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Abstract

Hydrogen serves as a key clean-energy carrier, with the main hurdles lying in safe, efficient
transport and storage (gas or liquid) and in end-use energy conversion. Liquid hydrogen
(LH), as a high-density method of storage and transportation, presents cryogenic insulation
as its key technical issues. In LH storage tanks, the performance of high vacuum multilayer
insulation (HVMLI) will decline due to hydrogen release and leakage from the microscopic
pores of steel, which significantly destroy the vacuum layer. The accumulation of residual
gases will accelerate thermal failure, shorten the service life of storage tanks and increase
safety risks. Adsorption is the most effective strategy for removing residual gases. This
review aims to elucidate materials, methods, and design approaches related to hydrogen
storage. First, it summarizes adsorbents used in liquid hydrogen storage tanks, including
cryogenic adsorbents, metal oxides, zeolite molecular sieves, and non-volatile compounds.
Second, it explores experimental testing methods and applications of hydrogen adsorbents
in storage tanks, analyzing key challenges faced in practical applications and corresponding
countermeasures. Finally, it proposes research prospects for exploring novel adsorbents
and developing integrated systems.

Keywords: hydrogen storage; liquid hydrogen tanks; vacuum multi-layer insulation;
hydrogen adsorbents; adsorption performance

1. Introduction

Hydrogen energy, with its high combustion enthalpy, versatile utilization pathways,
and substantial development potential is recognized as a strategic clean energy resource
for mitigating global warming and advancing sustainable development [1-3]. However,
persistent challenges in storage and transportation continue to hinder the large-scale de-
velopment and application of the hydrogen economy [4-6]. Current hydrogen storage
approaches primarily encompass high-pressure compressed gas storage, cryogenic lig-
uid hydrogen (LH) storage, and solid-state hydrogen storage. Cryogenic LH is regarded
as the most competitive method for achieving efficient and long-term storage and trans-
portation [7]. In LH pressure vessels, the extreme temperature difference between LH
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and ambient environment [8], coupled with the low latent heat of vaporization and the
flammable and explosive nature of hydrogen, implies that even minimal heat ingress can
trigger substantial evaporation, leading to economic loss and heightened safety risks [9].
To address this issue, most LH vessels utilize high vacuum multilayer insulation (HVMLI),
which suppresses radiative, conductive, and gaseous heat transfer through the combined
use of radiation shields, spacer materials, and vacuum pumping. This configuration
achieves an apparent thermal conductivity on the order of 107> W/(m-K) [10]. During
vessel operation, the insulation structure remains largely stable, making the vacuum level
of the interlayer the decisive factor governing thermal insulation performance [11]. HVMLI
demonstrates exceptionally low and stable apparent thermal conductivity when the vac-
uum pressure is below 1 x 1072 Pa. However, once the pressure exceeds this threshold,
thermal conductivity increases dramatically [10]. Insulation performance degrades rapidly,
resulting in complete failure. Owing to material outgassing and leakage effects, interlayer
vacuum inevitably deteriorates over time, leading to diminished insulation performance,
reduced vessel lifetime, and increased safety risks. Hydrogen has been identified as the
predominant residual gas within the interlayer, rendering its removal a critical challenge in
the design, fabrication, and operation of LH pressure vessels [12-14].

At present, adsorption is widely recognized as the most effective strategy for remov-
ing residual hydrogen from LH storage tanks [15]. However, a significant gap remains
in the current literature regarding a systematic review that comprehensively connects
material properties with system-level performance. Existing studies have mostly focused
on evaluating the adsorption capacity of candidate materials, while the clarification of
the correlation between interlayer gas load, adsorbent dosage, and the overall insula-
tion performance of the system remains insufficient. To address these gaps, this work
first analyzes the sources of residual gas in vacuum multi-layer insulation systems and
their impacts on thermal performance degradation and adsorbent requirements. It then
reviews the adsorption mechanisms, testing methods, and application potential of typi-
cal adsorbents, including cryogenic adsorbents, metal oxides, zeolite molecular sieves,
and non-volatile compounds. Finally, the key challenges in adsorbent applications are
summarized, and potential research directions for the development of novel adsorbents
and optimization of system design are proposed. The main component of this paper is
shown in Figure 1.
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Figure 1. The schematic summary of the main component in this review.
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2. Gas Load and Vacuum Lifetime
2.1. Sources of Interlayer Gas Loads

As illustrated in Figure 2, the primary gas loads in the vacuum-insulated layer of
an evacuated and sealed cryogenic container arise from leakage between the inner and
outer cylinders, outgassing from the metal walls and insulation materials, and other minor
sources. Leakage primarily results from defects in the cavity walls and seals, as well as
from trapped gases escaping from dead volumes within the container after evacuation.
Outgassing is attributed to the desorption of molecules from material surfaces and the
permeation of external gases into the interior [16,17].

Outgassing

Outer cylinder Insulation material

Inner cylinder Vacuum interlayer

Initial gas

Figure 2. Vacuum double-layer gas load source (adapted from [18]).

2.1.1. Air Leakage Load

Leakage between the inner and outer cylinders is mainly caused by residual air or
cryogenic gases within the system. The primary gases involved are N, O, and H,O,
among others. These gases can generally be removed by installing adsorbents such as
molecular sieves or activated carbon on the cryogenic side (commonly referred to as
cryogenic adsorbents). A helium mass spectrometer leak detector is capable of detecting
leak rates as low as 1 x 10719 Pa-m3/s [19]. At 20-30 K, the equilibrium vapor pressures
of all gases except He, Hj, and Ne fall below 10~2 Pa, while the concentrations of He, Hy,
and Ne in the leaks remain extremely low. When cryogenic adsorbents are employed, the
influence of leaks on the vacuum can be considered negligible.

2.1.2. Vent Load

The outgassing rate of materials including metal walls and insulation structures is
considerably higher than the leakage rate of the cylinder body [20], with hydrogen consti-
tuting the majority of released gas. Extensive studies [21,22] have shown that hydrogen is
the dominant residual gas in stainless-steel cryogenic sealed tanks. After degassing and
related treatments, hydrogen accounts for about 70% of the total residual gas, while H,O
and CO make up the remaining 30%. When the container is filled with liquid nitrogen, the
hydrogen partial pressure rises to nearly 97%. Cryogenic adsorbents—molecular sieves and
activated carbon—exhibit strong hydrogen adsorption at 20 K; however, even a slight tem-
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perature increase reduces their capacity by an order of magnitude, and at 77 K the capacity
becomes negligible. Since such temperature shifts are inherent to liquid hydrogen loading
procedures, this underscores a fundamental limitation of physical adsorbents. To achieve
effective Hy removal, physical and chemical adsorbents are therefore typically employed
on the ambient-temperature side, often referred to as ambient-temperature adsorbents.

2.2. Vacuum Life

Experimental data on the apparent thermal conductivity of HVMLI systems in
liquid-nitrogen temperature zones under varying interlayer vacuum pressures have
been compiled. The results [10,11] indicate that for various common insulation structures,
once the vacuum pressure exceeds 1.33 x 1072 Pa, the apparent thermal conductivity
increases linearly, and insulation performance deteriorates rapidly. Once the pressure
reaches the vacuum threshold, tank must be returned to the factory for re-evacuation.
The interval between successive evacuations defines the vacuum lifespan of the tank [23].
Research indicates that a 0.75 L stainless-steel cryogenic gas tank with a sealing pressure
of 1 x 1072 Pa has a vacuum lifespan of less than one year without hydrogen adsorbents,
whereas the incorporation of hydrogen adsorbents extends the lifespan to approximately
ten years [24].

2.3. Calculation of Adsorbent Dosage

Cumulative gas volume from interlayer leakage and material venting exceeds the
adsorption capacity of the adsorbent at the vacuum threshold, the vacuum life ends. The
formula for calculating the amount of adsorbent required is

L Qi x 365 x 24 x 3600
Gad'1

1)

In the formula, m is mass of the adsorbent, with the unit of g; Q; is gas leakage and
outgassing rate of the container, that is, the total amount of gas generated by leakage and
outgassing per unit time, with the unit of Pa-m>/s; g,q is the unit adsorption capacity
of the adsorbent corresponding to the vacuum threshold, with the unit of Pa-m3/g; 7 is
the adsorption efficiency of the adsorbent; T is the designed vacuum life of the cryogenic
container, with the unit of a.

The dosage of adsorbents must consider the potential volume of escaped gas, the
specific gas load within the interlayer, and the effects of cryogenic condensation. Dosage
calculations for cryogenic and ambient-temperature adsorbents are conducted separately
according to gas type. Variations in adsorption temperature, initial state, system config-
uration, and adsorption time cause deviations between actual adsorption capacity and
theoretical test values. Accurate determination of adsorption efficiency is therefore critically
important. At present, the design of hydrogen adsorbent dosage relies mainly on empirical
and semi-empirical methods. Establishing the hydrogen adsorption characteristics of these
materials under diverse conditions and developing a more unified, precise approach for
dosage calculation remain essential.

3. Types of Hydrogen Adsorbents

The selection of hydrogen adsorbents for LH tanks may include both cryogenic and
ambient-temperature types. Table 1 provides a classification and comparison, indicating
that cryogenic adsorbents are primarily physical, while ambient-temperature adsorbents
comprise metal oxides, ion-exchanged zeolitic molecular sieves, and non-evaporable get-
ters (NEGs). Figure 3 shows a typical arrangement of hydrogen adsorbents in cryogenic
tanks. In practice, placement is not fixed; ambient-temperature adsorbents may also be
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applied on the cryogenic side. Such use requires careful evaluation of adsorbent perfor-
mance and filling procedures. Silver molecular sieves (Ag-exchanged zeolites), although
classified as ambient-temperature adsorbents, can also function on the cryogenic side.
Under these conditions, larger amounts of Ny, Oy, and H,O are co-adsorbed, reducing the
effective adsorption capacity for hydrogen. As a result, greater adsorbent quantities are

usually required.

Table 1. Classification and comparison of different hydrogen adsorbents.

Placement Mechanism of Commonly
Location Types Hydrogen Used Advantage Disadvantage Application
Inhalation Materials
When the
e o . temperature is
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Figure 3. Typical arrangement of hydrogen adsorbents in cryogenic tanks [25].

3.1. Cryogenic Adsorbents

Cryogenic adsorbents typically rely on physical adsorption mechanisms, wherein
hydrogen molecules interact with the adsorbent surface via van der Waals forces. At
cryogenic temperatures, such as liquid hydrogen temperature (approximately 20 K), these
adsorbents exhibit significant hydrogen adsorption capacity, with activated carbon and
molecular sieves being the most commonly used materials. Mounted on the outer surface
of the inner cylinder, their porous structures enable efficient gas capture. Their adsorption
capacity varies significantly with temperature in the 77-90 K range, and to mitigate external
heat leakage, they are often encapsulated within an insulating layer [26]. In practical
applications, adsorbents should be distributed as uniformly as possible along the cold
wall of the inner cylinder and provided with thermal insulation. An alternative approach
involves the use of an independent adsorption chamber located at the bottom of the
inner vessel, where the adsorbents are enclosed in mesh or cloth bags, and openings are
incorporated into the outer insulation layer to facilitate gas ingress [27].

The performance of adsorbents varies considerably. Activated carbon is generally
more effective for achieving higher vacuum levels, whereas molecular sieves offer greater
adsorption capacities [28]. At 77 K, the hydrogen adsorption capacity of 5A molecular
sieves, which have a pore size of approximately 5 A and are particularly effective at adsorb-
ing small molecules like hydrogen, is about twice that of activated carbon and more than
five times that of 13X molecular sieves, which have larger pores (approximately 10 A) and
are better suited for adsorbing larger molecules, but offer lower hydrogen adsorption ca-
pacity at cryogenic temperatures [29]. However, exposure to moisture from air significantly
diminishes their performance. Ikemoto et al. [30] showed that residual water vapor affects
the hydrogen adsorption capacities of various A-type molecular sieves at 77 K to different
degrees, with 5A molecular sieves maintaining superior performance and thus being more
suitable for hydrogen adsorption. The physical adsorption of cryogenic adsorbents is
reversible but highly sensitive to temperature. During LH depletion or refilling, gas des-
orption deteriorates interlayer insulation, making it necessary to use ambient-temperature
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adsorbents to remove the released gas [31]. Although ambient-temperature adsorbents
exhibit high hydrogen adsorption capacities, they are easily affected by impurities such as
water vapor and perform best when combined with cryogenic adsorbents. Francis et al. [32]
compared it with using 5A zeolite alone, combining it with barium-based adsorbents im-
proved the vacuum level by two orders of magnitude at room temperature and by 25-fold
under cryogenic conditions.

Beyond conventional adsorbents, metal-organic frameworks (MOFs)—novel porous
materials constructed through the self-assembly of metal ions and organic ligands—offer
the combined advantages of organic and inorganic systems. With tunable microporous
structures, large specific surface areas, and low densities, MOFs exhibit considerable
potential for applications in gas storage, separation, and catalysis. For example, MOF-
177 achieves a hydrogen storage capacity of 7.5 wt% (approximately 851 cm3(STP)/g)
at 77 K and 7 MPa [33]. Because gases preferentially adsorb onto micropores at low
pressures, the advantages of MOFs in terms of specific surface area and pore volume are
particularly pronounced. Consequently, the use of MOFs as hydrogen adsorbents in the
vacuum interlayers of multilayer-insulated cryogenic vessels holds substantial research
and application value. Liu et al. [34] synthesized MOEF-101 as a hydrogen adsorbent for
cryogenic vessels and compared its performance with that of conventional cryogenic
adsorbents (e.g., activated carbon and molecular sieves) and ambient-temperature adsor-
bents (e.g., PAO- and Ag-loaded molecular sieves). The results revealed that at 298 K, the
cumulative hydrogen adsorption capacity of the MOF adsorbent was low (1 cm®(STP)/g)
and partially irreversible, whereas at 77 K, the capacity was high (173 cm3(STP)/g) and
fully reversible, making it well-suited for deployment on the cryogenic side of the in-
terlayer. Therefore, MOF-based adsorbents demonstrate the potential to replace both
cryogenic and ambient-temperature adsorbents.

3.2. Ambient Temperature Adsorbents

Ambient temperature adsorbents are typically positioned on the inner surface of the
outer cylinder and function through chemical adsorption or physiochemical synergistic
adsorption. The hydrogen adsorption capacity of these adsorbents is relatively low be-
cause molecular motion is more vigorous, making it difficult for hydrogen molecules to be
adsorbed. However, the hydrogen adsorption capacity of room-temperature adsorbents
under low-pressure conditions is generally lower than that of cryogenic adsorbents. Rep-
resentative materials include metal oxides, ion-exchanged molecular sieves, and NEGs.
Palladium oxide (PdO) has long served as a conventional material, offering high hydrogen
adsorption capacity, a broad operating pressure range, and no activation requirement. Its
high cost and explosion risk in LH tanks restrict large-scale applications. Silver-exchanged
molecular sieves provide greater safety and lower cost, leading to widespread adoption
worldwide. NEGs are relatively inexpensive and display strong hydrogen adsorption
performance. Their use remains limited in cryogenic tanks due to activation temperature
requirements and process constraints.

3.2.1. Metal Oxides

Metal oxides are considered efficient hydrogen adsorbents owing to their low-stability
metal-oxygen bonds, high oxygen diffusion coefficients, and large specific surface areas [35].
The adsorption mechanism primarily involves the redox reaction of hydrogen, with the
resulting water subsequently removed by molecular sieves. PAO was one of the earliest
materials applied in this field, characterized by high hydrogen adsorption capacity, a
broad operating pressure range, and the advantage of not requiring activation. Its high cost
restricts large-scale application. Hydrogen adsorption on PdO is an exothermic process, and
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its performance can be further improved by dispersing it in powdered form within a well-
ventilated adsorption chamber [36]. However, in the event of LH leakage, PAO undergoes a
violent redox reaction with hydrogen, which may generate sparks or even trigger explosions.
Copper oxide (CuO) provides the advantages of rapid hydrogen adsorption, high capacity,
and low cost, although external heating is required to initiate adsorption. Xie [33] designed
an external heating device and demonstrated that, at 473 K, the combination of CuO and
5A molecular sieves achieved hydrogen adsorption capacity significantly exceeding that
of PO, particularly within the 1 x 1073 Pa pressure range. Wang et al. [37,38] proposed
the synergistic use of CuO with cryogenic adsorbents to enhance hydrogen adsorption,
and investigated composite materials consisting of CuO, Cu, C, and 5A molecular sieves.
Their results indicated that when the mass ratio of CuO:Cu:C was 1:6.4:2, the composite
adsorbent achieved optimal performance, with a saturated hydrogen adsorption capacity
of 415.91 mL (STP)/g.

Different metal oxides exhibit varying hydrogen adsorption capacities and applicable
pressure ranges (Figure 4). Within the 10-2-10? Pa range, PdO exhibits the highest hy-
drogen adsorption capacity; Ag,O approaches PdO only near 2 x 10~2 Pa, whereas PtO,
surpasses PdO above 10 Pa. To balance performance and cost, PdO can be combined with
Ag,0O, PtO,, or other oxides to form composite adsorbents, thereby significantly reducing
cost without compromising adsorption performance [39].

10° T
10% [
10°

T]U 10! _a— 5A molecular sieve
% | [ —o— PdO
S 1071 —a— Ag,O

10 2 i —v— PtOz

102 +

104 e

10° 102% 10" 10 10 10> 10°
p/Pa

Figure 4. Hydrogen absorption isotherms of metal oxides at 77 K (adapted from [39]).

Chen et al. [40] investigated composite adsorbents with different mass ratios of PdO
and Ag,0O, and found that the addition of Ag,O as a catalyst optimized the oxygen ion
mass fraction at 22%. Furthermore, Pd can serve as a catalyst to improve the reduction
efficiency of metal oxides, enabling high hydrogen adsorption capacity when incorporated
in small amounts. Belousov et al. [35] reported that, under 0.001-0.700 kPa and 77-320 K,
doping metal oxides with 0.1-0.5% Pd reduced their reduction temperature and increased
hydrogen uptake by 15-100 times. Table 2 presents the performance parameters of various
metal oxides before and after Pd doping. The results revealed that Pd-doped CozO4, CuO,
and MnQO; exhibited 12-, 16-, and 114-fold improvements in hydrogen adsorption, demon-
strating strong potential under cryogenic vacuum conditions. Industry reports indicate
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that SAES Getters has adopted Pd-doped Co304 (5t820) as an adsorbent for cryogenic tanks.
This adsorbent requires no high-temperature activation, operates efficiently at cryogenic
temperatures, achieves about half the hydrogen adsorption capacity of PdO, and offers
superior safety, making it suitable for oxygen storage tanks.

Table 2. Classification and comparison of different hydrogen adsorbents [35].

Oxides S/(m2.K—1) T/K Qu/(cm3.g—1)
Fe,Os 125 473 —
Pd-Fe,05 12.0 293 0.01

WO, 25 700 —
Pd-WO3 2.5 293 0.01
NiO+Ni,Os 170.0 330 _
Pd-(NiO+NiyO3) 170.0 293 0.10
CuO 100.0 300 3.00
Pd-CuO 100.0 293 50.00
Co304 140.0 293 15.00
Pd-Co304 135.0 293 180.00
MnO, 180.0 293 2.50
Pd-MnO, 180.0 293 286.00
PdO — 293 110.00
AgyO 1.3 293 1.50

3.2.2. Ion Exchange Zeolite Molecular Sieves

Ion-exchanged molecular sieves are generally synthesized by treating zeolitic molecu-
lar sieves with metal salt solutions under controlled conditions, followed by separation,
washing, and drying. Complexes formed through ion exchange with heavy metals in-
cluding Cu, Ni, Rh, and Ag (e.g., AgX) have been identified as highly effective hydrogen
adsorbents for cryogenic tanks [32,36]. Silver molecular sieves (SMSs) are the most widely
used, offering stable hydrogen adsorption performance. Their adsorption capacity is ap-
proximately one-tenth that of PO, while their cost is only about one-fortieth [41]. SMS are
aluminosilicate zeolites loaded with silver ions, and their hydrogen adsorption mechanism
integrates physical adsorption with catalytic chemical processes: hydrogen molecules first
penetrate the micropores via van der Waals forces, then react with oxygen under the cat-
alytic effect of active Ag ions to form stable hydrogen bonds embedded within the zeolite
lattice, while the water by-products are absorbed into the intrinsic channels of the sieve.
Commercial SMS adsorbents are typically off-white or light-yellow spherical granules that
require no pre-activation. Upon hydrogen uptake, they darken to grayish-black due to
water absorption. He et al. [42] compared four commercial SMS hydrogen adsorbents
with PdO and found that, at equilibrium pressures of 2 x 1072 to 10 Pa, the two best
SMS products exhibited hydrogen adsorption capacities nearly two orders of magnitude
higher than PdO, attributed to their abundant microporous structure (with vp;. fractions
as high as 38-77%). Yu et al. [41] further compared various Ag molecular sieves, CuO-,
and Zr-based composite adsorbents with PdO, demonstrating that SMS outperform others
in both hydrogen adsorption capacity and cost-effectiveness. In addition, greater pore
volume, higher specific surface area, smaller pore diameter, and higher silver-ion loading
were all found to enhance hydrogen adsorption performance. By contrast, the high cost
of metal oxides, coupled with their violent redox reactions during hydrogen adsorption,
poses serious explosion risks in the event of LH leakage, which significantly limits their
large-scale application in cryogenic tanks.
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3.2.3. Non-Evaporative Inhalant

Alloys composed of transition metals, refractory metals, and rare earth elements can
effectively remove gaseous atoms and molecules via surface chemical reactions, while
maintaining low equilibrium pressures under suitable conditions. These materials, which
exhibit excellent adsorption and absorption properties for active gases at specific temper-
atures, are termed getters. NEGs require no evaporation or sublimation and can operate
under ambient conditions once activated at a specified temperature. NEGs offer high
hydrogen capacity, rapid adsorption kinetics, and low cost. Their adsorption mechanism
involves three processes: surface adsorption, near-surface penetration, and bulk diffu-
sion [43]. Because their performance depends on active surfaces, exposure to air results
in rapid passivation as fresh surfaces react with water and hydrocarbons, necessitating
pre-use activation by heating above 573 K [44].

To meet the demands of HVMLI tanks, researchers have sought to develop NEGs with
reduced activation temperatures. Francis et al. [32] proposed that materials such as Ba, Sr,
Li, and Ce could operate at room temperature or even lower. Londer et al. [45] proposed
fabricating efficient tubular NEGs by depositing Ba onto the inner wall of a metal tube,
demonstrating their potential for application in mobile LH tanks. As shown in Figure 5,
tubular NEGs can maintain vacuum levels of 1073-10~* Pa for extended periods after
activation. Zr-V-Fe ternary alloy has attracted significant attention due to its low activa-
tion temperature and high hydrogen adsorption capacity, exhibiting excellent gettering
performance for hydrogen and other active gases. Boffito et al. [46] reported that at elevated
hydrogen pressures, this alloy undergoes vigorous hydrogenation reactions, particularly
under LH leakage conditions, where the material temperature rises sharply. Doping with
Ni, Ti, or similar elements reduces the temperature rise from 993 K to 493 K, well below
the autoignition temperature of hydrogen in air (843 K), thereby improving safety. Okse-
niuk et al. [47] studied various Zr-based alloys under 1072 Pa and 300-1100 K, and found
that hydrogen readily undergoes chemisorption on sputter-cleaned alloy surfaces, with
adsorption capacity strongly dependent on composition. Hsu et al. [43] tested the hydrogen
adsorption performance of SAES’s commercial NEG product St707 and reported that its
hydrogen capacity peaked at 196 K.

Gas inlet, protected by a mesh

Temperature sensitive sealing
TGO1 total length 120mm
OD 12mm / SS tube

Multi-layer deposit and active area of the TG

Figure 5. Schematic diagram of tubular adsorbent (adapted from [45]).
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4. Application of Hydrogen Adsorbents in Storage Tanks
4.1. Adsorption Performance Test Method

The adsorption capacity of an adsorbent is governed by pressure and temperature and
is strongly influenced by the physicochemical properties of both the adsorbent material
and the gas. At constant temperature, the relationship between adsorption capacity and
pressure is described by an adsorption isotherm. Isothermal data obtained at different
temperatures are critical for calculating adsorbent dosage and for guiding the design of
HVMLI cryogenic tanks. Experimental determination remains the most reliable method
for obtaining adsorption isotherms. Common experimental methods include the static
constant-volume method, the gravimetric (weight) method, and the dynamic method.
Gravimetric method achieves detection by measuring the mass change in the adsorbent
caused by gas adsorption. While this method provides valuable data, it is highly sensitive
to temperature fluctuations and buoyancy effects, which can lead to significant errors—
particularly under low-temperature conditions and when handling small-molecule gases
such as hydrogen. Dynamic method can characterize adsorption kinetics, but equilibrium is
difficult to confirm, making both methods unsuitable for hydrogen isotherm testing under
cryogenic and low-pressure conditions [48]. For cryogenic and vacuum environments, the
static constant-volume method has become the most widely adopted standard technique.
Currently, various automated commercial instruments are available that ensure accuracy
while enhancing operational efficiency.

Static constant-volume method determines adsorption capacity by measuring changes
in gas volume and pressure. In this method, the adsorption chamber volume is fixed and
maintained at a constant temperature. Initial pressure is recorded, after which a quantified
amount of gas is introduced into the adsorption chamber from the gas distribution chamber.
When the gas comes into contact with the adsorbent and equilibrium is achieved, the
equilibrium adsorption pressure and the residual pressure in the gas distribution chamber
are measured. The difference in gas volume between the two chambers is then calculated,
and the adsorption capacity corresponding to the equilibrium pressure is determined using
the principle of mass conservation. By gradually increasing the gas dosage and adjusting
the equilibrium pressure, a complete adsorption isotherm can be obtained. The adsorption
capacity is calculated according to the following formula:

Qi = P1iVi + PyiVh-P3i (Vi + V) ()

1
QzaZiQi 3)

In the equation: Q); is the amount of gas adsorbed in the i-th adsorption cycle, P; ; and
P, ; are the initial pressures in the gas distribution chamber and adsorption chamber during
the i-th adsorption cycle, respectively, V; and V; are the volumes of the gas distribution
chamber and adsorption chamber, respectively, and Ps; is the equilibrium pressure during
the i-th adsorption cycle.

Based on sample chamber design, static volumetric testing systems can be classified
into adsorption chamber-type and tank-type configurations (Figure 6). Adsorption chamber-
type systems feature a simple structure and straightforward volume calculations, but they
cannot accurately replicate real-world tank conditions. Tank-type systems, by contrast,
better simulate actual operating conditions and facilitate the study of adsorbent loading
processes. However, calculations involving interlayer and dead volumes are more complex,
and the experimental procedures for adsorbent loading and thermal insulation handling
are less convenient.
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At present, most systems employ cryogenic liquid cooling, with test temperatures
typically above 77 K. When equipped with a cryogenic refrigeration unit, however, the
temperature range can be extended to that of LH and even lower. Figure 7 illustrates
an example of a test system based on a cryogenic refrigeration machine. To investigate the
helium adsorption characteristics of activated carbon below 30 K, the Institute of Physics
and Chemistry, Chinese Academy of Sciences, developed an adsorption chamber-type
apparatus incorporating a pulse tube refrigerator and a two-stage GM refrigerator, enabling
tests at 15-30 K and 4-10 K [49,50].

Calibration chamber

Vacuum Gas source
system \ /

Vacuum chamber —

Adsorption chamber //qz

Thermal switch —

Refrigeration machine —
cold head

Vacuum gauge
® gaug
X Safety valve
X Ball valve

Figure 7. Static volumetric method experimental setup of adsorption cell type cooled by cryocooler
(adapted from [49]).

4.2. Application of Adsorbents in Storage Tanks

The vacuum level within the interlayer of cryogenic storage tanks is the deci-
sive factor governing thermal insulation performance. Edward et al. [51] conducted a
two-dimensional thermal analysis of various insulating materials and demonstrated that
MLI achieves the lowest thermal conductivity when vacuum pressure remains below
1073 Pa, ensuring optimal insulation. Oh et al. [52] established a numerical simulation
model to investigate the relationship between evaporation behavior, heat flux, and vac-
uum pressure in LH storage tanks, confirming that the optimal vacuum pressure range
is 1073-10* Torr (0.133-0.013 Pa). Zeng et al. [53] proposed a method for characteriz-
ing vacuum pressure in high-vacuum MLI tanks that functions even during pipeline
operation without a dedicated gauge port. By correlating ambient temperature with
the outer surface temperature of the external wall, they achieved indirect determination
of interlayer vacuum level. Experimental validation confirmed that the outer surface
temperature serves as a reliable indicator of internal vacuum pressure.

Wu et al. [54] examined the effects of incorporating adsorbents into the vacuum in-
terlayers of LH and liquefied natural gas (LNG) storage tanks. Among the candidate
materials, SMS is regarded as the most cost-effective choice. As shown in Table 3, it only
requires 29.38% of the PdO cost and 32.06% of the AMG cost, while providing comparable
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insulation performance. For the pressurization process inside the tank, there is almost no
difference among the three adsorbents in their original form. The performance loss of LH
tanks and LNG tanks over 20 years is shown in Figure 8. The performance of LH tanks
improves significantly with an increase in adsorbent loading, mainly due to their lower
storage temperature, which improves adsorption efficiency. Excessive addition of adsor-
bents does not yield linear improvements in insulation performance, since the dominant
heat leakage mechanism under high-vacuum conditions is largely pressure-independent.
Taking both adsorption efficiency and safety margins into account, the optimal SMS loading
is 700-800 g for a 250 m3 LH tank and 900-1000 g for a 250 m® LNG tank. Beyond the intrin-
sic performance and dosage of adsorbents, their spatial arrangement within the vacuum
interlayer also affects the vacuum stability and insulation efficiency of cryogenic storage
tanks. Furthermore, the interplay among adsorption characteristics, storage tank operating
temperature, and hydrogen desorption rates must be comprehensively considered in both
design and practical applications.

Table 3. Comparison of adsorbent properties and prices [55].

Adsorbent PdO SMS AMG
Unit price ($/g) [56] 100 7.37 6.13
Mass (g) 50 200 750
Cost ($) 5000 1474 4597.5
9 da 35%
——10g PdO 1kg 5A MS —
81— — 200g SMS 1kg 5A MS 30% | % IE;IG
7L - - - -750g AMG lkg 5A MS i
_§ 2 25% |
6 =
s [ ' 8 20% |
g’ :
00 L
% 4 &2 15%
wn | O I
23 A~ 10% -
2 5%
‘l -
" 1 L 1 " 1 " ,I/I 1 1 " 1 " O% N M " "
0 20 40 60 7220 7240 7260 200 300 400 500 600
Time (day) Mass of SMS (g)

(a) (b)

Figure 8. (a) In-tank pressure of LH tank with different adsorbents; (b) Comparison of 20-year
performance loss between LH and LNG tanks [54].

5. Key Challenges and Analysis

Cryogenic adsorbents, particularly those designed for low temperatures (~20 K),
exhibit strong hydrogen adsorption performance; however, their efficiency declines sig-
nificantly with increasing temperature. This temperature sensitivity results in hydrogen
desorption during liquid hydrogen discharge or refueling, which compromises the vacuum
insulation performance. This necessitates pairing with ambient temperature adsorbents,
thereby increasing system complexity.
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Metal oxides (e.g., PAO) offer high adsorption capacity but are costly, posing risks of
exothermic reactions or even explosions during liquid hydrogen leaks. SMS are safe and
low-cost, yet their adsorption capacity is limited. While non-evaporable getters (NEGs)
provide rapid adsorption and are inexpensive, their high-temperature activation require-
ment and stringent process conditions significantly restrict their broader application in
cryogenic environments.

Current adsorption performance testing primarily relies on liquid nitrogen cooling
(>77 K), which differs significantly from actual liquid hydrogen temperatures (~20 K). Cryo-
genic refrigerators can extend cooling to 4 K but involve complex equipment. Additionally,
static volumetric methods used to evaluate adsorption capacity struggle to simulate the
tank dead volume and gas distribution, leading to discrepancies between experimental
results and real-world applications.

MOFs offer high surface area and structural tunability, which could make them ideal
for hydrogen adsorption. However, the adsorption mechanisms at low temperatures,
cycle stability, and cost-effectiveness of MOFs require further research. Moreover, the
optimization of composite adsorbents, such as the combination of CuO with zeolites,
depends on precise material ratios and processing techniques, but long-term operational
data is still scarce, making it difficult to determine their practical feasibility.

6. Conclusions

LH, as a key pathway toward achieving the “dual-carbon” strategic goals, requires
safe and efficient storage methods to support its large-scale deployment. This study
investigates hydrogen adsorbents in the vacuum interlayer of LH tanks, analyzing the
influence of residual gas loads on thermal insulation performance and adsorbent dosage,
and further summarizing recent advances in adsorbent material types and their adsorption
characteristics. Main conclusions are as follows:

Common hydrogen adsorbents used in LH tanks include cryogenic adsorbents (e.g.,
molecular sieves, activated carbon), metal oxides, ion-exchanged zeolitic molecular sieves,
and NEGs. Current research focuses on the combined use of different adsorbents and
modification strategies, such as metal doping, to enhance overall performance.

Cryogenic adsorbents are cost-effective, operationally safe, and exhibit excellent hydro-
gen adsorption capacity at approximately 20 K, making them among the most promising
solutions for LH tanks. However, challenges remain in improving heat transfer with the
inner vessel and mitigating reversible hydrogen desorption caused by physical adsorption.
Metal oxides—PdO, Ag,O, and PtO,—offer high hydrogen adsorption capacity but are
limited by high costs, while CuO requires heating for effective hydrogen adsorption. Silver
molecular sieves, although lower in adsorption capacity, are inexpensive, display stable
performance, and provide greater safety. NEGs demonstrate rapid hydrogen adsorption
but require heating activation, and their application is constrained by processing conditions,
restricting widespread domestic adoption.

Testing methods for adsorption performance under cryogenic and low-pressure con-
ditions still rely mainly on the static constant-volume method. Adsorption chambers
designed to mimic real storage tanks allow more realistic simulations of interlayer gas
environments, though the testing process becomes more complex. While most experiments
use liquid nitrogen cooling (>77 K), cryogenic refrigeration-based systems extending to
4 K and below offer more accurate data under actual LH storage conditions.
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7. Perspectives

Future research should prioritize the following directions:

Exploring novel hydrogen adsorption materials, particularly efficient and cost-effective
candidates suitable for cryogenic vacuum tanks, including composite adsorbents, polymers,
polyacetylenes, MOFs, and carbon nanotubes.

Establishing unified adsorption testing standards, developing experimental platforms
based on cryogenic refrigeration systems, and constructing systematic databases to enable
performance evaluation across diverse products and operating conditions.

Conducting investigations of hydrogen adsorbents under high-pressure conditions
following LH leakage, with the aim of guiding the safe design of LH storage and trans-
portation vessels.
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