

In a representative study, densified MOF-177 was prepared by uniaxial compression
in a cylindrical die between 0 and 980 MPa to obtain neat monoliths with densities between
0.39 and 1.4 g mL~! (compared to a crystalline density of 0.43 g mL~!) [53]. This range
of densities allowed for a broad survey of hydrogen storage and delivery as a function
of structural properties, well beyond the range accessible by tapping or jolting. In such
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studies, the reduction in surface area and pore volume is crucial to the final results, and
materials properties specific to each monolith or densified powder must be reported in
combination with dedicated hydrogen uptake measurements. In this review, we ultimately
focus on the pellet of lowest density (0.39 g mL 1) as the contender for highest PS delivery
at77 K.

Furthermore, mechanical compaction at elevated temperatures (i.e., hot-pressing) can
be used for the effective densification of low-density porous materials. In a representative
study, zeolite-templated carbon (ZTC) was densified up to 0.89 g mL~! at 573 K and
147 MPa [54]. Under such severe conditions, the pore size distribution was significantly
altered upon densification, but reasonable mechanical integrity of the pellets and very high
volumetric surface areas could be achieved (up to 1340 m? mL~1).

Other routes to high-density powders include template synthesis within pre-compacted
(pelletized) templates [55] and mechanical compression prior to activation (i.e., “compacti-
vation” [56]). By the former approach, the density of ZTC could be increased to 0.88 g mL~!
(roughly double that of “pristine ZTC”), and volumetric surface areas up to 1670 m? mL~!
were reported [55]. Importantly, the native structure of the zeolite was preserved upon
its pelletization (prior to template carbonization), indicating preservation of the isotropic
structure of the resulting dense ZTC powder (in contrast to dense ZTC monoliths, which
exhibited a loss in pore-to-pore regularity perpendicular to the direction of pressing [57]).

While it is common for researchers to compact a material after measuring its adsorption
properties as a loose powder [58-60], estimates of volumetric H, storage and delivery
based on the mechanically compacted density should not be reported this way. Both
“light” and “heavy” mechanical compaction should be treated in the same way; H, uptake
measurements must be made on the material after compaction and measurement of the
compaction density. Mechanical compaction and density measurement directly within the
adsorption sample cell is a rare but practical alternative to ex situ density determination,
when the preparation of a monolithic sample is not possible [32].

3.3. Binders/Pelletization

Additives can be used for numerous reasons to assist in the densification process of
low-density porous powders, and especially to obtain free-standing pellets or monoliths.
Commonly used binders include polytetrafluoroethylene (PTFE), polyvinylidene fluoride
(PVDE), polyvinyl alcohol (PVA), and cellulose esters. A key design feature of pelletization
in the presence of binder is to minimize obstruction of the permanent porosity of the active
material. The specific relationship between a given material and binder must typically be
empirically optimized, an effort-intensive process. In general, smaller particles sizes and
larger pore sizes are more adversely affected by the inclusion of polymeric binders [61].
Numerous examples of such studies exist, across porous carbons [62-65] and MOFs [66-69].
We note that the preparation of small pellet sizes or non-space-filling pellet shapes (e.g.,
spheres [70]) is somewhat less effective for predicting overall system volumetrics, since
pellet packing could once again lead to significant inter-pellet void volume.

A representative example of the rational design of binder-particle interactions is in
the hot-pressing of small particles (~200 nm) of ZTC with judiciously-sized connective
sheets (~1 pm) of reduced graphene oxide (rGO) as a binder [57]. The rGO binder fills the
inter-particle void space and tightly binds the ZTC particles while still providing access to
the inner particle pore network; density was reported to be tunable over a wide range (up
to 0.98 g mL~!), providing mechanically robust monoliths of pure graphene-like carbon.

Additives may also be included for other purposes than binding, for example to im-
prove thermal conductivity. In a representative example, MOF-5 pellets were prepared with
varying concentrations of expanded natural graphite (ENG) by mechanical compaction
up to ~0.5 g mL~! [37]. The same range of bulk density could be achieved for both neat
pellets and ENG-containing pellets. Interestingly, while the addition of ENG caused a
reduction in total volumetric H, capacity for comparable pellets, a similar delivery among
ENG-containing and neat pellets could be achieved (as shown in Figure 2d,e).
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3.4. Direct Monolith Synthesis

The use of binders to aid in the densification of porous materials can cause pore-
blockage, reducing the accessibility of the pore network to gas molecules; densification
methods that do not involve the use of a secondary component are therefore preferable for
hydrogen storage applications. In principle, large single crystals with space filling shapes
(e.g., cubes) would be the optimal hydrogen storage medium. While the largest synthetic
crystals of some higher density zeolites can reach up to >1 cm in size (e.g., sodalite [71]),
single crystals of larger pore zeolites [72] and all MOFs [73,74] are currently restricted to
the millimeter scale. Conventional synthesis yields nano- to micro-size crystals or particles;
for example, the average crystal size in MOF-5 powder is ~0.4 um [36] but can also be
readily produced up to the sub-mm size (see Figure 1c). Therefore, measurements of gas
adsorption on macroscopic single crystals of zeolites and MOFs (with hand-measured
external dimensions) is still not possible.

Strategies to synthesize polycrystalline MOFs as homogeneous monoliths fall into
two categories: conversion of an existing monolith (i.e., coordination replication) or via
a sol-gel approach [21]. The former approach leverages acid-base reactions to directly
convert a preformed, three-dimensional metal oxide/hydroxide/oxyhydroxide monolith
into an analogous MOF monolith. A representative example is that of mechanically robust
HKUST-1 monoliths derived from a copper hydroxide replica [75]. In this case, a reduced
surface area of only 1315 m? g~! could be achieved, roughly half that of powder HKUST-1,
and monolith density was not reported. Early work in this area has not focused on the goal
of increasing monolith density.

By leveraging the viscoelastic properties of their precursor gels, robust monoliths of
numerous MOFs have also been prepared by a sol-gel approach [76]. By removing the
solvent from a rationally designed gel, dense monoliths (even exceeding the crystalline
density) can be prepared in a diversity of mold shapes and sizes while minimizing pore
blocking of the product. Three contributing factors to the success of the sol-gel approach
are the size of the native particles in the gel, the speed of nucleation and crystal growth
processes, and the severity of the drying process. Typically, mild drying conditions are
favoured to achieve monolithic morphologies; high-density HKUST-1 monoliths of ~1 mL
in volume were prepared by drying at 313 K [77] while similar UiO-66 monoliths (~7 mm
in size) were prepared by drying at 303 K [78]. In both cases, a very large enhancement
in volumetric methane storage was reported. Recently, a ligand-assisted approach was
applied in the preparation of ZIF-8 monoliths on the millimeter scale with up to >1 g mL ™!
in density and ~90% of the gravimetric surface area of the powder [79].

4. Volumetric Hydrogen Storage

Gravimetric hydrogen storage equilibria have been reported on a vast number of
adsorptive materials, roughly categorized as silicates (e.g., zeolites), porous carbons (in-
cluding activated carbons, templated carbons, carbon aerogels, polymers, porous aromatic
frameworks, and covalent-organic frameworks), metal-organic frameworks (MOFs), and
“beyond” traditional framework materials (e.g., porous organic and metal-organic cages).
For the purposes of this review, the main criteria for inclusion of data were: a high-quality
set of excess Hj uptake measured at 77 K and /or 298 K up to 100 bar, and a high-quality
crystal structure or periodic model of the material for crystalline analysis and comparison
to experimental powders and pellets. Many promising adsorptive storage materials have
only been investigated at pressures well below 100 bar, or without analysis of powder or
pellet densities, precluding their analysis herein. Likewise, a large number of disordered
materials (e.g., activated carbons) may exhibit exceptional Hj storage or delivery, but the
lack of a fundamental link between these results and the structure or chemistry of the
porous framework prevents insightful apples-to-apples analysis. The three subclasses of
materials reviewed herein are: zeolites, porous carbons (with a focus on templated carbons),
and MOFs.
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4.1. Zeolites

Zeolites are crystalline tectoaluminosilicate materials with low framework densities,
permitting the presence of molecularly accessible pores with well-defined structure and
chemistry [80]. In principle, high-density H; storage in zeolites (especially those with
narrow pores and low framework volume) seems like a viable strategy. The presence of
aluminum in the crystal structure of many synthetic zeolites gives rise to the presence
of a counterion (e.g., Na*), and hence hydrogen uptake is dependent on the type and
number of cations. Very generally, binding energies of H, toward silica are similar as
toward carbon [81]; however, the framework weight is higher (~S5iO, as opposed to ~C)
and the crystalline void fraction, X4, is much lower (see Table S1). Little attention has
been paid to zeolites as reasonable candidates for Hj storage, likely owing to very low
gravimetric and volumetric uptake, but a direct comparison to porous carbons and MOFs
is informative.

In order to assess the viability of zeolites as hydrogen storage media in apples-to-
apples comparison with porous carbons and MOFs, high-pressure adsorption equilibria (up
to 100 bar) at both 298 K and 77 K are necessary. Unfortunately, such data are rarely reported;
even higher pressure studies are mostly limited to modest pressures (e.g., <20 bar [82]).
Two exceptions are the report of Hy uptake on LTA and FAU-type zeolites at 77 K up to
70 bar [83], and the report of H, uptake on an FAU-type zeolite at 298 K up to 35 bar [84].
These data reveal that despite the high volumetric density of micropores, FAU-type zeolites
exhibit poor total volumetric hydrogen uptake and delivery at both 298 K and 77 K, in
comparison to porous carbons and MOFs (as shown below).

4.2. Porous Carbons

A vast majority of porous carbon materials that serve as candidates for volumetric
hydrogen storage/delivery are non-crystalline. While this does not diminish the practical
outlook for such disordered materials, it proves difficult for the reviewer to discern be-
tween anomalous reports and physically insightful (rationally designable) strategies for
application and comparison of these materials to crystalline zeolites and MOFs. To this
end, we focus herein on zeolite-templated carbon (ZTC), a locally disordered high-surface
area carbon framework that retains the pore-to-pore ordering of its native template (e.g.,
an FAU-type zeolite). The long-range order imparted by the zeolite template, combined
with a myriad of measured experimental properties gives rise to a highly accurate periodic
model of faujasite-type ZTC (Nishihara Model II [85]), which can be directly compared to
crystal structures measured for MOFs. A further improvement on Modell II accounts for
the presence of oxygen-bearing functional groups, and their typical relative composition
within ZTC [86]; this periodic model of composition Cy71Hp 240005, serving as the most
accurate structural and chemical model of experimentally synthesized ZTC, was employed
for the crystalline approximation herein (shown in Figure 4d).

Gravimetric excess H, uptake on archetypical ZTC has been measured across nu-
merous laboratories; a representative set of data between 0 and 100 bar at 77 K is shown
in Figure 4a. The crystalline limit of volumetric H, storage and delivery are shown in
Figure 4b,c. The measured pore-size distribution of ZTC is highly homogeneous, and
centered at a width of 12 A (corresponding to a pore-to-pore spacing of 14 A). At low
pressures, the H, delivery on crystalline ZTC is significantly greater than that of pure
compression, with a maximum difference at 30 bar (Figure 4c). However, delivery at higher
pressures wanes in comparison to pure compression, and intersects the pure compression
line at 90 bar; above this pressure, the experimental data reveal that even a single crystal of
pristine ZTC would not deliver more Hj than an empty vessel of the same volume at 77 K.

For comparison, simulations [87] of H, adsorption at 77 K on idealized single-layer
graphene (SLG) slit pore crystals held at different lattice spacings between 9 and 20 A
are also shown in Figure 4a—c. Several guiding trends arise for these idealized crystalline
porous carbons: narrower slit pores lead to a higher volumetric storage at lower pres-
sure, and therefore vastly lower volumetric delivery at practical pressures. Since total
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volumetric uptake effectively plateaus at similar maximum hydrogen densities for each
model (slight differences arise owing to the presence of more or less carbon in the system),
the ultimate H; delivery plateaus at very different quantities owing to the different low-
pressure behaviour of each model. The intersection of the Hy delivery curve with the pure
compression line occurs at higher pressures for less dense SLG carbons (Figure 4c). While
delivery is highest at low pressures for the slit pores spaced at 12-15 A (corresponding to
~9-12 A effective pore widths), delivery above 100 bar is maximized by the widest spaced
model (20 A spacing, exhibiting a ~17 A effective pore width). Crystalline ZTC intersects
the pure compression line at 90 bar, remarkably consistent with its ~12 A homogenous
pore spacing. The difference in curvature between the SLG models and ZTC might be
attributable to inherent differences in two- as opposed to three-dimensional pore structure,
respectively. We note that all of the SLG models are purely hypothetical, but lend very
significant insight into H; storage and delivery in three-dimensional porous carbons of
similar effective pore width. Other lower dimensional models (such as carbon chains [88])
and higher dimensional models (such as carbon foams [89], pillared grapheme [90], and
schwarzites [91]) should be further investigated to elucidate the effects of dimensionality
on ultimate adsorptive storage and delivery limits.

Lastly, to investigate the fundamental effects of isotropic expansion and contraction of
a crystalline, three-dimensional framework material, H, storage and delivery on native
ZTC is compared to that on three hypothetical models (ZTC+, ZTC-, and ZTC-), assuming
that the same excess uptake would be measured regardless of volumetric density (see
Figure 4e,f). The properties of these models are shown in Table 3; the bulk density varies
from 0.43 (ZTC+) to 0.46 (ZTC), 0.50 (ZTC-), and finally 0.69 (ZTC-) g mL~!, the widest
range within which stable, three-connected porous models could be obtained. While total
volumetric storage is directly proportional to density, delivery is increased with increased
density at <90 bar, but decreased with increased density at >90 bar, the pressure at which
H; delivery intersects the pure compression line. In other words, isotropic compaction of
ZTC, should it be possible, is always beneficial to H, delivery up to the point of intersection
of the native (uncompressed) model with the pure compression line.

While not the focus of this review, we note that it has been emphasized that high-surface
area activated carbons, owing to their mechanical stability under compression as well as
their abundance and cost-effective synthesis, are promising candidates for volumetric gas
storage and delivery applications over MOFs [92]. Hydrogen uptake on several benchmark
porous carbon powders has been measured at high pressures (up to 500 bar): ZTC3806 [57],
CA3771 [60], AX2664, MSC3476, KUA2887, and ZTC3035 [93], MSC3420 [94], MSC3244
and ZTC3591 [95], MSC2680 and ZTC3800 [96], MSC3305, MSP2363, and SA2204 [97],
and CAC3711 and ZTC3751 [98], the latter of which is referred to herein simply as ZTC.
Assuming equivalent packed powder density and skeletal density across all of the porous
carbons reviewed, the maximum H, delivery at 100 bar is ~34 g L lat77 K (a ~17%
improvement over pure compression) and ~9 g L~! at 298 K (a ~19% improvement over
pure compression), as shown in Figures 529 and S30. In general, the volumetric H; capacity
and delivery at 77 K is similar to the best-performing MOFs, indicating no crucial role for
the metal sites under cryogenic conditions. We further note that the mechanical stability of
carbons allows for robust and dense compaction without a disruption of the native porosity,
keeping porous carbons among the strongest candidates for adsorptive hydrogen storage
and delivery in practical applications.
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Figure 4. Trends in volumetric H; storage and delivery on idealized (crystalline) porous carbon models at 77 K. (a) Excess
H; uptake on ZTC powder compared to a series of single-layer graphene (SLG) slit pore models. The crystalline assumption
is employed for ZTC using a periodic model [86]. (b,c) Total H, uptake and delivery on ZTC and SLGs under the crystalline
assumption. (d) Periodic model of ZTC and calculated structural parameters (2.4 A diameter probe). (e,f) Total Hp uptake
and delivery on ZTC and three expanded/contracted models of ZTC: 22% expanded (ZTC+), 22% contracted (ZTC-), and
69% contracted (ZTC-), all under the crystalline assumption. Excess H; adsorption data were obtained from the following
references: ZTC [98] and SLG slit pore models [87] (see Supplementary Materials).

Table 3. Volumetric H, storage calculations on idealized (crystalline) porous carbon models at 77 K
(as shown in Figure 4).

Model Spacing Pore Width Mot (LT Ref
(A) (A) 5 bar 50 bar 100 bar
SLGYA 9.0 5.82 47.1 56.9 57.6 [87]
SLG12A 12 872 32,5 53.0 53.8 [87]
SLG15A 15 11.72 23.5 484 51.9 [87]
SLG18A 18 14.72 19.1 43.6 49.8 [87]
SLG20A 20 16.7 2 16.8 409 48.2 [87]
ZTC [86] 1391 11.32 20.1 40.6 48.5 [98]
ZTC+ 1421 12.32 18.9 39.0 474 3
ZTC- 13.61 11.72 214 423 49.8 3
ZTC- 1221 10.32 292 52.3 56.7 s

! Calculated directly from the CIF; 2 Calculated from the CIF using Zeo++. 3 Calculated based on the adsorption
data for ZTC [98].

4.3. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) have been studied extensively with respect to
their ultimate and practical H, storage capacities [10,15,16,18,32,99]. For the purposes of
this review, we focus on a selection of benchmark materials that satisfy the previously
mentioned criteria of having high-quality H, adsorption equilibria up to 100 bar and well-
established crystal structures, while also requiring well-established synthesis procedures
across multiple laboratories and with an emphasis on measurements of bulk density
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and densified variants (i.e., mechanically compacted powders, pellets, or monoliths).
Minor variations in synthesis and processing can contribute to differences in the measured
gravimetric excess Hy uptake on MOFs, in addition to errors in measurement. For example,
Figure S1 shows five different adsorption isotherms for excess H, uptake on the benchmark
compound MOE-5, prepared by different groups using different starting materials and
preparation conditions. In this case, the data reported by Ming and coworkers [36] were
selected owing to their consistency with other reports at low pressures (where errors
due to adsorption measurements are minimized) and physically sound behaviour at high
pressures (exhibiting a clear excess maximum and subsequent nearly linear decrease),
while the higher uptake reported by Kaye and coworkers [100] has never been reproduced.
In this way, a single isotherm best representing each benchmark MOF was selected for
further review herein.

Calculations of the total volumetric storage capacity of seven benchmark MOFs at
77 K and 298 K are shown in Figure 5, under the crystalline assumption (based on powder
samples, Figure 5a—) and under the skeletal assumption (based on actual pelletized
samples, Figure 5d—f). It is notable that the same trends among the crystalline materials
are seen among the experimentally realized pellets, albeit at lower total uptake. A notable
exception is that of pelletized UiO-66 [101] at 77 K (Figure 5e); however, judgement herein
suggests this may be an erroneous result, owing to an unphysically low void fraction of 19%
(a major outlier among other pelletized porous solids in this review). In general, adsorption
leads to a remarkable increase in total volumetric H; capacity at 77 K (up to 3.0 x pure
compression at 50 bar) and a modest increase at 298 K (up to 1.5x pure compression at
100 bar), in the crystalline limit. In actual pelletized samples, these figures are reduced to
2.3x at77 Kand 50 bar and 1.1 x at 298 K and 100 bar, the latter of which suffers greatly
from the lack of an actual pelletized or densified variant of Niy(m-dobdc) (the current
record material for free-standing pellets at 298 K is ZTC/rGO monoliths [57]).
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Figure 5. Equilibrium H; adsorption uptake on (a-c) benchmark crystals and (d—f) benchmark pellets/monoliths at 77
and 298 K. Excess H, adsorption data were obtained from the following references: ZTC [98], MOEF-5 [36], MOF-177 [53],
IRMOF-20 [32], SNU-70 [32], UiO-66 [101], HKUST-1 [99], Ni, (m-dobdc) [102], and zeolite 13X [87] powders, and ZTC/rGO
pellet (0.67 g mL~1) [57], MOF-5 neat pellet (0.52 g mL~!) [37], MOF-5/ENG pellet (5% ENG, 0.47 g mL~!) [37], MOF-
177 pellet (0.39 g mL~') [53], SNU-70 compact (0.24 g mL~!) [32], HKUST-1 pellet (0.86 g mL~!) [103], and UiO-66
pellet (1.45 g mL~1) [101]. The crystalline assumption was employed for all crystals (a—c), the skeletal assumption for all

pellets (d—f).
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The corresponding calculations of total volumetric delivery of the same seven bench-
mark MOFs at 77 K and 298 K (based on Table 4) are shown in Figure 6, under the
crystalline assumption (based on powder samples, Figure 6a—c) and under the skeletal
assumption (based on actual pelletized samples, Figure 6d—f). As for total Hy capacity
in Figure 5, the total H, delivery in Figure 6 follows similar trends among crystals as
among pellets/monoliths, though with even more significant reduction upon pelletization.
Crucially, the pressure at which the PS H, delivery at 77 K intersects the pure compression
line is below 100 bar for all but the two best candidate pellets/monoliths: SNU-70 and
MOF-177. The lightly pelletized /compacted SNU-70 variant exhibits the highest Hy PS
delivery at 77 K and 100 bar in this review: ~33 g mL.~!, a ~10% improvement over pure
compression [32]. This value is remarkably consistent with the maximum improvement
reported for any pelletized or compacted material under PS delivery at 298 K and 100 bar:
~8% over pure compression, in ZTC/rGO monolithic pellets [57]. While more significant
improvement over pure compression can be achieved by adsorption under PS delivery at
77 K and 50 bar (e.g., ~23 g mL~! on lightly pelletized /compacted MOF-177, ~53% over
pure compression), delivery under PS at 298 K yields (to date) at most 22% improvement
over pure compression at 50 bar.

Table 4. Volumetric H; storage calculations on selected MOFs, porous carbons, and zeolites at
77-298 K (as shown in Figures 5 and 6).

T (K) Material Form Calculation ot (§L71) Ref
5 bar 50 bar 100 bar
77 MOE-5 crystal Titorx | 22.6 489 56.5 [36]
MOE-5 pellet ot 2 23 16.5 37.9 45.7 [37]
MOF-5/ENG pellet ot 2 12.9 33.7 420 [37]
MOF-177 crystal Tt x | 15.9 41.7 50.2 [53]
MOF-177 pellet Tt 2 13.1 35.9 44.4 [53]
SNU-70 crystal Titotx | 14.5 414 50.0 [32]
SNU-70 compact fitor 2 23 9.0 30.7 41.8 [32]
ZTC “crystal” Titotx | 20.1 40.6 48.5 [37]
ZTC/rGO pellet Aot 2 2 22.4 37.8 42.8 SI
Zeolite 13X crystal Tt x | 15.0 22.7 27.9 [87]
298 MOE-5 crystal Titorx | 0.5 4.8 8.9 [36]
IRMOEF-20 crystal ot | 0.6 5.0 9.2 [32]
HKUST-1 crystal Titotx | 0.7 59 10.2 [99]
HKUST-1 pellet fitor 2 2 0.5 4.6 7.8 [103]
Ni, (m-dobdc) crystal ot | 0.8 6.9 11.8 [102]
ZTC “crystal” Titorx * 0.6 5.1 9.2 [57]
ZTC/rGO pellet ot 2 23 0.5 49 8.4 [57]
Zeolite 13X crystal Titotx * 0.5 4.3 7.7 [84]

! Bulk density and X,,;s calculated from the CIF using Zeo++; 2 Bulk density measured by calipers or ruler;
3 Skeletal density measured by He pycnometry at 298 K.

As previously mentioned, a modest analysis of TPS delivery is also performed on
the same benchmark MOFs between 77 and 298 K. While such a wide temperature range
may not be directly practical, TPS storage/delivery between 77 and 160 K is considered a
feasible [32,99] alternative to solely PS storage/delivery, but less high-pressure adsorption
data exist at 160 K. Therefore, 298-77 K TPS delivery is a stand-in for “maximum delivery”
based on adsorptive H, storage within this review, and the results are shown in Figure 6a,d.
Surprisingly, MOEF-5 (the archetypical MOF), first synthesized by Yaghi and coworkers
in 1999, remains to this day as the most promising candidate for maximum H; delivery
between 77 and 298 K: crystalline MOF-5 exhibits 56 g L~! H, delivery under TPS up
to 100 bar, an 81% improvement over pure compression. The irony of this fact has been
previously noted by Ahmed and coworkers [9]; a further peculiarity is the high performance
of MOF-5 on both a gravimetric and volumetric basis, even among the thousands of real
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and hypothetical MOFs that have been computationally screened in the >20 years since its
discovery [15].
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Figure 6. Total deliverable H, adsorption uptake on (a,b) benchmark crystals and (d—f) benchmark pellets/monoliths under
(a,d) 5-100 bar TPS between 298-77 K (b,e) 5-100 bar PS at 77 K, or (c,f) 5-100 bar PS at 298 K. Excess H; adsorption data
were obtained from the same references as in Figure 5 (see Supplementary Materials). The crystalline assumption was
employed for all crystals (a—c), the skeletal assumption for all pellets (d—f).

The general effects of densification are aptly represented by measurements of hydro-
gen adsorption on MOF-5 powder and densified variants at 77 K, as shown in Figure 2. It
is evident that the total volumetric uptake, 7o, of the pellets is higher than that of pristine
MOFEF-5 powder, at both tap density and at maximum powder (jolting) density. Relative
to the neat MOF-5 pellets of equal density, the addition of ENG produces only a small
decrease in 714,;. The penalty on the total volumetric hydrogen uptake is higher with the
addition of ENG as a heat conductive additive. The PS H; delivery of the benchmark
(medium density, ~0.5 g mL~!) pellets of MOF-5 and MOF-5/ENG at 77 K are shown in
Figure 6e. H, delivery, ~21 g L~! at 50 bar and ~29 g L ™! at 100 bar, is remarkably similar
on both pellets, despite the lower total capacity of the MOF-5/ENG composite. These
values fall short of the crystalline estimates for MOF-5 (shown in Figure 6b) by only ~14%,
but it is enough to nullify any advantage of the pelletized MOEF-5 adsorbent at 100 bar.

In general, the effect of pelletization seems to be an increase in total volumetric
capacity over the loose powder, but a decrease in the pressure of intersection with the
pure compression line (see Figure 2f). This effect is mimicked by the results obtained
from idealized SLG porous carbon models (see Figure 4c) where larger pores exhibit
lower delivery at low pressures, but higher delivery at high pressures. This effect is not
appreciable at 298 K (see Figure 6¢,f), within the pressure range explored herein (up to
100 bar); however, such effects are indeed expected to occur at pressures of 400-500 bar [93].

5. Guiding Principles

Three guiding findings are central to the results presented in Figure 6: PS delivery
at 77 K is optimized in materials of low density (<0.5 g mL~!) and high void fraction
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(~80%), PS delivery at 298 K is optimized in materials containing open metal sites (e.g.,
Nip(m-dobdc) and HKUST-1), and TPS delivery is optimized in materials of moderate
density (~0.6 g mL~!) and high void fraction (~80%). These findings are summarized
in Figure 7. While the presence of (open) metal sites does not play a significant role at
77 K, metal coordinative bonding assists in rigidly forming carbon-based frameworks with
ultralow density in three dimensions, and several MOFs out-perform the model porous
carbon reviewed in this work (ZTC). We note that these findings are generally consistent
with recent large-scale computational screenings of MOFs [15] as well as an experimental
review of volumetric H; storage and delivery in benchmark MOFs [10], but differ in an
important way. As shown by the red outline in Figure 7e, counterintuitively, the volumetric
surface area of an adsorbent does not seem to be correlated with volumetric hydrogen
delivery. In fact, the gravimetric surface area (Figure 7d) is a much better predictor for
volumetric Hy delivery; delivery is directly correlated with PS delivery at 77 K with a slope
of ~5 g L~! delivery per 1000 m? g~!, and only achieves parity with pure compression
at ~4000 m? g~ 1. The best predictor for PS delivery at 77 K is the (intrinsic) void fraction,
which is also counterintuitive; the highest void fraction of the materials reviewed herein is
83% (SNU-70), the crystal that exhibits the highest H, delivery under PS conditions. The
results herein are more closely consistent with those recently presented by Garcia-Holley
and coworkers where gravimetric surface area (or total pore volume, a strongly correlated
property) was found to be the best predictor for hydrogen delivery; the MOFs NU-125,
NU-1000, and UiO-68-Ant were identified therein as important candidate materials for
further investigation [99]. We also conclude that densification and compaction of such
materials should be carried out in future work.

a 40 b 40 c 12
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Figure 7. Total deliverable H, adsorption uptake on benchmark crystals and pellets/monoliths under (a,b,d,e) 5-100 bar PS
at 77 K, (c) 5-100 bar PS at 298 K, or (f) 5-100 bar TPS between 298 and 77 K. Excess H; adsorption data were obtained from
the same references as in Figures 5 and 6 (see Supplementary Materials). The crystalline assumption was employed for all
crystals (o) and the skeletal assumption for all pellets (x). Outliers are indicated with an asterisk. The outline of each plot
indicates the goodness of fit based on linear regression analysis.

Based on the two hydrogen storage systems described in Section 2.4, a simplistic
system-level analysis can be performed on the best candidate materials for adsorptive
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H, storage as identified in this review. For ambient temperature storage and delivery,
a representative system [33] (121 kg, 226 L) completely filled with a single crystal of
Niy(m-dobdc) in its 147 L inner volume would add 184 kg in weight due to the adsorbent
alone. The Hj; PS delivery at 298 K and 100 bar would be 1.62 kg, compared to 1.07 kg
for pure compression, a 51% improvement. The gravimetric penalty would be severe
(the empty adsorption system would weigh 2.5 that of the empty pure compression
system). The system-level deliverable energy density would be very low compared to pure
compression systems at 700 bar (or even commercial lithium-ion batteries): 0.86 MJ L~!
(0.64 MJ kg~1). We concede that this Type-IV pressure vessel is designed for delivery at
700 bar, where any improvement in H; delivery from the addition of adsorbent remains
highly dubious [93,104]. A lower weight, purpose-designed pressure vessel for 100 bar
delivery would perform better in comparison to pure compression at that pressure, and
would likely also benefit from better conformability, cheaper construction, and/or increased
safety. However, ambient temperature hydrogen storage and delivery seem to favour pure
compression at maximum pressure (within safety and energy-cost limitations).

For hydrogen storage and delivery at 77 K, a representative system [39] (109 kg, 246 L)
completely filled with a single crystal of SNU-70 in its 180 L inner volume would add
72 kg in weight due to the adsorbent alone. The H; PS delivery at 77 K and 100 bar
would be 6.39 kg, compared to 5.35 kg for pure compression, a 19% improvement. The
gravimetric penalty would be significant (the empty adsorption system would be 1.7 x
heavier) but the system-level deliverable energy density would be appreciable at 100 bar:
31MJL! (42M] kg_l). A benchmark compacted variant of SNU-70 (0.24 g mL~! in bulk
density) would add 43 kg in weight, and the H; PS delivery at 77 K and 100 bar would be
5.90 kg, a 10% improvement over pure compression; this would yield an energy density of
29 MJ L1 (4.7 MJ kg~1). While this energy density remains far lower than the DOE target
of 4.8 MJ L1, it is effectively equal to that of pure compression at ambient temperature
and 700 bar. Further discussion of optimization of system-level energy density at cryogenic
temperatures is provided by Purewal and coworkers elsewhere [32].

6. Conclusions

Hydrogen storage by adsorption on a porous solid remains an active area of research
owing to the gains that such systems promise (especially in pressure reduction) compared
to pure Hy compression, while forfeiting very few compromises (to cyclability, kinetics,
and cost). In this review, it is shown that such gains are offset by considerations of delivery
above a minimum pressure (typically 5 bar) below which any stored hydrogen is not useful.
Temperature swing in addition to pressure swing (i.e., TPS) can very effectively combat this
accommodation, especially if the storage vessel is cycled between 77 and 298 K (a wider
range than typically considered).

Several key recommendations are presented:

i.  researchers should accurately measure and report the skeletal density of all adsor-
bents investigated,

ii. researchers should accurately measure and report the apparent density of all adsor-
bents investigated, prior to performing adsorption measurements,

iii. automated tapping (jolting) is a key strategy to increasing H PS delivery at any temperature,

iv.  light mechanical compaction (e.g., as performed for SNU-70 [32]) can result in very
high volumetric capacity and delivery gains over a loose powder,

v.  volumetric H; storage and delivery should be reported based on the “skeletal approx-
imation” (Equation (9)), especially but not only for powders, and

vi. novel adsorbents should be designed with large void volume, high gravimetric
surface area, and a dense, well-organized skeletal framework with a primary focus
on improving Hy delivery at cryogenic conditions, where current system-level energy
densities clearly outperform commercial batteries.

While a modest gain in delivery can be achieved by powders at 298 K and 100-200 bar [93],
as recently demonstrated in well-designed monolithic pellets [57], no gain is expected over
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pure compression beyond 400 bar at 298 K [93,104]. Hence, we conclude that adsorption-
based hydrogen storage at room temperature has very questionable advantages over pure
compression, especially considering the added complexity, weight, and cost.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/inorganics9060045/s1, Section S1: Data Analysis Methodology, Section S2 (Figures S1-526):
Benchmark Excess Hy Adsorption Data, Section S3 (Tables S1-S3): Crystal Properties, Section 54
(Tables S4 and S5): Powder and Pellet Properties, Section S5 (Figures 527 and S28): Volumetric
Approximations, and Section S6 (Figures 529-532): Porous Carbon Comparison.
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